
�&�D�O�K�R�X�Q�����7�K�H���1�3�6���,�Q�V�W�L�W�X�W�L�R�Q�D�O���$�U�F�K�L�Y�H

�'�6�S�D�F�H���5�H�S�R�V�L�W�R�U�\

�7�K�H�V�H�V���D�Q�G���'�L�V�V�H�U�W�D�W�L�R�Q�V �������7�K�H�V�L�V���D�Q�G���'�L�V�V�H�U�W�D�W�L�R�Q���&�R�O�O�H�F�W�L�R�Q�����D�O�O���L�W�H�P�V

��������������

�&�R�R�O�L�Q�J���V�\�V�W�H�P���G�H�V�L�J�Q���W�R�R�O���I�R�U���U�D�S�L�G

�G�H�Y�H�O�R�S�P�H�Q�W���D�Q�G���D�Q�D�O�\�V�L�V���R�I���F�K�L�O�O�H�G���Z�D�W�H�U

�V�\�V�W�H�P�V���D�E�R�D�U�G���8���6�����1�D�Y�\���V�X�U�I�D�F�H���V�K�L�S�V

�6�D�Q�I�L�R�U�H�Q�]�R�����$�P�L�H�O���%��

�&�D�P�E�U�L�G�J�H�����0�D�V�V�D�F�K�X�V�V�H�W�W�V�����0�D�V�V�D�F�K�X�V�V�H�W�W�V���,�Q�V�W�L�W�X�W�H���R�I���7�H�F�K�Q�R�O�R�J�\

�K�W�W�S�������K�G�O���K�D�Q�G�O�H���Q�H�W������������������������

�'�R�Z�Q�O�R�D�G�H�G���I�U�R�P���1�3�6���$�U�F�K�L�Y�H�����&�D�O�K�R�X�Q



Cooling System Design Tool for Rapid Development and Analysis of Chilled 
Water Systems aboard U.S. Navy Surface Ships 

By 
Amiel B. Sanfiorenzo 

Bachelor of Science in Computer Engineering 
Penn State University, 2005 

Master of Business Administration 
Charleston Southern University, 2008 

Submitted to the Department of Mechanical Engineering 
In Partial Fulfillment of the Requirements for the Degrees of 

Naval Engineer 

and 

Master of Science in Mechanical Engineering 

at the 
Massachusetts Institute of Technology 

June 2013 
© 2013 Amiel B. Sanfiorenzo. All rights reserved. 

The author hereby grants to MIT permission to reproduce and to distribute publicly paper and electronic copies of 
this thesis document in whole · i · own or hereafter created. · 

Signature of Author 

Certified by 

Accepted by ___ _ 

Amie! B. Sanfiorenzo 
fMechanical Engineering 

May 13, 2013 

Chryssostomos Chryssostomidis 
Thesis Supervisor 

Professor of Mechanical and Ocean Engineering 

David Hardt 
Chainnan, Committee for Graduate Students 

Department of Mechanical Engineering 



 
 

2 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

(THIS PAGE INTENTIONALLY LEFT BLANK) 
  



Center for Ocean Engineering  
Naval Construction & Engineering Program  
Department of Mechanical Engineering  
 

 
 

        Massachusetts Institute of Technology  
         77-massachusetts Avenue, Building 5-317 
         Cambridge, Massachusetts 02139�±4307 

 
 

3 
 

Cooling System Design Tool for Rapid Development and Analysis of Chilled 
Water Systems aboard U.S. Navy Surface Ships 

 
Amiel B. Sanfiorenzo 

 
Submitted to the Department of Mechanical Engineering on May 14, 2013  

in Partial Fulfillment of the Requirements for the Degrees of 
 

Naval Engineer 
and 

Master of Science in Mechanical Engineering 
 

Abstract  

Over the last several decades, there has been a dramatic increase in the complexity and power 
requirements of radars and other combat systems equipment aboard naval combatants and this trend is 
expected to continue for the foreseeable future. This increase in the power demand has a direct effect 
on the amount of heat which has to be removed by the cooling systems, with future combatants 
expected to require 5-10 times the cooling capacity currently installed on naval combatants (McGillan, 
Perotti, McCunney, & McGovern). In the past, the cooling system could be designed and integrated into 
the ship towards the later stages of the ship design process; however, this is no longer possible. The 
growing complexity and size of the cooling systems needed require preliminary design and integration in 
the early-stages of the ship design process. To design and integrate cooling systems several tools are 
available to the naval architect, but vary in complexity and usefulness depending on the design stage 
considered. 

The focus of this thesis is on the early-stage design of cooling systems aboard U.S. Navy surface ships 
utilizing the principles of naval architecture and mechanical engineering concepts. The intent was to 
study the heat transfer process within the chilled water system and the auxiliary seawater system and 
develop a Cooling System Design Tool (CSDT) based on the thermodynamic laws that govern heat 
transfer as well as the hydrodynamic principles that govern fluid flow, specifically the incorporation of 
flow network analysis (FNA). The key purposes of the CSDT are to provide rapid visualization and 
analysis of the cooling system to test overall feasibility and performance of the system. 

The framework of the model was built using Matlab in conjunction with Excel. The program interacts 
with the user primarily through the command window, guiding the user through the design process. 
Some visualization is provided as the design progresses, allowing the user to quickly determine and 
correct errors in the design. The CSDT also displays important results of various analyses that can be 
performed on the data, including a weight summary, a static temperature distribution, and a 
temperature distribution that captures transients in space and time. The program interaction, chilled 
water plots and analyses output enables the user with the ability to quickly visualize, develop and 
analyze cooling systems aboard naval vessels. 

Thesis Supervisor: Chryssostomos Chryssostomidis 
Title: Professor of Mechanical and Ocean Engineering   
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1.0 Chapter 1: Introduction  

The focus of this thesis is on the early-stage design of cooling systems aboard U.S. Navy surface ships 
utilizing the principles of naval architecture and mechanical engineering concepts. The intent was to 
study the heat transfer process within the chilled water system, the seawater system and the electronic 
cooling water system and develop a Cooling System Design Tool (CSDT) based on the thermodynamic 
laws that govern heat transfer as well as the hydrodynamic principles that govern fluid flow, specifically 
the incorporation of flow network analysis (FNA). The key purposes of the CSDT are to provide rapid 
visualization and analysis of the cooling system to test overall feasibility and performance of the system. 

1.1 Organization of Thesis  

This thesis contains five chapters (Introduction, Design Tool Fundamentals, Design Tool Architecture, 
Simulation & Results, and Conclusions) and two appendices. The Introduction provides background 
information and fundamental concepts pertaining to chilled water systems, seawater systems and 
electronic cooling water systems. It also provides a brief discussion pertaining to the motivation behind 
the CSDT and the intent of this thesis. Design Tool Fundamentals provides the theory to which the CSDT 
algorithm was based upon. This includes: fundamental heat transfer concepts, pipe characteristics, flow 
network analysis, pump and valve characteristics, head loss associated with flow configurations and 
junctions, heat exchanger and cooling coil characteristics, expansion tank design concepts, and A/C unit 
characteristics. Design Tool Fundamentals also provides assumptions made pertaining to the theory 
behind the CSDT as well as validation of those assumptions wherever possible. Design Tool Architecture 
describes the layout of the CSDT, in particular the user inputs and outputs provided by the CSDT, and an 
in-depth explanation of the CSDT algorithm. Design Tool Architecture also explains the program 
requirements and the user pre-requisites, and guidelines in designing a chilled water system. Simulation 
& Results discusses in detail an example of a cooling system modeled using the CSDT, including 
pertinent analyses of the cooling system. The modeled cooling system is analyzed statically as well as 
dynamically. Several scenarios are explored to study the effects of the thermal transients. Lastly, 
Simulation & Results also contains validation of the CSDT transient analysis through the use of analytic 
comparison. The final chapter, Conclusions, the major benefits and drawbacks of the CSDT are 
discussed, as well as areas of future research. The attached appendices include the notional heat loads 
used in the simulation and refrigerant characteristics. 

1.2 Topic Motivation  

Over the last several decades, there has been a dramatic increase in the complexity and power 
requirements of radars and other combat systems equipment aboard naval combatants and this trend is 
expected to continue for the foreseeable future. This increase in the power demand has a direct effect 
on the amount of heat which has to be removed by the cooling systems, with future combatants 
expected to require 5-10 times the cooling capacity currently installed on naval combatants (McGillan, 
Perotti, McCunney, & McGovern). In the past, the cooling system could be designed and integrated into 
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the ship towards the later stages of the ship design process; however, this is no longer possible. The 
growing complexity and size of the cooling systems needed require preliminary design and integration in 
the early-stages of the ship design process. To design and integrate cooling systems several tools are 
available to the naval architect, but vary in complexity and usefulness depending on the design stage 
considered. 

For early-stage design, ASSET and Rhinoceros may be used. ASSET provides the naval architect with the 
basic idea of a ship based on relatively few input parameters. This is often the start to a new (or 
modified) ship design, and it offers much in return pertaining to weights, electric loads and general 
hydrostatic analyses. This information can then be used in conjunction with other tools such as POSSE or 
Rhinoceros for further development in other specific areas such as intact and/or damaged stability and 
2-D/3-D arrangement drawings of the ship. ASSET does provide output pertaining to the cooling system 
such as weight and power requirements. However, this is based on historical data of older surface ships. 
ASSET offers very little in the design of the cooling system, only allowing the user to specify weight, 
center of gravity, area and power through the use of the Payloads and Adjustments table. 

Rhinoceros is a CAD tool that can be used to design the internal and external arrangements of a ship. 
This may be used in the design of a cooling system, but only gives the naval architect the ability to 
visualize the layout of the cooling system if the design is already known. Rhinoceros offers no capability 
to analyze the cooling system, other than visualization. 

For mid-stage design, Paramarine can be used. The tool offers much capability in analyzing the cooling 
system, including visualization of the piping structure, weight analysis and flow analysis. The major 
drawback of using Paramarine is the complexity of the tool. There is a very steep learning curve 
associated with Paramarine and much time has to be invested in order to become proficient and take 
advantage of what Paramarine has to offer. 

Finally for late-stage design, commercially available tools such as Flowmaster®, PIPE-FLO®, and 
FluidFlow® may be used. These tools are useful in solving for flow and pressure within the piping 
network, and have the capability to integrate several systems together such as the HVAC and chilled 
water systems, but require an in-depth model of the ship and piping structure. 

A previous MIT 2N student, Ethan Fiedel, recognized this need for an early-stage cooling system design 
tool that is easier to use than Paramarine and which does not require an in-depth model of the ship. 
�&�]�������o�[�•��version of the CSDT (CSDT v1.0) provided much insight into the design of the chilled water 
system and provided an interface with Paramarine for further analysis. However, a drawback to 
CSDT v1.0 was the use of rules of thumb for determining flow within the piping network (Fiedel, 2011). 
In contrast to CSDT v1.0, this version of the CSDT (CSDT v2.01) focuses on designing the cooling system 
through the use of hydrodynamic and thermodynamic principles beginning with the projected heat 
loads of the ship and the location of these loads. 

                                                           
1 �d�Z�]�•���‰���‰���Œ���Œ���(���Œ�•���š�}�����^���d���À�î�X�ì���•�]�u�‰�o�Ç�����•�����^���d�X���t�Z���v���Œ���(���Œ�Œ�]�v�P���š�}���&�]�������o�[�•���À���Œ�•�]�}�v�U���š�Z�����À�í�X�ì���]�•�����Æ�‰�o�]���]�š�o�Ç���•�š���š�����X 
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1.3 Description of Cooling Systems  

There are many different types of cooling systems aboard U.S. Navy surface ships. This paper focuses on 
three cooling systems including the chilled water system, the seawater system and the electronic 
cooling water system. All three cooling systems provide similar functions in providing cooling to various 
electronic components but vary in cooling water temperature and purity. 

The chilled water system is only one of many freshwater systems aboard U.S. Navy vessels. The purpose 
of the chilled water system is to provide cooling for electronic cooling water heat exchangers for 
electronic components requiring demineralized water below a certain temperature and for other 
electronic equipment requiring cooling water. The A/C cooling coils use a significant amount of chilled 
water, accounting for as much as 75% of the heat load serviced by the chilled water system. Other 
components requiring chilled water may include SQS-53 (surface sonar), SLQ-32 (surface electronic 
warfare system), SPY Antenna (surface radar), A/C Unit Lube Oil Cooler, among other electronics 
equipment and coolers (Frank & Helmick, 2007). 

The seawater system provides a low cost solution in removing waste heat offering a lower weight and 
smaller footprint than that of the chilled water system, but the cooling fluid temperature is generally 
higher (Johnson, West, Miller, & Zouridakis, 2004). Also, if used directly to cool electronic equipment, 
fouling of the channels may take place. Therefore, a flat plate heat exchanger is typically used to 
transfer heat between the seawater loop and a demineralized water loop as seen in Figure 1 below. 

 
Figure 1: Heat flow from heat load to sea via DW, and SW loops 

The electronic cooling water system is a system specifically designed to remove heat from electronic 
equipment by supplying necessary quantities of conditioned coolant water. The electronic cooling water 
system can be broken down further into three distinct cooling water systems based upon the cooling 
water temperature required by the electronic equipment. 
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1. For high temperature limit applications: The seawater primary cooling system supplies cooling 
water for electronic components requiring cooling water in excess of the highest expected 
seawater temperatures. 

2. For low temperature limit applications: The chilled water primary cooling system supplies chilled 
water for electronic components requiring cooler cooling water. 

3. For mid temperature limit applications: If the required cooling water temperature is close to 
that of the maximum expected seawater temperature, then a hybrid approach may be taken. 
The electronic cooling water system is cooled by chilled water when the seawater temperature 
is high, but can be cooled by seawater if the seawater temperature is low enough. 

Each of these three configurations utilize a heat exchanger to transfer heat from either the seawater 
or chilled water loop to the demineralized water within the electronic cooling water system. 

1.3.1 Description of Chilled Water S ystems 

The chilled water system may be composed of several chilled water plants. Each chilled water plant is 
made up of several major components, including: an air conditioning chilled water plant (a chiller), 
chilled water pumps (historically centrifugal pumps), a chilled water expansion tank, a chilled water 
supply and return header, and various instruments and controls. The chilled water system is usually 
broken up into several zones within the ship. Each zone contains a chilled water plant and branch piping 
which serve to provide a closed looped system capable of circulating chilled water within the loop and 
provide cooling for all equipment within that zone. The chilled water supply and return piping have 
components which run longitudinally ���o�}�v�P���š�Z�����u���i�}�Œ�]�š�Ç���}�(���š�Z�����•�Z�]�‰�[�•���o���v�P�š�Z��(chilled water mains) and 
vertical components (chilled water risers) which connect the chillers to the chilled water mains. The 
chilled water branches are typically smaller diameter piping which branches off of the supply header and 
provides cooling to the heat loads. The branch piping reconnects downstream to the return header, 
forming a closed loop. Cross-connections provide connections athwartships between chilled water 
mains. A diagram showing the interconnections of the major components is shown in Figure 2. 

 
Figure 2: Schematic of chilled water plant (valves not shown) 
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The chilled water plant can be configured in several different ways. The simplest configuration consists 
of a single freshwater chiller, a single chilled water circulating pump and a single chilled water expansion 
tank. The chiller takes the hotter fluid returning from the branch piping and return header and cools it to 
approximately 6.6°C (Pruske & Kiehne). The cooler fluid is pumped by the circulating pump and is 
discharged into the supply header, where it diverges into the branch piping. Connected to the return 
header, the expansion tank provides an expansion volume when the chilled water is secured and the 
temperature of the water rises. In addition, the expansion tank provides a source of make-up water. 
Other configurations of chilled water plants consists of two chillers with two pumps operating within a 
single zone and sharing a single supply and return header. This increases the cooling capacity within that 
zone. It is also possible to have a single chiller and pump in two different zones, each with their own 
supply and return headers with the two zones having a cross-connection. This provides flexibility in 
separating the two zones by shutting the cross-connect valve; however, the cross-connect valve could 
be opened if one system is down, allowing the other chilled water plant to supply chilled water to both 
zones. 

Within each zone, the heat loads can be broken up into vital and non-vital loads. Vital loads consist of 
machinery space services, electronic equipment, and vital air conditioning cooling coils. Non-vital loads 
contain all services not classified vital. An example of a vital load branch of the chilled water system is 
shown in Figure 3. 

 
Figure 3: Example of chilled water vital load branch - DDG51 1W (Fang, Jiang, Khan, & Dougal) 

1.3.2 Description of the Seawater System  

The seawater system provides seawater to the ship through the use of the main and auxiliary seawater 
systems. The auxiliary seawater system is of primary importance since this is the system used for A/C 
unit heat rejection. The auxiliary seawater system is composed of several SW pumps which pump 
seawater from the sea chests through a seawater piping system. The seawater can be used to transport 
waste heat from various locations such as the condensing coils within the A/C plant or the seawater side 
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of FW/SW heat exchangers. A drawback to the seawater system is that the temperature of the sea has 
to be accounted for. Also, the impurity of the sea does not allow the seawater to be used directly to cool 
components in most applications. However, the main benefit of the seawater system is the plentiful 
source of water it provides and the relatively low cost of the seawater system, making it an attractive 
option for cooling systems. In fact, the use of a FW/SW cooling system is used wherever possible due to 
the lower cost over the chilled water system and the lower footprint required in implementing a FW/SW 
cooling system (Johnson, West, Miller, & Zouridakis, 2004). 

1.3.3 Description of Electronic Cooling Water Systems  

The electronic cooling water system is a closed system that works in conjunction with either a chilled 
water loop or a seawater loop or both. As stated above, this is dependent on the cooling water 
temperature needed within the electronic cooling water system. 

The most desirable type would be a seawater cooling system-electronic cooling water system 
configuration since this is the lowest cost solution. However, this configuration is only possible if the 
cooling water needed is 5-10°F above the maximum seawater temperature. The electronic components 
transfer their heat to the electronic cooling water via a heat exchanger, possibly through the use of a 
cold plate with very thin channels. The warmer electronic cooling water then transfers heat to the 
seawater within the seawater loop via a seawater/demineralized water heat exchanger. The warmer 
seawater is then discharged overboard and cooler seawater is pumped in the seawater inlet. 

Another configuration of the electronic cooling water system would be that of the chilled water cooling 
system-electronic cooling water system. This configuration is necessary when the electrical components 
require a high level of cooling water purity and a low temperature for the cooling water. The 
configuration is similar to that described above in that the electronic cooling water system comprises a 
closed loop that transfers heat via a heat exchanger. The heat exchanger transfers the heat from the 
warmer demineralized cooling water to the cooler chilled water. This cools down the demineralized 
water within the electronic cooling water system and this cooler water is circulated through the 
channels of the electronic component heat exchangers. The chilled water then rejects heat to the sea 
via the condenser2 within the A/C unit. 

The last configuration of the electronic cooling water system is the seawater/chilled water cooling 
system-electronic cooling water system. This configuration is used when the electronic components 
require a cooling water temperature between the two ranges discussed above. This configuration 
incorporates two heat exchangers, a SW/DW heat exchanger and a CW/DW heat exchanger. Seawater 
can be used as the primary heat sink. When the seawater inlet temperature is low enough, the heat is 

                                                           
2 There is actually an additional closed loop within the A/C unit. The warmer chilled water transfers heat to the 
cooler refrigerant within the A/C unit. The refrigerant is compressed causing a rise in temperature. The hot 
refrigerant transfers heat to cool seawater. The warmer seawater is then discharged overboard. This is discussed in 
greater detail in Section 2.10. 
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transferred to the seawater loop. However, if the seawater temperature is too great, the heat from the 
electronic cooling water system is transferred to the chilled water system via the CW/DW heat 
exchanger. 

A diagram of the heat flow of the electronic cooling water system, the chilled water system and the 
seawater system and its interfaces are shown below in Figure 4. 

 
Figure 4: Heat flow from heat load to sea via DW, CW, and SW loops 

1.4 Thesis Intent  

The intent of this thesis is to provide a more refined CSDT that can be used by Naval Architects, students 
training to become Naval Architects, Technical Warrant Holders and practicing engineers. This includes 
modeling the CSDT from thermodynamic and hydrodynamic principles. The framework of the model was 
built using Matlab in conjunction with Excel. The program interacts with the user primarily through the 
command window, guiding the user through the design process. Some visualization is provided as the 
design progresses, allowing the user to quickly determine and correct errors in the design. The CSDT also 
displays important results of various analyses that can be performed on the data, including a weight 
summary, a static temperature distribution, and a temperature distribution that captures transients in 
space and time. The program interaction, chilled water plots and analyses output enables the user with 
the ability to quickly visualize, develop and analyze cooling systems aboard naval vessels. 
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2.0 Chapter 2: Design Tool Fundamentals  

Thermodynamic laws and equations and hydrodynamic principles form the basis of the CSDT. This is the 
most fundamental difference between CSDT v1.0 and the version discussed in this paper. Where 
CSDT v1.0 incorporated rules of thumb to determine the pipe characteristics (e.g., diameter) and flow 
characteristics (e.g., velocity and mass flow rate), the current CSDT version uses thermodynamic and 
hydrodynamic principles to determine these characteristics (Fiedel, 2011). 

2.1 Heat Transfer Fundamental s 

The major components that comprise the chilled water system include: valves, pumps, heat exchangers, 
expansion tanks, and the pipes that connect these components together. To determine the pipe 
dimensions it is necessary to explore the heat transfer processes involved within the chilled water 
system. 

2.1.1 Modes of Heat Transfer  

Conduction and radiation are the two modes of heat transfer; however, convection is also often thought 
as a separate and distinct mode of heat transfer. The main difference between conduction and radiation 
is the mean free path of the energy carriers. Conduction can be described as the transfer of energy 
between molecular elements with a short mean free path between interactions. Radiation is similar, but 
the mean free path is much larger. On the other hand, convective heat transfer can be described as the 
process of heat transfer between a solid and a moving fluid, an efficient way to transfer heat since 
thermal energy is transported due to fluid motion (Mills, 1999). This paper focuses on the heat transfer 
processes involving conduction and convection. The basic equations used to compute the rate of heat 
transfer for convection and conduction are: 

�3�6L �I�6�?�ã�¿�6�Ö�â�á�é 
Equation 1 (Mills, 1999) 

and 

�3�6L �7�#�¿�6�Ö�â�á�× 
Equation 2 (Mills, 1999) 

respectively, where �3�6 is the rate of heat transfer [W], �I �6 is the mass flow rate of the fluid [kg/s], �?�ã is the 

specific heat capacity of the fluid [J/kg-K], �¿�6�Ö�â�á�é is the differential temperature of the fluid undergoing 
convection [K], �¿�6�Ö�â�á�× is the differential temperature across the boundary/medium [K], �7 is the overall 
heat transfer coefficient [W/m2-K], and �# is the area of the surface in which the heat transfer occurs 
[m2]. 
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2.1.2 Types of Flow 

In addition to the modes of heat transfer, it is also important to distinguish between the types of flow 
that exist for convective heat transfer. Flow can be laminar or turbulent, forced or natural, internal or 
external. 

2.1.2.1 Laminar vs. Turbulent  

When hydrodynamically fully developed, laminar flow within a cylindrical tube has a parabolic velocity 
profile consistent with Poiseuille flow. For turbulent flow, there is greater mixing of the fluid within the 
center of the channel (tending to flatten out the velocity 
profile towards the center of the channel), and therefore, 
there are greater rates of heat transfer and higher 
convective heat transfer coefficients. The flow regime 
�����v�������������š���Œ�u�]�v���������Ç���š�Z�����Z���Ç�v�}�o���[�•���v�µ�u�����Œ�W 

�4�AL
�8�&
�å

 

Equation 3 (Mills, 1999) 

where���4�A is the Reynolds number (dimensionless), �8 is 
the velocity of the fluid [m/s], �&is the characteristic 
dimension of length [m], which in this case is the diameter 
of the pipe, and �å is the kinematic viscosity [m2/s] (Mills, 1999). Laminar flow generally forms with Re < 
2,300, while fully turbulent flow forms with Re > 10,000. There is a critical zone that exists for Re 
between 2,300-5000 and a transition zone that depends on the Re number and the relative roughness of 
the pipe (Mills, 1999). A profile of flow within a channel is shown in Figure 5 which depicts laminar flow 
and turbulent flow in a cylindrical pipe. 

2.1.2.2 Forced Convection vs. Natural Convection 

For convective heat transfer, the main methods of heat removal are through forced convection (air), 
forced convection (liquid), natural convection (air), and natural convection (liquid). The difference 
between natural convection and forced convection is that in forced convection the fluid (either air or 
liquid) is propelled by some external force, usually a fan or a pump. With natural convection, the fluid 
circulates due to differences in density caused by differences in temperature. The hotter, less dense 
fluid rises and the cooler, denser fluid falls. This can result in circulation of the fluid with gravity as the 
force which sustains the flow of the fluid. The method of heat removal plays a crucial role in the 
efficiency of heat transfer between the heat source and the heat sink. Typical ranges of the average 
convective heat transfer coefficients of air and water undergoing forced convection and natural 
convection are summarized in Table 1 below. The average heat transfer coefficient is dependent on the 
geometry of the system, the fluid velocity, and the fluid thermal conductivity. 

Figure 5: Depiction of (a) laminar and (b) turbulent 
flow (Sellens) 
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Flow and Fluid �Ž%�‰ [W/m 2-K] 
Natural convection, air 3-25 

Natural convection, water 15-1,000 
Forced convection, air 10-200 

Forced convection, water 50-10,000 
Table 1: Range of average convective heat transfer coefficients for various flow and fluid (Mills, 1999) 

Higher average convective heat transfer coefficients will result in smaller differential temperatures 
needed for the same rate of heat transfer. Because of this, forced convection is generally used in chiller 
systems; however, many systems aboard naval vessels 
use forced convection (air) to cool electrical 
components, which is not as efficient as direct contact 
with water as discussed in the paper Thermal-Electric 
Co-Simulation of Power Conversion Systems aboard an 
All-Electric Ship (Pruske & Kiehne). To increase the 
surface area of the electrical components, fins are 
generally used, which results in higher heat transfer 
coefficients. Some examples of fins used in standard 
integrated circuits packages can be seen in Figure 6. In 
addition, fins can be attached to the outer surface of 
the chilled water piping in contact with the hot flowing air. This increases the surface area in contact 
with the air, thus increasing the heat transfer efficiency. However, even with the use of fins both on the 
electrical components and on the chilled water piping, the growing trend of increased heat generation 
and thermal loads may be too great as the Navy shifts towards larger and more powerful electrical 
systems and the all electric ship. With this in mind, other methods of thermal management should be 
explored such as direct contact of fluid with electrical components along with more exotic methods such 
as two-phase flow and jet spray methods. 

2.1.2.3 Internal vs. External Flow  

Internal flow describes the flow of chilled water within the cooling system. The velocity profile for 
internal flow is shown above in Figure 5. External flow is a bit more complicated and is as equally 
important to the chilled water system because within the heat exchangers, forced air passes across the 
external surface of the pipe cylinders3. Figure 7 shows the flow pattern for flow across a cylinder for 
different regimes. 

                                                           
3 This is assuming the heat exchanger is similar to that of a cooling coil. For a flat plate heat exchanger, a cold plate 
heat exchanger, or a more exotic heat exchanger, the heat transfer mechanism on the secondary side differs. 

Figure 6: Examples of fins used in cooling electrical 
components (Alpha Novatech, 2007) 
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Figure 7: Flow across a cylinder for different flow regimes (Sunden, 2011) 

Most of the heat sources identified within the library of the CSDT have associated heat transfer 
coefficients; however, if not specified, a set of empirical equations can be used to determine the 
average Nusselt number. The equations suggested by Churchill and Bernstein are shown below. 
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Equation 4 (Mills, 1999) 
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Equation 5 (Mills, 1999) 
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Equation 6 (Mills, 1999) 

where �0�Q$$$$�½ is the average Nusselt number (dimensionless), �4�A�½ is the Reynolds number 
(dimensionless), and �2�N is the Prandtl number (dimensionless). These equations should be used with 
caution, as they represent external flow over a cylindrical pipe. If the geometry is more complex, 
including bends, fins, cross-flow, etc., then the above equations should not be used and the convective 
heat transfer coefficient should be determined experimentally. 

2.1.3 Temperature Profile  

The main purpose of the chilled water system is to cool electrical equipment such that the system and 
component levels of electrical equipment stay below a certain temperature threshold. If this threshold is 
surpassed, then failure of electrical systems and/or components will follow. With this in mind, a 
maximum temperature threshold is established for each group of equipment cooled by the chiller 
system. By default, it was assumed that the electrical components could not exceed a temperature of 
100°C. Through the use of forced convection of air (or some liquid), the electrical components are 
cooled through the use of a fan blowing over the surface of the components (or recirculation pump in 
the case of a liquid). The hotter air (liquid) then passes over the surface of the piping of the chilled water 
system (the tube bundles within the heat exchanger). The surface temperature of the chilled water 
system piping is much cooler and thus cools the hot air (liquid), which is then recirculated back to the 
electrical components. The surface of the piping is heated up by the hot air (liquid) and heat is 
transferred through conduction across the outer wall of the pipe to the inner wall of the pipe. The piping 
holds the chilled water which flows at some velocity. The forced convection of water within the pipe 
removes the heat generated by the electrical components and transfers the heat to the chiller unit. In 
steady state, the heat generated by the heat source is equivalent to the rate of heat transfer across each 
boundary, as well as the rate of heat transfer from inlet to outlet4. The cross-sectional view of the pipe 
and its associated temperature profile for steady-state heat transfer is shown below in Figure 8. 

                                                           
4 This assumes the loss into the surrounding air is negligible. In reality, some of the heat load will be dissipated into 
the surrounding air through the boundaries of the component, such as the cabinet walls which house electronic 
equipment. The CSDT makes the assumption that the heat load provided by the user is not the total heat 
generated by the component, but rather the portion of that heat load which is to be removed by the chilled water. 
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Figure 8: Cross-sectional view of pipe and associated temperature profile for steady-state heat transfer across the pipe wall 

The temperature profile shows the rate of heat transfer from the hotter fluid through the pipe wall and 
into the fluid within the pipe with the distance varying radially from the center of the pipe. When in 
steady-state, the rate of heat transfer will be equal across each boundary and will be equivalent to the 
rate of heat generation of the heat source (electrical waste heat). The variable Tmax corresponds to the 
temperature of the hotter fluid being blown across the surface of the electrical components. This hot 
fluid comes in contact with the surface of the outer pipe wall. The surface temperature of the outer pipe 
wall is T1. The temperature drops linearly through the pipe wall by conduction. Lastly, the temperature 
drops throughout the flowing fluid within the pipe, with the center of the pipe having a temperature of 
Te. The surface temperature of the inner pipe wall is T2. Each layer also has specific thermal properties 
described by the variables hc,i, hc,o, and k. The two fluids undergoing forced convection have associated 
heat transfer coefficients hc,i and hc,o. The pipe has a certain thickness, L, and a thermal conductivity, k, 
which is dependent on the material composition. 

This heat transfer process can be depicted using an electrical diagram. The difference in temperature 
from the heat source to the free stream fluid flowing in the pipe can be thought of as a voltage 
potential. Each boundary also has some resistance to the flow of heat and can be thought of as a 
resistor. The flow of heat from the heat source to the heat sink (the fluid in the pipe) can be thought of 
as current. Figure 9 is a thermal circuit showing the heat transfer process. 

 
Figure 9: Electrical analogy to heat flow (thermal circuit) 

Each resistance can be calculated if the properties of the medium are known. Going from the electrical 
components to the outer wall of the piping, the following equation was used to determine the 
resistance to heat flow, where �#�Ü is the area of contact (the inner surface area of the pipe): 
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Equation 7 (Mills, 1999) 

To determine the resistance to heat flow across the piping wall, the following equation was used: 

�4�5�?�6 L
�H�J�@

�N�â
�N�Ü

�A

�t�è�G�.
 

Equation 8 (Mills, 1999) 

The above equation had to take into account the curvature of the pipe, which is why there is a 
logarithmic term in the numerator as opposed to a linear term as is the case for a slab. Lastly, to 
determine the resistance to heat flow from the inner wall to the fluid in the center of the pipe, the 
following equation was used: 

�4�6�?�ØL
�s

�D�Ö�á�â�#�â
L

�s
�D�Ö�á�â�t�è�N�Ü

 

Equation 9 (Mills, 1999) 

Using the equations of resistance (Equations 7-9) ���o�}�v�P���Á�]�š�Z���š�Z�������v���o�}�P�Ç���}�(���K�Z�u�[�•���o���Á�U���š�Z�����š���u�‰���Œ���š�µ�Œ����
values at each node can be determined as shown in the equation below. 
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Equation 10 (Mills, 1999) 

2.1.4 Convective Heat Transfer Coefficient  

An important parameter to be calculated is the convective heat transfer coefficient. To determine the 
convective heat transfer coefficients �D�Ö�á�Ü and �D�Ö�á�â the flow regime must be known for the two fluids. For 
the case of laminar flow, the convective heat transfer coefficient can be computed using the following 
equation: 

�D�ÖL �u�ä�x�x
�G
�&

 

Equation 11 (Mills, 1999) 

where �Gis the fluid thermal conductivity [W/m-K] and���& is the diameter of the pipe [m]. This equation 
assumes that the temperature along the pipe wall is constant and that the point of interest is far from 
the entrance of the pipe, where there may be some fluctuations in �D�Ö due to vortices and a step-change 
in heat exchange across the pipe length at the pipe entrance. 
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For the case of fully turbulent flow (�4�A�½ > 10,000) and �2�NP�r�ä�w, the convective heat transfer coefficient 
can be computed using the following equation: 

�D�ÖL �r�ä�r�t�u
�8�4�ä�<�G�4�ä�: �:�é�?�ã�;�4�ä�8

�&�4�ä�6�å�4�ä�8
 

Equation 12 (Mills, 1999) 

where �8is the velocity of the fluid [m/s], �Gis the fluid thermal conductivity [W/m-K], �é is the density of 
the fluid [kg/m3], �?�ã is the specific heat capacity of the fluid [J/kg-K], �& is the diameter of the pipe [m], 

and �å is the kinematic viscosity [m2/s]. Again, it is assumed that the temperature along the pipe wall is 
constant and that the point of interest is far from the entrance of the pipe. This equation can be 
rewritten using dimensionless parameters as follows: 

�0�Q�½L �r�ä�r�t�u�:�4�A�½�;�4�ä�<�:�2�N�;�4�ä�8 
Equation 13 (Mills, 1999) 

where �0�Q�½ is the Nusselt number and �2�N is the Prandtl number defined as: 

�0�Q�½L
�D�Ö�.�½

�G
 

Equation 14 (Mills, 1999) 

and  

�2�NL
�?�ã�ä

�G
 

Equation 15 (Mills, 1999) 

respectively, where �ä is the dynamic viscosity [kg/m-s]. 

Initially, the convective heat transfer coefficient for turbulent flow is calculated using the above 
equation; however, the equation is not valid for �4�A�½ within the transition zone and only provides an 
approximation for the convective heat transfer coefficient. Once the pipe diameter and velocity have 
been estimated, a more refined approximation of the convective heat transfer coefficient can be 
�}���š���]�v�������µ�•�]�v�P���'�v�]���o�]�v�•�l�]�[�•���(ormula: 
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Equation 16 (Mills, 1999) 

This equation provides a more accurate value for the convective heat transfer coefficient, and is valid for 
thermally fully developed flow with �2�NP�r�ä�w and �u�á�r�r�r O�4�A�½O�s�r�:, although there is greater 
uncertainty with �4�A�½O�s�r�8 due to intermittent turbulence with error reaching up to 20% (Mills, 1999). 
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2.1.5 Assumptions  

Some assumptions were made in order to simplify the equations involved in determining the necessary 
pipe diameter and fluid velocity within the pipe. This included: 

�x A constant temperature of 6.6°C was assumed along the length of the supply header and at the 
inlet of each branch during the first iteration of computation involving pipe sizing and 
determination of head loss. However, the second iteration did not include this assumption, with 
the calculated head loss from the first iteration used in determining the associated inlet 
temperatures for each branch. These inlet temperatures were subsequently used in resizing the 
various branch diameters and header diameter. 

�x The effect of radiation is negligible. 

�x The effect of natural convection is negligible. 

�x  The temperature at a particular length of piping is only dependent on the radial component, r. 

�x The liquid is incompressible, with a constant �é (during operation of the chilled water system). 

�x Changes in fluid properties are negligible, including: k, �å, and �?�ã (during operation of the chilled 

water system). 

�x Representative values for valve loss coefficient were chosen for gate, globe and check valves 
when loss coefficients were not known. 

�x Only gate, globe and check valves were modeled within the CSDT. 

�x The equations provided by Churchill and Berstein were assumed adequate in calculating the 
average Nusselt number for heat exchangers (with the exception of flat plate heat exchangers) 
that did not have an associated heat transfer coefficient within the CSDT library. The equations 
do not take into account specific arrangement of the cylindrical tubes or fin geometry, if 
present.  

�x The radius of curvature for pipe bends was assumed to be three times the inner pipe diameter. 
This value can be modified by the user within the CSDT. 

�x The radius of pipe entrance/exit curvature was assumed to be 0.1 times the inner branch pipe 
diameter. This value can be modified by the user within the CSDT. 

2.2 Pipe Characteristics  

As mentioned earlier, the pipe material plays a role in the heat transfer from the heat source to the heat 
sink. The two types of piping material used include: copper-nickel alloy 90-10 (copper alloy number 715) 
and copper-nickel alloy 70-30 (copper alloy number 706). The thermal conductivity of copper-nickel 
alloys range from 10-50 W/m-K with copper alloy number 715 having a thermal conductivity of 
50 W/m-K and copper alloy number 706 having a thermal conductivity of 29 W/m-K (Copper 
Development Association, Inc., 2012). 

As specified in MIL-T-16420K, there are specific tube diameters and thicknesses used aboard naval 
vessels. These thicknesses depend on the copper alloy number and the class to which the pipe belongs. 
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There are six classes covered in the document, of which five are discussed here. They include: Class 200, 
Class 700, Class 1650, Class 3300, and Class 6000. The Class denotes the maximum working pressure in 
lb/in2. Below, Table 2 summarizes the various diameters and thicknesses of pipes for each class of 
copper alloy number 715 tube. 

Outside 
Diameter 

Class 200 Class 700 Class 1650 Class 3300 Class 6000 
Thickness Wt/ft  Thickness Wt/ft  Thickness Wt/ft  Thickness Wt/ft  Thickness Wt/ft  

in. in lbs in lbs in lbs in lbs in lbs 
0.125 - - - - - - 0.028 0.033 0.028 0.033 
0.250 0.035 0.092 - - - - 0.035 0.092 0.058 0.136 
0.375 - - - - - - 0.049 0.194 0.083 0.295 
0.405 - - - - - - 0.058 0.245 0.095 0.359 
0.500 0.035 0.198 0.065 0.344 0.035 0.198 0.072 0.375 0.120 0.555 
0.540 0.065 0.376 0.065 0.376 0.042 0.255 0.072 0.410 0.120 0.614 
0.675 0.065 0.483 0.072 0.529 0.049 0.373 0.095 0.671 0.148 0.950 
0.750 - - - - 0.058 0.489 0.109 0.851 0.165 1.18 
0.840 0.065 0.614 0.072 0.673 0.058 0.552 0.120 1.05 0.203 1.57 
1.000 - - - - 0.072 0.814 0.134 1.41 0.220 2.09 
1.050 0.065 0.780 0.083 0.977 0.083 0.977 0.148 1.63 0.238 2.35 
1.250 - - - - 0.095 1.34 0.165 2.18 0.284 3.34 
1.315 0.065 0.990 0.095 1.41 0.095 1.41 0.180 2.49 0.300 3.71 
1.500 - - - - 0.109 1.85 0.203 3.21 0.340 4.80 
1.660 0.072 1.39 0.095 1.81 0.120 2.25 0.220 3.86 0.380 5.92 
1.900 0.072 0.16 0.109 2.38 0.134 2.88 0.250 5.02 0.425 7.63 
2.000 - - - - 0.148 3.34 0.284 5.93 0.454 8.55 
2.375 0.083 2.32 0.120 3.30 0.165 4.44 0.340 8.43 0.520 11.7 
2.500 - - - - 0.180 5.09 0.340 8.94 0.547 13.0 
2.875 0.083 2.82 0.134 4.47 0.203 6.60 0.380 11.5 0.630 17.2 
3.500 0.095 3.94 0.165 6.70 0.250 9.89 0.458 17.0 0.760 25.3 
4.000 0.095 4.52 0.180 8.37 0.284 12.8 - - - - 
4.500 0.109 5.83 0.203 10.6 0.340 17.2 - - - - 
5.000 0.120 7.13 0.203 11.9 0.380 21.4 - - - - 
5.563 0.125 8.28 0.220 14.1 0.425 26.6 - - - - 
6.625 0.134 10.6 0.259 20.1 0.457 34.3 - - - - 
7.625 0.134 12.2 0.284 25.4 0.526 45.5 - - - - 
8.625 0.148 15.3 0.340 34.3 0.595 58.2 - - - - 
9.625 0.187 21.5 0.340 38.4 0.664 72.5 - - - - 
10.750 0.187 24.1 0.380 48.0 0.741 90.3 - - - - 
12.750 0.250 38.1 0.454 68.0 0.879 127 - - - - 
14.000 - - 0.473 77.9 - - - - - - 
15.000 - - 0.503 88.8 - - - - - - 
16.000 - - 0.534 101 - - - - - - 

Table 2: Dimensions and weights of copper alloy number 715 tube (MIL-T-16420K-1, 1978) 

Table 3 summarizes the various diameters and thicknesses of pipes for class 200 copper alloy number 
706 tube. 
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Outside diameter Class 200 
Wall thickness Wt/ft  

Inches in lbs 
0.250 0.035 0.092 
0.500 0.035 0.198 
0.540 0.065 0.376 
0.675 0.065 0.483 
0.840 0.065 0.613 
1.050 0.065 0.779 
1.315 0.065 0.989 
1.660 0.072 1.39 
1.900 0.072 1.60 
2.375 0.083 2.32 
2.875 0.083 2.82 
3.500 0.095 3.94 
4.000 0.095 4.51 
4.500 0.109 5.83 
5.000 0.120 7.12 
5.563 0.125 8.28 
6.625 0.134 10.6 
7.625 0.140 12.2 
8.625 0.151 15.3 
9.625 0.187 21.5 
10.750 0.187 24.0 
12.750 0.250 38.0 

Table 3: Dimensions and weights of copper alloy number 706 tube (MIL-T-16420K-1, 1978) 

2.3 Flow Network Analysis  

Flow network analysis is a method that can be used to determine the velocities at every location of a 
pipe network simultaneously. It is important to use flow network analysis because each component of 
the network depends on every other component of the network. Branch velocities cannot be accurately 
solved in isolation. The analogy to flow network analysis would be solving for currents and voltages in an 
���o�����š�Œ�]�����o�����]�Œ���µ�]�š���µ�•�]�v�P���<�]�Œ���Z�}�(�(�[�•�����µ�Œ�Œ���v�š���o���Á���~�<���>�• ���v�����<�]�Œ���Z�}�(�(�[�•���À�}�o�š���P�����o���Á���~�<�s�>�•�X 

The chilled water piping system is a network of interconnected pipes. The system is composed of two 
different pipe types, the header and branch pipes. The header pipes branch out into parallel segments 
which are the portions that come in contact with the heat sources. Each branch will vary in diameter, 
length and other characteristics such as bends, tees, and valves which will affect the mass flow rate 
within that branch, and ultimately the mass flow rate in the header piping. The fundamental equations 
that govern how fluid will flow within the network of pipes are based on the conservation of mass, 
momentum and energy. 

Intuitively, the mass flow rate at the inlet of a branch segment is equal to the mass flow rate at the 
outlet of the segment (conservation of mass), and: 

�I �6L �é�#�8 
Equation 17 (Rennels & Hudson, 2012) 
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where �I�6 is the mass flow rate [kg/s], �é is the density of the fluid [kg/m3], �# is the cross-sectional area of 
the pipe [m2] and �8 is the average velocity of the fluid [m/s]. Therefore:  

�:�é�#�8�;�5 L �:�é�#�8�;�6 
Equation 18 (Rennels & Hudson, 2012) 

where 1 denotes the branch pipe inlet and 2 denotes the branch pipe outlet.  

Conservation of momentum states that the sum of the forces acting on a control volume is equal to the 
change in momentum of the fluid. This can be shown in the equation below for a pipe with flow along 
the x-axis. 

�(�ë L �:�2�#�;�5 F �:�2�#�;�6 E�I�6�:�8�5 F �8�6�;�ë 
Equation 19 (Rennels & Hudson, 2012) 

where �(�ë is the apparent force acting on the control volume due to frictional resistance and/or 
difference in pressure across the control volume along the x-axis. 

Lastly, the conservation of energy is used to derive the general energy equation. Neglecting forms of 
energy such as electrical, atomic or chemical, which are not germane to the flow problem pertaining to 
the chilled water system, the general energy equation takes the form: 
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Equation 20 (Rennels & Hudson, 2012) 

where �2 is the pressure [N/m],�C is the acceleration due to gravity [m/s2], �î  is the kinetic energy 
correction factor, �< is the relative height with respect to some reference height [m], �, is a conversion 
factor used to convert heat units to specific work units [N-m/kcal], �3 is heat flux [kcal/s], �' �ã is the 

mechanical work done on the fluid by a pump [N-m/s], and �' �Í  is the work done by the fluid on a turbine 
[N-m/s]. Some of these parameters are not relevant to the chilled water system, such as �' �Í , but are 
included above for completeness 

Even though there are great temperature differences from the heat source to the bulk fluid, within the 
closed system of the chilled water, the temperature differences are within a few degrees. This does not 
contribute significantly to changes in density (pressure changes also have little impact on the density of 
the chilled water); therefore, the above equation can be simplified for the case of the chilled water 
system to the equation below: 

l
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Equation 21 (Rennels & Hudson, 2012) 

where �*�Å is head loss [m]. Two main sources of head loss include: losses due to surface friction and 
losses due to induced turbulence. Whenever two mediums are in direct contact with one another and 
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have a net difference in velocity, surface friction will be present. Flow regime plays a significant role in 
determining the head loss attributed to surface friction. The Hagen-Poiseuille law can be used to 
determine head loss due to surface friction for laminar flow. The Darcy-Weisbach equation can be used 
to calculate head loss for turbulent flow. The Hagen-Poiseuille law is shown below: 

�*�ÅL
�u�t�ä�.�8
�&�6�é�C

 

Equation 22 (Rennels & Hudson, 2012) 

The Darcy-Weisbach equation is shown below: 
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Equation 23 (Rennels & Hudson, 2012) 

where �-  is the loss coefficient (dimensionless) and is defined as: 

�- L �B
�.
�&

 

Equation 24 (Rennels & Hudson, 2012) 

The loss coefficient can be found for any component that contributes to head loss. Examples of these 
include: pipe bends, valves, pipe expansions, pipe contractions, pipe orifices, pipe entrances, pipe exits 
and the intersection of pipes that form a tee. These pipe elements will be discussed in greater detail in 
the proceeding sections. The Darcy friction factor can easily be determined for laminar flow by 
combining the Hagen-Poiseuille law and the Darcy-Weisbach equation to obtain: 

�BL
�x�v
�4�A

 

Equation 25 (Rennels & Hudson, 2012) 

For turbulent flow, the Colebrook-White equation can be used, which is valid even in the transition zone 
(2,100 < Re < 5000). The use of the Colebrook-White equation lends itself better to a computer program 
than does the Moody chart, which provides a visual representation of the equation to determine the 
Darcy friction factor. The Colebrook-White equation is shown below: 
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Equation 26 (Rennels & Hudson, 2012) 

This requires an iterative approach as can be seen in the equation. An initial guess of �B = 0.02 is 
assumed and plugged into the equation. This process is repeated 2-3 times with the Darcy friction factor 
converging quickly. For Cu-Ni alloy pipes, the surface roughness (�Ý) is 0.05mm (Norsok Standard Fifth 
Edition, 2006). 
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The second contributor to head loss is induced turbulence. The Borda-Carnot equation can be used to 
determine the head loss due to induced turbulence caused by a sudden expansion in pipe diameter. The 
Borda-Carnot equation is: 
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Equation 27 (Rennels & Hudson, 2012) 

Using the equations described above, the flow network of the chilled water system can be analyzed. 
Network analysis can be divided into three types of flow: series flow, parallel flow and branch flow. The 
next three sections explain each of these flows in greater detail. 

2.3.1 Series Flow 

Series flow takes in to account several elements of a pipe that are aligned with one another such that 
the mass flow rates of each element are equal. An example of this would be a straight pipe connected to 
a gate valve followed by a segment of straight pipe, a 90° bend, straight pipe, a flow reducer, and a last 
segment of straight pipe. For this case, all elements are in series with one another with the outlet of one 
segment connected to the inlet of the following element. With the exclusion of a pump, there will be a 
pressure drop along the length of the pipe5, with each element contributing to the overall loss of 
pressure due to the associated surface friction losses and induced turbulence losses. Since the overall 
pressure loss is the sum of the individual pressure losses, the loss coefficients of the elements can be 
summed together as long as the cross-sectional area of each component is factored in. The overall head 
loss for series flow with N elements is: 
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Equation 28 (Rennels & Hudson, 2012) 

In addition, the overall pressure loss can be found using: 
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Equation 29 (Rennels & Hudson, 2012) 

                                                           
5 This will not always be the case. It is possible for the pressure along a length of pipe to go up due to the decrease 
in velocity. The pressure will go up if the velocity head which is converted to pressure head is greater than the 
pressure drop associated with friction along the pipe length. 
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2.3.2 Parallel Flow  

Parallel flow pertains to flow coming from a central source which diverges into two or more paths and 
then converges back somewhere downstream. Applying the conservation of energy and the 
conservation of mass principles, the following equation can be found: 

l
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�#�6p
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Equation 30 (Rennels & Hudson, 2012) 

Afterwards, the solution to this equation can be inserted into the following equation to solve for the 
individual mass flow rates for the parallel branches: 
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Equation 31 (Rennels & Hudson, 2012) 

where the total mass flow rate is equal to the sum of the individual mass flow rates. Hence: 

�I �6�Í�â�ç�Ô�ßL Í �I �6�Ü
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Equation 32 (Rennels & Hudson, 2012) 

2.3.3 Branch Flow  

Branch flow is the combination of series flow and parallel flow, but may be more complicated since the 
parallel branches do not necessarily converge downstream. However, for chilled water systems, the 
branches do converge into the header pipe, and thus, the application of the equations for series flow 
and parallel flow will suffice for solving the branch flow problem that this particular system presents. 

An example of a branch flow network can be modeled using an electrical circuit analogy. Figure 10 
shows a diagram of a segment of a cooling system. With the various sources of head loss modeled as a 
resistive component, the flow through the various pipe branches can be determined given a differential 
pressure or an inlet mass flow rate. Figure 11 shows an electrical circuit analogy to the chilled water 
system diagram. 
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Figure 10: Example of branch piping network 

        
Figure 11: Electrical network analogy to branch piping network 
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2.4 Pump Characteristics  

The chilled water system has a circulating pump, typically a motor driven centrifugal pump, which 
provides the pump head needed to circulate the fluid within the chilled water system at the necessary 
flow rate. The sizing of these pumps depends on three factors: the required pump capacity, the pump 
head and the operating speed of the pump. An example of a centrifugal pump is shown in Figure 12 
below. 

 
Figure 12: Example of a centrifugal pump (ThomasNet, 2013) 

2.4.1 System and Pump Curves 

To properly size a pump, the system curve of the pump and the pump curve must be considered. The 
system curve shows the system head as a function of flow rate and is comprised of the static head in the 
system and the head loss associated with major and minor losses. Figure 13 below shows an example of 
the system curve along with how the curve shifts with changes in head loss (e.g., shutting or opening 
valves) (System Curve and Pump Performance Curve). 
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Figure 13: System curve (System Curve and Pump Performance Curve) 

The pump performance curve depends on the specific pump considered and provides the head of the 
pump as a function of flow rate. An example of pump performance curves for a pump with impeller 
diameters of 6 in, 8 in, and 10 in is shown in Figure 14 below (System Curve and Pump Performance 
Curve). 

 
Figure 14: Pump performance curve (System Curve and Pump Performance Curve) 

Superimposing the system curve and the pump curve will yield the operating point, the point at which 
the two curves intersect. The operating point specifies the head in the system along with the flow rate 
which will be expected for that specific system and selected pump. Figure 15 below shows an example 
of the operating point (System Curve and Pump Performance Curve). 
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Figure 15: Operating point (System Curve and Pump Performance Curve) 

Typically, the pump selected should have the operating point coincide with the best efficiency point 
(BEP) (System Curve and Pump Performance Curve). 

2.4.2 Head loss 

The head loss accounts for friction losses, load losses and regulating fitting losses. The total pump head 
can be found using the equation: 

�*�É L �*�. �¿ E�*�. �ÅE�*�. �Ë�¿ 
Equation 33 

The pump capacity was found by determining the mass flow rates through each branch and the 
subsequent mass flow rate through the supply header. This is a somewhat complex process utilizing flow 
network analysis and dependent on the heat loads and the electronic component heat exchanger 
geometry. 

As stated in Section 2.1.5, it was assumed that the temperature inlet for each branch did not vary and 
was equal to the inlet temperature of the supply header of 6.6°C. This assumption was validated by 
calculating the associated temperature rise along the length of the supply header due to head loss. The 
equation for the temperature rise �PT due to head loss is shown below. 

�¿�6L
�*�Å

�%�5�?�ã
 

Equation 34 (Rennels & Hudson, 2012) 

where �%�5 is a conversion factor equal to 778.169262 [ft-lbf/Btu].  A simulation was conducted that 
contained 180 heat loads with a branch for each load. The branch pipe diameter was calculated, along 
with the header pipe diameter and various flow velocities through the header and each branch. The 
greatest rise in temperature would be seen in the branch furthest downstream. The rise in temperature 
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along the length of the supply header was on the order of 10-5 °C. This is due to the relatively low 
velocities encountered within the chilled water system. Appreciable rises in temperature due to head 
loss is not seen until velocities approach sonic speeds. Therefore, neglecting the rise in temperature 
associated with head loss is reasonable. The heating up of the chilled water due to the environment is of 
greater concern with temperature rises on the order of 10-3 °C calculated. 

2.4.3 Pump Selection 

Due to the endless supply of pumps available, the approach used within CSDT v1.0 was also used, 
considering the 1510 series pump manufactured by Bell & Gossett (Fiedel, 2011). The 1510 series pumps 
which operate at 60 Hz can be operated at slow, medium, and high speed with speeds of 1150 rpm, 
1750 rpm and 3500 rpm, respectively (Bell & Gossett, 1998). Figure 16 shows the envelope of operation 
for the 1510 series pumps based on speed. 

 
Figure 16: Envelope of operation of Bell & Gossett 1510 series pump based on pump speed (Bell & Gossett, 1998) 

The CSDT only considers Bell & Gossett 1510 series pumps operating at 1750 rpm. The 1510 series 
performance curves operating at 1750 rpm is shown in Figure 17 below. 
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Figure 17: Bell & Gossett 1510 series performance curves operating at 1750 rpm (Bell & Gossett, 1998) 

The pump selection process begins with the head loss of the system for a specific A/C unit line-up and 
operating condition (e.g., shore, design, cruise, battle). The mass flow rate can also be found based on 
the specific A/C unit line-up and operating condition. With this information, the intersection of head and 
mass flow rate yields the optimal pump for that A/C unit configuration. 

A difficulty arises in that the head loss of the system and the requisite mass flow rate differs depending 
on the A/C unit line-up and operating condition. To select the pump, the design condition is used, but 
with many different options available for A/C unit line-up, there may be different optimal pumps 
considered. A solution to this problem may be the selection of a variable speed pump which operates 
efficiently at different speeds depending on the A/C unit line-up. A second solution may be selecting a 
pump with a high efficiency over a wide range of mass flow rates and heads. 

For the development of the CSDT several points follow: 

�x  The pump selected provides a solution but does not guarantee the optimal solution. 

�x  Only pumps of the Bell & Gossett 1510 series were considered. Other manufacturers and series 
would provide greater available options for pump selection. 

�x  Impeller diameters were not considered. 

�x  An average weight of 1200 kg was used for all pumps selected. 
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2.5 Valve Characteristics  

Valves are used for a variety of reasons. Some are used for isolating a segment of the system such as a 
gate valve. Others are used for controlling the flow through the system such as a control valve or a globe 
valve. Yet, others are used for ensuring flow in a specific direction such as a check valve. 

It is assumed that there is a gate valve at either end of the branch for branch isolation. Also, a control 
valve is assumed to be at the outlet of each branch to control the flow depending on temperature. For 
the header branch, it is assumed there is a gate valve on the supply header and on the return header. 
Lastly, it is assumed there is a check valve downstream of each chilled water pump. 

Since valve geometry and size vary greatly, there is no explicit formula that can be used to calculate the 
loss coefficient of the specific valve accurately. The pressure drop must be specified by the 
manufacturer and included as an input into the CSDT program. Schematics of a gate valve and a globe 
valve can be seen in Figure 18. As can be seen in the schematics, the flow path is much more tortuous 
for the globe valve, resulting in a higher loss coefficient and greater head loss. If no manufacturer data is 
available for the specific valve used in the chilled water system, a nominal value for the valve loss 
coefficient was used. The nominal values chosen for the valve loss coefficients can be seen in Table 4. 

 

 
Figure 18: Schematics of gate valve, globe valve and check valve (Bonney Forge, 2012)  
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Valve Type Notional Loss Coefficient Value (dimensionless) 
Gate �t Full Port 0.2 

Globe �t Standard  3.5 

Globe �t Angle  4 

Check �t Swing  1.5 
Table 4: Notional valve loss coefficient values (Rennels & Hudson, 2012) 

2.6 Flow Configurations  

As mentioned earlier, the specific elements of the flow need to be taken into account as they all 
contribute to the pressure drop across the pipe. Specifically, pipe bends and tees contribute to the head 
loss within the chilled water system. 

2.6.1 Bends 

Bends in pipes contribute to the head loss that takes place within the chilled water system. For the 
design of the chilled water system, it was assumed that all bends constituted a 90° angle and that all 
bends were smooth. 

An empirical equation used to calculate the loss coefficient due to a bend in a pipe was used. The 
equation is: 
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Equation 35 (Rennels & Hudson, 2012) 

where �Ù is the bend angle in radians (0-�‹), �N is the radius of curvature of the pipe measured from the 
centerline of the pipe [m], and �@ is the pipe diameter [m]. This equation is valid for smooth pipe bends. 
The loss coefficient for miter bends can be computed using a different empirical equation, but was not 
considered in the CSDT. 

A picture of a smooth, circular bend and a miter bend is shown below in Figure 19. 

 
Figure 19: Figure of smooth, circular bend and miter bend (Cross-Flooding area, 2004) 



Center for Ocean Engineering  
Naval Construction & Engineering Program  
Department of Mechanical Engineering  
 

 
 

        Massachusetts Institute of Technology  
         77-massachusetts Avenue, Building 5-317 
         Cambridge, Massachusetts 02139�±4307 

 
 

46 
 

In the design of the CSDT, it was assumed that the spacing between the bends were sufficiently long 
such that coupling effects can be ignored. In addition, the radius of curvature was assumed to be equal 
to 3D, or 3 times the pipe diameter. In industry, the radius of curvature varies from a short bend (one 
pipe diameter), to a long bend (1.5 times the pipe diameter), to a bend that is 3, 5 or 10 times the 
diameter (3D, 5D and 10D respectively). However, according to MIL-STD-1627B(SH), the minimum bend 
radius allowed within piping systems is 2D, thus short bends and long bends are not allowed without 
special permission (MIL-STD-1627B(SH), 1981). The default value of 3D within the CSDT can be modified 
by the user to other values such as 2D, 5D or 10D. 

2.6.2 Tees 

An important source of head loss in the chilled water system is the convergence and divergence of flow. 
The most common angle of convergence and divergence is 90°, forming a T shape, i.e. tee. The four 
specific types of tee configurations used within the chilled water system are: the divergence of flow 
through the header, the divergence of flow through the branch, the convergence of flow through the 
header, and the convergence of flow through the branch. Figure 20 shows the four configurations of 
converging and diverging flow. 

 
Figure 20: Flow configurations through tees: diverging flow through header (upper left), diverging flow through branch 

(upper right), converging flow through header (lower left), converging flow through branch (lower right) (Rennels & Hudson, 
2012) 

Entrance effects cause disruption in flow and tend to increase the rate of heat transfer at localized 
areas. For turbulent flow, fully developed hydrodynamic flow can exist 10-15 pipe diameters from the 
entrance of the pipe assuming no large scale eddies are present. The hydrodynamic entrance length6 

k�.�Ø�Ùo may be as high as 20-40 pipe diameters if large scale eddies are present. The thermal entrance 

                                                           
6 The hydrodynamic entrance length is the distance required for the friction factor �:�B�; to decrease within 5% of 
the fully developed value of the friction factor �:�B�¶ �;. 



Center for Ocean Engineering  
Naval Construction & Engineering Program  
Department of Mechanical Engineering  
 

 
 

        Massachusetts Institute of Technology  
         77-massachusetts Avenue, Building 5-317 
         Cambridge, Massachusetts 02139�±4307 

 
 

47 
 

length7 �:�.�Ø�Û�; is somewhat lower for high or low Pr, with 5 pipe diameters sufficient for fully developed 
thermal flow.  

For diverging flow through the header, the loss coefficient can be found using the equations below: 
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Equation 36 (Rennels & Hudson, 2012) 

and 
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Equation 37 (Rennels & Hudson, 2012) 

where �-�5�6�- and �-�5�6�.are loss coefficients. 

For diverging flow through the branch, the loss coefficient can be found using the equations below: 
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Equation 38 (Rennels & Hudson, 2012) 

and 
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Equation 39 (Rennels & Hudson, 2012) 

where 
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Equation 40 (Rennels & Hudson, 2012) 

For converging flow through the header, the loss coefficient can be found using the equation below: 

�-�6�5�- L �sF�r�ä�{�w
�I�6�6

�6

�I �6�5
�6 F �t�%�ë�¼�F

�I�6�6
�I �6�5

F
�I�6�6

�6

�I �6�5
�6�GF�t�%�Æl�sF

�I�6�6
�I �6�5

p 

Equation 41 (Rennels & Hudson, 2012) 

and 

                                                           
7 The thermal entrance length is the distance required for the Nusselt number to decrease within 5% of �0�Q�¶ . 
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Equation 42 (Rennels & Hudson, 2012) 

where 
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Equation 43 (Rennels & Hudson, 2012) 

and 
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Equation 44 (Rennels & Hudson, 2012) 

For converging flow through the branch, the loss coefficient can be found using the equation below: 
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Equation 45 (Rennels & Hudson, 2012) 

and 
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Equation 46 (Rennels & Hudson, 2012) 

where 
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Equation 47 (Rennels & Hudson, 2012) 

2.7 Expansion Tank  

During normal operation of the chilled water system, the rise in temperature across the system is very 
small, on the order of 5-10°C. This will not result in an appreciable increase in volume due to changes in 
density; however, there would be an appreciable increase in volume due to a rise in temperature if the 
system is not in operation and the temperature within the pipes rises to ambient temperatures, or 
worse yet, if the heat loads are still present, causing even greater rises in temperature of the chilled 
water. This volume expansion is accounted for through the use of an expansion tank. The expansion 
tank is connected to the chilled water system through the return header and can be isolated by use of a 
gate isolation valve. Each A/C unit-chilled water pump combination must have its own expansion tank.  
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The expansion tank serves several purposes. The first is to serve as an expansion volume to mitigate the 
effects of pressure due to changes in chilled water temperature. The second purpose of the expansion 
tank is to collect air entrained in the system. The third purpose of the expansion tank is to provide a 
source of makeup water to replace water lost due to leaks within the system. Lastly, the expansion tank 
is to provide some predetermined pumping capacity for the chilled water pump. To determine the 
operating water capacity of the expansion tank, we multiply an assumed time by the pump flow rate:  

�8�È L �P�å�3�¼�Ð 
Equation 48 

where �8�È is the operating water capacity of the expansion tank [gal], �P�å is the assumed duration of time 
the expansion tank is required to supply water to the chilled water pumps [s], and �3�¼�Ð is the capacity of 
the pump [gal/min]. The default value for �P�å is 30 seconds, but can be changed by the user. The capacity 
of the pump was determined by the method described in Section 2.4. 

To ensure air does not enter the chilled water system with a leak present, the system is operated at a 
minimum pressure, �2�È, of 5 psi under all conditions. To maintain this pressure, the expansion tank must 
be maintained at a pressure greater than this. The expansion tank charging pressure can be found using 
the equation: 

�2�¼L �2�È E�é�ê �* �Í  
Equation 49 

where �2�¼ is the expansion tank charging pressure [psi] and �* �Í  is the vertical distance between the 
expansion tank and the highest point [ft]. 

Including a 10% safety factor, the total expansion tank capacity was determined using the equation: 

�8�Í�- L �s�ä�s�8�Èl�sE
�2�º�Í�Æ
�2�¼

p 

Equation 50 

where �2�º�Í�Æ is atmospheric pressure [psi]. 

A second method to compute the expansion tank volume is to determine the volume needed to account 
for the expanding fluid within the system from a rise in temperature from 32°F to 120°F. 

The expanded volume can be calculated fairly easily since the pipe dimensions are known as well as the 
change in density occurring due to the rise in temperature. The density of pure water at 6.6°C is 999.41 
kg/m3, which is the target temperature within the supply header. A more conservative approach is 
taken, using pure water at 0°C, which has a density, �é�Ö, of 1000 kg/m3. The assumed temperature rise in 
sizing the expansion tank is 120°F, which is equal to 48.89°C and has an associated density, �é�Û, of 
988.31 kg/m3. Therefore, the volume expansion due to a rise in temperature from 32°F to 120°F is: 
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�8�¾L l
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F �sp�:�8�ÉE�8�È�; 

Equation 51 

where �8�É is the volume of water in  the piping [gal]. Again, including a 10% safety factor, the total 
expansion tank volume needed is then found using the equation: 

�8�Í�. L �s�ä�s�:�8�¾E�8�È�; 
Equation 52 

The larger of the two values, �8�Í�-or �8�Í�. , is then used as the expansion tank volume. 

The thickness of the expansion tank was calculated assuming the pressure vessel is thin-walled. With 
this assumption the radial stress is negligible in comparison to the tangential stress and the tangential 
stress can be assumed to be uniform across the wall. Summing the forces and rearranging yields the 
equation: 

�PL
�2�N
�ê

 

Equation 53 (Storage Tank Thickness Determination, 2013) 

where �2 is the design pressure [psi], �N is the tank inner radius [m], and �êis the maximum allowable 
stress of the material [ksi]. To account for the weld, a weld joint factor is added to the equation. The 
equation is then: 
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Equation 54 (Storage Tank Thickness Determination, 2013) 

where �'  is the weld joint factor. The weld joint factor was assumed to be 1.00 which is a recommended 
value for butt welds undergoing pressure loading (Conversion Factor of Weld Joint). The design pressure 
was assumed to be twice that of the operating pressure. With a maximum expected operating pressure 
of 100 psi, the design pressure is 200 psi. Using stainless steel to construct the tank, an allowable stress 
of 4900 psi was used. This yields an expansion tank thickness of 0.76 mm for a tank with a radius of 0.4 
m. The minimum thickness of the tank was assumed to be the greater of the calculated value or 4 mm. 

To calculate the dimensions of the expansion tank (radius and height), the surface area of a right circular 
cylinder was minimized for a given volume (calculated using the above method) with the ratio of the 
radius to height is equal to 0.2. Within the CSDT a maximum height of 2 m was allowed. Therefore, if a 
larger tank was needed, the right circular cylinder would not retain the optimal ratio between radius and 
height. A single tank with a non-optimal radius-to-height ratio will still have less surface area than 
multiple tanks with optimal radius-to-height ratios; therefore the program constructs a single expansion 
tank per A/C unit. 
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2.8 Heat Exchangers 

There are several types of heat exchangers available, but the concept is similar in all cases. The heat 
exchanger provides a way for heat to be transferred from one medium to another. The various heat 
exchangers vary based on the geometry of the flow configuration, the type of heat transfer surface and 
the construction materials. Some of the basic types of heat exchangers include: single stream, two-
stream parallel flow, two-stream counter flow, two-stream cross-flow with zero one or both streams 
either mixed or unmixed, two-stream cross-counter flow, and two-stream multi-pass. Some examples of 
these heat exchangers can be seen in Figure 21 and Figure 22 below. 

 
Figure 21: Schematic of multi-pass cross counter flow shell and tube heat exchangers (Adam, 2004) 

 
Figure 22: Depiction of flow for two-stream cross-flow (Travkin, 2001) 

The type most encountered in chilled water systems is the shell-and tube type heat exchanger which is a 
two-stream multi-pass configuration. This is a more complicated heat exchanger design than most 
mentioned above, but is necessary to achieve compactness. The simpler heat exchangers such as a two 
stream parallel flow would require a very long section of piping in order to achieve the surface area 
contact between the heat source and heat sink and would not be practical for large heat loads. The shell 
and tube design heat exchanger provides the tube bundles which have greater surface area and the 
multiple passes the air flow makes with the tubes allows the heat exchanger the more compact form. 
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As can be assumed, heat exchanger selection greatly affects the thermal efficiency of the system and 
greatly contributes to head loss due to the number of bends encountered by the flow, the entrance and 
exit losses, and the greater surface area within the heat exchanger necessary for greater heat transfer 
from one medium to the other. Because of these factors, it will be difficult to determine the associated 
head loss of the heat exchanger and the rate of heat transfer across the heat exchanger based solely on 
geometry. Therefore, it is crucial that the CSDT have reliable, accurate and complete information 
pertaining to the parameters associated with head loss and heat transfer for each heat exchanger used 
within the chilled water system. Otherwise, the accuracy of the CSDT will diminish greatly, but a rough 
approximation for the rate of heat transfer across the heat exchanger and the head loss attributed to 
the heat exchanger can be determined using the fundamental equations described above, in particular, 
the equations used to determine the average Nusselt number given by Churchill and Bernstein. With the 
average Nusselt number, the average convective heat transfer coefficient and the rate of heat transfer 
can be determined. 

The geometry of the heat exchanger can be very complicated, and the above method will only provide 
an approximate solution. The tubes of the heat exchanger may be staggered or aligned, which will affect 
the flow of air that passes external to the tubes. In addition, fins may be present on the outer surface of 
the tubes in order to increase the surface area in contact with the hotter air. This will affect the 
convective heat transfer coefficient, but is not considered in the determination of the average Nusselt 
number which introduces a source of error. 

For the electronic cooling water system, there is an interface between the system and the heat sink 
(either the chilled water system and/or the seawater system). The interface is the heat exchanger 
between the demineralized water loop and the chilled water and/or seawater loop. The type of heat 
exchanger typically used for the seawater/demineralized water heat exchanger is a titanium flat plate 
heat exchanger. The type of heat exchanger typically used for the chilled water/demineralized water 
heat exchanger is a shell and straight tube heat exchanger with double tube sheet construction. The 
demineralized water flows through the shell side and the chilled water flows through the tube side. 
Figure 23 shows a schematic of a flat plate heat exchanger. 

 
Figure 23: Flat plate heat exchanger (Energy-Film) 
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2.8.1 Notional Flat Plate Heat Exchanger Design  

A notional flat plate heat exchanger is provided in the Excel spreadsheet used in conjunction with the 
Matlab program. The flat plate heat exchanger was designed starting from the fluid type on the 
secondary side, along with the expected inlet and outlet temperatures of the secondary fluid. The 
process in designing the flat plate heat exchanger was based on a similar example found in 
Fundamentals of Heat and Mass Transfer 7th ed. (Incropera & DeWitt, 2002). 

The following bullets summarize the assumptions made in designing the notional flat plate heat 
exchanger: 

�x  The notional flat plate heat exchanger considers demineralized water on the secondary side 
with an inlet temperature of 30°C and an outlet temperature of 18°C. 

�x  The mass flow rate of the demineralized water was assumed to be 0.5 kg/s. The resulting heat 
load was calculated to be 25.08 kW. 

�x  The mass flow rate of the chilled water was assumed to be 3.6 gpm/ton, which is equivalently 
1.6197 kg/s. 

�x  The inlet chilled water temperature was assumed to be 7.2°C and the outlet chilled water 
temperature was assumed to be 10.9°C. 

�x  Cross flow was assumed. 

�x  The dimensions of the heat exchanger (length, width, height) were assumed to be identical. 

�x  60 gaps were assumed within the heat exchanger. 

�x  A plate thickness of 0.5 mm was assumed. 

With the inlet and outlet temperatures on the primary side and the secondary side defined, the log 
mean temperature difference was found using the equation: 

�� �6�ß�â�Ú�?�à�Ø�Ô�áL
k�6�½�Ð�á�Ü�áF �6�¼�Ð�á�â�è�çoFk�6�½�Ð�á�â�è�çF �6�¼�Ð�á�Ü�áo

�Ž�•ck�6�½�Ð�á�Ü�áF �6�¼�Ð�á�â�è�ço k�6�½�Ð�á�â�è�çF �6�¼�Ð�á�Ü�áoW g
 

Equation 55 (Incropera & DeWitt, 2002) 

The log mean temperature was calculated to be 14.5°C. 

Assuming fully-developed laminar flow between the heat exchanger plates, the Nusselt number was 
determined to be (Incropera & DeWitt, 2002): 

�0�QL
�D�Ö�&�Û

�G
L �y�ä�w�v 

Equation 56 (Incropera & DeWitt, 2002) 

which is valid for rectangular channels of infinite length (the thickness of the channel is much smaller 
than the length of the channel) and the surface temperature is uniform. 
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With this, the convective heat transfer coefficients for the primary and secondary sides were found to 
be: 

�D�Ö�Û�Ý�Ô
L �v�ä�t�z��

�9
�I F �-

�0
�.

 

and 

�D�Ö�Û�Ý�Ô
L �v�ä�w�v��

�9
�I F �-

�0
�.

 

where �0 is the number of gaps, and �. is the length of the heat exchanger. The length of the heat 
exchanger was then computed to be 0.2218 m. 

Assuming a plate thickness of 0.5 mm, the gap thickness was found to be 3.2 mm. With copper plates, 
the dry weight of the heat exchanger was calculated to be 12.75 kg. Assuming a factor of 1.5 for casing, 
inlet and outlet plenums, the weight was estimated at 19.13 kg. The wet weight accounts for half the 
gaps filled with chilled water and the other gaps filled with demineralized water. The heat exchanger 
wet weight was calculated at 28.57 kg. 

With a hydraulic diameter of 6.4 mm, the mean chilled water velocity and the mean demineralized 
water velocity were calculated as 0.0658 m/s and 0.0204 m/s, respectively. The corresponding Reynolds 
numbers are 336.896 and 135.592, respectively. The assumption that laminar flow existed for the chilled 
water side and the demineralized water side was valid. 

Additional flat plate heat exchangers could be modeled by copying the notional flat plate heat 
exchanger and modifying the following parameters: 

�x Secondary fluid 

�x Secondary fluid specific heat capacity (taken at the mean temperature) 

�x The design inlet temperature of the secondary fluid 

�x The mass flow rate of the secondary fluid 

�x The design outlet temperature of the secondary fluid (this can be calculated and entered if the 
heat load is known) 

�x The convective heat transfer coefficient on the secondary side �t This will most likely be the most 
challenging variable to determine. If the flow is laminar and fully developed, then the same 
approach above using the Nusselt number can be used. 

�x The number of gaps 

�x The thermal conductivity of the plates 

The calculation of the weight assumes copper as the material used in constructing the plate. If the user 
wishes to modify this, then the weight will also have to be entered manually along with the thermal 
conductivity of the plate material. 
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2.9 Air Conditioning  Sizing 

The chilled water system provides cooling to the Heating, Ventilation, and Air Conditioning (HVAC) 
system through the air conditioning cooling coils. To properly size the chilled water system, it is 
necessary to accurately model the HVAC system and size the air conditioning cooling coils. Similar to 
���Œ�����l�]�v�P���µ�‰���š�Z�����•�Z�]�‰�[�•�����Z�]�o�o�������Á���š���Œ���‰�o���v�š�•���]�v�š�}���Ìones, the HVAC system is also broken up into zones. 

2.9.1 Air Conditioning Cooling Coils  

Two typical air conditioning cooling coil configurations used aboard older U.S. Navy ships are the 
double-serpentine coils and the single-serpentine coils. The differences between the two configurations 
are the number of passes and circuits in each type of cooling coil. The single serpentine cooling coil has 
the same number of rows and the same number of tubes per row, but has half the number of circuits 
and twice the number of passes per circuit than the double serpentine cooling coil. The two air 
conditioning coil configurations are shown below in Figure 24. 

 
Figure 24: Single and double serpentine cooling coil flow configurations (Foltz, 1990) 

As mentioned, the two serpentine cooling coils are an old design which may only exist on older ships. 
The double serpentine cooling coil (50 series cooling coil) has been replaced by the 1.5 serpentine 
cooling coil (60 series cooling coil). However, since the 50 series cooling coils may still be used on older 
ships, they were included in the heat exchanger database. In addition, unit coolers which are based off 
of the 50 series cooling coils have also been included within the heat exchanger database. The 
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characteristics of the 50 series cooling coils, the 60 series cooling coils and the unit coolers have been 
included in Tables 6-8 below. Figures 16-18 show a photo of the unit cooler and the 60 series cooling 
coil. 

Sizes Capacity 
(BTU/hr)  

Airflow 
(CFM) 

Air 
Velocity 
(ft/min)  

Leaving Air 
Temperatures 

DB/WB (F)  

Water 
Pressure 
Drop (ft 

H2O) 

Air  
Pressure 

Drop  
(in H 2O) 

61 9020 280 491 58.6/56.8 0.30 0.60 
62 16470 450 500 56.9/55.3 0.90 0.70 
63 27260 670 496 55.3/53.8 2.20 0.70 
64 39970 975 488 55.2/53.7 2.40 0.70 
65 63440 1450 485 53.1/52.5 2.40 0.80 
66 112.20 2500 500 52.7/52.1 4.00 0.80 
67 183.60 3800 507 51.1/50.8 4.00 0.80 
68 240.70 5000 500 51.1/50.9 3.50 0.95 

Table 5: 60 series cooling coil characteristics (MIL-PRF-2939G, 2001) (Frank & Helmick, 2007) 

Sizes Capacity 
(BTU/hr)  

Airflow 
(CFM) 

Air 
Velocity 
(ft/min)  

Dimensions 
���ó�š���ó�š���ó 

Dry Weight 
(lbs)  

Wet 
Weight 
(lbs)  

51 14 280 491 26-1/2x12-1/8x15 152 157 
52 23 450 500 28-3/4x14-3/8x15 176 183 
53 34 670 496 35-3/4x14-3/8x15 225 236 
54 50 975 488 40-1/2x16-7/8x15 301 317 
55 65 1500 483 47x18-7/8x15 390 414 
56 121 2500 500 55x23-3/8x15 562 602 
57 190 3750 507 56-3/8x36-7/8x17-5/8 975 1040 
58 234 5000 500 56-3/8x45-7/8x17-5/8 1225 1310 

Table 6: 50 series cooling coil characteristics (DRS Technologies, 2011) 

Sizes Capacity 
(BTU/hr)  

Air Flow 
(CFM) 

Water 
flow 

(gpm)  

Frame Size 
 ���ó�š���ó�š���ó 

Dry Weight 
(lbs)  

Wet 
Weight 
(lbs)  

51 13,500 215 4.0 23x12-1/8x38-7/8 202 207 
52 22,200 340 7.0 25-1/4x14-3/8x38-5/8 236 239 
53 33,500 510 10.0 32-1/4x14-3/8x40-3/8 315 326 
54 49,300 750 15.0 37-1/4x16-5/8x40-7/8 411 427 
55 62,400 1120 19.0 43-1/2x18-7/8x43-7/8 510 534 

Table 7: Unit cooler characteristics (MIL-C-2939E(SH), 1984) (DRS Technologies, 2011) 
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Figure 25: 60 series cooling coil (DRS Technologies, 2011) 

 
Figure 26: 50 series cooling coil (DRS Technologies, 2011) 

 
Figure 27: Unit cooler (DRS Technologies, 2011) 

The head loss across the cooling coils will affect the flow into the branch containing the cooling coils. If 
the head loss is high, then there is a greater resistance to flow and thus more flow will be diverted into 
other parallel branches of the chilled water system. To account for this, the loss coefficient and head 
loss across the cooling coils must be known or calculated. The loss coefficient is composed of the losses 
due to friction, which is a factor of length, diameter and friction factor; and the losses due to 180° 
bends. There will also be losses associated with entrance and exit effects. The CSDT can compute these 
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losses; however, the difficulty arises when determining the head loss on the secondary side. This will be 
discussed in greater detail in Section 3.1.1.2. 

2.10 Air Conditioning Plants  

The air conditioning plants are the mechanisms used to lower the temperature of the warmer water 
within the return header to the 6.6°C inlet temperature of the supply header8. There are various types of 
A/C units such as centrifugal type, screw type, and reciprocating type, but they all operate using the 
same underlying principles. An example of a specific A/C unit is the R-114 centrifugal A/C plant. The 
R-114 air conditioning plant utilizes a vapor compression system using centrifugal compressors. 

Figure 28 below shows a schematic of the refrigeration cycle internal to the A/C unit. The A/C unit 
contains a closed loop containing a refrigerant such as R134a. The refrigerant runs through two different 
heat exchangers, one being a heat exchanger involving the chilled water, where heat is absorbed from 
the chilled water, and the other being a heat exchanger involving seawater, where heat is discharged to 
the seawater. 

 
Figure 28: Vapor-compression refrigeration cycle diagram (enggcyclopedia) 

The refrigeration cycle starts with a cool refrigerant such as R134a. The cool refrigerant is heated up by 
the warmer chilled water. With a low boiling point, the rise in temperature causes the refrigerant to 
change states and become a vapor. The vapor is then compressed by a centrifugal compressor, a screw 
compressor or some other mechanism. The refrigerant rises in pressure and temperature. The hot 
refrigerant enters a condenser (a heat exchanger), where heat is transferred from the hot refrigerant to 
seawater. The cooler refrigerant then enters an expansion valve. This reduces the pressure and 
temperature of the refrigerant. The process then repeats itself (Cloutier). 
                                                           
8 This assumes the total heat load serviced by the A/C unit is less than or equal to the A/C unit cooling capacity. If it 
is not, the outlet temperature of the A/C unit will rise. 
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 The total plant capacity is determined by the mass flow rate of the header and the differential 
temperature across the chiller. The chiller that most closely satisfies the plant capacity required is then 
selected for that particular zone. The refrigeration cycle is modeled using notional values for: 

�x Evaporator outlet temperature 

�x Compressor inlet pressure 

�x Compressor outlet pressure 

�x Throttling inlet pressure 

�x Compressor efficiency 

�x mass flow rate 

Using the heat transfer equations, the chilled water outlet temperature can be determined, along with 
the refrigerant compressor inlet temperature, the refrigerant compressor outlet temperature, the 
refrigerant throttling inlet temperature, the evaporator inlet temperature, the evaporator outlet 
temperature, and the seawater outlet temperature. This process is explained in greater detail in Section 
3.1.1.3.
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3.0 Chapter 3: Design Tool Architecture  

The CSDT is comprised of Matlab code and an Excel Spreadsheet. The Matlab code consists of a 
geometry module, an analysis module, a modification module, and several functions. A schematic of the 
CSDT architecture is shown in Figure 29 below. 

 
Figure 29: CSDT architecture 

3.1 User Inputs  

There are two major components of the CSDT, the first being the Excel spreadsheets and the second 
being the Matlab program. The Excel spreadsheets contain the heat load data, the heat exchanger 
database and the A/C unit (chiller) database. The Matlab program reads in the information provided by 
the spreadsheets and designs and analyzes the chilled water system with the aid of the user. A minor 
component of the CSDT is the Modification module which is an optional component of the CSDT. 

3.1.1 Excel Spreadsheet Inputs  

There are seven tabs within the Excel spreadsheet, with the first three requiring user input and the last 
four containing tables of refrigerant characteristics. The first tab contains data pertaining to the heat 
loads. The second and third tabs contain heat exchanger data and chiller data and serve as the 
program�[s database. 
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3.1.1.1 LoadData Tab 

When first starting the design of the chilled water system, the user needs to enter the load data in the 
excel s�‰�Œ�������•�Z�����š���^���^���d�z�]�v�‰�µ�š�_���µ�v�����Œ���š�Z�����š���� �_LoadData�_. A screenshot of the � L̂oadData�_ spreadsheet 
is shown below in Figure 30. 

 
Figure 30: LoadData tab 

A heat load is defined by any piece of equipment or HVAC unit that requires chilled water cooling. As 
can be seen in the figure, there are several columns pertaining to data required for each heat load. The 
first is the heat load name. 

After the name has been selected, a priority has to be assigned to the heat load. The priority ranges 
from 1-8 with 1 corresponding to the highest priority. This convention was retained from the previous 
version of the CSDT. The priority is used by the Matlab program to determine vital or non-vital status. If 
a heat load has a priority of 1 or 2, then the heat load is considered to be a vital load and the design 
pertaining to vital loads is adhered to; otherwise, the load is considered non-vital. 

The third column contains the electrical power required by the heat load (in kW). This is different than 
columns 4-7 which is the heat load under various conditions (also in kW). The heat load is the amount of 
heat rejected by the component (radar, electrical cabinet, HVAC cooling coil, etc.) that needs to be 
removed by the chilled water system. The operating conditions considered include: shore, design, cruise 
and battle conditions. The heat load required in each condition is necessary because if only one 
condition was considered, the heat exchanger and branch piping associated with that load may be 
undersized when considering another operating condition. 
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A very important parameter needed by the user is the location of the center of the heat load. The heat 
load location is entered in columns 8-10 (in meters) with the origin (0,0,0) corresponding to midships, 
centerline, and baseline of the ship, respectively. 

The last two columns pertain to the heat exchanger associated with each load. The heat exchanger type 
�]�•���š�]�������š�}���š�Z�����•�����}�v�������Æ�����o���•�‰�Œ�������•�Z�����š���š�������^�,�y���,�'�Z�������_�����]�•���µ�•�•�������]�v���š�Z�����v���Æ�š���•�����š�]�}�v�X���d�Z�����µ�•���Œ���•���o�����š�•��
the type of heat exchanger used as the interface between the heat load and the chilled water system. 
The user can either select the heat exchanger type, selecting from: cooling coil (cc), 50 series cooling coil 
(50cc), 60 series cooling coil (60cc), unit cooler cooling coil (uc), other cooling coil (oc), flat plate heat 
exchanger (fp), shell and tube heat exchanger (st), cold plate heat exchanger (cp), or other heat 
exchanger (o). If the user selects to enter a heat exchanger type, then the next column should remain 
blank. Selecting a type of heat exchanger will prompt the Matlab program to select a heat exchanger of 
that type properly sized for that particular heat load (or as closely sized as is possible with the heat 
exchanger available within the heat exchanger database). If the user wishes to select a specific heat 
exchanger for a particular heat load, then the user specifies the type in column 11 (cooling coil (cc), flat 
plate (fp), shell and tube (st), or other(o)) and the number corresponding to the specific heat exchanger 
���•���o�]�•�š�������]�v���š�Z�����š�������^�,�y���,�'�Z�������_�X���t�Z���v���•electing a specific heat exchanger, it is important to properly 
size it. In other words, the greatest heat load possible in any operating condition must be lower than the 
rating of the heat exchanger, otherwise flow velocities and/or temperature limits may be exceeded. 

3.1.1.2 HXCHGR DB tab 

�d�Z�����v���Æ�š���š�������]�v���š�Z�����^���^���d�z�]�v�‰�µ�š�_�����Æ�����o���•�‰�Œ�������•�Z�����š���]�•���š�Z�����^�,�y���,�'�Z�������_���š�����X���d�Z�]�•���š�������]�v���o�µ�����•�������š�����(�}�Œ��
�•���À���Œ���o���š�Ç�‰���•���}�(���Z�����š�����Æ���Z���v�P���Œ�•�U���(�}�Œ�u�]�v�P�������Z�����š�����Æ���Z���v�P���Œ�������š�������•���X�������•���Œ�����v�•�Z�}�š���}�(���š�Z�����^�,�y���,�'�Z�������_��
tab is shown in Figure 31 below. 

 
Figure 31: HXCHGR DB tab 
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The figure above only displays the first type of heat exchanger type, the cooling coil. The database 
extends to the right containing similar data columns for the flat plate heat exchanger, the shell and tube 
heat exchanger, the cold plate heat exchanger an�������v���Z�}�š�Z���Œ�[�������š���P�}�Œ�Ç���(�}�Œ���u�}�Œ�������Æ�}�š�]�����š�Ç�‰���•���}�(���Z�����š��
exchangers. The heat exchangers currently modeled in the database include: 

�x 50 series cooling coil (double serpentine) 

�x 60 series cooling coil (1.5 serpentine) 

�x Unit cooler cooling coil (double serpentine) 

�x Notional flat plate heat exchanger (cross-flow) 

�x Notional cold plate heat exchanger 

�x Notional concentric tube heat exchanger (cross-flow) 

Although the 50 series cooling coils and unit cooler cooling coils are no longer implemented on U.S. 
Navy vessels, they were �]�v���o�µ���������]�v���š�Z���������š�������•�����]�v�������•�������v���}�o�����Œ���•�Z�]�‰�[�•�����Z�]�o�o�������Á���š���Œ���•�Ç�•�š���u���Á���Œ�����š�}��������
modeled with the use of this tool. 

To accurately model the temperatures within the chilled water system, and to attempt to capture the 
temperature profile extending beyond the chilled water system into the heat exchanger and finally to 
the secondary fluid (be it air, demineralized water, or even oil), an extensive set of data is needed for 
the heat exchangers within the heat exchanger database. This exemplifies the difficulty that arises 
between creating a simple-to-use model, and a model that makes few assumptions to accurately portray 
the flow and temperature distribution within the chilled water system. As a compromise, the most 
essential parameters that describe the heat exchanger are kept, while the specific heat exchanger 
geometries are not. Essentially, the heat exchanger is treated as a box, using only average inlet and 
outlet values to simplify the calculations and to reduce the amount of information required by the user 
to add a heat exchanger to the database. Values calculated from assumptions made about the heat 
exchanger are highlighted in red. The rationale for each assumption is stated in the preceding 
paragraphs. 

The first column of the �Z�,�y���,�'�Z�������[ tab lists the name of the heat exchanger. The convention is as 
follows: the heat exchanger type and ascending number. The Matlab program uses this information to 
identify the individual heat exchangers. 

The second column gives a brief description of the heat exchanger. This affords the user with some 
information about the heat exchanger if the user wished to select a particular heat exchanger for a 
particular heat load. This column does not have to be filled in, in that the program does not use any data 
contained in the description columns, but it is helpful to provide a description of heat exchangers added 
to the database for future users. 
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The third column provides references for the data contained for any specific heat exchanger. Again, the 
program does not require this information, but it is useful to provide source documentation if the need 
arises to further investigate a particular heat exchanger. 

Columns 4-6 provide the heat capacity of the heat exchanger in BTU/hr, tons, and kW, respectively. The 
heat capacity is the heat transfer rate of the heat exchanger under certain conditions. The heat capacity 
should be greater or equal to the maximum heat load under any operating condition for a particular 
load for similar conditions. 

Data for both sides of the heat exchanger is needed to accurately capture the performance of the heat 
exchanger. The chilled water side is referred to as the primary side or the primary loop. The 
air/demineralized water/oil/etc. side of the heat exchanger is referred to as the secondary side or the 
secondary loop. 

To determine the head loss �����Œ�}�•�•���š�Z�����Z�����š�����Æ���Z���v�P���Œ���}�v���š�Z�����‰�Œ�]�u���Œ�Ç���•�]�����U���À���o�µ���•���(�Œ�}�u���^�î�íst Century 
HVAC System for Future Naval Surface Combatants-���}�v�����‰�š�������À���o�}�‰�u���v�š���Z���‰�}�Œ�š�_���E�^�t������-98-TR-
2007/06 were used. The head loss values for the 60 series cooling coils are listed in Table 8 below. 

60 Series Cooling Coil Head Loss Values 
Coil Size Water Pressure Drop (ft H2O) Water Pressure Drop (m H2O) 

61 0.3 0.09144 
62 0.9 0.27432 
63 2.2 0.67056 
64 2.4 0.73152 
65 2.4 0.73152 
66 4 1.2192 
67 4 1.2192 
68 3.5 1.0668 
Table 8: Pressure drop values for 60 series cooling coils (Frank & Helmick, 2007) 

 Similar data for the 50 series cooling coils or the unit cooler cooling coils was not available. Therefore, 
nominal values for head loss were used for those types of heat exchangers. 

Columns 8-10 list the inlet, outlet and differential chilled water temperatures. The heat exchanger heat 
capacity was calculated based on an inlet chilled water temperature of 45°F or 7.22°C. The outlet chilled 
water temperature was calculated using the equation: 

�3�6L �I�6�?�ã�:�6�ÛF �6�Ö�; 
Equation 1 (repeated) 

The chilled water mass flow rate needs to be entered in column 11. For the cooling coils listed in the 
database, the chilled water mass flow rate was calculated using the equation below: 
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�I �6L �u�ä�x
�C�=�H

�I�E�JF�P�K�J
�Û�P�K�J�O���?�=�L�=�?�E�P�U 

Equation 57 

The 3.6 gpm per ton capacity flow rate is the design flow rate of the cooling coils when determining the 
heat exchanger cooling capacity (Frank & Helmick, 2007). 

To determine the heat transfer across the heat exchanger boundary, the surface area on the primary 
and secondary side is needed. This is difficult, since different manufacturers of the same coil size and 
type will have differing geometry. Therefore, the surface areas were calculated based on assumptions of 
the heat exchanger geometry. The cooling coil outer diameters were assumed to be 0.625 inches with a 
thickness of 0.025 inches9. The 50 series cooling coils and the unit coolers are double serpentine 
configurations with 8 rows and 12 tubers. The 60 series cooling coils are a 1.5 serpentine configuration 
with 6 rows and 12 tubers. The length of a row was assumed to span the width of the heat exchanger. 
Therefore, the inner surface area can be calculated using the equation: 

�5�#�Ü�á�á�Ø�åL �:�r�ä�x�t�w�E�JF�r�ä�r�t�w�E�J�; �Û�è�Û�N�K�S�O�Û�P�Q�>�A�N�O�Û�S�E�@�P�D�Û�ë�Ö�Û�Ú�å 
Equation 58 

Error is introduced in calculating the surface area since bends are not considered, the outer diameter 
and tube thickness may vary depending on the coil size, if a flatter coil is used instead of a cylindrical 
coil, and if turbospirals are used within the cooling coil. A turbospiral is a spiral piece of copper on the 
inside of the cooling coil which acts to trigger turbulent flow within the cooling coil. However, the above 
equation gives at least a rough approximation of surface area for a particular cooling coil type. 

The outer heat exchanger surface area is even more error-prone due to complex fin geometry and 
variations in fin design and heat exchanger design. To get at least a rough approximation of outer 
surface area, the inner surface area was scaled up 15 times. This value was chosen based on the paper 
�^�d�Z���������•�]�P�v���}�(�����]�Œ�����}�v���]�š�]�}�v�]�v�P�����v�����s���v�š�]�o���š�]�}�v���^�Ç�•�š���u�•���(�}�Œ���v�µ���o�����Œ���^�µ���u���Œ�]�v���•�_���Á�Z�]���Z���‰���Œ�(�}�Œ�u������
calculations in the analysis of a 46DW cooling coil. The paper initially used a factor of 15 and revised this 
number to 14.31 (Foltz, 1990). The value of 15 was chosen since there are many unknowns in the heat 
exchanger geometry and a precise value of 14.31 was unwarranted. The inner surface area of the coils 
and outer surface area of the coils are entered in columns 12 and 15, respectively. 

The heat flux of the heat exchanger is calculated in column 13. This value is determined by dividing the 
cooling capacity by the inner surface area of the cooling coils. Values on the order of 1W/cm2 was found 
for the net flux of the cooling coils, which was to be expected due to the inefficiency of forced 
convection air on the secondary side. The low heat fluxes associated with cooling coils was the main 
���Œ�]�À���Œ���]�v���}�(�(���Œ�]�v�P�������•�����š�]�}�v���(�}�Œ���Z�}�š�Z���Œ�[���š�Ç�‰���•���}�(���Z�����š�����Æ���Z���v�P���Œ�•�X���d�Z�]�•�������š���P�}�Œ�Ç���}�(���Z�����š�����Æ���Z���v�P���Œ�•�����}�µ�o����
include two-phase flow heat exchangers, heat exchangers utilizing jets, some combination of the two, or 

                                                           
9 �d�Z���•�����À���o�µ���•���Á���Œ�������Z�}�•���v�������•�������}�v���š�Z�����‰���‰���Œ���^�î�íst Century HVAC System for Future Naval Surface Combatants-
���}�v�����‰�š�������À���o�}�‰�u���v�š���Z���‰�}�Œ�š�_���E�^�t������-98-TR-2007/06 
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some other exotic heat exchanger type that is capable of heat fluxes on the order of 300-500 W/cm2 or 
higher. 

The overall heat transfer coefficient, �7, is calculated using the equation below: 

�7 L
�3�6

�5�#�Ü�á�á�Ø�å�Ûdl�6�Ü�á�Ì�Ô�Ý
F

�6�Ü�á�Ì�Ô�Ý
F �6�â�è�ç�Ì�Ô�Ý

�t pF�@�6�ÛF
�6�ÛF �6�Ö

�t �Ah
 

Equation 2 (repeated, rearranged) 

The overall heat transfer coefficient is with respect to the inner surface area of the cooling coils. The 
values for the overall heat transfer coefficient range from 0.02-0.15 W/cm2-K, which are reasonable 
values for this type of heat exchanger. 

Column 16 lists the convective heat transfer coefficient,���D�Ö�Ì�Ô�Ý
, on the secondary side of the heat 

exchanger. This is the most difficult parameter to be determined. The convective heat transfer 
coefficient is actually an average value. To determine this value analytically, a finite element approach 
would have to be taken, with the local convective heat transfer coefficient found at each location on the 
outer surface of the cooling coils and then integrated over the entire surface. This is not computationally 
feasible, especially since the outer cooling coil geometry and flow are not known. To get a notional value 
of the convective heat transfer coefficient, the average temperature on the outer surface (estimated) 
and the average temperature on the secondary side are taken in conjunction with the estimated outer 
surface area and the known heat transfer rate. The convective heat transfer coefficient is then 
computed using the equation: 

�D�Ö�Ì�Ô�Ý
L

�3�6

�5�#�â�è�ç�Ø�å�Ûldl�6�Ü�á�Ì�Ô�Ý
F

�6�Ü�á�Ì�Ô�Ý
F �6�â�è�ç�Ì�Ô�Ý

�t pF �6�6hp
 

Equation 59 

where, 

�6�6 L l�6�ÛF
�6�ÛF �6�Ö

�t
pE

�3�6

�D�Ö�â�Ì�ß�Ð�Ý
�5�#�Ü�á�á�Ø�å

E
�3�6�ã�Ø�å���è�á�Ü�ç���ß�Ø�á�Ú�ç�Û

�t�è�G�Ö�â�ã�ã�Ø�å
�H�Jl

�&�â�è�ç�Ø�å

�&�Ü�á�á�Ø�å
p 

Equation 60 

and, 

�D�Ö�â�Ì�ß�Ð�Ý
L �r�ä�r�t�u

�8�4�ä�<�G�4�ä�:�:�é�?�ã�;�4�ä�8

�&�4�ä�6�å�4�ä�8
 

Equation 12 (repeated) 

and, 



Center for Ocean Engineering  
Naval Construction & Engineering Program  
Department of Mechanical Engineering  
 

 
 

        Massachusetts Institute of Technology  
         77-massachusetts Avenue, Building 5-317 
         Cambridge, Massachusetts 02139�±4307 

 
 

67 
 

�3�6�ã�Ø�å���è�á�Ü�ç���ß�Ø�á�Ú�ç�ÛL
�3 �Û�5�#�*�á�á�Ø�å�6

�&�Ü�á�á�Ø�å
 

Equation 61 

As can be seen from the above equations, several simplifying assumptions are made in determining the 
convective heat transfer coefficient on the secondary side.  

1. The inner surface area assumes cylindrical tubing as opposed to flattened tubing. It also 
assumes the inner diameter of the tube is �ì�X�ò�_���(�}�Œ�����o�o�����}�}�o�]�v�P�����}�]�o�•�U�����v�����š�µ�Œ���}�•�‰�]�Œ���o�•�����Œ����
neglected. 

2. The outer surface area is estimated to be 15 times that of the inner surface area, which would, 
in reality, vary from manufacturer to manufacturer. 

3. In calculating �6�6, the wall temperature on the outer surface of the cooling coils, the convective 
heat transfer coefficient on the water side is calculate using the equation described in Section 2. 
This equation is valid for flow through a cylindrical tube. The turbospirals within the cooling coils 
will have an effect on the convective heat transfer coefficient and the only way to determine 
�š�Z�]�•�����(�(�����š���Á�}�µ�o�����������š�}���P���v���Œ���š�����‰���Œ���u���š�Œ�]�������‹�µ���š�]�}�v�•�������•�������}�v�������•�‰�����]�(�]�����u���v�µ�(�����š�µ�Œ���Œ�[�•���Z�����š��
exchanger. The turbospirals are ignored in order to easily compute a value for the convective 
heat transfer coefficient on the primary side. 

4. The temperature rise across the copper material of the cooling coils is calculated by again 
neglecting the outer fins and treating the heat exchanger as a simple cylindrical tube. This 
assumption has little effect on the overall temperature rise since the resistance to heat flow 
caused by the fins would be very small in comparison to the film layer on the air side or even the 
film layer on the water side. 

5. Pipe bends, entrance and exit effects, and friction resistance were also neglected with the 
thought that these are also all negligible in comparison to the temperature rise in the two film 
layers on either side of the heat exchanger boundary. 

Because of these assumptions, the convective heat transfer coefficient on the secondary side is more of 
a notional value to be used in computations done by the Matlab program. To get the true convective 
heat transfer coefficient on the secondary side, the specific heat exchanger would have to be modeled 
in greater detail and the flow on the secondary side of the heat exchanger would also have to be 
modeled. The calculated values of the convective heat transfer coefficient on the secondary side are 
reasonable, however, as they do fall in the range expected for forced convection air. Forced convection 
air should result in values in the range of 5-200 W/m2-K for the convective heat transfer coefficient. The 
values computed for the 60 series cooling coils falls within this range. Table 9 summarizes the calculated 
convective heat transfer coefficient on the air side for the 60 series cooling coils. 
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60 Series Cooling Coil 
Coil Size hc [W/m 2-K] 

61 7.36 
62 13.05 
63 17.93 
64 23.21 
65 33.65 
66 51.40 
67 89.77 
68 119.28 

Table 9: Calculated values of convective heat transfer coefficient on air side of 60 series cooling coils 

The inlet, outlet and differential temperatures on the secondary side are required in columns 17-19, 
respectively. For the 60 series cooling coil, these values were available in MIL-PRF-2939-G. For the 50 
series cooling coils and the unit cooler cooling coils, the inlet temperatures were known. The outlet 
temperatures were assumed to be 58°F (14.44°C) for coil sizes 51 and 52, 56°F (13.33°C) for coil sizes 53 
and 54, 54°F (12.22°C) for coil sizes 55 and 56, and 52°F (11.11°C) for coil sizes 57 and 58. 

The mass flow rate of the air on the secondary side is required in column 20. This value was provided for 
the 60 series cooling coils. To determine the mass flow rate of the air on the secondary side for the 50 
series cooling coils and the unit cooler cooling coils, the following equation was used: 

�I �6L
�3�6

�?�ãk�6�Ü�á�Ì�Ô�Ý
F �6�â�è�ç�Ì�Ô�Ý

o
 

Equation 1 (repeated, rearranged) 

The specific heat capacity of the air was unknown, but was back-calculated using the known values of 
the 60 series cooling coil. The specific heat capacity was calculated to be roughly 1500 J/kg-K with a 
deviation of less than 2% for most of the cooling coils. This value also falls between that of the specific 
heat capacity of dry air at sea level (which has a value of 1003.5 J/kg-K) and water (which has a value of 
4203 J/kg-K). A value of 1500 J/kg-K seems reasonable for the heat exchanger since the higher 
temperature and humidity would cause the specific heat capacity to fall within this range (but closer to 
the lower limit since air is being considered). 

The dimensions of the heat exchangers are entered in columns 21-23. These values are used by the 
Matlab program to size the heat exchangers when constructing the three-dimensional plot of the chilled 
water system. The varying size of the heat exchangers within the 3-D plot allows quick visualization of 
where the larger heat loads are located. The heat exchanger dimensions for the cooling coils are listed in 
MIL-C-2939-E (outdated) and MIL-PRF-2939-G (current). 

The dry and wet weights of the heat exchangers are entered in columns 24 and 25, respectively. These 
weights are used by the Matlab program when performing a weight analysis of the chilled water system. 
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With the heat load location, an accurate center of gravity of the chilled water system (with heat 
exchangers included) can also be determined. 

Similar columns are included for data entry of the four other categories of heat exchangers: flat plate, 
shell and tube, cold plate and other types of heat exchangers. 

3.1.1.3 Chiller DB tab 

�d�Z�����o���•�š���š�������]�v���š�Z�����Z���^���d�z�]�v�‰�µ�š�[�����Æ�����o���•�‰�Œ�������•�Z�����š���]�•���š�Z�����Z���Z�]�o�o���Œ�������[ tab. This tab includes data for four 
types of chillers (AC units) forming the chiller �����š�������•���X�������•���Œ�����v�•�Z�}�š���}�(���š�Z�����Z���Z�]�o�o���Œ�������[ tab is shown in 
Figure 32 below. 

 
Figure 32: Chiller DB tab 

The four groups of chiller units include: centrifugal A/C unit types, reciprocating A/C unit types, screw 
A/C unit types, and other A/C unit types. The data required for each type of A/C unit is similar. If the 
user wishes to add to the database, all information needs to be documented within the spreadsheet. 

Similar to the heat exchanger spreadsheet, the first three columns contain the name of the chiller using 
the same naming convention described for the heat exchangers. This name is what the Matlab program 
uses to identify the specific chillers. The second and third columns provide a description and/or name of 
the chiller and the source documents in which the chiller data was obtained. 

Columns 4-6 include the capacity of the chiller in BTU/hr, tons, and kW, respectively. 

The weight of the chiller (including coolant) is included in column 7. With such large weights associated 
with the chillers, these weights should be as accurate as possible since a large error in chiller weight 
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would cause a large error in overall weight of the chilled water system. The Matlab program uses the 
weight of the chiller in performing the weight analysis of the chilled water system. Along with the chiller 
location, which is found through the use of the Matlab program, an accurate center of gravity of the 
chilled water system is possible. 

Column 8-10 includes the dimensions of the chiller units. These values also need to be accurate in order 
to ensure the chiller units fit within the compartments in which they are placed. This is especially true 
for the larger chiller units. Chiller units c3 and c4 were taken CSDT v1.0, which sized the chillers 
parametrically (Fiedel, 2011). 

Column 12 includes the refrigerant type used for the chiller. 

Columns 13-18 include the pressures and temperatures of the refrigerant at various locations within the 
refrigerant cycle shown in Figure 3310. These pressures and temperatures are used in conjunction with 
the refrigerant tables to determine the corresponding enthalpies at these locations. The enthalpies are 
used to determine the heat transferred through the condenser into the seawater. 

 
Figure 33: Refrigerant cycle with pressure and temperature variables shown (enggcyclopedia) 

Lastly, Column 19 includes the chilled water outlet temperature of the chiller unit. This temperature is 
assumed to be met as long as the total heat load removed by the chiller is less than the capacity of the 

                                                           
10 P4 and T4 are not needed in the chiller database since the enthalpy does not change across the expansion valve. 
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chiller11. Most of the chillers within the chiller database currently use the standard temperature of 44°F 
(6.67°C), but the ability is there to include chillers that output colder chilled water such as c4 which 
provides a chilled water temperature of 42°F (5.56°C). 

3.1.2 Matlab Inputs  

The main components of the chilled water design tool are the Matlab programs � ĝeometry.m�_ and 
�^���v���o�Ç�•�]�•�X�u�_. The geometry module requires user input for principle ship dimensions and when a design 
decision needs to be made. The user interacts with the Matlab program through the use of command 
prompts in the command window. There are also some pop-up windows which appear throughout the 
program when a visual representation of the chilled water system would be beneficial in aiding design 
decisions. 

The program starts out asking general questions abou�š���š�Z�����•�Z�]�‰�[�•�����]�u���v�•�]�}�v�•�X���d�Z���•�����]�v���o�µ�����W 

�x Length Overall (LOA) 

�x Beam 

�x Engine Room Deck Height Above the Keel 

�x Useable height in the engine room 

The program provides default vales for these ship parameters if the user does not have a specific ship in 
mind. These default values are notional ship values taken from CSDT v1.0 (Fiedel, 2011). The user has 
�š�Z���������]�o�]�š�Ç���š�}���}�À���Œ�Á�Œ�]�š�����š�Z���������(���µ�o�š���À���o�µ���•���(�}�Œ���}�v�����}�Œ���u�}�Œ�����}�(���š�Z�����•�Z�]�‰�[�•�����]�u���v�•�]�}�v�•�X���d�Z�������]�u���v�•�]�}�v�•��
must be inputted in metric, just as all subsequent parameters must also be inputted in metric. The 
default values provided by the program are:  

�x LOA       = 143.561 m 

�x Beam       =   20.390 m 

�x Engine Room Deck Height Above the Keel =     1.397 m 

�x Useable Height in the Engine Room  =     3.098 m 

After providing ship dimensions or accepting the default values, the program asks for the transverse 
bulkhead locations. The bulkhead locations must be entered as an array following the format: 

�>�(�2 �$�-�*�&���s �$�-�*�&���t �$�-�*�&���u �å �$�-�*�&���0 �#�2�? 

The longitudinal axis is defined with midships at zero, the forward perpendicular (FP) at LOA/2 and the 
aft perpendicular (AP) at �tLOA/2. The bulkhead location array also must include the FP in the first cell of 
the array and the AP in the last cell of the array. The default values are again notional values and are 
determined by the following array: 

                                                           
11 If the chiller capacity is less than the total heat load serviced by the chiller, the outlet temperature will rise 
proportionately by the difference in heat transferred into the chilled water and heat transferred out by the chiller. 
The rate of temperature increase will depend on the thermal capacity of the chilled water. 
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�.�1�#
�t�r�r

H�>�s�r�r �{�r �z�t�ä�w �x�y�ä�w �w�t�ä�w �u�y�ä�w �t�r �w F�s�r F�t�y�ä�w F�v�u�ä�w F�w�r F�z�r F�s�r�r�? 

 The user has the ability to overwrite the default bulkhead locations keeping in mind the array format, or 
can accept the default locations if the locations are not known. It would be ideal if these first inputs 
were generated from a separate module preceding the design of the chilled water system. This could 
potentially be an area of future work. However, due to time constraints, the program gathers the 
general ship dimensions and bulkhead locations from the user through the use of the command 
window. 

After the ship dimensions and bulkhead locations have been identified, the Matlab program reads in the 
data provided by the Excel spreadsheet. The spreadsheet must be saved in the same folder as the 
program �Á�]�š�Z���š�Z�����(�]�o�����v���u�����Z���^���d�z�]�v�‰�µ�š�X�Æ�o�•�Æ�[ in order for the program to find it. If the Excel spreadsheet 
is not in the same folder as the program, an error message is displayed and the program ends. Any data 
entered previously is lost and would have to be re-entered after the excel spreadsheet is located in the 
correct folder. 

At this point, no design decisions regarding the design of the chilled water system have been made. The 
first design decision encountered is the main piping configuration. The program offers three default 
main piping layouts. If the chilled water system is designed for an auxiliary ship, then a single main 
piping system should be selected, otherwise, a double main piping system should be chosen. The 
program offers two double main piping system layouts. The first layout is a simple rectangular loop. The 
second layout is a loop that can be modified to follow the shape of the hull. There are no cross-
connections for either of the double main piping system layouts except at the bow and stern. An 
example of each piping layouts is shown in Figure 34 below. 
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Figure 34: Single main piping configuration (top); simple rectangular double main piping system (middle); complex tapered 

double main piping system (bottom) 

If the single main piping system is selected, the main piping height must be inputted. If the user does not 
have a main piping height, then the default value of 5.2 m is used. The single main piping system runs 
along the centerline of the ship 3 m from the bow to 3 m from the stern. 

If the double main piping system is selected, then the main piping height port and starboard must be 
inputted. The default values are a height of 5.2 m on the port side and 10.2 m on the starboard side. The 
user can overwrite these default values, but should consider vertical separation of 1-2 decks for 
survivability consideration with one of the main piping heights corresponding to the damage control 
deck. The extents of the rectangular double main piping system is 3 m from the bow, 3 m from the 
stern, and half the beam minus 0.9 m from centerline. For the more complex double main piping 
system, there is a series of default locations corresponding to 90° bends in the piping. The bends results 

in a tapering of the double main piping system at the bow and at the stern. Figure 35 shows the default 
layout of the more complex double main piping system. If the user wishes to modify the layout of this 
main piping system, then the bend locations must be inputted in a matrix format. If the bends are 
symmetrical port and starboard, then the following format should be used: 

�>�T�5 �U�5�â�T�6 �U�6�â�T�7 �U�7�â�T�8 �U�8�â�å �â�T�á �U�á�? 
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where the bend locations (in the x-y plane)are entered starting from the centerline forward and 
continuing counter-clockwise until centerline aft. In the figure, the locations of the first six points are all 
outer bends. The last point, point 7 occurs within the aft taper and is an inner corner. The bend 
locations are specified for the supply header only. The return header bend locations will be offset by the 
offset distance discussed shortly. 

 
Figure 35: Default layout of complex double main piping system 

If the bend locations are not symmetrical, then the following format should be used: 

�>�T�5 �U�5�â�T�6 �U�6�â�T�7 �U�7�â�å �â�T�à �U�à �â�T�à �>�5 �U�à �>�5�â�T�à �>�6 �U�à �>�6�â�T�à �>�7 �U�à �>�7�â�å �â�T�á �U�á�? 

The points entered should start from centerline forward and be entered counter-clockwise until 
centerline forward. Similar to the case above, the points in the taper near the bow should be the outer 
bends and the points in the taper near the stern should be the inner bends. 

The main piping should be within 3 ft of the hull, except for curved sections of the hull which allows a 
maximum distance of 8 ft. Since the hullform is not defined within the program, this step cannot be 
done automatically. An area of future study could be to incorporate the hull structure as mentioned 
earlier. If the hullform is known, this process could be automated, eliminating the need of the simple 
rectangular layout and optimizing the layout of the tapered double main piping system. 

Next, the program asks for the piping offset distance between the supply and return header. Figure 36 
below gives a visual representation of the offset distance. The default offset distance for the header is 
0.5 m. Similarly, the offset distance for the branch piping is also prompted for. The default branch piping 
distance is 0.1 m. 
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Figure 36: Offset distances 

The next step in designing the chilled water system is to determine the number of chilled water zones. 
The heat loads are broken up into zones along the length of the ship. The zones can be isolated from 
one another during a casualty. The greater the number of zones, the more survivable he ship is; 
however, increasing the number of zones also increases the weight, space required, and ultimately, cost. 
All zones terminate at a transverse bulkhead. The fewest number of zones allowed by the program is 
two. While, it is possible for each compartment to be designated as a zone, the number of zones will 
generally be much less. The default number of zones is four. To aid in decision making, the program 
plots the heat load in each compartment and the heat load within each default zone. By default, the 
four zones are broken up into approximately equal lengths, with the zones terminating at the nearest 
transverse bulkhead. Figure 37 below shows the output provided by the program. 
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Figure 37: CW zones and heat load by compartment and by zone with 4 zones and default zonal boundaries 

With the heat load plots, the user can make a better decision on how many zones may be needed and 
where to terminate each zone so that the heat loads in each zone are relatively close in magnitude. If 
new zonal boundaries are provided by the user, the zonal boundaries must be entered as an array 
starting from the FP and proceeding aft. After the user provides the number of zones (or accepts the 
default) and provides new zonal boundaries (or accepts the default) the program shows the final heat 
loads in each compartment and within each zone. An example is shown in Figure 38 below with the 
number of zones changed to five and the zonal boundaries redefined to produce a more even 
distribution of the total heat load within each zone. 
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Figure 38: CW zones and heat load by compartment and by zone with 5 zones and modified zonal boundaries 

The number of A/C units needs to be defined by the user next. The program provides default values 
which are dependent on the main piping configuration chosen. If a single main piping system is being 
designed, then the default number of A/C units is one per zone. If a double main piping system is being 
designed, then the default number of A/C units is two per zone (one port and one starboard). These 
default values are the minimum number of A/C units that can be installed for the number of zones 
chosen. If the user wishes to change the number of A/C units, then they must provide an array with the 
number of A/C units in each zone starting with the forward-most zone and proceeding aft. 

To determine if the A/C units will fit within the compartments, the user is prompted to select the type of 
chiller to be used. First, the program provides a list of A/C units available from the A/C unit database 
within the Excel Spreadsheet. The categories include: centrifugal, reciprocating, screw, and other. By 
default, the program considers all types of A/C units and selects the A/C unit closest in capacity that 
satisfies the cooling needs within that zone. If the user wishes to select the type of A/C unit to be used, 
then a pop-up menu would appear which provides the user with the categories available. The program 
will then only consider the type of A/C unit selected by the user when designing the chilled water 
system. The user does not have the ability to select one type of A/C unit in one zone and another type of 
A/C unit in another zone. 
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The program then uses the A/C unit type selected by the user or the default setting to make an initial 
estimation of the A/C unit size needed within each zone. This is done by determining the total heat load 
within each zone and dividing that total evenly by the number of A/C units within that zone. The 
program then looks within the A/C unit database for the A/C unit that most closely meets the capacity 
calculated. The dimensions of that specific A/C unit are then used by the program for sizing purposes. 

Once the A/C unit size is known, the A/C units can be placed within the ship. By default, the A/C unit is 
positioned in the aft-most compartment which is large enough to fit it in each zone. The A/C unit is 
positioned 1 m forward of the bulkhead and on the engineering deck. The transverse locations of the 
A/C units are dependent on the number of A/C units within the zone. Below are the default transverse 
locations of the A/C units for each case. 

Number of A/C units per Zone A/ C Unit Default Transverse Location 
1 1 0 
2 1 beam/4 
 2 -beam/4 
3 1 beam/4 
 2 0 
 3 -beam/4 
4 1 beam/4 
 2 -beam/4 
 3 beam/4 
 4 -beam/4 
5 1 beam/4 
 2 0 
 3 -beam/4 
 4 beam/4 
 5 -beam/4 
6 1 beam/4 
 2 0 
 3 -beam/4 
 4 beam/4 
 5 0 
 6 -beam/4 

Table 10: Default transverse A/C unit locations 

For the case of 4 A/C units per zone, the first two A/C units are positioned in the aft-most compartment 
that can fit them and the remaining two are positioned in the adjacent compartment forward. For the 
cases of five or six A/C units per zone, the first three A/C units are positioned in the aft-most 
compartment that can fit them and the remaining A/C units are positioned in the adjacent compartment 
forward. 
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Although it is possible to have other configurations other than one pump to one A/C unit, this is the only 
option available by the program. The default location of the pump is 1 m forward of the A/C unit. This 
location cannot be modified by the user. 

The program provides a plan view of the ship (treated as a rectangle with dimensions LOA x beam) with 
the transverse bulkheads, the chilled water zones, and the A/C units and pumps placed using the default 
locations mentioned above. If the user is satisfied, they can proceed through the design of the chilled 
water system; otherwise, the user has the ability to modify the A/C unit locations. The locations 
correspond to the center of the A/C unit. The locations have to be entered as a matrix starting from the 
forward most A/C unit portside working towards starboard, then aft. An example of the format is shown 
below. 

�>�T�5 �U�5 �V�5�â�T�6 �U�6 �V�6�â�T�7 �U�7 �V�7�â�å �â�T�á �U�á �V�á�? 

After the A/C unit locations have been identified, the program creates the structure of the main piping 
system. The structure includes connections from the A/C unit to the pump, then a riser section, the 
supply header, cross-connections (if a double main piping system), the return header, the return riser, 
and a connection to the A/C unit. Also, a recirculation line across the pump is modeled. This structure is 
created for each A/C unit. The program then outputs a plan view of the main piping structure including 
pumps and A/C units, and also a 3-dimensional representation of the main piping structure. The 
3-dimensional representation can be zoomed in and out and can be rotated along all three axes. 2-D and 
3-D examples of the main piping structure for each main piping layout using all default parameters are 
shown below in Figures 39-44. 
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Figure 39: Default single main piping configuration 3-D 

 
Figure 40: Default single main piping configuration 2-D 
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Figure 41: Default simple rectangular double main piping configuration 3-D 

 
Figure 42: Default simple rectangular double main piping configuration 2-D 
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Figure 43: Default complex tapered double main piping configuration 3-D 

 
Figure 44: Default complex tapered double main piping configuration 2-D 

Isolation valves are created by the program and added to specific locations within the main piping 
system. There are three isolation valves at the junction where the riser connects to the header. One 
isolation valve is located 1 ft forward of the junction. Another isolation valve is located 1 ft aft of the 
junction. A third isolation valve is located 2 ft from the end of the riser section. This configuration is 
repeated for each supply and return riser junction. In addition, isolation valves are located on either side 
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of a bulkhead separating CW zones for both the supply and return headers. This may result in some 
redundancy occurring in some spots with isolation valves in close proximity to one another. 
Modifications may be made through the optional Modification module. This requires extensive 
knowledge of the CSDT program and the associated variables, but with careful programming, changes 
can be made as to the number of isolation valves and their locations. Below, Figure 45 shows a close-up 
of the isolation valves at the junction of the risers and supply and return headers as well as the isolation 
valves located on either side of a bulkhead separating two CW zones. 

 
Figure 45: Isolation valve placement at main piping junctions and zonal boundaries 

In addition to the isolation valve placement mentioned above, two isolation valves are placed at the 
athwartships cross-connection for the double main piping systems, one each for the supply and return 
headers. 

A check valve is placed downstream of each chilled water pump to prevent flow going in the wrong 
direction and damaging the pump. The branch piping structure is then created. The vital/non-vital status 
of the branch piping determines if there is only a single path from the heat load to the main piping 
system or of there is a redundant path. The vital/non-vital status is determined by the program by 
reading in the priority of the heat load from the Excel Spreadsheet. I f the priority is less than three, the 
heat load is considered vital, else, it is considered non-vital. The set-point between vital and non-vital 
status can be changed by the user as well and the minimum priority could be greater than 8 if the user 
wishes to add more fidelity in the load priority. 
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Each branch is considered to be in parallel with all other branches. Although this is not true in all cases, 
it was too complex to create a structure that was generic enough to allow for series/parallel branch 
configurations. The development for a more generic approach that allows for series/parallel branch 
structures is a potential area for future work. 

Since each heat load is in parallel with all other heat loads, each heat load has its own dedicated branch 
piping which connects it to the main piping supply and return headers. The branch structure is stored as 
a 10x2x3x180 matrix. The 10 in the matrix corresponds to 10 points describing the start, bends, and end 
of each branch. The 2 in the matrix corresponds to the primary and secondary branch for each heat 
load. For vital loads, there will be a branch in each of these indices; however, for a non-vital branch, 
there will not be a branch in the second index. The 3 in the matrix corresponds to the x,y,z coordinates 
of either the start, end or bend of a branch. Lastly, the 180 is variable depending on the number of heat 
loads listed in the excel spreadsheet. The case study utilized 180 loads taken from CSDT v1.0 (Fiedel, 
2011). 

The program creates the branch structure automatically. The structure is dependent on the location of 
the heat load with respect to the main piping structure. The simplest case is that of the single main 
piping structure. All heat loads within the longitudinal extent of the main piping system is connected at 
the same longitudinal location of the supply and return headers. The branch piping is created starting at 
the x-location of the heat load on the supply header. It continues along vertically up to the vertical 
location of the heat load. The pipe then continues transversely up to the heat load. The pipe is then 
offset vertically by the branch offset distance specified earlier and is connected to the return header in 
the reverse fashion, accounting for the branch offset distances as well as the header offset distances. An 
example of the branch connection is shown in Figure 46 below. 
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Figure 46: Formation of branch piping 

For heat loads outside the longitudinal extent of the main piping, there would be additional bends in the 
branch piping, but the principle is the same. 

For the double main configurations, there is a choice as to which supply and return header piping the 
heat load could be connected to. As mentioned before, if the heat load is vital, it would be connected to 
both, else it would be connected to the closest header. If the heat load is on the centerline of the ship, 
then it is connected to the starboard side by default. 

Each branch also includes two gate valves and a globe valve. The gate valves are positioned one 
upstream of the heat load and the other downstream of the heat load. The globe valve is positioned 
downstream of the heat load. The gate valves allow for isolation of the branch in case of a casualty. The 
globe valve allows for throttling of flow through the branch. The locations of the valves are done 
automatically and does not allow for user manipulation within the Geometry module; however, the 
locations can potentially be modified through the use of the Modification module. 

After the branch piping structure is defined, the program then sizes each heat load to a heat exchanger. 
The user input from the excel spreadsheet is used to identify what type of heat exchanger is to be used 
for each respective heat load. The heat exchanger of the proper type is then chosen based on having 
sufficient capacity to meet the demands of the heat load. The heat exchanger characteristics are then 
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read in and stored in an array of arrays. One of the arrays includes the dimensions of the heat 
exchanger. This is used to properly size the heat exchangers in the subsequent plots. 

At this point, the chilled water system is largely defined. The chilled water system interfaces with the 
seawater system through the A/C units. The next step of the program is then to model a generic 
seawater auxiliary system. 

The program begins by locating four auxiliary seawater pumps. The four default locations are: 

dG�r�ä�u�.�1�# G�r�ä�z
�$�A�=�I

�t
�'�J�C�&�A�?�G�*�P�#�>�K�R�A�-�A�A�HE

�5�9�2�Q�I�L�*�P
�t

h 

Seawater isolation valves are located in close proximity to the AUX SW pumps, two upstream and one 
downstream. 

The piping of the AUX SW system is comprised of a connection from the sea chest to the pump then a 
riser section which forms a tee junction with the AUX SW supply header. There are two supply headers 
that run fore-aft. The supply headers are located port and starboard and are offset vertically to maintain 
vertical separation for survivability considerations. The two AUX SW supply headers are connected by 
two cross-connects. Figure 47 below shows the structure of the AUX SW piping created by the program. 
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Figure 47: AUX SW piping structure 

 The AUX SW supply headers supply the seawater to the AUX SW branches. Each A/C unit has its own 
dedicated AUX SW branch. In addition, the user can specify the locations of other heat exchangers of the 
form SW/XX. The SW/XX heat exchangers also have their own dedicated AUX SW branch. Lastly, the user 
has the ability to specify if the shaft bearing is accounted for. If it is, the user specifies the location of the 
shaft bearing or uses the default value. The user also specifies the gpm flow rate to the shaft bearing 
and any SW/XX heat exchangers being accounted for in the design of the AUX SW system. Figure 48 
below shows the AUX SW piping including the branch piping to the A/C units, a shaft bearing located at 
[-57.4 0 2.4]and two SW/XX heat exchangers located at [20 3 10] and [-30 -2 15]. 
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Figure 48: AUX SW piping with branch piping 

The program outputs a 3-dimensional model of the chilled water system up to this point. The structure 
of the main piping system is included along with the A/C units, the pump, the structure of the branch 
piping system, the various check, gate, and globe valves, as well as the heat exchangers centered at the 
location of the heat load. The AUX SW system is also included in the plot. Examples of the plan and 
perspective views of the 3-dimensional chilled water models up to this point are shown in Figures 49-54 
below. 
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Figure 49: Default single main piping system with branches (plan view) 
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Figure 50: Default single main piping system with branches (perspective view) 
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Figure 51: Default simple rectangular double main piping system with branches (plan view) 
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Figure 52: Default simple rectangular double main piping system with branches (perspective view) 
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Figure 53: Default complex tapered double main piping system with branches (plan view) 
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Figure 54: Default complex tapered double main piping system with branches (perspective view) 

There is a lot represented in the above plots. To discern what is shown, the simple rectangular double 
main piping system with branches is shown in greater detail in the preceding figures. Figures 55-58 
identifies each of the components in the 3-D plot of the CW/SW systems. 
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Figure 55: Chilled water system segmented into areas 1, 2 and 3 

 
Figure 56: Close-up view of area 1 
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Figure 57: Close-up view of area 2 

 
Figure 58: Close-up view of area 3 
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The program does not have the capability to modify the branch piping, such as the ability to route the 
branch piping around major pieces of machinery/equipment, etc. This level of refinement would have to 
be done in another program such as Paramarine (with an interface program between Matlab and 
Paramarine needed) or done through the use of the Modification module, but will require extensive 
knowledge of the program and programming expertise. Also, the number of hull penetrations are fixed 
based on the default AUX SW geometry created and the number of A/C units in the CW design (four for 
SW inlet and n number for SW outlet based on n number of A/C units included in the CW design). 
Further refinement could also be pursued in this area, allowing for grouping and placement of sea chests 
to minimize hull penetrations. 

At this point, the program has gathered most of the user inputs required to design the initial layout of 
the chilled water system and auxiliary seawater system. The remaining portion of the program analyzes 
the system designed to determine the feasibility/performance of the system. 

3.2 Analysis  

As mentioned earlier, the Matlab program is broken up into two major modules. The first module 
utilized the user inputs to design the chilled water system and create the chilled water structure. The 
second module includes the analysis of the chilled water system modeled and is quite extensive. The 
analysis focuses on calculating the weight, the static temperature distribution, the temperature 
distribution and temperature response during transients of the chilled water system. This is 
accomplished through a structured process as summarized below: 

�x Step 1: Preliminary sizing of pipe diameters and preliminary calculation of branch velocities and 
branch mass flow rate based on heat load 

�x Step 2: Determination of network segments 

�x Step 3: Refining branch velocities and branch mass flow rates using network analysis accounting 
for head loss associated with bends, friction, and across valves 

�x Step 4: Account for entrance and exit effects utilizing refined branch velocities 

�x Step 5: Determination of pressure drop as a function of distance 

�x Step 6: Determination of stagnation points 

�x Step 7: Final calculation of velocities and mass flow rates using network analysis with network 
isolated at the stagnation points 

�x Step 8: Calculate branch inlet temperatures 

�x Step 9: Determination of A/C unit capacity required and selection of A/C units 

�x Step 10: Expansion tank sizing 

�x Step 11: Weight Analysis 

�x Step 12: Static Temperature Analysis 

�x Step 13: Transient Temperature Analysis 

Each of the steps listed above is described in greater detail in the proceeding sections. 
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3.2.1 Step 1: Preliminary Sizing of Piping Diameters and Preliminary Calculation of Branch 
Velocities and Branch Mass Flow Rates Based on Heat Load 

Using the same approach as within CSDT v1.0, the branch piping diameter was found parametrically 
using the equation: 

�&L l
�v�-�3
�%�è

p
�4�ä�8

 

Equation 62 (Fiedel, 2011) 

where �- is 4.5 gpm/ton, �3��is the heat load [tons], �% is 4 ft/(sec-in0.5), and �& is the inner pipe diameter. 
This gives a reasonable diameter to begin analyzing the chilled water system. The diameters are then 
rounded up to the nearest diameter listed in Table 2 and Table 3 along with the corresponding pipe 
thickness.  

At this point, the inlet temperature (the temperature of the chilled water entering the heat exchanger) 
is assumed to be equal to 6.67°C. The branch mass flow rate is also assumed to equal 4.5 gpm/ton. 
These two initial conditions are not entirely accurate, but provide a starting point for the program and 
are later updated. With these initial conditions, all other conditions across the heat exchangers are 
found. Figure 59 shows the corresponding temperatures. 

 
Figure 59: Temperatures within heat exchanger 
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A second simplifying assumption is the temperature distribution for cross flow. The temperature 
distribution from inlet to outlet on the primary and secondary side would resemble that shown in Figure 
60below, but is simplified as a linear rise and fall. 

 
Figure 60: Temperature distribution for counter-flow (Engineering Toolbox) 

The outlet temperature (the temperature of the chilled water exiting the heat exchanger) is found using 
the equation: 

�6�â�è�çL
�3�6

�I�6�„�?�ã
E�6�Ü�á 

Equation 1 (repeated, rearranged) 

where �3�6 is the heat load [W], �I �6 is the mass flow rate of the chilled water in the branch [kg/s], �?�ã is the 

specific heat capacity of the chilled water, taken to be 4203 J/kg-K, and �6�Ü�á is the inlet temperature of 
the chilled water [C].  

The temperature at the inner wall of the heat exchanger is found using the equation: 

�6�5 L
�:�6�â�è�çE�6�Ü�á�;

�t
E

�3�6

�5�#�Û�ë�Ö�Û�Ú�å�Ô�Ù�Ù�Ð�Ý
�„�D�Ö�Î�â

 

Equation 63 

 where �5�#�Û�ë�Ö�Û�Ú�å�Ô�Ù�Ù�Ð�Ý
��is the inner surface area of the heat exchanger [m2], and �D�Ö�Î�â  is the convective 

heat transfer coefficient of the chilled water [W/m2-K]. The convective heat transfer coefficient is found 
as described in Chapter 2. 
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For heat exchangers with a tubular boundary (i.e., cooling coil), the temperature at the outer wall of the 
heat exchanger is found using the equation: 

�6�6 L �6�5 E
�3�6�è�&�Û�ë�Ö�Û�Ú�å���ç�è�Õ�Ø

�5�#�Û�ë�Ö�Û�Ú�å�Ô�Ù�Ù�Ð�Ý
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Equation 64 

where �&�Û�ë�Ö�Û�Ú�å���ç�è�Õ�Ø is the inner diameter of the tubes within the heat exchanger [m], �P�Û�ë�Ö�Û�Ú�å���ç�è�Õ�Ø is the 

thickness of the tubes within the heat exchanger [m], and �G�Û�ë�Ö�Û�Ú�å is the thermal conductivity of the 

tubes within the heat exchanger. 

For heat exchangers with a slab boundary (i.e., flat plate heat exchanger), the temperature at the outer 
wall of the heat exchanger is found using the equation: 

�6�6 L �6�5 E
�3�6�G�Û�ë�Ö�Û�Ú�å�5�#�Û�ë�Ö�Û�Ú�å

�P�Û�ë�Ö�Û�Ú�å���ã�ß�Ô�ç�Ø
 

where �P�Û�ë�Ö�Û�Ú�å���ã�ß�Ô�ç�Ø is the thickness of the plates within the heat exchanger [m]. 

The thermal conductivity of the heat exchanger tubing is based upon the percentages of copper and 
nickel in the composition of the pipe. The program assumes the composition of the piping is 90% copper 
and 10% nickel. Other possible compositions include: 80% copper and 20% nickel, 70% copper and 30% 
nickel, and 100% copper. The thermal conductivities for each of these compositions are shown in Table 
11. 

Piping Composition Thermal Conductivity (W/m-K) 
100% Copper 386 

90% Copper �t 10% Nickel 50 
80% Copper �t 20% Nickel 30 
70% Copper �t 30% Nickel 10 
Table 11: Thermal conductivities of various copper-nickel compositions 

The average temperature of the fluid on the secondary side of the heat exchanger is found using the 
equation: 

�6�Ù�ß�è�Ü�×�Ì�á�Ò
L �6�6 E

�3�6

�5�#�Û�ë�Ö�Û�Ú�å�Ú�à�ß�Ð�Ý
�„�D�Ö�Ñ�×�à�Ô�Ï

 

Equation 65 

where �5�#�Û�ë�Ö�Û�Ú�å�Ú�à�ß�Ð�Ý
 is the outer surface area of the heat exchanger [m2], and �D�Ö�Ñ�×�à�Ô�Ï

 is the convective 

heat transfer of the fluid on the secondary side of the heat exchanger [W/m2-K]. The convective heat 
transfer of the fluid on the secondary side is not computed as it was for the chilled water on the primary 
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side, but instead had to be determined experimentally or by the manufacturer of the heat exchanger 
and provided to the program via the excel spreadsheet. 

The differential temperature across the heat exchanger on the secondary side is found using the 
equation: 

�Þ�6�Ù�ß�è�Ü�×L
�3�6

�I�6�Ù�ß�è�Ü�×�„�?�ã�Ñ�×�à�Ô�Ï

 

Equation 1 (repeated, rearranged) 

where �I�6�Ù�ß�è�Ü�× is the mass flow rate of the fluid on the secondary side of the heat exchanger [kg/s], and 

�?�ã�Ñ�×�à�Ô�Ï
 is the specific heat capacity of the fluid on the secondary side [J/kg-K]. 

The inlet and outlet temperatures of the fluid on the secondary side are determined by the equations: 

�6�Ù�ß�è�Ü�×�Ô�Ù
L �6�Ù�ß�è�Ü�×�Ì�á�Ò

F
�Þ�6�Ù�ß�è�Ü�×

�t
 

Equation 66 

and 

�6�Ù�ß�è�Ü�×�Ú�à�ß
L �6�Ù�ß�è�Ü�×�Ì�á�Ò

E
�Þ�6�Ù�ß�è�Ü�×

�t
 

Equation 67 

Of course, these temperatures are only valid once the system is in equilibrium and the temperatures 
reach steady-state.  

An example of the various temperatures for each branch is shown in Figure 61 below. The example 
considers 180 heat loads with the first load equal to 1 MW cooled through a flat plate heat exchanger. 
All other heat loads are 60 kW or less and are cooled through a cooling coil. 
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Figure 61: Example of initial static temperatures as a function of branch index (unordered) 

3.2.2 Step 2: Determination of Network Segments  

Up to this point, the program has data stored in vectors, such as the branch locations, but does not have 
the data ordered with respect to distance along the header. The determination of the network segments 
processes the data stored in the vectors and orders it with respect to the start of flow from a particular 
riser section and the direction of flow, either clockwise at the riser-header junction, or 
counterclockwise. Thus, a matrix is created which stores the index of various vectors, such as branch 
locations, with each row corresponding to a specific riser and direction. 

Before proceeding, a quick description of variables is given: 

�x curr_header_pt �t A point which keeps track of the current location in the supply header. 

�x next_header_pt �t A point which keeps track of the next bend in the supply header. 

�x branch_loc �t A matrix containing the x,y,z coordinates of each branch. 

�x seg_valve_loc �t A matrix containing the x,y,z coordinates of each segregation valve. 

�x branch_order �t A matrix which stores the riser number, the direction of flow (1 for clockwise, 2 
for counterclockwise), and the branch index. 

�x Location_x �t A matrix which stores the position of the points in which pressure is calculated with 
respect to the associated riser. The position is simply the distance travelled along the length of 
the pipe from the riser to the point of interest. 

�x dPdX �t A matrix which stores the associated cause of the pressure drop at a specified point, i.e. 
1=pressure drop due to friction along pipe walls, 3=pressure drop due to friction across 
segregation valves. 
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�x Pressure_height_h �t A matrix which stores the pressure drop associated with a change in height. 

Initially, the program starts by defining curr_header_pt at the junction of the riser and supply header for 
the riser under consideration. Depending on the direction of flow (clockwise or counterclockwise), the 
program defines next_header_pt at the location of the next bend in the supply header. With these two 
points, the direction under consideration is found. Figure 62 gives a visualization of curr_header_pt and 
next_header_pt. 

 
Figure 62: curr_header_pt and next_header_pt 

The program searches through the vector containing the branches and determines the location of the 
next branch. Similarly, the program finds the location of the next valve. Figure 63 gives a visualization of 
seg_valve_loc and branch_loc. 

 
Figure 63: seg_valve_loc and next_header_pt 

The program determines if the branch location is closer to curr_header_pt or if the valve location is 
closer. The curr_header_pt is updated to the closer of the two. This can be seen in Figure 64. If the next 
closest point was that of branch_loc, then the next element in branch_order is set equal to the index of 
brancl_loc. In any event, the distance between the next element and that of curr_header_pt is stored in 
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Location_x. 

 
Figure 64: curr_header_pt updated to location of segregation valve 

In addition, information pertaining to the pressure drop associated with the element and distance 
traveled is stored in the matrix, dPdX. The pressure drop associated with a change in height is stored in 
the matrix Pressure_height_h. 

The process is repeated until there are no branches or valves between curr_header_pt and 
next_header_pt as seen in Figure 64. In that case, curr_header_pt is set to next_header_pt, 
next_header_pt is set to the next bend in the supply header piping, and the direction is updated. This 
can be seen in Figure 66. The whole process is repeated until a complete loop is performed.  

 
Figure 65: No branch or valve between curr_header_pt and next_header_pt 



Center for Ocean Engineering  
Naval Construction & Engineering Program  
Department of Mechanical Engineering  
 

 
 

        Massachusetts Institute of Technology  
         77-massachusetts Avenue, Building 5-317 
         Cambridge, Massachusetts 02139�±4307 

 
 

105 
 

 

 
Figure 66: curr_header_pt updated to next_header_pt; next_header_pt set to next bend location 

The process is then again repeated starting from the same riser with flow in the opposite direction. 
Afterwards, the program moves on to the next riser, where everything is repeated with clockwise flow 
and counterclockwise flow. This is continued until all risers are considered.  

3.2.3 Step 3: Refining Branch Velocities and Branch Mass Flow Rates Using Network 
Analysis Accounting for Head loss Associated with Bends, Friction, and Across Valves  

Previously, in step 1, it was assumed that the branch mass flow rates were equal to 4.5 gpm/ton. This is 
not necessarily true since the configuration of the piping network will have an effect on flow velocities 
and mass flow rates. In an attempt to get a more accurate value for branch mass flow rates, flow 
network analysis is used. 

Initially, the total mass flow rate is assumed to be the sum of the branch mass flow rates found 
previously. The velocity for each branch is calculated from the contribution of each riser with flow going 
clockwise and counterclockwise. This is done taking into account the loss coefficient due to friction 
along the pipe walls, the loss coefficient due to bends in pipes, the loss coefficient due to friction across 
valves, and the loss coefficient due to friction across the heat exchangers. The sum of all loss coefficients 
within a branch yields the overall loss coefficient for that branch. 

The overall loss coefficient is found by first calculating the Darcy friction factor. The Darcy friction factor 
is a function of the pipe diameter, the flow velocity within the branch, the thermal conductivity of the 
chilled water, the kinematic viscosity of the chilled water, the surface roughness factor, the density of 
the chilled water, and the specific heat capacity of the chilled water. Most of these values are assumed 
constant although there is temperature dependence, but for the range of temperatures considered, the 
error is negligible. The flow velocity, however, was assumed. The first iteration yields only an 
approximation of the Darcy friction factor. 

The loss coefficient due to friction uses the calculated Darcy friction factor, and as a result is also just an 
approximation of the true loss coefficient due to friction. The other coefficients are also computed using 
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the equations described in Ch. 2. Similarly, the overall loss coefficient is calculated for the header 
segments separating the branch piping junctions. 

With the overall loss coefficients of the branches and the header segments, a resistive network can be 
set up in which the flow velocities can be solved. The velocities of each branch is solved for in this way, 
along with the velocities within the header segments utilizing the conservation of mass. 

After the iteration is complete, a delta will exist between the initial velocity assumed within a branch 
and the computed velocity at the end of the iteration. The process is repeated until the velocities 
converge with a delta of less than 10-8 m/sec (usually within 4-5 iterations). 

With a better approximation of the velocities with a branch and within the header segments, the mass 
flow rates through those segments can be determined. The more accurate velocities also yield more 
accurate outlet temperatures on the chilled water side, as well as temperatures on the secondary side. 

3.2.4 Step 4: Account  for Entrance and Exit Effects U tilizing Refined  Branch Velocities  

With more refined velocities, entrance and exit effects of the branches can be accounted for. Similar to 
the above step, the overall loss coefficients are calculated for each branch using the best estimate for 
flow velocity. The difference between the previous step is that in addition to accounting for the loss due 
to friction, bends, and valves, the loss coefficients due to flow entering a path and exiting from a path is 
also accounted for. These two loss coefficients are highly dependent on velocities, which is why time 
was spent getting a better approximation for velocity taking into account the other loss coefficients. 

Also, similar to the method described above, the process is repeated until the differential velocities 
between iterations are negligible. Again, the mass flow rates, and various temperatures are re-
calculated.  Figure 67 shows the evolution of the branch velocities after each refinement made. Note 
that the branch index corresponds to the order of the branch junctions along the supply header. 
Therefore, branch index 1 is the first branch junction after the riser junction (assuming flow in the 
clockwise direction). The isolation valve between the last branch junction and the riser is considered 
shut so that flow is in one direction throughout the supply header piping. Additionally, all other A/C 
pumps are off so flow is in response to a single A/C unit and pump in operation. 
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Figure 67: Chilled water velocities in branches and supply header 

As can be seen in the above plot, the initial assumption of velocity based solely on the branch geometry 
is incorrect with the branch velocities fluctuating about a horizontal line. In contrast, once FNA is used, 
the trend in branch velocities shows a decrease in velocity as the distance from the branch junction to 
the riser increases. The velocity of the chilled water also shows a decrease along the length of the supply 
header.  

3.2.5 Step 5: Determination of Pressure Drop as a Function of Distance  

Using the information stored in the matrix dPdX along with the more accurate branch velocities and 
header segment velocities and the distance between pressure drop sources, the pressure as a function 
of distance along the supply header was determined. 

Five sources of pressure drop were considered: the pressure drop associated with a branch junction, the 
pressure drop associated with friction along the pipe wall, the pressure drop across a valve, the pressure 
drop associated with a bend in the pipe, and the pressure drop across a heat exchanger. The pressure 
drop associated with changes in height was analyzed separately as discussed in Section 3.2.2. 

The pressure drop along the header could be found using the equation: 

�@�2
�@�T

L �-
�S�6�Ö�ê

�t�C�é�Ö�ê�#�Û�Ø�Ô�×�Ø�å
�6  

Equation 68 (Rennels & Hudson, 2012) 
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The first case involves head loss associated with entrance effects. The �I�6�Ö�ê within the header at the 
branch junction was converted to �S�6�Ö�ê. 

The differential pressure across the branch entrance was determined using the equation: 

�@�2
�@�T�Ø�á�ç�å�Ô�á�Ö�Ø

L �2�5 F �2�6 L
�S�6�Ö�ê�.

�t�C�é�Ö�ê�#�Û�Ø�Ô�×�Ø�å
�6 �F�s�ä�x�tF�r�ä�{�z

�S�6�Ö�ê�-

�S�6�Ö�ê�.
F�r�ä�x�v

�S�6�Ö�ê�-
�6

�S�6�Ö�ê�.
�6 E�r�ä�r�u

�S�6�Ö�ê�.
�:

�S�6�Ö�ê�-
�: �G 

Equation 69 (derived from Equation 37 and Equation 68) 

where �2�5 is the pressure within the supply header prior to the branch junction [Pa], �2�6 is the pressure 
within the supply header after the branch junction [Pa], �S�6�Ö�ê�-is the mass flow rate within the supply 

header prior to the branch junction [lbm/sec], �S�6�Ö�ê�.  is the mass flow rate within the supply header after 

the branch junction [lbm/sec], and �#�Û�Ø�Ô�×�Ø�å is the cross-sectional area of the supply header. 

 The second case involves head loss associated with friction along the pipe walls. To determine the 
pressure drop along a length of pipe, the following equation was used: 

�@�2
�@�T�Ù�å�Ü�Ö�ç�Ü�â�á

L
�B�.

�&�Û�Ø�Ô�×�Ø�å

�S�6�Ö�ê

�t�C�é�Ö�ê�#�Û�Ø�Ô�×�Ø�å
�6 L �-�Ù�å�Ü�Ö�ç�Ü�â�á

�S�6�Ö�ê

�t�C�é�Ö�ê�#�Û�Ø�Ô�×�Ø�å
�6  

Equation 70 (derived from Equation 24 and Equation 68 

where �B is the Darcy friction factor associated with that segment of pipe, �. is the length of pipe 
considered [m], and �&�Û�Ø�Ô�×�Ø�å is the diameter of the supply header [m]. 

The third case involves head loss across a segregation valve. To determine the pressure drop across a 
segregation valve, the following equation was used: 

�@�2
�@�T�é�Ô�ß�é�Ø

L �-�é�Ô�ß�é�Ø
�S�6�Ö�ê

�t�C�é�Ö�ê�#�Û�Ø�Ô�×�Ø�å
�6  

Equation 70 (repeated) 

where �-�é�Ô�ß�é�Ø is the loss coefficient associated with the segregation valve. A value of 0.2 was used as a 
notional value for this type of valve (Rennels & Hudson, 2012). 

The fourth case involves head loss associated with a bend in the supply header pipe. To determine the 
pressure drop associated with a pipe bend, the following equation was used: 

�@�2
�@�T�Õ�Ø�á�×

L

�Ï
�Î
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�Ë
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�Ò
�Ñ
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�Ñ
�Ð

�S�6�Ö�ê

�t�C�é�Ö�ê�#�Û�Ø�Ô�×�Ø�å
�6  

Equation 71 (derived from Equation 35 and Equation 68) 

where 
�å

�×
 is the bend radius ratio (with a default value of 3.0). 
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The fifth case involves head loss associated with the heat exchanger. This value is specified in the heat 
exchanger database and read in by the Matlab program. The head loss across a heat exchanger is a set 
value and is not calculated as a function of mass flow rate. This exemplifies the tradeoff between having 
a model which accurately portrays flow under all circumstances and a model that is easy to use. If the 
flow across the heat exchanger is close to the design flow rate, then the actual head loss should also be 
close to the specified head loss. 

The sum of the differential pressures yields the total differential pressure at each corresponding index 
within the matrix. 

�@�2
�@�T�ç�â�ç�Ô�ß

L
�@�2
�@�T�Ø�á�ç�å�Ô�á�Ö�Ø

E
�@�2
�@�T�Ù�å�Ü�Ö�ç�Ü�â�á

E
�@�2
�@�T�é�Ô�ß�é�Ø

E
�@�2
�@�T�Õ�Ø�á�×

E
�@�2
�@�T�Û�ë�Ö�Û�Ú�å

 

Equation 72 

The pressure is then computed along the pipe length, with each point representing a source of pressure 
drop. This can be shown with the following Matlab code snippet: 

for i=1:max(size(Location_x)) 
 if i<max(size(Location_x)) 
  Pressure(m,n,i+1)=Pressure(m,n,i)-dPdX_total_h(m,n,i); 

end 
end 
 
Other sources of pressure drop such as sudden contraction or expansion of pipe could be accounted for 
in this section, but since the supply header is of constant diameter this was not considered. If greater 
generality of the program is desired, then some code would have to be added in this step of the 
program to account for the desired sources of changes in pressure. 

3.2.6 Step 6: Determination of Stagnation Points  

At the riser-header junction, a portion of the chilled water will flow clockwise and the remaining will 
flow counterclockwise. With several risers in parallel, there exist points between each pair of adjacent 
risers in which the clockwise flow exiting one riser junction will have the same pressure as the flow 
exiting the adjacent riser with counterclockwise flow exiting from it12. At this point, the flow stagnates. 
To break up the network into smaller independent networks, it is imperative to determine these 
stagnation points. These stagnation points represent the points in which the network can be isolated 
and analyzed independently. 

                                                           
12 This assumes the pumps are well balanced, meaning that one pump will not overpower an adjacent pump 
causing flow to go in the wrong direction. Check valves are located downstream of each pump to ensure this does 
not happen. 
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Assuming the pressures at the base of each riser are all equal, the pressure differentials caused by 
changes in height were neglected. The magnitude of the pressure along the length of the header pipe 
for each riser were then compared with one another, and the intersection of the lines were considered 
the stagnation points within the header network. Error! Reference source not found. shows a 
epresentation of the pressures associated with each riser superimposed on one another. The reference 
point chosen (0 on the x-axis) corresponds to the riser junction of the forward-most portside riser 
junction. Positive proceeds clockwise along the supply header piping. 

 
Figure 68: Pressure as a function of location in supply header for clockwise and counterclockwise flow for each chiller/pump 

superimposed 

The pressure along the header pipe was plotted with respect to distance from the riser junction. It was 
interesting to see that the pressure drops were not symmetrical with clockwise flow and 
counterclockwise flow as one may assume. Since the pressure drops were a function of velocity, the 
difference in flow velocities at a point from clockwise flow or counterclockwise flow contributed to 
differences in head loss at the same point depending on the direction of flow. Figure 69 below shows 
the pressure drop from one junction with flow going clockwise (extending in the positive x-direction) 
and flow going counter-clockwise (extending in the negative x-direction). Figure 69 does not include the 
effects of changes in height along the pipe length. 
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Figure 69: Pressure as a function of location in supply header excluding pressure variations due to changes in height 

Accounting for changes in height along the length of the header piping, the following pressure 
distribution is found (Figure 69) for the same flow and junction as the figure above. 
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Figure 70: Pressure as a function of location in supply header including pressure variations due to changes in height 

3.2.7 Step 7: Final Calculation of Velocities and Mass Flow Rates Using Network Analysis 
with Network Isolated at Stagnation Points  

The chilled water network was first analyzed considering only one riser junction at a time, i.e., only 
accounting for flow from one A/C unit/pump in operation at a time. The network becomes much more 
complicated when there are several sources of flow in parallel. To circumvent the difficulties arising 
from parallel sources of flow, the piping network is isolated at the stagnation points discussed in Section 
3.2.6. This can be seen in Figures 68-72 below. 
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Figure 71: Electrical analogy of chilled water system including two pumps in parallel and several branches in parallel 

 
Figure 72: Electrical analogy of chilled water system with stagnation points shown in red 

 
Figure 73: Electrical analogy of chilled water system with parallel pumps now isolated 
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Figure 74: Simplification of network 

             
Figure 75: Network reduced to a single pump and a single equivalent resistance to flow per isolated loop 

With the network segmented at the stagnation points, the velocity and mass flow rates are once again 
computed using network analysis. The network is isolated at the stagnation points, forming an isolated 
loop for each pump. The total head loss propagating clockwise from the riser junction and 
counterclockwise from the riser junction is found using flow network analysis. This is further reduced by 
considering the total head loss seen across each the pump. The pump head will equal the head loss.  

An adequate pump would have to be selected such that the efficiency of the pump is satisfactory for the 
head calculated and mass flow rate calculated. This was not done by the program, but should be 
implemented in a future iteration of the CSDT. Using the pump curves shown in Section 2.4.3, a specific 
pump could be selected; however, equations would have to be developed possibly through the polyfit 
and polyval functions in Matlab in order to mathematically describe the pump curve plot for the 1510 
series Bell & Gossett centrifugal pumps (or some other pump series). With pumps selected, the specific 
pump performance curve can be referenced to determine if the initial mass flow rate guessed at is 
correct based on the head loss of the system. If not, the mass flow rate would be adjusted and the 
process repeated (i.e., pressure distribution found using modified mass flow rates, stagnation points 
found, network simplified, total head loss across pump found, mass flow rate determined from pump 
performance curve for specified pump head).The CSDT currently assumes the mass flow rates were 
initially correct and the pressures at each riser junction are perfectly in balance.  

Once the mass flow rate for each pump converges to a solution, the process is reversed. Starting from 
the simplified network with a single source and a single equivalent resistance to flow, the mass flow rate 
is found. To determine the mass flow rate propagating clockwise and counterclockwise from the riser 
junction, the network seen in Figure 74 is referred to.  This is done by considering the conservation of 
mass at the junction (analogous to KCL) and FNA. The process is continued, solving for flow within each 
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parallel branch applying FNA and mass conservation until the mass flow rates within each branch and 
header segment are known. 

3.2.8 Step 8: Calculate Branch Inlet Temperatures  

The assumption that the inlet temperature of the chilled water was equal to the outlet temperature of 
the A/C unit was revisited. The initial outlet temperature of the A/C unit was assumed to be 6.67°C (later 
on this is also revised to account for the actual outlet A/C unit temperature dependent on the actual A/C 
unit selected). It is known that the outlet temperature of the A/C unit will rise as the chilled water flows 
along the length of pipe. This rise in temperature is due to several factors, such as compression of the 
fluid across the pump, friction along the pipe walls, head loss across valves and bends, and head loss 
attributed to entrance and exit effects. These sources of head loss have already been determined by the 
program. The associated temperature rise is determined for the first branch junction by the equation: 

�� �6�Õ�å�Ô�á�Ö�Û���Ý�è�á�Ö�ç�Ü�â�áL �6�Õ�å�Ô�á�Ö�Û���Ý�è�á�Ö�ç�Ü�â�áF �6�º�¼���â�è�ç

L k�6�Õ�å�Ô�á�Ö�Û���Ý�è�á�Ö�ç�Ü�â�áF �6�ã�è�à�ã���â�è�çoEk�6�ã�è�à�ã���â�è�çF �6�ã�è�à�ã���Ü�áoEk�6�ã�è�à�ã���Ü�áF �6�º�¼���â�è�ço

L �-�6
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�t�C
�s
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�*�ã
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Equation 73 

where �6�Õ�å�Ô�á�Ö�Û���Ý�è�á�Ö�ç�Ü�â�á is the temperature of the chilled water at the junction of the branch piping and 

supply header [°C], �6�º�¼���â�è�ç is the outlet temperature of the chilled water from the A/C unit [°C], �?�ã is the 

specific heat capacity of the chilled water [Btu/lbf-°F], �-�5 and �-�6 are the overall loss coefficients for the 
segment of pipe from the A/C unit to the pump and for the segment of pipe from the pump to the 
branch junction, respectively, �*�ã is the pump head [ft],  �ß is the pump efficiency, and �%�6 is a conversion 

factor equal to 778.169262 [ft-lbf/Btu]. The heat loss through the pump was ignored since this is much 
smaller than the pump power. 

The branch �i�µ�v���š�]�}�v�[�• downstream f the first branch junction includes the differential temperature 
discussed above plus the differential temperature arising from the distance between the two junctions. 
The equation is as follows: 

�� �6�Õ�å�Ô�á�Ö�Û���Ý�è�á�Ö�ç�Ü�â�á�Ï�Ú�â�Ù�Þ�ß�Ý�Ð�Ì�Ø
L �6�Õ�å�Ô�á�Ö�Û���Ý�è�á�Ö�ç�Ü�â�á�Ï�Ú�â�Ù�Þ�ß�Ý�Ð�Ì�Ø

F �6�Õ�å�Ô�á�Ö�Û���Ý�è�á�Ö�ç�Ü�â�á

L �-�7
�8�6

�t�C
�s

�%�6�?�ã
F �6�Õ�å�Ô�á�Ö�Û���Ý�è�á�Ö�ç�Ü�â�á 

Equation 74 

where �-�7 is the overall loss coefficient from the segment of piping extending from the first branch 
junction to the branch junction of interest. 

In a similar manner, the chilled water inlet temperatures of the heat exchangers can be determined by 
the equation:  
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�� �6�Ü�áL �6�Ü�áF �6�Õ�å�Ô�á�Ö�Û���Ý�è�á�Ö�ç�Ü�â�á�Ï�Ú�â�Ù�Þ�ß�Ý�Ð�Ì�Ø
L �-�8

�8�6

�t�C
�s

�%�6�?�ã
F�6�Õ�å�Ô�á�Ö�Û���Ý�è�á�Ö�ç�Ü�â�á�Ï�Ú�â�Ù�Þ�ß�Ý�Ð�Ì�Ø

 

Equation 75 

where �-�8 is the overall loss coefficient from the segment of piping extending from the branch junction 
to the inlet of the heat exchanger. 

With the refined chilled water inlet temperatures, the other temperatures of interest can be 
recalculated once again. The recalculated temperatures do not suffer from the initial assumptions of 
mass flow rate or branch inlet temperatures. 

3.2.9 Step 9: Determination of  A/C unit  Capacity Required and Selection of  A/C unit s 

With the revised temperatures and revised piping network (isolated at the stagnation points), the A/C 
unit capacity required can be determined. The differential temperature across the A/C unit can be 
found, (assuming an outlet temperature of 6.67°C by default). In addition, the total mass flow rate is 
also known and is equal to the mass flow rate of the chilled water through the A/C unit. Therefore, the 
A/C unit capacity is found using the following equation: 

�#�%�Ö�Ô�ã�Ô�Ö�Ü�ç�ìL �I�6�…�n�� �6 
Equation 76 

The program selects all A/C units to have the same capacity. The capacity is chosen as the A/C unit 
within the chiller database that is closest (but greater) to the greater of the highest individual calculated 
A/C capacity or the average A/C capacity needed with 50% of the A/C units operational. For example, 
assuming there are four A/C units with capacities of 100 tons, 65 tons, 110 tons and 85 tons, the total 
capacity needed is 360 tons. Assuming 50% of the A/C units are operational at a given time, each A/C 
unit must at least supply 180 tons. The maximum individual A/C unit capacity is 110 tons, thus the 
greater of 110 tons and 180 tons is chosen. If the smallest available chiller available which is greater 
than or equal to 180 tons is a 200 ton chiller, the program will size each of the four chillers to 200 tons.  

The user has the ability to override the program and select another A/C unit from the database. The 
outlet temperature of the A/C unit is then read in by the program to ensure the assumption of 45°F was 
valid. If it was, the program continues, if not, then the temperatures in the previous step are 
recalculated. 

If a different A/C unit selection process is to be incorporated, this section of code would have to be 
modified. For example, an N-1 approach could be taken, where the A/C units are sized such that the 
cooling needs of the heat loads under the worst case operating condition could be met with a loss of 
one A/C unit. This approach would have a significant effect on reducing the total weight of the chilled 
water system as compared to the method employed by the CSDT. 
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3.2.10 Step 10: Expansion Tank Sizing  

To size the expansion tank, the same method used within CSDT v1.0 was used (Fiedel, 2011). The 
expansion tank has to be large enough to supply chilled water to the pump for the time specified by the 
user (the default is 30 seconds). In addition, the tank acts as a surge volume accounting for the 
expansion of the fluid as it changes in temperature. The more limiting of the two criteria is what drives 
the size of the tank. This process was discussed in detail in Section 2.7. 

3.2.11 Step 11: Weight Analysis  

The CSDT also has the capability to perform a weight analysis of the chilled water system. The weight 
analysis includes the weight of the system as well as the LCG, VCG, and TCG of the system. The weight 
and center of gravity is broken down into the chilled water system and part of the auxiliary seawater 
system. Each system is then broken down further into the components which form each system. The 
weight breakdown structure is listed below: 

1. Chilled Water System 
a. Piping 

i. Main Piping 
ii. Branch Piping 

b. Lagging 
i. Lagging �t Main 
ii. Lagging �t Branch 

c. Valves 
i. Globe Valves 

1. Main Globe Valves 
2. Branch Globe Valves 

ii. Gate Valves 
1. Main Gate Valves 
2. Branch Gate Valves 

iii. Check Valves 
1. Main Check Valves 
2. Branch Check Valves 

d. AC Units 
e. Expansion Tanks 
f. Pumps 
g. Brackets 
h. Instrumentation 
i. Chilled Water 
j. Heat Exchangers 

2. Auxiliary Seawater System 
a. Piping 
b. Valves 
c. Pumps 
d. Brackets 
e. Salt Water 
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The weight breakdown is much more granular for the chilled water system, since this is the main focus 
of the CSDT program. The program also asks for a weight margin. The margin is added to the total 
weight of the systems. 

Most of the components listed above are self explanatory as to how the weight and center of gravity 
were computed since the geometry, position and densities are known. However, some of the weights of 
the components were estimated. 

To determine the weight of the valves within the chilled water system, typical valve weights were used 
based on valve size. The valves were sized according to the pipe diameter. Table 12 below lists the 
weights for various valve types. 

Diameter 
[m] 

Gate Valve Weight 
[kg] 

Globe Valve Weight 
[kg] 

Check Valve Weight 
[kg] 

0.0127 3.2 3.1  
0.0190 4.2 4  
0.0254 5.8 5.7  
0.0381 11 10.6  
0.0508 15.4 15.4 13 
0.0635   17 
0.0762 35 35 24 
0.1016 50 55 36 
0.1270 70 80 57 
0.1524 80 98 62 
0.2032 135 165 96 
0.2540 185 305 158 
0.3048 280 425 238 
0.3556 395 590 324 
0.4064 530 830 483 
0.4572 670 1040 548 
0.5080 775 1260 782 
0.6096 1150 1700 1150 

Table 12: Valve weights 

The pipe hangar weight was accounted for by using a hangar weight per unit distance of pipe length. 
This metric was dependent on the diameter of the pipe being supported by the pipe hangars and was 
determined based on the dimensions of the pipe hangar, the pipe hangar density, and the pipe hangar 
spacing along the length of the pipe (ASTM International, 2008). Table 13 lists the pipe hangar weight 
per meter of pipe for various pipe diameters. 
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Diameter 
[m] 

Hangar Weight per Meter of Pipe 
[kg/m]  

0.0063 0.0536 
0.0095 0.0550 
0.0127 0.0761 
0.0190 0.0655 
0.0254 0.0687 
0.0317 0.0718 
0.0381 0.0558 
0.0508 0.1190 
0.0635 0.1269 
0.0762 0.1333 
0.0889 0.1770 
0.1016 0.1292 
0.1270 0.2246 
0.1524 0.2624 
0.2032 0.3834 
0.2534 0.3734 
0.3048 0.4743 
0.3556 0.4673 
0.4064 0.5807 
0.4572 0.5744 
0.5080 0.6867 
0.6096 0.6810 

Table 13: Hangar weight per meter of pipe 

3.2.12 Step 12: Static Temperature Analysis  

At this point, the velocity distribution is known within the system. Using an energy balance approach, 
the temperatures are found along the supply header with the temperature rising as the fluid propagates 
towards the stagnation points. The rise in temperature is insignificant, however. The conversion of 
mechanical energy to thermal energy through head loss is on the order of 10-5°C.The rise in temperature 
of the chilled water due to the temperature of the environment was neglected for the static 
temperature analysis since the fluid is flowing and the resistance to heat transfer is significant due to the 
pipe lagging13. The temperature across the heat exchanger is computed based on the mass flow rate and 
the heat load14 and the chilled water exiting each heat exchanger within each branch is found. The 
temperature along the return header is found using an energy balance approach taking into account the 
outlet temperature and mass flow rate of each branch. 

                                                           
13 The transient analysis does take this into account; however, and the rise in temperature is on the order of a few 
hundredths of a degree Celcius assuming a quiescent air temperature of 20°C ���v���������o���P�P�]�v�P���š�Z�]���l�v���•�•���}�(���ì�X�ó�ñ�_�X��
Even with a higher environmental air temperature, the rise in temperature will still be insignificant (<0.1°C). 
14 Since the system is in steady-state, the heat load is equal to the heat transfer at each boundary between the 
heat soure and heat sink (neglecting internal heat generation which was found to be insignificant). 



Center for Ocean Engineering  
Naval Construction & Engineering Program  
Department of Mechanical Engineering  
 

 
 

        Massachusetts Institute of Technology  
         77-massachusetts Avenue, Building 5-317 
         Cambridge, Massachusetts 02139�±4307 

 
 

120 
 

To determine the temperature distribution across the heat exchanger the same approach outlined in 
Section 3.2.1 was used.   

3.2.13 Step 13: Transient Temperature Analysis  

The transient analysis section of the program is very extensive making up half of the analysis module. 
The analysis is performed in several steps. The first step gathers information from the user regarding the 
initial conditions of the system and the changes which occur during an event. The second step 
determines the initial pressures within the chilled water system. The third step calculates the initial 
velocities and stagnation points. The fourth step calculates the pressures after the event occurred. The 
fifth step calculates the velocities after the event. The sixth step calculates the temperatures throughout 
the chilled water system with respect to location and time. Lastly, the seventh step plots the 
temperature responses. 

3.2.13.1 Part A: User Input 

The program begins the transient analysis by first gathering user input. First, the program prompts for 
the load condition to be considered during the transient: shore, design, cruise, or battle. The program 
takes this response and �‰�}�‰�µ�o���š���•�����v�����Æ�����o���•�‰�Œ�������•�Z�����š���Z�d�Œ���v�•�]���v�š�X�Æ�o�•�Æ�[ with the heat loads 
corresponding to the load condition. The user is then directed to the spreadsheet to fill in the remaining 
information needed. A screenshot of the spreadsheet is shown in Figure 76 below.

 
Figure 76: Transient Excel spreadsheet 



Center for Ocean Engineering  
Naval Construction & Engineering Program  
Department of Mechanical Engineering  
 

 
 

        Massachusetts Institute of Technology  
         77-massachusetts Avenue, Building 5-317 
         Cambridge, Massachusetts 02139�±4307 

 
 

121 
 

The first column of the spreadsheet simply numbers the heat load according to location of the branch 
junction along the supply header. The first load corresponds to the first junction clockwise from the 
forward-most portside riser junction. The load numbers increase clockwise along the supply header. The 
second column gives the load name for the corresponding heat load. This is the same load name 
spec�]�(�]�������]�v���š�Z�������Æ�����o���•�‰�Œ�������•�Z�����š���Z���^���d�z�]�v�‰�µ�š�[ under the �ZLoadData�[ tab. The maximum heat load is 
listed in the third column. The heat loads before and after the event need to be specified in the fourth 
and fifth column. The program populates the fourth column based on the load condition; however, if the 
initial heat loads deviate from this, the user needs to adjust the values. The chiller number column and 
chiller location columns are populated by the program. The chiller numbering is as follows: starting from 
the forward-most chiller portside proceeding starboard then aft. The last two columns need to be filled 
in by the user and correspond to the status of the chiller before and after the event. 

3.2.13.2 Part B: Initial Pressures  

The program takes the input from the spreadsheet and determines the pressure distribution along the 
length of the supply header. An example of the pressure distribution is shown in Figure 77 below. 

 
Figure 77: Pressure distribution before event 
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The above plot is formed by superimposing the pressures associated with flow going clockwise and 
���}�µ�v�š���Œ���o�}���l�Á�]�•�����Á�]�š�Z���š�Z�����•�}�µ�Œ���������u���v���š�]�v�P���(�Œ�}�u���š�Z�������Z�]�o�o���Œ�•���š�µ�Œ�v�������Z�}�v�[���Á�]�š�Z�]�v���š�Z�������Æ�����o���•�‰�Œ�������•�Z�����š�X��
The peaks correspond to the riser locations of the chillers that are operational (red circles). The troughs 
correspond to the stagnation points (green circles). For the example above, there are six chillers with 
chillers one, three, and five are on and chillers two, four, and six are off. 

There are a few areas of concern with the plot above which could be a potential candidate for future 
work. First, the peaks do not match up exactly with the risers. The index of the peak may be off by one 
or two. This is not a major concern, though because the peak is not used within the program, just the 
trough. More importantly, the beginning and end of the plot should line up with one another. It does 
not. This is because only a single iteration is done within the program. To achieve continuity at the 
boundaries of the plot, the process of determining the pressure distribution should be iterated. The 
stagnation points are found at the troughs of the pressure distribution plot. With this new information, 
the pressure distribution could then be recalculated. The plots again superimposed, and the stagnation 
points re-determined. This will result in a better approximation of the pressure distribution with the 
boundaries approaching one another. The process should then be repeated to the desired accuracy. This 
was not done because the absolute value of pressure is not needed. What is of importance is the 
pressure at a location relative to the pressure to other locations. Even with a second iteration of 
determining the pressure distribution is done, it was assumed the location of the minimum pressures 
will not change or will change very little. 

3.2.13.3 Part C: Initial Velocities and Temperatures  

The location of the stagnation points are used to determine the initial velocities as discussed in Section 
3.2.6. It takes into account the loss coefficients due to friction, bends, valves, and entrance and exit 
effects. The temperatures are also calculated within each branch and return header. The supply header 
is assumed to be a constant temperature equal to the outlet temperature of the chiller. This may 
contribute to error on the order of a fraction of a degree, but will approach the true value during the 
transient temperature analysis. 

3.2.13.4 Part D: Final Pressures 

The same approach described in Section 3.2.13.2 is used to determine the pressure distribution and the 
subsequent stagnation points after the event. Figure 78 shows an example of the pressure distribution 
for an example in which chiller five is turned off, leaving only chillers one and three operational. 
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Figure 78: Pressure distribution after event 

3.2.13.5 Part E: Final Velocities 

The final velocities are computed in a similar manner as in Section 3.2.13.3. The difference comes in the 
calculation of the temperatures. A major assumption is the velocities change abruptly between the 
instant before and after the event. This assumption is made due to the difference in the timescale of the 
velocity transient and the temperature transient with the response of the temperature transient being 
much greater than the response of the fluid velocity transient. Further work could be done to eliminate 
this assumption and to incorporate the inertia of the fluid and the corresponding ramping up or down of 
the fluid velocity at each location within the piping structure. 

3.2.13.6 Part F: Final Temperatures (Transient Response)  

The purpose of the preceding steps was to determine the initial conditions prior to the event and the 
resulting change in velocity due to the reconfiguration of chiller operation. With this information, the 
transient temperature response can be determined using a finite element approach. 
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To perform the transient analysis, the cooling system was broken up into annular segments along the 
length of the pipe as shown in Figure 79. The length of the annular segment within the branches was 
determined by finding the minimum branch length and dividing it into five segments. If the segment 
length is greater than one meter, then the annular length for the branch piping is set to one meter, else 
the annular length calculated for the shortest branch is used for all branches. The supply header is then 
broken up into segments between distinct branch junction locations. The minimum distance between 
distinct branch junction locations is then found and the shortest length is segmented further into two 
segments. If this length is greater than one meter, then the annular length for the header piping is set to 
one meter, else the annular length calculated for the shortest header segment is used for all header 
segments. This approach is used to minimize the number of segments within the piping structure while 
maintaining some level of granularity. The user can not change the size of the annular lengths to prevent 
unstable responses. 

 
Figure 79: Annular element of cooling system piping 

A time step is then determined. A very important criterion for the time step is it must be less than the 
length of the annular segment divided by the maximum velocity of the fluid. If this is violated, then an 
unsteady condition is possible, with temperatures dropping and increasing in greater amplitude after 
each time step. Therefore, to ensure a stable temperature response, values for the minimum time step 
is calculated for the branches and for the header (since they will have different maximum velocities and 
may have different annular lengths). The minimum of the two time steps calculated is then used 
rounded down to the nearest tenth of a second15.  The user can change the time step but must be 
careful to not select a time step greater than the minimum recommended value. Decreasing the time 

                                                           
15 The program takes the floor of the quotient. If the result is zero, then the program computes the time to the 
nearest hundredth of a second. If this is still too large, an error will be displayed. 
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step will have a profound effect on the computing time needed to iterate through the code as well as 
the amount of memory needed to store the large matrices. 

The default length of time considered by the program is roughly 60 seconds. The user has the ability to 
change this value, again considering the impact of increasing time will increase the computing time and 
memory needed. 

At this point, the main loop of the program determines the temperature at each node, incrementing 
time by the specified time step. The temperature of the annular element was taken to be the average 
temperature within the differential volume of fluid. To determine the change in temperature over a 
small time increment���@�P, the following equation was used: 

�@�6
�@�P

L
�s

�é�?�ã�@�8
k�3�6�5 E�3�6�6 E�3�6�ß�â�æ�æE�3�6�Ú�Ø�áo 

Equation 77 

where �@�8 is the differential volume of the cylindrical element of fluid [m3], �3�6�5 is the rate of heat 

transfer into the volume from fluid entering the element [W], �3�6�6 is the rate of heat transfer out of the 

volume from fluid exiting the element [W], �3�6�ß�â�æ�æ is the rate of heat transfer exiting the surface of the 

fluid in contact with the pipe wall [W], and �3�6�Ú�Ø�á is the rate of heat transfer generated within the fluid 

due to friction [W]. 

For the heat flux across the surface of the pipe, heat transfer is by conduction across the pipe and 
lagging, but also by convection from the fluid to the pipe and from the lagging to the quiescent air 

external to the cooling system. The heat transfer equation for �3�6�ß�â�æ�æ�ã�á�ß
 for element �T at time �P follows: 

�3�6�ß�â�æ�æ�ã�á�ß
L �7�ë�á�ç�#�ëk�6�¶ F �6�ë�á�ço 

Equation 78 

where �6�¶  is the quiescent air temperature [°C], �6�ë�á�ç is the average fluid temperature for the���T�ç�Û element 

at time �P [°C], �#�ë is the surface area of the inner pipe wall for the �T�ç�Û element, and �7�ë�á�ç is the overall 

heat transfer coefficient across the fluid to the quiescent air for the �T�ç�Û element at time �P [W/m2-K]. The 
quiescent air temperature was taken to be 20°C at all locations. Segmenting the ship into blocks and 
determining the surrounding air temperature can also be an area of future work. The overall heat 
transfer coefficient can be computed as follows16: 

�7�ë�á�ç L n
�s

�D�Ù�ß�è�Ü�×�ã�á�ß

E
�N�5�ã�H�Jl

�N�6�ã
�N�5�ã

p

�G�¼�è�?�Ç�Ü
E

�N�5�H�Jl
�N�7�ã
�N�5�ã

p

�G�ß�Ô�Ú�Ú�Ü�á�Ú
E

�N�5�ã
�N�7�ã�D�Ô�Ü�å�ã�á�ß

r

�?�5

 

Equation 79 

                                                           
16 The overall heat transfer coefficient is computed with respect to the inner pipe surface wall, and thus, the radius 
of the pipe is used as the reference radius. Accordingly, the surface area is that of the inner pipe surface wall. 
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where �N�5�ã�á�N�6�ã�á�N�7�ã are the respective radii of the fluid, the copper-nickel alloy pipe, and the lagging for 

the �T�ç�Û element [m], �G�¼�è�?�Ç�Ü is the thermal conductivity of the copper-nickel alloy pipe17 [W/m-
K],���G�ß�Ô�Ú�Ú�Ü�á�Ú is the thermal conductivity of the lagging18 [W/m-K], �D�Ù�ß�è�Ü�×�ã�á�ß

 is the convective heat transfer 

coefficient of the fluid within the pipe [W/m2-K] for the �T�ç�Û element at time �P , and �D�Ô�Ü�å�ã�á�ß
 is the 

convective heat transfer coefficient of the air external to the cooling system [W/m2-K] for the �T�ç�Û 
element at time �P.  

The convective heat transfer of the fluid within the pipe was determined using the equations below, 
depending on the flow regime. For laminar flow: 

�D�Ù�ß�è�Ü�×�ã�á�ß
L �u�ä�x�x

�G�Ù�ß�è�Ü�×

�t�N�5�ã
 

Equation 80 (derived from Equation 11) 

which is independent of time. For turbulent flow: 

�D�Ù�ß�è�Ü�×�ã�á�ß
L �r�ä�r�t�u

�8�ë�á�ç
�4�ä�<�G�Ù�ß�è�Ü�×

�4�ä�: �:�é�?�ã�;�Ù�ß�è�Ü�×
�4�ä�8

�t�N�5�ã
�4�ä�6�å�Ù�ß�è�Ü�×

�4�ä�8  

Equation 81 (derived from Equation 12) 

which is valid for �2�NP�r�ä�w and �4�AP�s�r�á�r�r�r. If the Reynolds number falls within the transition range, 
�š�Z���v���'�v�]���o�•�]�v�l�]�[�•���(�}�Œ�u�µ�o�����Á���•���µ�•�������š�}�������š���Œ�u�]�v�����š�Z�������}�v�À�����š�]�À�����Z�����š���š�Œ���v�•�(���Œ�����}���(�(�]���]ent. 

The convective heat transfer of the quiescent air was computed using the equations for natural 
convection of horizontal cylinders: 

�D$�Ô�Ü�åL
�0�Q$$$$�½�G�Ô�Ü�å

�t�&�ë
 

Equation 82 (Incropera & DeWitt, 2002) 

where, for a horizontal cylinder: 

�0�Q$$$$�½L

�Õ
�Ö
�Ô

�Ö
�Ó

�r�ä�x�rE
�r�ä�u�z�y�4�=�½�ã�á�ß

�5 �:�¤

�H�sE�@
�r�ä�w�w�{

�2�N�A
�= �5�:�¤

�I
�< �6�;�¤

�Ù
�Ö
�Ø

�Ö
�×

�6

 

Equation 83 (Incropera & DeWitt, 2002) 

where �4�=�½�ã�á�ß
 is the Rayleigh number for the �T�ç�Û element at time �P. The Rayleigh number can be 

computed using the equation: 

                                                           
17 The default value used is for Cu-Ni 70-30 alloy with a value of 50 W/m-K. 
18 The default value used for the insulation was 0.035 W/m-K. 
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�4�=�½�ã�á�ß
L

�C�Úk�6�æ�ã�á�ßF �6�¶ o�t�N�7�ã
�7

�Ù�å
 

Equation 84 (Incropera & DeWitt, 2002) 

where �C is gravity, �Ú is the fluid coefficient of thermal volumetric expansion, �6�æ�ã�á�ß is the surface 

temperature of the lagging for the �T�ç�Û element at time �P [°C], and �Ù is the thermal diffusivity [m2/s]. 

The fluid coefficient of thermal volumetric expansion for air can be found using the equation: 

�ÚL �6�Ô�Ü�å
�?�5 

Equation 85 (Incropera & DeWitt, 2002) 

where �6�Ô�Ü�å is the air temperature, taken to be the average between the surface temperature and the 
quiescent air temperature [°K]. 

The majority of the cooling system involves horizontal cylinders, so for preliminary analyses, this was the 
only equation used for the external environment. 

The rate of heat generation within the fluid is based solely on friction of the fluid with the piping. 
Friction causes the conversion of mechanical energy to internal energy of the fluid. This conversion of 
energy can be accounted through the pressure drop that takes place along some length of pipe. The 

heat transfer equation for �3�6�Ú�Ø�á�ã�á�ß
 for element �T at time �P follows: 

�3�6�Ú�Ø�á�ã�á�ß
L �L

�-�ë�á�ç�8�ë�á�ç
�6

�t�C�?�ã �®�y�y�z�ä�s�x�{
�B�PF�H�>
�$�6�7

�Ml
�w�¹�-
�{�¹�(

p�F
�é�?�ã�@�8�ë�á�ç

�@�P
�G 

Equation 86 (Incropera & DeWitt, 2002) 

where �-�ë�á�ç is the loss coefficient along the length of the annular segment for element �T at time �P 

(dimensionless), �8�ë�á�ç
�6  is the fluid velocity for element �T at time �P, �y�y�z�ä�s�x�{

�Ù�ç�?�ß�Õ

�»�Í�Î
 is a conversion factor, �?�ã 

is the specific heat capacity with units of 
�»�Í�Î

�ß�Õ�Ù�?�¹�¿
 within the first set of brackets and units of 

�Ã

�Þ�Ú�?�¹�Ä
 within 

the third set of brackets19, �@�8�ë�á�ç is the differential volume of the fluid20 within the annular element for 
element �T at time �P, and �@�P is the incremental time step set by the user. Of note, the loss coefficient is 
the sum of the loss coefficient due to friction of the fluid along the pipe, the loss coefficient due to 
bends within the pipe, the loss coefficient due to various valves, and the loss coefficient due to entrance 
and exit effects of piping. The loss coefficient due to friction along the length of the pipe is a continuous 
variable and is a function of the length of the pipe. However, the other loss coefficients are treated as 
discrete variables. Because of this, these loss coefficients are lumped into a single element. For example, 
a particular gate valve may extend into 3 elements (if the analysis is done with sufficient granularity). 
The loss coefficient associated with the gate valve would then be attributed to only one of these 

                                                           
19 A consequence of working in both English units and metric units 
20 Not to be confused with the derivative of velocity 
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elements, say, the second of the three elements. This was initially considered; however, after careful 

consideration, the contribution of �3�6�Ú�Ø�á�ã�á�ß
due to friction is negligible for the speeds considered and only 

comes into play for fluid velocities approaching the speed of sound. 

The remaining two variables, �3�6�5 and �3�6�6, is greatly dependent on the fluid velocity. The two variables can 
be thought of as accounting for the amount of heat transferred by the slug of water preceding the 
annular segment from the previous time step which is occupying the annular segment in the current 
time step and the amount of heat transferred by the slug of water which occupied the annular segment 
in the preceding time step which has since moved to the following segment in the current time step. 
This is the reason that the time step is so critical. The slug of water being transferred between time 
steps must be equal to or less than the actual volume of water occupying the annular segment, else 
instabilities may result. 

The temperature at each node is then calculated by taking the temperature from the preceding time 
step at the same location and adding the corresponding differential temperature change over the time 
step in question. This is shown in the equation: 

�6�ë�á�ç L �6�ë�á�ç�?�5l
�@�6
�@�P

p
�ë�á�ç

�@�P�ë�á�ç 

Equation 87 

where �6�ë�á�ç is the temperature at location �T and time �P, �6�ë�á�ç�?�5 is the temperature at location �T and time 

�PF�s, �@
�×�Í

�×�ç
�A

�ë�á�ç
 is the differential temperature at location �T and time �P over the time step, and  �@�P�ë�á�ç is the 

time step. 

3.2.13.7 Part G: Plots 

The last portion of the transient analysis plots the temperature response with respect to time and/or 
location. The first option provided by the program is the temperature response as a function of time. 
The program prompts the user to specify the general location under consideration: supply header, 
branch, or return header. 

If the supply header (or return header) is selected, the program provides the user with pertinent indices 
including the indices corresponding to the riser locations, the indices corresponding to the stagnation 
points and the indices for all branch junctions. The program then prompts the user for the supply header 
(or return header) index which the user wishes to analyze. The output is a plot of temperature starting 
at the steady-state temperature at that location computed as described in Section 3.2.13.3 and the 
corresponding transient temperature response over the time interval specified. 

If the branch is selected, the program provides the user with the number of branches in the chilled 
water system. The user must specify the branch which is to be analyzed. The program then displays the 
number of indices within the specified branch along with the index of the heat exchanger in that branch. 
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The user is then prompted for the branch index which is to be analyzed. The output is similar to that 
described above. An example of the temperature response is shown in Figure 80. 

 
Figure 80: Example of temperature as a function of time plot 

The user can look at other locations until they are satisfied and exits the loop. At this point, the program 
asks the user if they want a plot of the temperature distribution over a section of pipe at a specified 
time. The user selects the general location to be analyzed as before choosing between the supply 
header, the return header or a branch. If the supply header or return header is selected, the user is only 
prompted for the time at which the temperature distribution is to be plotted. If the user specifies a 
branch, the user must enter the branch number and the time. The program outputs the temperature 
distribution at the specified time. An example of the temperature distribution at a specific time is shown 
in Figure 81 below. 
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Figure 81: Example of temperature as a function of distance plot 

3.2.14 Validation of the Model  

To validate the model, the time dependent output of the model was compared with a simple example 
that could be solved analytically. The example focused on verifying how the CSDT models conductive 
heat transfer from the fluid through the pipe, through the lagging and to the surrounding quiescent air.  

The example used to validate the model considered the outer surface temperature of the supply header 
pipe. The pipe considered was a nickel-copper 70-30 alloy with a density of 8950 kg/m3, a thermal 
conductivity of 50 W/m2-K and a specific heat capacity of 376.812 J/kg-K. The pipe had a diameter of 
59.055 mm and a thickness of 2.1082 mm. The lagging had a thickness of 1 cm and a thermal 
conductivity of 0.035 W/m2-K. The initial temperature of the pipe, fluid, lagging and quiescent air was 
20°C. At time t=0- seconds, the fluid had a velocity of 1.5288 m/s, and the fluid temperature was 20°C. 
Friction was ignored along with the heat generated due to friction. At time t=0+ seconds, the fluid had 
the same velocity, but the fluid temperature was 6.6°C, representing the fluid exiting the chiller. The 
step response of the fluid temperature can be seen in Figure 82. 
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Figure 82: Fluid temperature versus time 

The example was first modeled using the lumped capacitance method. The equation used to determine 
the outer pipe wall temperature was: 

�6L �6�¶ E�A�?�»�Ô�¿�Ú�:�6�ÜF �6�¶ �; 
Equation 88 (Incropera & DeWitt, 2002) 

where �6�¶  is the temperature of the bulk fluid [°C], in this case it is 6.6°C, �6�Ü is the original temperature 
of the pipe wall [°C], in this case it is 20°C, �(�â is the Fourier number, and �$�Ü is the Biot number. 

The Fourier number is dimensionless time that corresponds to the ratio of the heat conduction rate to 
the rate of thermal energy storage in a solid. The Fourier number can be found using the equation: 

�(�â L
�Ù�P
�.�Ö

 

Equation 89 (Incropera & DeWitt, 2002) 

where �Ù is the thermal diffusivity [m2/s], �P is time [s], and �.�Ö is the characteristic length. 

The thermal diffusivity can be found using the equation: 

�ÙL
�G

�é�?�ã
 

Equation 90 (Incropera & DeWitt, 2002) 

For the copper-nickel alloy pipe, the thermal diffusivity was found to be 1.4826x10-5 m2/s. 

The characteristic length can be found using the equation: 

�.�ÖL
�8
�#�æ

 

Equation 91 (Incropera & DeWitt, 2002) 
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where �8 is the pipe volume [m3] over some arbitrary length, and �#�æ is the surface area of the inner wall 
[m2] over the same arbitrary length. For the supply header pipe, the characteristic length was found to 
be 1.0729 mm, which is approximately half of the pipe thickness. 

The Biot number corresponds to the ratio of the internal thermal resistance of a solid to the boundary 
layer thermal resistance. The Biot number can be found using the equation: 

�$�ÜL
�D�.�Ö
�G

 

Equation 92 (Incropera & DeWitt, 2002) 

To calculate the Biot number, the convective heat transfer coefficient was needed. This depends on the 
flow regime of the fluid. With the diameter and fluid velocity, the Reynolds number was easily 
calculated to be 62,265. This corresponds to fully turbulent flow and the equation: 

�DL �r�ä�r�t�u
�8�4�ä�<�G�4�ä�: �:�é�?�ã�;�4�ä�8

�&�4�ä�6�å�4�ä�8
 

Equation 12 (repeated) 

was valid in determining the convective heat transfer coefficient since �4�AP�s�r�á�r�r�r and �2�NP�r�ä�w (�2�N 
for water at 6.6°C is about 10.7). The Biot number was determined to be 0.1615. This value is greater 
than what is recommended for the lumped capacitance model to be used (�$�ÜO�r�ä�s), but was computed 
due to its ease with the knowledge that the results of the lumped capacitance model would have some 
error associated with it. 

To get a better estimate of the outer pipe wall surface temperature, the pipe wall was modeled as a 
semi-infinite wall. This is reasonable since the thickness of the wall is much less than the diameter of the 
pipe. With lagging on one side of the pipe, a wall of thickness L with an adiabatic condition on one 
surface and some surface condition on the other surface corresponds to a wall of thickness 2L with 

symmetric surface conditions on both walls due to the boundary condition at �T�ÛL �r is similarly��
�!�� �Û

�!�ë�ÛL �r. 

This is illustrated in Figure 83 below. 
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Figure 83: Equivalence of plane wall with symmetric convection (left) and adiabatic surface (right) 

To simplify the analysis, radiation was considered negligible, and thus omitted from the analysis. With 
these assumptions, the temperature within the semi-infinite solid wall could be solved analytically. An 
exact analytical solution can be obtained through the infinite series: 

�à�ÛL Í �%�á�A�?��Ù
�. �¿�Ú

�¶

�á�@�5

�?�K�O�:�Þ�á�T�Û�; 

Equation 93 (Incropera & DeWitt, 2002) 

where �T�Û is the dimensionless form of the cylinder radius with 

�T�ÛL
�T
�.

 

Equation 94 (Incropera & DeWitt, 2002) 

and the coefficient �%�á is given by 

�%�á L
�v�O�E�J�:�Þ�á�;

�t�Þ�á E�O�E�J�:�t�Þ�á�;
 

Equation 95 (Incropera & DeWitt, 2002) 

and the discrete values of �Þ�á are positive roots of the transcendental equation 

�Þ�á�P�=�J�:�Þ�á�; L �$�E 
Equation 96 (Incropera & DeWitt, 2002) 

An approximate solution can be obtained by including only the first term of the infinite series. This 
reduces the above equation to: 
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�à�ÛL �%�5�A�?��-
�. �¿�Ú�?�K�O�:�Þ�5�T�Û�; 

Equation 97 (Incropera & DeWitt, 2002) 

Since the mid-plane temperature of a semi- infinite wall with symmetric surface conditions corresponds 
to the outer wall of a semi-infinite wall with an adiabatic surface condition, the equation can be further 
reduced since the mid-plane corresponds to���T�ÛL �r. 

�à�ÛL �%�5�A�?��-
�. �¿�Ú 

Equation 98 (Incropera & DeWitt, 2002) 

For a Biot number of 0.1650, the coefficients �%�5 and �Þ�5 are 1.02595 and 0.3953, respectively. The first 
four roots of the transcendental equation �Þ�á�P�=�J�:�Þ�á�; L �$�E, for �$�EL �r�ä�s�x�w�r is given in Table 14 below 
along with the corresponding values for �%�á. 

�n�•L 
Ù�ä
Ú
ß
Þ
Ù 
�” �À�” �o�” 
1 0.3953 1.02595 
2 3.1933 1.00455 
3 6.3093 1.00452 
4 9.4423 1.00451 

Table 14: First four roots and associated coefficients for Bi=0.1650 

The CSDT model considered the rate of heat transferred from the cooler fluid and into the pipe. The 
model also considered the rate of heat transferred from the warmer quiescent air external to the 
lagging, through the lagging and into the pipe. The model actually computes the average temperature 
within the pipe and not the temperature external to the pipe; however, since the temperature gradient 
across the pipe wall is small, the average pipe temperature gives a good approximation to the external 
surface temperature of the pipe. 

A plot of the pipe outer wall temperatures for the various analytical methods described above along 
with the predicted pipe outer wall temperature versus time is shown in Figure 84 below. As can be seen 
from the figure, the CSDT model is in close agreement with the analytical models. For small values of 
time, there is some disagreement with the series solution model. This is due to the error associated with 
the approximated series solution for values of �(�â O�r�ä�t which corresponds to���PO�r�ä�r�x���O�A�?. To get a 
highly refined curve, the time step used within the model was 0.01 sec. 
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Figure 84: Surface temperature of outer pipe wall as a function of time 

In addition to the example discussed above, the output of the transient analysis code was compared to 
the output of the steady-state code. After enough time, the temperature transient passes and a state of 
thermal equilibrium is reached. These temperature values were calculated for several elements of a 
simple cooling system network. The steady-state temperatures were calculated at the same locations of 
the cooling system network. The cooling system modeled comprised of four heat loads all of equal value 
(3 kW). The four heat loads were connected in parallel, with a single supply header and a single return 
header. The cooling system had a single chiller, pump and expansion tank. 

There is much agreement between the two methods along the length of the piping system with 
differences less than 0.01°C. This gives greater confidence in the validity of the transient code. 

3.3 Design Guidelines  

In designing the cooling system, there are many criteria that must be satisfied. These criteria are in place 
to ensure adequate redundancy and survivability of the cooling system. These criteria focus on the main 
piping system separation, the isolation of the cooling systems vital and non-vital loads, and the 
additional capacity of the chillers to supply vital loads with cooling when the ship has sustained battle 
damage. 

Depending on the level of redundancy required, the main piping system may consist of a single main or 
a double main. Single mains comprise of a single supply and return header which runs longitudinally, 
centerline of the ship. For the double main system, separation between the two mains is essential for 
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survivability. Athwartship separation of the double main piping system is achieved by placing the mains 
close to the most outboard structure. The port and starboard mains are also separated vertically. 

The risers are vertical sections of pipe that connect the chiller to the main piping. A segregation valve 
should be located on either side of the main where the riser connects to the main to allow restriction of 
flow either clockwise or counterclockwise from the junction. In addition, the riser should have a 
segregation valve right before the connection to the main to allow for total isolation of flow from that 
riser. 

The design of the cooling system should also satisfy some damage loss criteria. The damage criteria may 
�����������u���P�������o�}�v�P���•�}�u�����o���v�P�š�Z���}�(���š�Z�����•�Z�]�‰�����•�������‰���Œ�����v�š���}�(���š�Z�����•�Z�]�‰�[�•���o���v�P�š�Z�U���}�Œ��it may be a specified 
number of compartments (e.g., 2 compartment flooding). Considering a loss of all chillers located within 
the worst case damage scenario should not degrade the ability of the entire cooling system in supplying 
cooling to all vital loads. 
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4.0 Chapter 4: Simulation  & Results 

A simulation of a chilled water system was conducted utilizing the CSDT to model the chilled water 
system and the auxiliary seawater system. The simulation was conducted with all analyses performed. 

The simulation included the same heat loads used within CSDT v1.0 (Fiedel, 2011). These heat loads are 
summarized in Appendix A. The simulation included all default values provided by the program with the 
exception of the number of zonal boundaries, which was set to three for more efficient sizing of the A/C 
units as well as the addition of auxiliary seawater piping to the shaft bearing and auxiliary seawater 
piping to three generic SW/XX heat exchangers. The breakdown of heat loads by compartment and by 
zone is shown in Figure 85. A 3-D representation is shown in Figure 86 below.  

 
Figure 85: Breakdown of heat load by compartment and by zone for simulated design 
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Figure 86: 3-D representation of chilled water system and auxiliary seawater system for simulated design 

The program provides a few reports throughout the design of the chilled water system. The first two of 
these reports pertain to the sizing of the A/C units. For the simulated design, the reports are: 

------------------------------------------------------------------------------------ 
Report 1: Minimum Chiller Capacity 
------------------------------------------------------------------------------------ 
Chiller 1  Chiller Capacity(tons):     89.1544     Chiller Capacity(kW):    313.5430 
Chiller 2  Chiller Capacity(tons):   134.8273     Chiller Capacity(kW):    474.1678 
Chiller 3  Chiller Capacity(tons):     95.7981     Chiller Capacity(kW):    336.9077 
Chiller 4  Chiller Capacity(tons):     18.4245     Chiller Capacity(kW):      64.7961 
Chiller 5  Chiller Capacity(tons):     25.5806     Chiller Capacity(kW):      89.9633 
Chiller 6  Chiller Capacity(tons):     39.2951     Chiller Capacity(kW):    138.1952 
------------------------------------------------------------------------------------ 
Total       Chiller Capacity(tons):    403.0800     Chiller Capacity(kW):  1417.5730 
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------------------------------------------------------------------------------------ 
Report 2: Default Chillers Selected 
------------------------------------------------------------------------------------ 
Chiller 1  Chiller Capacity(tons):    147.8595     Chiller Capacity(kW):    520.0000 
Chiller 2  Chiller Capacity(tons):    147.8595     Chiller Capacity(kW):    520.0000 
Chiller 3  Chiller Capacity(tons):    147.8595     Chiller Capacity(kW):    520.0000 
Chiller 4  Chiller Capacity(tons):    147.8595     Chiller Capacity(kW):    520.0000 
Chiller 5  Chiller Capacity(tons):    147.8595     Chiller Capacity(kW):    520.0000 
Chiller 6  Chiller Capacity(tons):    147.8595     Chiller Capacity(kW):    520.0000 
------------------------------------------------------------------------------------ 
Total       Chiller Capacity(tons):    887.1568     Chiller Capacity(kW):   3120.0000 
Capacity Installed/Minimum Capacity Required: 2.20 
Minimum number of chillers needed to meet maximum heat load demands: 3 

As can be seen by report 1, the largest capacity chiller is chiller 2. This makes sense when looking at the 
3-D model of the chilled water system. Most of the heat loads are located in the forward-most zone. By 
default, the program allocates the starboard side chiller to support any loads which are centerline. Thus, 
with chiller 2 being the forward-most chiller on the starboard side, it is expected that this chiller will 
need to have the highest capacity. 

�Z���‰�}�Œ�š���î���•�Z�}�Á�•���Á�Z���š���š�Z�����‰�Œ�}�P�Œ���u���•���š�•���������Z�����Z�]�o�o���Œ�[�•�������‰�����]�š�Ç���š�}�X���d�Z���Ç�����Œ�������o�o�����‹�µ���o�����v�������Œ�����š�Z�����•�u���o�o���•�š��
sized chillers within the chiller database which meets the requirements specified in Section 3.2.9. Report 
2 also shows that the installed chiller capacity is 220% greater than what is needed, but this provides 
redundancy (at a cost and weight penalty). Only three of the six chillers are needed to meet the cooling 
needs of the ship at any given time. 

Report 3 provides the sizing of the expansion tanks. For the simulated design, report 3 is: 

------------------------------------------------------------------------------------- 
Report 3: Expansion Tank Sizing 
------------------------------------------------------------------------------------- 
Expansion Tank Height(m):     1.980539   
Expansion Tank Radius(m):     0.990270   
Expansion Tank Thickness(mm): 4.000000 
------------------------------------------------------------------------------------- 

4.1 Static Analysis  

The first analysis performed was the static temperature analysis. All fluid flow and heat transfer is 
assumed to be in steady-state. When performing the static analysis, all four operating conditions should 
be considered along with all possible combinations of chillers in operation to ensure flow and cooling 
requirements are met under all conditions. An example of the static temperature output for the design 
condition and for a single chiller configuration is provided below. 
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Load:   1  Q(W):   562.7200  Diameter(m): 0.01532  Velocity(m/sec): 1.1977  Mass flow rate(kg/s): 0.2207  Thot(C):  7.2737  Telec(C):   7.9882 
Load:   2  Q(W): 14490.0400  Diameter(m): 0.03975  Velocity(m/sec): 0.5093  Mass flow rate(kg/s): 0.1522  Thot(C): 12.6038  Telec(C):  10.4922 
Load:   3  Q(W):  3798.3600  Diameter(m): 0.01951  Velocity(m/sec): 0.6579  Mass flow rate(kg/s): 0.1212  Thot(C):  7.7715  Telec(C):   8.2372 
Load:   4  Q(W):  1336.4600  Diameter(m): 0.01532  Velocity(m/sec): 1.4005  Mass flow rate(kg/s): 1.7381  Thot(C):  8.9779  Telec(C):   9.7203 
Load:   5  Q(W):   562.7200  Diameter(m): 0.01532  Velocity(m/sec): 0.6509  Mass flow rate(kg/s): 0.4909  Thot(C): 12.0705  Telec(C):  11.9295 
Load:   6  Q(W):  1793.6700  Diameter(m): 0.01532  Velocity(m/sec): 1.3833  Mass flow rate(kg/s): 0.2549  Thot(C):  7.5206  Telec(C):   8.7480 
Load:   7  Q(W): 16881.6000  Diameter(m): 0.03975  Velocity(m/sec): 1.2070  Mass flow rate(kg/s): 0.9103  Thot(C):  9.2790  Telec(C):  10.2692 
Load:   8  Q(W): 17690.8617  Diameter(m): 0.03975  Velocity(m/sec): 1.2435  Mass flow rate(kg/s): 3.2040  Thot(C):  9.2213  Telec(C):   8.7854 
Load:   9  Q(W): 11149.2417  Diameter(m): 0.03099  Velocity(m/sec): 1.0825  Mass flow rate(kg/s): 2.7893  Thot(C): 11.4490  Telec(C):  10.5077 
Load:  10  Q(W):  1899.1800  Diameter(m): 0.01532  Velocity(m/sec): 0.6657  Mass flow rate(kg/s): 0.1227  Thot(C):  9.9416  Telec(C):  11.3539 
Load:  11  Q(W):   914.4200  Diameter(m): 0.01532  Velocity(m/sec): 1.1023  Mass flow rate(kg/s): 0.5223  Thot(C):  8.6697  Telec(C):  10.8986 
Load:  12  Q(W):   949.5900  Diameter(m): 0.01532  Velocity(m/sec): 1.4798  Mass flow rate(kg/s): 0.2726  Thot(C):  7.8026  Telec(C):   9.5877 
Load:  13  Q(W):  9993.5555  Diameter(m): 0.03099  Velocity(m/sec): 0.5852  Mass flow rate(kg/s): 0.1078  Thot(C): 10.3148  Telec(C):  11.4785 
Load:  14  Q(W):  1336.4600  Diameter(m): 0.01532  Velocity(m/sec): 0.9372  Mass flow rate(kg/s): 0.7068  Thot(C):  9.4018  Telec(C):   9.8892 
Load:  15  Q(W): 34396.6117  Diameter(m): 0.05728  Velocity(m/sec): 0.5559  Mass flow rate(kg/s): 0.1024  Thot(C):  9.6898  Telec(C):  10.5305 
Load:  16  Q(W):  9706.9200  Diameter(m): 0.03099  Velocity(m/sec): 1.4551  Mass flow rate(kg/s): 5.5393  Thot(C):  9.2215  Telec(C):   9.6364 
Load:  17  Q(W): 56060.9800  Diameter(m): 0.05728  Velocity(m/sec): 1.4460  Mass flow rate(kg/s): 0.2664  Thot(C):  6.7926  Telec(C):   6.9841 
Load:  18  Q(W):  6506.4500  Diameter(m): 0.02456  Velocity(m/sec): 1.2766  Mass flow rate(kg/s): 0.2352  Thot(C):  7.7937  Telec(C):   9.2436 
Load:  19  Q(W):  1688.1600  Diameter(m): 0.01532  Velocity(m/sec): 0.5144  Mass flow rate(kg/s): 0.0948  Thot(C):  7.0202  Telec(C):   7.0979 
Load:  20  Q(W):  3851.8184  Diameter(m): 0.01951  Velocity(m/sec): 0.9333  Mass flow rate(kg/s): 0.7039  Thot(C):  9.8766  Telec(C):  10.4425 
Load:  21  Q(W):  4396.2500  Diameter(m): 0.02456  Velocity(m/sec): 0.9050  Mass flow rate(kg/s): 0.1667  Thot(C):  7.5704  Telec(C):   8.2636 
Load:  22  Q(W):   932.3567  Diameter(m): 0.01532  Velocity(m/sec): 0.6661  Mass flow rate(kg/s): 0.3156  Thot(C): 10.2196  Telec(C):  11.9047 
Load:  23  Q(W):  1301.2900  Diameter(m): 0.01532  Velocity(m/sec): 1.2206  Mass flow rate(kg/s): 0.3648  Thot(C):  8.1238  Telec(C):  11.4333 
Load:  24  Q(W):  9144.5517  Diameter(m): 0.03099  Velocity(m/sec): 0.5808  Mass flow rate(kg/s): 0.1070  Thot(C): 10.5771  Telec(C):  11.7989 
Load:  25  Q(W):  1652.9900  Diameter(m): 0.01532  Velocity(m/sec): 1.0160  Mass flow rate(kg/s): 0.7663  Thot(C):  9.0368  Telec(C):  10.3695 
Load:  26  Q(W):  3165.3000  Diameter(m): 0.01951  Velocity(m/sec): 0.8428  Mass flow rate(kg/s): 0.6356  Thot(C):  9.4052  Telec(C):  10.4463 
Load:  27  Q(W):  8124.2700  Diameter(m): 0.03099  Velocity(m/sec): 0.9389  Mass flow rate(kg/s): 0.1730  Thot(C):  8.1666  Telec(C):   9.3908 
Load:  28  Q(W):  6524.7384  Diameter(m): 0.02456  Velocity(m/sec): 1.5714  Mass flow rate(kg/s): 0.2895  Thot(C):  7.9676  Telec(C):  10.1828 
Load:  29  Q(W):  1301.2900  Diameter(m): 0.01532  Velocity(m/sec): 0.9491  Mass flow rate(kg/s): 0.4497  Thot(C):  8.7886  Telec(C):  10.6803 
Load:  30  Q(W):  2110.2000  Diameter(m): 0.01532  Velocity(m/sec): 0.6374  Mass flow rate(kg/s): 0.1174  Thot(C):  8.5911  Telec(C):   9.3476 
Load:  31  Q(W): 59474.5802  Diameter(m): 0.06962  Velocity(m/sec): 0.7490  Mass flow rate(kg/s): 0.3549  Thot(C):  9.9208  Telec(C):   9.8826 
Load:  32  Q(W):  1336.4600  Diameter(m): 0.01532  Velocity(m/sec): 1.8033  Mass flow rate(kg/s): 4.6465  Thot(C):  8.3689  Telec(C):   8.3560 
Load:  33  Q(W):   140.6800  Diameter(m): 0.01532  Velocity(m/sec): 0.6602  Mass flow rate(kg/s): 0.1216  Thot(C):  8.1805  Telec(C):   8.8232 
Load:  34  Q(W):   879.2500  Diameter(m): 0.01532  Velocity(m/sec): 1.5795  Mass flow rate(kg/s): 1.9602  Thot(C):  8.6222  Telec(C):   9.4726 
Load:  35  Q(W):  1113.8339  Diameter(m): 0.01532  Velocity(m/sec): 0.5395  Mass flow rate(kg/s): 0.0994  Thot(C):  8.7718  Telec(C):   9.3095 
Load:  36  Q(W): 14771.4000  Diameter(m): 0.03975  Velocity(m/sec): 1.0280  Mass flow rate(kg/s): 0.1894  Thot(C):  6.8438  Telec(C):   7.0101 
Load:  37  Q(W):   140.6800  Diameter(m): 0.01532  Velocity(m/sec): 0.6602  Mass flow rate(kg/s): 0.1216  Thot(C):  9.2125  Telec(C):  10.2939 
Load:  38  Q(W): 13681.1300  Diameter(m): 0.03975  Velocity(m/sec): 1.9355  Mass flow rate(kg/s): 0.3566  Thot(C):  8.0287  Telec(C):  11.0402 
Load:  39  Q(W):  9495.9000  Diameter(m): 0.03099  Velocity(m/sec): 1.6082  Mass flow rate(kg/s): 0.2963  Thot(C):  7.7684  Telec(C):   9.6984 
Load:  40  Q(W):  1055.1000  Diameter(m): 0.01532  Velocity(m/sec): 0.9453  Mass flow rate(kg/s): 1.1732  Thot(C): 11.2034  Telec(C):  10.2587 
Load:  41  Q(W):   633.0600  Diameter(m): 0.01532  Velocity(m/sec): 0.6619  Mass flow rate(kg/s): 0.1220  Thot(C):  7.7649  Telec(C):   8.2337 
Load:  42  Q(W):  8370.4600  Diameter(m): 0.03099  Velocity(m/sec): 1.3501  Mass flow rate(kg/s): 1.0182  Thot(C):  8.9353  Telec(C):  10.0514 
Load:  43  Q(W):  4712.7800  Diameter(m): 0.02456  Velocity(m/sec): 0.6619  Mass flow rate(kg/s): 0.1220  Thot(C):  8.6569  Telec(C):   9.5083 
Load:  44  Q(W):  1582.6500  Diameter(m): 0.01532  Velocity(m/sec): 1.0436  Mass flow rate(kg/s): 0.7871  Thot(C):  9.3888  Telec(C):  10.1012 
Load:  45  Q(W):  2233.6467  Diameter(m): 0.01951  Velocity(m/sec): 0.4437  Mass flow rate(kg/s): 0.0817  Thot(C):  8.3048  Telec(C):   8.5034 
Load:  46  Q(W):  6506.4500  Diameter(m): 0.02456  Velocity(m/sec): 0.4303  Mass flow rate(kg/s): 0.0793  Thot(C): 10.4671  Telec(C):  10.8612 
Load:  47  Q(W):  1758.5000  Diameter(m): 0.01532  Velocity(m/sec): 0.6043  Mass flow rate(kg/s): 0.1806  Thot(C): 11.4401  Telec(C):  11.7186 
Load:  48  Q(W):   738.5700  Diameter(m): 0.01532  Velocity(m/sec): 1.6135  Mass flow rate(kg/s): 0.7645  Thot(C):  8.2651  Telec(C):   9.1491 
Load:  49  Q(W):  7631.8900  Diameter(m): 0.03099  Velocity(m/sec): 0.6593  Mass flow rate(kg/s): 0.1970  Thot(C): 10.3194  Telec(C):  10.7171 
Load:  50  Q(W):  4572.1000  Diameter(m): 0.02456  Velocity(m/sec): 0.7200  Mass flow rate(kg/s): 0.1327  Thot(C):  9.0640  Telec(C):  10.2859 
Load:  51  Q(W):  7315.3600  Diameter(m): 0.03099  Velocity(m/sec): 1.1834  Mass flow rate(kg/s): 4.5051  Thot(C):  9.8934  Telec(C):  10.0986 
Load:  52  Q(W):  2550.5284  Diameter(m): 0.01951  Velocity(m/sec): 0.5728  Mass flow rate(kg/s): 0.1055  Thot(C):  9.0456  Telec(C):   9.7664 
Load:  53  Q(W):  1090.2700  Diameter(m): 0.01532  Velocity(m/sec): 0.9028  Mass flow rate(kg/s): 2.3262  Thot(C): 10.8290  Telec(C):   9.8605 
Load:  54  Q(W):  7209.8500  Diameter(m): 0.03099  Velocity(m/sec): 0.5454  Mass flow rate(kg/s): 0.1005  Thot(C): 10.3312  Telec(C):  11.2972 
Load:  55  Q(W):  1582.6500  Diameter(m): 0.01532  Velocity(m/sec): 0.7494  Mass flow rate(kg/s): 0.5652  Thot(C): 11.0052  Telec(C):  11.2278 
Load:  56  Q(W):  8688.0451  Diameter(m): 0.03099  Velocity(m/sec): 0.9748  Mass flow rate(kg/s): 1.2097  Thot(C):  9.3302  Telec(C):   9.5643 
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Load:  57  Q(W):  4009.7317  Diameter(m): 0.02456  Velocity(m/sec): 0.7391  Mass flow rate(kg/s): 0.3502  Thot(C): 10.2752  Telec(C):  10.2236 
Load:  58  Q(W): 20679.9600  Diameter(m): 0.03975  Velocity(m/sec): 0.6328  Mass flow rate(kg/s): 0.2998  Thot(C): 11.9975  Telec(C):  11.5491 
Load:  59  Q(W):   949.5900  Diameter(m): 0.01532  Velocity(m/sec): 0.7829  Mass flow rate(kg/s): 0.9716  Thot(C): 11.6194  Telec(C):  10.3781 
Load:  60  Q(W):  1055.1000  Diameter(m): 0.01532  Velocity(m/sec): 0.7428  Mass flow rate(kg/s): 0.5602  Thot(C): 10.0279  Telec(C):  10.1935 
Load:  61  Q(W):  4853.4600  Diameter(m): 0.02456  Velocity(m/sec): 1.5035  Mass flow rate(kg/s): 0.2770  Thot(C):  6.7879  Telec(C):   6.9824 
Load:  62  Q(W): 10309.3821  Diameter(m): 0.03099  Velocity(m/sec): 1.5035  Mass flow rate(kg/s): 0.2770  Thot(C):  6.8785  Telec(C):   7.2188 
Load:  63  Q(W): 33235.6500  Diameter(m): 0.05728  Velocity(m/sec): 0.7198  Mass flow rate(kg/s): 0.1326  Thot(C):  9.1911  Telec(C):  10.4781 
Load:  64  Q(W):  4150.0600  Diameter(m): 0.02456  Velocity(m/sec): 1.0580  Mass flow rate(kg/s): 2.7260  Thot(C): 10.6577  Telec(C):   9.9376 
Load:  65  Q(W):   773.7400  Diameter(m): 0.01532  Velocity(m/sec): 0.9023  Mass flow rate(kg/s): 0.4275  Thot(C):  9.6225  Telec(C):   8.2558 
Load:  66  Q(W):  1230.9500  Diameter(m): 0.01532  Velocity(m/sec): 0.9160  Mass flow rate(kg/s): 0.1688  Thot(C):  7.6588  Telec(C):   8.4374 
Load:  67  Q(W): 16107.8600  Diameter(m): 0.03975  Velocity(m/sec): 1.3061  Mass flow rate(kg/s): 0.3904  Thot(C):  8.3391  Telec(C):   9.5223 
Load:  68  Q(W):  8440.8000  Diameter(m): 0.03099  Velocity(m/sec): 0.5185  Mass flow rate(kg/s): 0.0955  Thot(C): 11.5725  Telec(C):  10.5705 
Load:  69  Q(W):   879.2500  Diameter(m): 0.01532  Velocity(m/sec): 0.9211  Mass flow rate(kg/s): 0.4364  Thot(C):  9.8500  Telec(C):  10.1865 
Load:  70  Q(W): 10093.7900  Diameter(m): 0.03099  Velocity(m/sec): 1.4415  Mass flow rate(kg/s): 3.7142  Thot(C): 10.3011  Telec(C):  10.0568 
Load:  71  Q(W):   140.6800  Diameter(m): 0.01532  Velocity(m/sec): 0.8909  Mass flow rate(kg/s): 0.1641  Thot(C):  8.2475  Telec(C):   9.4336 
Load:  72  Q(W):    10.0000  Diameter(m): 0.01532  Velocity(m/sec): 0.5045  Mass flow rate(kg/s): 0.0929  Thot(C):  9.0080  Telec(C):   9.4940 
Load:  73  Q(W):  1301.2900  Diameter(m): 0.01532  Velocity(m/sec): 0.4883  Mass flow rate(kg/s): 0.0900  Thot(C):  9.6434  Telec(C):  10.1908 
Load:  74  Q(W):  9179.3700  Diameter(m): 0.03099  Velocity(m/sec): 0.7965  Mass flow rate(kg/s): 0.3774  Thot(C): 10.8575  Telec(C):  10.9619 
Load:  75  Q(W):  2040.9151  Diameter(m): 0.01532  Velocity(m/sec): 0.4323  Mass flow rate(kg/s): 0.0797  Thot(C): 10.7643  Telec(C):  11.1980 
Load:  76  Q(W):  2426.7300  Diameter(m): 0.01951  Velocity(m/sec): 1.6158  Mass flow rate(kg/s): 1.2186  Thot(C):  8.2464  Telec(C):   9.3154 
Load:  77  Q(W):  1371.6300  Diameter(m): 0.01532  Velocity(m/sec): 1.1415  Mass flow rate(kg/s): 1.4167  Thot(C):  8.9185  Telec(C):   9.3351 
Load:  78  Q(W):  8194.6100  Diameter(m): 0.03099  Velocity(m/sec): 0.9386  Mass flow rate(kg/s): 0.4447  Thot(C):  8.8686  Telec(C):  10.8012 
Load:  79  Q(W): 22368.1200  Diameter(m): 0.03975  Velocity(m/sec): 0.8118  Mass flow rate(kg/s): 0.1496  Thot(C): 10.0240  Telec(C):  12.1707 
Load:  80  Q(W):  5873.3900  Diameter(m): 0.02456  Velocity(m/sec): 1.3458  Mass flow rate(kg/s): 0.2480  Thot(C):  7.6795  Telec(C):   9.0820 
Load:  81  Q(W):   562.7200  Diameter(m): 0.01532  Velocity(m/sec): 1.6115  Mass flow rate(kg/s): 0.4816  Thot(C):  7.8138  Telec(C):  11.4428 
Load:  82  Q(W):  3007.3867  Diameter(m): 0.01951  Velocity(m/sec): 1.1791  Mass flow rate(kg/s): 0.5587  Thot(C):  8.6740  Telec(C):  11.1431 
Load:  83  Q(W):  9706.9200  Diameter(m): 0.03099  Velocity(m/sec): 0.9251  Mass flow rate(kg/s): 1.1481  Thot(C): 11.3757  Telec(C):  10.3744 
Load:  84  Q(W):  5047.2467  Diameter(m): 0.02456  Velocity(m/sec): 1.4491  Mass flow rate(kg/s): 1.0929  Thot(C):  8.4894  Telec(C):   9.5042 
Load:  85  Q(W):  1019.9300  Diameter(m): 0.01532  Velocity(m/sec): 0.8441  Mass flow rate(kg/s): 0.6366  Thot(C):  9.5194  Telec(C):  10.6319 
Load:  86  Q(W):  1794.0217  Diameter(m): 0.01532  Velocity(m/sec): 1.2111  Mass flow rate(kg/s): 0.9134  Thot(C):  8.8200  Telec(C):   9.6659 
Load:  87  Q(W):  9003.5200  Diameter(m): 0.03099  Velocity(m/sec): 0.5973  Mass flow rate(kg/s): 0.1100  Thot(C):  7.8836  Telec(C):   8.2940 
Load:  88  Q(W):  1073.0367  Diameter(m): 0.01532  Velocity(m/sec): 0.7368  Mass flow rate(kg/s): 0.2202  Thot(C): 10.7329  Telec(C):  11.4595 
Load:  89  Q(W):   562.7200  Diameter(m): 0.01532  Velocity(m/sec): 0.9675  Mass flow rate(kg/s): 0.2891  Thot(C):  9.6189  Telec(C):  10.7861 
Load:  90  Q(W): 51243.7451  Diameter(m): 0.05728  Velocity(m/sec): 1.2069  Mass flow rate(kg/s): 0.2224  Thot(C):  7.8712  Telec(C):   9.3090 
Load:  91  Q(W):  1266.1200  Diameter(m): 0.01532  Velocity(m/sec): 1.2119  Mass flow rate(kg/s): 1.5040  Thot(C):  8.9400  Telec(C):   9.4798 
Load:  92  Q(W): 13575.6200  Diameter(m): 0.03975  Velocity(m/sec): 0.7970  Mass flow rate(kg/s): 0.1468  Thot(C):  7.7498  Telec(C):   8.4171 
Load:  93  Q(W):  3622.8617  Diameter(m): 0.01951  Velocity(m/sec): 0.9765  Mass flow rate(kg/s): 0.7365  Thot(C):  9.3598  Telec(C):   9.9507 
Load:  94  Q(W): 13716.6517  Diameter(m): 0.03975  Velocity(m/sec): 1.4488  Mass flow rate(kg/s): 1.0927  Thot(C):  8.4514  Telec(C):   9.4542 
Load:  95  Q(W):  5134.8200  Diameter(m): 0.02456  Velocity(m/sec): 0.8736  Mass flow rate(kg/s): 0.4139  Thot(C):  9.4071  Telec(C):  11.5422 
Load:  96  Q(W):  2954.2800  Diameter(m): 0.01951  Velocity(m/sec): 0.8703  Mass flow rate(kg/s): 1.0801  Thot(C): 10.9589  Telec(C):   9.9984 
Load:  97  Q(W):  3024.6200  Diameter(m): 0.01951  Velocity(m/sec): 0.5339  Mass flow rate(kg/s): 0.2530  Thot(C): 11.7611  Telec(C):  11.0183 
Load:  98  Q(W):  4185.2300  Diameter(m): 0.02456  Velocity(m/sec): 0.6228  Mass flow rate(kg/s): 0.4697  Thot(C): 10.7289  Telec(C):  10.5662 
Load:  99  Q(W):  1336.4600  Diameter(m): 0.01532  Velocity(m/sec): 0.5236  Mass flow rate(kg/s): 0.1565  Thot(C): 12.1747  Telec(C):  12.0967 
Load: 100  Q(W):  3094.9600  Diameter(m): 0.01951  Velocity(m/sec): 0.7614  Mass flow rate(kg/s): 0.3607  Thot(C): 10.4944  Telec(C):  10.4979 
Load: 101  Q(W): 61090.2900  Diameter(m): 0.06962  Velocity(m/sec): 1.7350  Mass flow rate(kg/s): 0.3197  Thot(C):  7.9236  Telec(C):  10.3491 
Load: 102  Q(W):  2321.2200  Diameter(m): 0.01951  Velocity(m/sec): 1.3408  Mass flow rate(kg/s): 1.6640  Thot(C):  9.1663  Telec(C):   9.9355 
Load: 103  Q(W):  1055.1000  Diameter(m): 0.01532  Velocity(m/sec): 1.4468  Mass flow rate(kg/s): 0.6855  Thot(C):  8.1990  Telec(C):  10.6806 
Load: 104  Q(W):  1195.7800  Diameter(m): 0.01532  Velocity(m/sec): 0.7905  Mass flow rate(kg/s): 0.5961  Thot(C): 11.4816  Telec(C):  10.4925 
Load: 105  Q(W): 40691.3383  Diameter(m): 0.05728  Velocity(m/sec): 1.2108  Mass flow rate(kg/s): 0.9132  Thot(C):  8.9305  Telec(C):   9.8359 
Load: 106  Q(W):  6811.3739  Diameter(m): 0.02456  Velocity(m/sec): 1.4163  Mass flow rate(kg/s): 1.7577  Thot(C):  8.9093  Telec(C):   9.7135 
Load: 107  Q(W):  1547.4800  Diameter(m): 0.01532  Velocity(m/sec): 0.6405  Mass flow rate(kg/s): 0.1914  Thot(C): 10.5359  Telec(C):  10.8956 
Load: 108  Q(W):  2567.4100  Diameter(m): 0.01951  Velocity(m/sec): 1.3771  Mass flow rate(kg/s): 0.2537  Thot(C):  7.7554  Telec(C):   9.3156 
Load: 109  Q(W): 10304.8100  Diameter(m): 0.03099  Velocity(m/sec): 1.3579  Mass flow rate(kg/s): 0.6434  Thot(C):  8.3968  Telec(C):  10.9836 
Load: 110  Q(W):  2110.2000  Diameter(m): 0.01532  Velocity(m/sec): 0.7578  Mass flow rate(kg/s): 0.3591  Thot(C):  9.4170  Telec(C):  11.1058 
Load: 111  Q(W): 13540.4500  Diameter(m): 0.03975  Velocity(m/sec): 1.3829  Mass flow rate(kg/s): 0.4133  Thot(C):  8.5297  Telec(C):   9.9825 
Load: 112  Q(W):  2426.7300  Diameter(m): 0.01951  Velocity(m/sec): 1.0349  Mass flow rate(kg/s): 2.6665  Thot(C): 11.4088  Telec(C):  10.6347 
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Load: 113  Q(W):  5310.6700  Diameter(m): 0.02456  Velocity(m/sec): 0.7838  Mass flow rate(kg/s): 0.1444  Thot(C):  9.6802  Telec(C):  11.4898 
Load: 114  Q(W):  1547.8317  Diameter(m): 0.01532  Velocity(m/sec): 1.1669  Mass flow rate(kg/s): 0.5529  Thot(C):  8.6648  Telec(C):  11.0936 
Load: 115  Q(W):  6717.4700  Diameter(m): 0.02456  Velocity(m/sec): 1.4154  Mass flow rate(kg/s): 1.0675  Thot(C):  8.5092  Telec(C):   9.5117 
Load: 116  Q(W):  2004.6900  Diameter(m): 0.01532  Velocity(m/sec): 1.4180  Mass flow rate(kg/s): 3.6537  Thot(C):  9.8665  Telec(C):   9.6956 
Load: 117  Q(W): 20222.7500  Diameter(m): 0.03975  Velocity(m/sec): 0.5400  Mass flow rate(kg/s): 0.0995  Thot(C):  8.6015  Telec(C):   9.0992 
Load: 118  Q(W):  5169.9900  Diameter(m): 0.02456  Velocity(m/sec): 0.6175  Mass flow rate(kg/s): 0.1845  Thot(C):  9.7505  Telec(C):  12.5403 
Load: 119  Q(W):  7913.2500  Diameter(m): 0.03099  Velocity(m/sec): 0.4919  Mass flow rate(kg/s): 0.2331  Thot(C): 12.4830  Telec(C):  11.4522 
Load: 120  Q(W):  2638.1017  Diameter(m): 0.01951  Velocity(m/sec): 0.4944  Mass flow rate(kg/s): 0.2342  Thot(C): 13.2585  Telec(C):  12.1213 
Load: 121  Q(W):   140.6800  Diameter(m): 0.01532  Velocity(m/sec): 0.8716  Mass flow rate(kg/s): 0.2605  Thot(C):  9.0765  Telec(C):  12.6581 
Load: 122  Q(W):  2391.5600  Diameter(m): 0.01951  Velocity(m/sec): 1.1826  Mass flow rate(kg/s): 0.5603  Thot(C):  8.8622  Telec(C):   9.4765 
Load: 123  Q(W):   246.1900  Diameter(m): 0.01532  Velocity(m/sec): 1.2500  Mass flow rate(kg/s): 0.2303  Thot(C):  8.7379  Telec(C):  11.3367 
Load: 124  Q(W):  5697.8917  Diameter(m): 0.02456  Velocity(m/sec): 1.2537  Mass flow rate(kg/s): 0.3747  Thot(C):  8.2079  Telec(C):  11.8358 
Load: 125  Q(W):  1406.8000  Diameter(m): 0.01532  Velocity(m/sec): 1.0156  Mass flow rate(kg/s): 0.1871  Thot(C):  8.6351  Telec(C):  10.4554 
Load: 126  Q(W):  6489.2167  Diameter(m): 0.02456  Velocity(m/sec): 0.6337  Mass flow rate(kg/s): 0.1168  Thot(C): 10.9672  Telec(C):  12.6442 
Load: 127  Q(W): 45721.0000  Diameter(m): 0.05728  Velocity(m/sec): 1.0176  Mass flow rate(kg/s): 0.3041  Thot(C):  8.6754  Telec(C):  12.3215 
Load: 128  Q(W):   808.9100  Diameter(m): 0.01532  Velocity(m/sec): 0.5052  Mass flow rate(kg/s): 0.0931  Thot(C):  9.7232  Telec(C):  10.3620 
Load: 129  Q(W):  5310.6700  Diameter(m): 0.02456  Velocity(m/sec): 0.8726  Mass flow rate(kg/s): 0.4135  Thot(C): 10.5864  Telec(C):  10.8923 
Load: 130  Q(W):  4642.4400  Diameter(m): 0.02456  Velocity(m/sec): 1.0176  Mass flow rate(kg/s): 0.3041  Thot(C):  8.4828  Telec(C):  11.7853 
Load: 131  Q(W):   703.4000  Diameter(m): 0.01532  Velocity(m/sec): 0.5437  Mass flow rate(kg/s): 0.1625  Thot(C): 11.1987  Telec(C):  11.2110 
Load: 132  Q(W):  8264.9500  Diameter(m): 0.03099  Velocity(m/sec): 0.6532  Mass flow rate(kg/s): 0.3095  Thot(C):  9.8841  Telec(C):  11.3597 
Load: 133  Q(W):  2743.2600  Diameter(m): 0.01951  Velocity(m/sec): 0.8716  Mass flow rate(kg/s): 0.2605  Thot(C):  9.3653  Telec(C):  10.1920 
Load: 134  Q(W): 49132.4900  Diameter(m): 0.05728  Velocity(m/sec): 1.0251  Mass flow rate(kg/s): 1.2722  Thot(C):  9.2059  Telec(C):   9.5157 
Load: 135  Q(W):  1969.5200  Diameter(m): 0.01532  Velocity(m/sec): 1.2662  Mass flow rate(kg/s): 1.5714  Thot(C):  8.7440  Telec(C):   9.2990 
Load: 136  Q(W):  1828.8400  Diameter(m): 0.01532  Velocity(m/sec): 1.0899  Mass flow rate(kg/s): 2.8081  Thot(C): 11.0088  Telec(C):  10.2564 
Load: 137  Q(W):  5838.2200  Diameter(m): 0.02456  Velocity(m/sec): 1.4927  Mass flow rate(kg/s): 0.2750  Thot(C):  7.5954  Telec(C):   9.0757 
Load: 138  Q(W): 53141.8700  Diameter(m): 0.05728  Velocity(m/sec): 0.7651  Mass flow rate(kg/s): 0.1410  Thot(C):  9.6951  Telec(C):  11.4280 
Load: 139  Q(W): 56729.2100  Diameter(m): 0.05728  Velocity(m/sec): 0.6348  Mass flow rate(kg/s): 0.1897  Thot(C): 10.4385  Telec(C):  10.7636 
Load: 140  Q(W):  3235.6400  Diameter(m): 0.01951  Velocity(m/sec): 1.2818  Mass flow rate(kg/s): 0.6073  Thot(C):  8.6444  Telec(C):   9.3320 
Load: 141  Q(W):  1090.2700  Diameter(m): 0.01532  Velocity(m/sec): 0.7335  Mass flow rate(kg/s): 0.3475  Thot(C): 10.6880  Telec(C):  10.6061 
Load: 142  Q(W):  1160.6100  Diameter(m): 0.01532  Velocity(m/sec): 1.8508  Mass flow rate(kg/s): 1.3958  Thot(C):  8.0639  Telec(C):   9.2741 
Load: 143  Q(W):   914.4200  Diameter(m): 0.01532  Velocity(m/sec): 1.1495  Mass flow rate(kg/s): 0.3435  Thot(C):  8.3476  Telec(C):  11.9064 
Load: 144  Q(W):  4677.6100  Diameter(m): 0.02456  Velocity(m/sec): 1.1351  Mass flow rate(kg/s): 0.2091  Thot(C):  6.6783  Telec(C):   6.6907 
Load: 145  Q(W):  1125.4400  Diameter(m): 0.01532  Velocity(m/sec): 0.5559  Mass flow rate(kg/s): 0.4193  Thot(C): 11.8761  Telec(C):  11.4286 
Load: 146  Q(W):  4150.0600  Diameter(m): 0.02456  Velocity(m/sec): 0.6492  Mass flow rate(kg/s): 0.4896  Thot(C): 11.5723  Telec(C):  11.4963 
Load: 147  Q(W):  6647.1300  Diameter(m): 0.02456  Velocity(m/sec): 1.2979  Mass flow rate(kg/s): 0.9788  Thot(C):  8.7186  Telec(C):   9.6766 
Load: 148  Q(W):  5803.0500  Diameter(m): 0.02456  Velocity(m/sec): 1.2784  Mass flow rate(kg/s): 0.2355  Thot(C):  7.9104  Telec(C):   9.5242 
Load: 149  Q(W):  1371.6300  Diameter(m): 0.01532  Velocity(m/sec): 1.3724  Mass flow rate(kg/s): 0.6503  Thot(C):  8.1854  Telec(C):  10.4845 
Load: 150  Q(W):  1688.1600  Diameter(m): 0.01532  Velocity(m/sec): 0.6414  Mass flow rate(kg/s): 0.4838  Thot(C): 11.7375  Telec(C):  11.6253 
Load: 151  Q(W):  8089.1000  Diameter(m): 0.03099  Velocity(m/sec): 1.3693  Mass flow rate(kg/s): 0.4092  Thot(C):  8.1498  Telec(C):  12.0246 
Load: 152  Q(W): 17479.4900  Diameter(m): 0.03975  Velocity(m/sec): 0.8895  Mass flow rate(kg/s): 0.6709  Thot(C):  9.2240  Telec(C):  10.3571 
Load: 153  Q(W): 13405.3972  Diameter(m): 0.03975  Velocity(m/sec): 1.3748  Mass flow rate(kg/s): 1.0368  Thot(C):  8.6606  Telec(C):   9.6849 
Load: 154  Q(W):  4414.1867  Diameter(m): 0.02456  Velocity(m/sec): 1.0845  Mass flow rate(kg/s): 1.3460  Thot(C): 10.3225  Telec(C):   9.7252 
Load: 155  Q(W):  4115.2417  Diameter(m): 0.02456  Velocity(m/sec): 0.6983  Mass flow rate(kg/s): 0.1287  Thot(C):  8.6181  Telec(C):   9.5572 
Load: 156  Q(W): 12063.3100  Diameter(m): 0.03099  Velocity(m/sec): 1.1130  Mass flow rate(kg/s): 0.5274  Thot(C):  9.6023  Telec(C):  10.2825 
Load: 157  Q(W):  2110.2000  Diameter(m): 0.01532  Velocity(m/sec): 0.5127  Mass flow rate(kg/s): 0.0945  Thot(C):  8.5273  Telec(C):   8.9352 
Load: 158  Q(W):  8686.9900  Diameter(m): 0.03099  Velocity(m/sec): 0.5576  Mass flow rate(kg/s): 0.2642  Thot(C): 10.7842  Telec(C):  12.1026 
Load: 159  Q(W):  1055.1000  Diameter(m): 0.01532  Velocity(m/sec): 1.0599  Mass flow rate(kg/s): 0.1953  Thot(C):  8.5952  Telec(C):  10.5059 
Load: 160  Q(W): 16565.0700  Diameter(m): 0.03975  Velocity(m/sec): 0.6541  Mass flow rate(kg/s): 0.4933  Thot(C): 10.7039  Telec(C):  10.6342 
Load: 161  Q(W):  2321.2200  Diameter(m): 0.01951  Velocity(m/sec): 0.5896  Mass flow rate(kg/s): 0.1086  Thot(C):  8.9778  Telec(C):   9.7352 
Load: 162  Q(W):  3112.8967  Diameter(m): 0.01951  Velocity(m/sec): 1.1157  Mass flow rate(kg/s): 1.3846  Thot(C):  9.2052  Telec(C):   9.6523 
Load: 163  Q(W):  4712.7800  Diameter(m): 0.02456  Velocity(m/sec): 0.7804  Mass flow rate(kg/s): 0.9685  Thot(C): 10.0280  Telec(C):   9.9535 
Load: 164  Q(W):  3622.5100  Diameter(m): 0.01951  Velocity(m/sec): 0.6279  Mass flow rate(kg/s): 0.1157  Thot(C):  8.4752  Telec(C):   9.1629 
Load: 165  Q(W): 22722.2819  Diameter(m): 0.03975  Velocity(m/sec): 1.3837  Mass flow rate(kg/s): 0.2549  Thot(C):  7.9144  Telec(C):   9.7183 
Load: 166  Q(W):  8018.7600  Diameter(m): 0.03099  Velocity(m/sec): 1.3837  Mass flow rate(kg/s): 0.2549  Thot(C):  8.6365  Telec(C):  11.4865 
Load: 167  Q(W):  8370.4600  Diameter(m): 0.03099  Velocity(m/sec): 1.7897  Mass flow rate(kg/s): 0.8480  Thot(C):  8.4977  Telec(C):   9.7227 
Load: 168  Q(W):  5416.1800  Diameter(m): 0.02456  Velocity(m/sec): 0.6472  Mass flow rate(kg/s): 0.1934  Thot(C): 10.5603  Telec(C):  10.9541 
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Load: 169  Q(W):  7631.8900  Diameter(m): 0.03099  Velocity(m/sec): 0.8729  Mass flow rate(kg/s): 0.2609  Thot(C): 10.1801  Telec(C):  11.2730 
Load: 170  Q(W): 19484.1800  Diameter(m): 0.03975  Velocity(m/sec): 1.3837  Mass flow rate(kg/s): 0.2549  Thot(C):  7.5372  Telec(C):   8.7949 
Load: 171  Q(W):  8264.9500  Diameter(m): 0.03099  Velocity(m/sec): 0.9915  Mass flow rate(kg/s): 0.7478  Thot(C):  9.5766  Telec(C):  10.2574 
Load: 172  Q(W):  8194.6100  Diameter(m): 0.03099  Velocity(m/sec): 0.6056  Mass flow rate(kg/s): 0.1116  Thot(C): 10.4918  Telec(C):  11.8355 
Load: 173  Q(W):   562.7200  Diameter(m): 0.01532  Velocity(m/sec): 0.9219  Mass flow rate(kg/s): 1.1441  Thot(C): 10.3462  Telec(C):  10.6213 
Load: 174  Q(W):  4766.9418  Diameter(m): 0.02456  Velocity(m/sec): 1.1980  Mass flow rate(kg/s): 0.2207  Thot(C):  8.7142  Telec(C):  11.1462 
Load: 175  Q(W):  3763.1900  Diameter(m): 0.01951  Velocity(m/sec): 0.6144  Mass flow rate(kg/s): 0.1132  Thot(C):  8.6630  Telec(C):   9.3856 
Load: 176  Q(W):   668.2300  Diameter(m): 0.01532  Velocity(m/sec): 0.4776  Mass flow rate(kg/s): 0.0880  Thot(C): 10.2805  Telec(C):  10.8944 
Load: 177  Q(W):  3587.3400  Diameter(m): 0.01951  Velocity(m/sec): 0.9529  Mass flow rate(kg/s): 0.7186  Thot(C):  9.8808  Telec(C):  10.5393 
Load: 178  Q(W):  8335.2900  Diameter(m): 0.03099  Velocity(m/sec): 0.6332  Mass flow rate(kg/s): 0.3000  Thot(C): 11.8267  Telec(C):   9.6590 
Load: 179  Q(W):  1125.4400  Diameter(m): 0.01532  Velocity(m/sec): 1.1980  Mass flow rate(kg/s): 0.2207  Thot(C):  8.1077  Telec(C):   9.8154 
Load: 180  Q(W):  1125.4400  Diameter(m): 0.01532  Velocity(m/sec): 0.9191  Mass flow rate(kg/s): 1.1406  Thot(C):  9.6896  Telec(C):   9.8763 

The load number corresponds to the branch index. Q is the heat load [W]. The inner branch diameter 
[m] and chilled water velocity [m/sec] within the corresponding branch are shown. The mass flow rate 
[kg/sec] is also shown. Thot [C] corresponds to the temperature downstream of the heat exchanger. 
Telec [C] corresponds to the outlet (colder) temperature on the secondary side. 

 For the example above, the heat exchangers considered for all heat loads were the cooling coils since 
these were the most well-defined heat exchangers within the heat exchanger database. Because of this, 
the low Telec temperatures are to be expected since the hot inlet air temperatures are estimated to be 
26.7°C. For other applications such as heat exchangers with high heat fluxes used for the removal of 
heat from high energy radars, the inlet temperature will play a critical role in determining an accurate 
outlet temperature on the secondary side. This outlet temperature is expected to be much higher as 
those shown above (on the order of 100°C). 

4.2 Weight Analysis  
The second analysis performed was the weight analysis. The weight of the chilled water system and the 
seawater system was determined along with a breakdown by components. The center of gravity for 
each component group and overall system was also included. A weight margin of 10% was included to 
account for miscellaneous items unaccounted for and for uncertainty in the design. For the simulated 
design, report 4 is: 
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------------------------------------------------------------------------- 
Report 4: CW/SW Weight Summary 
------------------------------------------------------------------------- 
Item                    Weight (MT)      LCG (m)      TCG (m)      VCG (m) 
CW System:              159.1343      -6.8345      -0.1020          5.9911 
  Pipe:                           29.1421      -2.5767      -0.0862          7.3868 
    Main:                       24.9003      -5.4880      -0.0824          6.8900 
    Branch:                      4.2418     14.5127      -0.1087        10.3037 
  Lagging:                       0.9619       3.6922      -0.0945          8.4568 
    Main:                         0.5204      -5.4880      -0.0824          6.8900 
    Branch:                      0.4415     14.5127      -0.1087       10.3037 
  Valves:                       20.7776      -5.0816      -0.4872         5.6592 
    Globe:                        1.5560       7.0650      -2.1066          7.6973 
      Main:                       0.0000       0.0000        0.0000          0.0000 
      Branch:                    1.5560       7.0650       -2.1066         7.6973 
    Gate:                        13.5336     -7.3983       -0.5057         7.5678 
      Main:                     10.3600   -11.8358        0.0000         7.4500 
      Branch:                    3.1736      7.0878       -2.1566         7.9525 
    Check:                       5.6880     -2.8924         0.0000         0.5605 
      Main:                       5.6880     -2.8924        0.0000         0.5605 
      Branch:                   0.0000       0.0000        0.0000         0.0000 
  Chillers:                     34.8000   -17.3545       0.0000          3.3628 
  Expansion tanks:       3.4869    -17.3545       0.0000         3.3628 
  Pumps:                        7.2000    -13.8415       0.0000         3.3628 
  Brackets:                     0.0000       5.3659      -0.0967         8.7425 
  Instrumentation:       0.3000    -17.3545       0.0000         3.3628 
  Chilled water:          46.5960      -5.8153      -0.0662         6.6338 
  Heat Exchangers:    15.8698       8.1791      -0.0265         9.4093 
SW System:                17.2747      -4.7642      -0.1887         4.3308 
  Pipe:                            2.9109      -7.7654      -0.3113         5.8375 
  Valves:                        0.8000      -1.2000        0.0000         2.8576 
  Pumps:                       6.0000       0.0000        0.0000         1.8970 
  Brackets:                    0.3029      -7.7654      -0.3113         5.8375 
  Salt water:                 7.2609      -7.7654      -0.3113         5.8375 
------------------------------------------------------------------------- 
Total:                        176.4091      -6.6318      -0.1105         5.8285 
Margin:                      17.6409      -6.6318       -0.1105        5.8285 
------------------------------------------------------------------------- 
Total with margin:  194.0500      -6.6318      -0.1105        5.8285 

As can be seen in the weight report, the chilled water system weighs approximately 159 MT, the 
auxiliary seawater system weighs approximately 17 MT and the combined systems with the added 10% 
weight margin weighs approximately 194 MT. The center of gravity is 6.6 m aft of midships, slightly 
starboard, and nearly 6 m from the baseline. This is also consistent with the 3-D model which is fairly 
symmetric forward-aft and port-starboard. The large, heavy A/C units will bring down the VCG so the 
6.6 m VCG is reasonable. 
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4.3 Transient Analysis  

Transient analysis is an important part of determining the feasibility and performance of a particular 
cooling system design. When in steady-state, the temperatures and flow velocities may be satisfactory, 
but without performing transient analysis on particular scenarios, it is not possible to guarantee the 
localized temperatures of certain regions or flow velocities are within acceptable limits.  

Transient analyses were performed on the modeled chilled water system for two simultaneous events, a 
loss of a chiller with the chiller riser secured and no further action taken and a step load of a heat load 
with no action taken. The design heat loads were considered for the simulation. Figure 87 below shows 
the heat loads and the status of each chiller before and after the event. Only heat load RS58 (load 
number nine) differs before and after the event with a step response from 56 kW to 0 kW.  

 
Figure 87: Input for simulated transient 

4.3.1 Loss of Chiller  

The loss of a chiller with the chiller riser secured will result in changes in the velocity within the supply 
header, a differing number and location of the stagnation points and resulting changes in the branch 
velocities. These differing velocities will then have an effect on the temperature response at each of the 
heat exchangers. Figure 88 shows the pressure distribution before and after the loss of chiller six along 
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with the resulting effect on stagnation location. Figure 89 shows the temperature response at four 
locations in a single branch, immediately before, at and two different locations after the heat exchanger. 
The temperature variation as a function of time is due primarily to the change in the velocity within that 
branch, but some initial discrepancy may exist between the steady-state temperatures calculated and 
the transient temperatures calculated. 

  
Figure 88: Pressure distribution before and after loss of chiller 6 
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Figure 89: Temperature response at four different locations in branch 5. Location 1 - immediately before heat exchanger 
(upper left), location 2 - at heat exchanger (upper right), location 3 - a few meters downstream from the heat exchanger 

(lower left), location 4 - near the end of the branch (lower right) 

The temperature response at location 1 may seem alarming, but after considering the temperature 
scale, it is reasonable to assume that the rise is due to error between the more simplified steady-state 
temperature analysis and the transient analysis. The difference in temperature is few hundredths of a 
degree Celsius and can be assumed constant. The temperature response at location 2 shows the correct 
behavior for a step-change in velocity. The beginning and ending values are also consistent with steady-
state calculations using the initial and final velocities to determine the respective mass flow rates and 
resulting differential temperatures across the heat exchanger. The temperature response at locations 3 
and 4 are in line with what is to be expected. The curve shifts to the right as the location analyzed moves 
downstream of the heat exchanger. 

4.3.2 Step Load 

Similar temperature responses to those described above are shown in the branch with a heat load step 
response. 
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Figure 90: Temperature response at four different locations in branch 9 (heat load step response from 59 kW to 0 kW). 

Location 1 - immediately before heat exchanger (upper left), location 2 - at heat exchanger (upper right), location 3 - a few 
meters downstream from the heat exchanger (lower left), location 4 - near the end of the branch (lower right) 

In the above figures, the heat load step response from 59 kW to 0 kW results in a decreasing 
temperature from approximately 11.25°C to 6.7°C as expected. 

4.3.3 Temperature Distribution  

The temperature distribution can also be found using the CSDT. Figures 74-75 show the temperature 
distribution along the supply header at 10 seconds and 120 seconds after the event, respectively. 
Figures 76-77 show the temperature distribution along the return header at 10 seconds and 120 
seconds after the event, respectively.  
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Figure 91: Temperature distribution along the supply header at 10 seconds 

 
Figure 92: Temperature distribution along the supply header at 120 seconds 

 
Figure 93: Temperature distribution along the supply header at 10 seconds 

 
Figure 94: Temperature distribution along the supply header at 120 seconds 
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Figure 95: Temperature distribution along branch 9 at 10 seconds 

 
Figure 96: Temperature distribution along branch 9 at 120 seconds 

The combined effects of the loss of a chiller and the heat load step response do add to the complexity of 
the temperature response. An example of this can be seen in Figure 97 below which shows the 
temperature response at the junction for riser 1 within the return header. 

 
Figure 97: Temperature response within the return header at riser 1 junction 
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5.0 Chapter 5: Conclusions 

5.1 General Conclusions 

The intent of this thesis was to rapidly model and explore the design of the chilled water system using a 
mathematically rigorous approach. In this respect, the CSDT is a success. With relatively few inputs, the 
CSDT provides 2-D and 3-D visual representations of the chilled water and auxiliary seawater systems. In 
addition, the incorporation of FNA is essential in modeling the chilled water system. Without FNA, it is 
not possible to accurately determine the pressure and fluid velocity distribution within the system and 
without knowing these, it is impossible to determine the true temperature distribution within the 
system. 

Other successes of the program include the analyses of the chilled water system. The three analyses 
available with the CSDT are the weight analysis, the static temperature analysis, and the transient 
temperature analysis. 

The CSDT weight analysis not only captures the weight of the chilled water system, but also provides an 
accurate center of gravity of the chilled water system along with the weight and center of gravity of the 
auxiliary seawater system. 

The static temperature analysis outputs the temperature at every junction and at the heat exchanger. 
With the properties of the secondary side known, the steady-state temperature of the exiting secondary 
fluid can also be known. This fluid may be the air blowing in a space, or the fluid surrounding a solid-
state semiconductor chip. This brings the user one step closer in determining the average temperature 
within a space cooled by chilled water, or the surface temperature of electronic equipment. 

The transient analysis is even more powerful. It provides the user with temperature fluctuations in time 
or space during transient states. The method employed within the CSDT to perform transient analyses 
has also been verified with two different analytical methods. The transient temperatures also reach 
steady-state values after sufficient time has elapsed. This gives greater confidence in the accuracy of the 
transient analysis. 

The CSDT provides the naval architect with a tool to rapidly and accurately model the chilled water 
system under several operating conditions. Furthermore, the associated analyses also provide the naval 
architect with a means to easily determine the feasibility of their design. 

5.2 Areas of Future Study  

There are two broad categories for areas of future study. The first category involves improving the 
current version of the CSDT by offering more analyses, eliminating the few assumptions still remaining 
within the program, and improving the user interface. The second category involves incorporation of 
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extensions beyond the chilled water system including the HVAC system, the SW system and the ship as a 
whole. 

5.2.1 CSDT v3.0 

There are a few areas the CSDT program could be improved, many involving the removal of the 
remaining assumptions and providing more capability to analyze the CW system, but the area that 
would have the most profound impact would be the user interface. 

Currently, the user interacts through the program via the Excel spreadsheet which contains the library of 
heat exchangers and A/C units and through the command window. It would be beneficial if the interface 
between the user and the program was through the use of a Graphical User Interface (GUI). A well laid 
out GUI could provide all of the functionality of the program, but in a more user friendly way through 
the use of tabs, lists, graphs, charts and buttons which execute certain functions. More enhanced 
graphics could also provide a better means of displaying the 2-D and 3-D model of the CW system. 
Currently, valves, heat exchangers, and pumps are all displayed as a box. Better graphics could provide a 
means to display each of these components distinctly. Drag and drop ability would enhance the ability 
to place equipment accurately. Piping could be captured as a vector of nodes, with the ability to drag 
nodes to alter the shape of the piping. This ability would allow the user to easily route piping around 
equipment and to connect piping to each other while avoiding the need to manually describe each 
branch as a vector of points. For greater visualization, a program other than Matlab should be utilized. 
Some suggestions include: Python, Qt, GTK+, or C#.  

Using one of the programming languages above will also allow for a better structuring of the program. 
The Matlab program uses some functions and is broken up into a few very large blocks of code, but the 
program was written in a brute-force fashion, with the focus more on correctness and less on efficiency 
or readability of the code. 

Other than visual representation, the program could be improved by refining the FNA and removing 
assumptions made. FNA is used by the program, but could be structured to be more generic than it 
currently is. A CSDT v3.0 should include a generic node structure of the pipe network, with the ability to 
have any combination of branches in parallel and series. The FNA should then be able to solve the 
generic network, as opposed to assuming the branches are all in parallel. This can be done through the 
use of a flow solver. Flow solvers exist for solving current within electrical networks (the power flow 
problem), but could be modified to solve for fluid flow within a piping network. The incorporation of a 
flow solver would eliminate the need to solve for stagnation points and would remove all of the 
assumptions made in finding those stagnation points. 

Other assumptions that still exist within the CSDT include: neglecting the inertia of the fluid, simplifying 
the temperature distribution to allow variation in only one dimension, simplifications in the modeling of 
the temperature distribution within the heat exchangers, simplifying the heat exchange process within 
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the A/C units, and assuming constant properties of the CW and other fluids (density, specific heat 
capacity, etc.). Greater complexity of the CSDT program could overcome all of these assumptions. 

The CSDT currently can perform weight analyses, static temperature analyses, and transient 
temperature analyses. An area of future study would be the inclusion of survivability analysis capability. 
This could be done by specifying a blast center and radius (assuming a spherical blast). All heat loads 
within the blast could be easily determined and would be considered damaged. The pipe branches are 
vectors. To see if the pipe is ruptured, the pipe would be discretized by where there is a bend. If any 
bend is located within the blast radius, then the pipe is damaged. If the line perpendicular to the pipe 
corners which passes through the blast center is between the pipe corners and has a length less than 
the blast radius, then that segment of pipe is damaged. The same procedure can be used to determine 
which segments of the header piping are damaged. Also, the chillers and pumps would be checked to 
see if they also fall within the blast radius (or if they are damaged due to flooding if the blast causes 
damage below the waterline). With the piping network redefined by damaged sections, the valves which 
would isolate those damaged sections would be assumed shut. This would further reduce the piping 
network. Once this is complete, undamaged heat loads would be checked for connectivity to a 
chiller/pump. Lastly, a priority queue would be used to determine which loads would get flow and which 
loads would have to be secured due to a lack of chilled water available. 

Coupling of the survivability analysis and the transient analysis would be one step further. The transient 
analysis is performed on a select few scenarios, but is not general enough to be performed during 
casualties. The coupling of these two analyses would be beneficial in determining the transient 
temperatures, velocities, and pressures during a casualty. 

Lastly, the CSDT provides three default layouts of the header mains. Providing more default layouts 
would be beneficial, especially when designing chilled water systems on other types of ships, such as an 
amphibious assault ship which has a large well-deck aft. The pipe bends are also created artificially. If 
the hullform were known beforehand, the header mains could be laid out according to the curvature of 
the hull. 

5.2.2 System Extensions 

The three areas in which extension of the chilled water system is most vital include the HVAC system, 
the SW system and the ship environment. 

As stated earlier in the report, nearly ¾ of the heat load serviced by chilled water is related to the HVAC 
system. The CSDT currently needs to be provided the heat loads at the various spaces within the ship 
where the chilled water system interfaces with the HVAC system. It would be greatly beneficial to model 
the HVAC system by compartments with air flow modeled to determine the actual heat load produced 
based on environmental temperature, number of personnel in a room, heat dissipated by machinery, 
etc. With this information, the secondary side (air side) of the heat exchanger could be better modeled, 
and better yet, dynamically modeled, and then tied into the CSDT. 
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The SW system was modeled generically within the CSDT, but more time could be taken to more 
completely model the SW system. The most important aspect of modeling the SW system would be to 
accurately model the A/C units, including the closed loop of the refrigerant. This may prove to be 
difficult since there are several types of A/C units available, but it may be possible to model the most 
pertinent types, most notably a centrifugal A/C unit with R134a refrigerant. Several sizes of the A/C units 
could be modeled as well. With the interface between the CW system and the SW system defined, the 
interdependency between seawater temperature and the chilled water outlet temperature of the A/C 
unit could be determined. Other facets of the SW system could also be modeled, such as loads cooled 
directly with SW or loads that are cooled using a SW/FW heat exchanger (a cheaper alternative to a 
SW/CW heat exchanger).  FNA would still have to be incorporated into this model since there is a strong 
relationship between parallel branch pressures and flow rates of the SW system. 

A third area of future study could be modeling the ship as a whole. This would include a more 
macroscopic temperature profile of the ship, focusing on how air flows within the ship and how hot 
spots develop within the ship due to machinery, personnel, and other heat sources, and the effects of 
stagnant or forced air on those spaces. The macroscopic temperature distribution of the ship could be 
tied into the HVAC system, which could then be tied into the CW system. In addition, the ship 
temperature distribution and air flow could be directly tied into the CW system by accounting for the 
heat loss across the pipe walls and lagging. This loss should be negligible, but will eliminate an 
assumption of constant and quiescent air external to the CW piping within the CSDT. 

Lastly, the reason the CSDT was first considered involved the increasing importance of the CW system 
based on projected heat loads of all electric ships, and the increasing heat fluxes associated with 
smaller, more dense equipment operating at increasing switching frequencies. The challenge then 
becomes removal of heat through less surface area. Focus should be spent on researching and 
developing methods and models of exotic heat removal techniques which can achieve these higher heat 
fluxes needed. With models developed, they can be experimentally verified and modeled using the 
CSDT. With more heat exchanger options available to the naval architect, greater flexibility is afforded in 
designing the CW system to meet the cooling demands of the future Navy. 
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Appendix A : Simulated Heat Loads 

Load Name Cooling Load 
Shore Cond. 

(KW) 

Cooling Load 
Design Cond. 

(KW) 

Cooling Load 
Cruise Cond. 

(KW) 

Cooling Load 
Battle Cond. 

(KW) 

x-loc. 
(m) 

y-loc. 
(m) 

z-loc. 
(m) 

RS01 9.56 7.91325 6.92849 7.91325 32.81 0.00 25.20 
RS02 3.56 20.22275 20.22275 20.22275 33.14 0.00 22.83 
RS02_1 3.56 1.96952 1.96952 1.96952 26.45 0.00 3.29 
RS04 3.56 11.1492417 10.9030517 11.1492417 33.81 6.70 19.69 
RS0405 0.24 13.54045 12.52052 13.54045 33.81 0.00 19.69 
RS0405_1 45 5.31067 4.99414 5.31067 29.12 -5.52 19.69 
RS04_1 20 6.50645 6.26026 6.50645 23.77 6.70 19.69 
RS0405_2 9.7 3.79836 3.48183 3.79836 29.12 5.52 19.69 
RS040505C 9.7 45.721 41.81713 45.721 29.12 0.00 19.69 
RS05 0.9 10.30481 10.09379 10.30481 33.81 -6.70 19.69 
RS05_1 1.74 6.64713 6.40094 6.64713 23.77 -6.70 19.69 
RS07 - 5.41618 4.9238 5.41618 -14.39 0.00 22.83 
RS07_1 - 3.62251 3.13013 3.62251 -17.74 0.00 19.69 
RS07_2 - 8.01876 7.06917 8.01876 -15.06 -3.85 14.05 
RS08 - 3.628617 3.628617 3.628617 39.17 0.00 16.59 
RS12 - 6.71747 6.71747 6.71747 33.14 0.00 14.05 
RS12_1 - 1.54748 1.54748 1.54748 34.48 -8.54 8.51 
RS12_2 - 1.12544 1.12544 1.12544 23.77 -8.54 8.51 
RS12_3 - 5.31067 5.31067 5.31067 33.14 0.00 14.05 
RS12_4 - 1.37163 1.37163 1.37163 22.09 -5.86 8.51 
RS12_5 - 3.02462 3.02462 3.02462 35.82 0.00 14.05 
RS12_6 - 1.26612 1.26612 1.26612 39.84 -11.72 14.05 
RS12_7 - 0.91442 0.91442 0.91442 23.77 -3.35 14.05 
RS13 - 40.6913383 40.6913383 40.6913383 34.48 0.00 8.51 
RS13_1 - 1.0551 1.0551 1.0551 34.48 0.00 8.51 
RS14 - 61.09029 61.09029 61.09029 34.48 -5.02 5.80 
RS14_1 - 56.72921 56.72921 56.72921 24.10 -3.35 5.80 
RS17 - 9.17937 9.17937 9.17937 -36.49 1.67 14.05 
RS17_1 - 3.1128967 3.1128967 3.1128967 -23.77 0.00 14.05 
RS1819 - 7.31536 7.31536 7.31536 68.63 0.00 8.51 
RS1819_1 - 7.63189 7.63189 7.63189 68.63 0.00 5.80 
RS19 - 1.7585 1.7585 1.7585 69.29 0.00 2.95 
RS20 - 33.23565 33.23565 33.23565 61.26 0.00 8.51 
RS21 - 4.71278 4.71278 4.71278 62.60 1.34 11.33 
RS21_1 - 1.1138339 1.1138339 1.1138339 57.24 4.69 8.51 
RS21_2 - 0.87925 0.87925 0.87925 58.58 -3.35 8.51 
RS21_3 - 0.77374 0.77374 0.77374 59.92 -3.35 11.33 
RS21_4 - 4.85346 4.85346 4.85346 62.60 -3.35 8.51 
RS21_5 - 0.63306 0.63306 0.63306 62.60 1.17 8.51 
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RS21_6 - 0.14068 0.14068 0.14068 58.58 4.35 8.51 
RS23 - 1.310129 1.310129 1.310129 50.88 -5.52 5.80 
RS2324 - 22.36812 22.36812 22.36812 50.55 0.00 5.80 
RS24 - 1.30129 1.30129 1.30129 50.21 2.51 5.80 
RS26 - 0.56272 0.56272 0.56272 39.84 -6.86 8.51 
RS28 - 9.70692 9.70692 9.70692 23.77 4.85 8.51 
RS28_1 - 1.33646 1.33646 1.33646 23.77 9.54 8.51 
RS28_2 - 1.68816 1.68816 1.68816 34.48 8.54 8.51 
RS28_3 - 0.94959 0.94959 0.94959 23.77 7.20 8.51 
RS30 - 3.76319 3.76319 3.76319 3.01 -7.20 8.51 
RS30_1 - 0.56272 0.56272 0.56272 3.01 -4.69 8.51 
RS32 - 8.33529 8.33529 8.33529 -8.37 0.00 8.51 
RS32_1 - 4.5721 4.5721 4.5721 -8.37 4.52 8.51 
RS32_2 - 0.73857 0.73857 0.73857 -8.37 7.70 8.51 
RS32_3 - 6.50645 6.50645 6.50645 -8.37 9.88 8.51 
RS36 - 19.48418 19.48418 19.48418 -13.06 0.00 8.51 
RS37 - 16.56507 16.56507 16.56507 -23.77 0.00 8.51 
RS37_1 - 4.15006 4.15006 4.15006 -28.45 0.00 8.51 
RS42 - 49.13249 49.13249 49.13249 -36.49 0.00 5.80 
RS43 - 9.4959 9.4959 9.4959 59.92 3.18 5.80 
RS43_1 - 16.10786 16.10786 16.10786 58.92 -3.18 5.80 
RS43_2 - 0.94959 0.94959 0.94959 62.60 -2.51 5.80 
RS46 - 8.26495 8.26495 8.26495 3.01 -3.19 5.80 
RS46_1 - 3.58734 3.58734 3.58734 0.33 0.00 5.80 
RS46_2 - 14.3676484 14.3676484 14.3676484 -3.68 0.00 5.80 
RS46_3 - 7.63189 7.63189 7.63189 3.01 -3.18 5.80 
RS47 - 1.12544 1.12544 1.12544 -3.68 -2.51 5.80 
RS51 - 6.4892167 5.9968367 6.4892167 -47.20 -1.67 3.29 
RS51_1 - 5.0472467 5.0472467 5.0472467 -47.20 1.67 3.29 
RS53 - 3.09496 3.09496 3.09496 -63.27 -6.86 5.80 
RS53_1 - 6.8113739 6.8113739 6.8113739 -60.59 0.00 5.80 
RS53_2 - 1.19578 1.19578 1.19578 -60.59 -6.86 5.80 
RS53_3 - 2.95428 2.95428 2.95428 -73.98 -5.35 5.80 
RS55 - 1.7940217 1.7940217 1.7940217 -71.30 6.36 5.80 
RS57 - 2.2336467 2.2336467 2.2336467 70.63 0.00 3.29 
RS58 - 56.06098 53.84527 56.06098 34.48 3.85 3.29 
RS60 - 34.3966117 34.3966117 33.4118517 34.48 5.02 5.80 
RS61 - 14.49004 14.49004 14.49004 25.44 3.85 5.80 
RS61_1 - 8.68699 8.61665 8.68699 -23.77 0.00 3.29 
RS63 - 53.14187 52.33296 53.14187 -30.13 0.00 3.29 
RS6674 - 13.7166517 13.7166517 13.7166517 -71.30 0.00 2.95 
RS69 - 4.0097317 4.0097317 4.0097317 62.60 0.00 2.95 
RS70 - 9.70692 9.63658 9.70692 45.19 0.00 2.95 
RS71 - 12.06331 12.06331 12.06331 -23.77 -1.34 2.95 
RS72 - 2.6381017 2.6381017 2.6381017 -48.87 -1.67 3.29 
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RS74 - 4.18523 4.18523 4.18523 -71.30 -6.86 5.80 
RS75 - 16.8816 16.8816 16.8816 33.14 3.35 14.05 
RS78 - 4.39625 4.39625 4.39625 39.17 2.18 16.59 
RS8688 - 2.1102 2.1102 2.1102 14.39 2.01 16.59 
RS102104 - 2.1102 2.1102 2.1102 11.72 -2.01 16.59 
RS103105 - 1.58265 1.58265 1.58265 -7.30 1.84 14.05 
RS5C - 2.1102 2.1102 2.1102 -53.56 -2.01 14.05 
RS8C - 1.58265 1.58265 1.58265 62.60 0.00 3.29 
RS6E - 0.14068 0.14068 0.14068 53.90 -1.84 3.29 
RS1G - 0.14068 0.14068 0.14068 53.90 1.84 3.29 
RS2G - 1.09027 1.09027 1.09027 62.60 0.00 3.29 
RS3G - 4.67761 4.67761 4.67761 -28.45 -4.85 14.05 
RS5G - 1.0551 1.0551 1.0551 -23.77 4.35 11.33 
RS6G - 1.0551 1.0551 1.0551 9.71 -8.20 11.33 
RS7G - 9.1445517 9.1445517 9.1445517 18.41 4.18 5.80 
RS03 - 1.89918 1.89918 0.17585 23.77 1.51 22.83 
RS06 - 17.6908617 17.6908617 0.4575617 23.77 3.01 16.59 
RS09 - 9.9935555 9.9935555 5.4917955 34.48 7.53 16.59 
RS10 - 5.83822 5.83822 - 25.11 -4.69 16.59 
RS10_1 - 1.33646 1.33646 - 25.11 4.69 16.59 
RS10_2 - 1.09027 1.09027 0.3517 23.77 -7.70 16.59 
RS10_3 - 2.74326 2.74326 1.58265 27.78 -8.03 16.59 
RS10_4 - 0.7034 0.7034 0.3517 28.12 -3.18 16.59 
RS10_5 - 0.56272 0.56272 0.3517 28.12 2.18 16.59 
RS10_6 - 1.4068 1.4068 0.3517 31.13 -8.03 16.59 
RS10_7 - 0.24619 0.24619 - 31.13 -3.18 16.59 
RS10_8 - 0.56272 0.56272 0.3517 31.13 2.18 16.59 
RS10_9 - 0.14068 0.14068 0.3517 32.14 -0.50 16.59 
RS10_10 - 1.33646 1.33646 0.3517 34.48 -3.85 16.59 
RS10_11 - 0.91442 0.91442 0.3517 34.48 2.68 16.59 
RS10_12 - 8.37046 8.37046 - -4.35 4.02 5.80 
RS11 - 0.9323567 0.9323567 0.2289567 18.41 4.85 14.05 
RS15 - 3.8518184 3.8518184 0.6865184 18.41 1.85 14.05 
RS15_1 - 1.33646 1.33646 - 13.72 1.85 14.05 
RS15_2 - 4.1152417 4.1152417 0.4575617 12.72 0.00 8.51 
RS16 - 59.4745802 59.4745802 2.2881602 50.55 6.86 8.51 
RS25 - 8.12427 8.12427 0.87925 44.52 5.69 8.51 
RS25_1 - 1.37163 1.37163 - 50.55 -4.69 8.51 
RS2527 - 9.00352 9.00352 - 39.84 -2.51 8.51 
RS27 - 5.13482 5.13482 0.52755 38.16 -4.52 8.51 
RS27_1 - 0.56272 0.56272 0.17585 48.54 -4.85 8.51 
RS27_2 - 1.30129 1.30129 0.3517 43.18 0.84 8.51 
RS27_3 - 1.01993 1.01993 0.3517 39.84 0.00 8.51 
RS27_4 - 2.32122 2.32122 1.4068 7.70 -3.68 8.51 
RS29 - 13.4073972 13.4073972 5.9493572 18.41 0.00 8.51 
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RS29_1 - 8.0891 8.0891 0.3517 18.41 -9.54 8.51 
RS29_2 - 13.68113 13.68113 - 3.01 1.51 8.51 
RS31 - 8.37046 8.37046 - 3.01 -9.71 8.51 
RS31_1 - 22.7222819 22.7222819 20.8231019 3.01 -4.69 8.51 
RS31_2 - 13.57562 13.57562 - -77.33 0.00 5.80 
RS34 - 4.7669418 4.7669418 1.6016418 -9.71 -7.87 8.51 
RS35 - 8.19461 8.19461 1.23095 -9.71 -4.85 8.51 
RS35_1 - 0.66823 0.66823 - -8.37 -9.88 8.51 
RS35_2 - 4.4141867 4.4141867 0.2289567 -23.77 -7.70 8.51 
RS38 - 10.09379 10.09379 0.17585 -33.81 1.67 14.05 
RS38_1 - 1.16061 1.16061 0.52755 -28.45 -2.01 14.05 
RS38_2 - 1.82884 1.82884 - -30.46 -2.01 14.05 
RS38_3 - 3.23564 3.23564 - -28.79 -2.01 14.05 
RS38_4 - 1.0551 1.0551 - -3.01 2.18 5.80 
RS3973 - 0.01 0.01 0.01 -36.49 7.87 5.80 
RS39 - 2.42673 2.42673 0.3517 -39.17 1.34 3.29 
RS40 - 2.0409151 2.0409151 0.9154751 50.55 -4.35 5.80 
RS44 - 20.67996 20.67996 10.1993 -23.77 7.03 5.80 
RS45 - 6.5247384 6.5247384 0.6865184 15.40 8.37 5.80 
RS45_1 - 0.87925 0.87925 - 9.71 6.19 5.80 
RS45_2 - 8.6880451 8.6880451 0.9154751 -23.77 2.01 5.80 
RS48 - 17.47949 17.47949 12.3095 -23.77 -2.85 5.80 
RS48_1 - 8.4408 8.4408 0.87925 -30.13 1.67 14.05 
RS49 - 7.20985 7.20985 0.3517 -23.77 4.18 14.05 
RS49_1 - 1.68816 1.68816 0.17585 -23.77 -7.70 8.51 
RS49_2 - 10.3093821 10.3093821 4.5766721 -26.78 1.67 14.05 
RS49_3 - 1.23095 1.23095 - -28.45 1.67 14.05 
RS49_4 - 0.80891 0.80891 - -39.50 -7.87 5.80 
RS50 - 8.26495 8.26495 2.1102 -36.49 -4.35 5.80 
RS50_1 - 4.64244 4.64244 1.0551 -36.49 -5.36 3.29 
RS50_2 - 2.56741 2.56741 - -55.57 -7.53 5.80 
RS52 - 5.6978917 5.6978917 0.4575617 -47.20 -8.70 5.80 
RS52_1 - 1.5478317 1.5478317 0.4575617 -50.88 -6.36 5.80 
RS52_2 - 2.39156 2.39156 - -47.20 -7.53 5.80 
RS52_3 - 2.32122 2.32122 - -61.93 0.00 5.80 
RS54 - 51.2437451 51.2437451 0.9154751 -71.30 4.52 5.80 
RS56 - 1.0730367 1.0730367 0.2289567 -76.66 5.69 5.80 
RS56_1 - 1.65299 1.65299 - 44.19 3.18 3.29 
RS59 - 14.7714 14.7714 5.6272 3.01 5.36 3.29 
RS62 - 4.71278 4.71278 - 3.01 -5.36 3.29 
RS62_1 - 4.15006 4.15006 1.23095 -27.11 5.36 3.29 
RS64 - 5.80305 5.80305 2.4619 -23.77 -5.36 3.29 
RS65 - 8.19461 8.19461 3.1653 -40.50 1.67 3.29 
RS68 - 5.87339 5.87339 2.1102 -43.18 7.53 5.80 
RS73 - 2.42673 2.42673 0.52755 -50.88 0.00 8.51 
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RS76 - 3.0073867 3.0073867 0.2289567 -47.20 4.35 5.80 
RS77 - 5.16999 5.16999 - -49.54 -2.01 14.05 
RS79 - 1.79367 1.79367 0.3517 23.77 4.85 14.05 
RS1D - 2.00469 2.00469 0.3517 -49.88 0.00 8.51 
RS8D - 3.1653 3.1653 - 18.08 1.84 14.05 
RS7E - 2.5505284 2.5505284 0.6865184 -23.77 7.03 5.80 
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Appendix B: Refrigerant Characteristics  

R134a Refrigerant - Saturated  

T(°C) P(kPa) hf(kJ/kg) hg(kJ/kg) 

-40 51.2 0 225.86 
-36 62.9 5.04 228.39 
-32 76.7 10.1 230.92 
-28 92.7 15.2 233.43 
-26 101.7 17.76 234.68 
-24 111.3 20.33 235.93 
-2 121.7 22.91 237.17 
-20 132.7 25.49 238.41 
-18 144.6 28.09 239.64 
-16 157.3 30.69 240.87 
-14 170.8 33.3 242.09 
-12 185.2 35.92 243.31 
-10 200.6 38.55 244.52 
-8 216.9 41.19 245.72 
-6 234.3 43.84 246.92 
-4 252.7 46.5 248.11 
-2 272.2 49.17 249.29 
0 292.8 51.86 250.46 
2 314.6 54.55 251.62 
4 337.7 57.25 252.78 
6 362 59.97 253.92 
8 387.6 62.69 255.05 
12 443 68.19 257.29 
16 504.3 73.73 259.47 
20 571.7 79.32 261.6 
24 645.8 84.98 263.68 
26 685.4 87.83 264.7 
28 726.9 90.7 265.69 
30 770.2 93.58 266.67 
32 815.4 96.48 267.64 
34 862.6 99.4 268.58 
36 911.9 102.33 269.5 
38 963.2 105.29 270.41 
40 1016.6 108.27 271.28 
42 1072.2 111.26 272.14 
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44 1130.1 114.28 272.97 
48 1252.9 120.39 274.55 
52 1385.4 126.6 276.01 
56 1528.2 132.92 277.32 
60 1681.8 139.36 278.49 
70 2116.8 156.14 280.51 
80 2633.2 174.25 280.67 
90 3244.2 194.78 277.27 
100 3972.4 225.15 259.54 

101.6 4059.1 241.49 241.49 
Table 15: R134a Saturated table (R134a - TetraFlouroEthane Properties, 2008) 
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R134a Refrigerant �� Superheated  Vapor  

T(°C)\ P(MPa) 0.06 0.1 0.14 0.18 0.2 0.24 0.28 0.32 0.4 0.5 

-20 240.8 239.5         
-10 248.6 247.5 246.4 245.2       
0 256.5 255.6 254.6 253.6 253.1 252     
10 264.7 263.8 262.9 262 261.6 260.7 259.7 258.7 256.6  
20 272.9 272.2 271.4 270.6 270.2 269.4 268.5 267.7 265.9 263.5 
30 281.4 280.7 280 279.3 278.9 278.2 277.4 276.7 275.1 273 
40 290 289.3 288.7 288.1 287.7 287.1 286.4 285.7 284.3 282.5 
50 298.7 298.2 297.6 297 296.7 296.1 295.5 294.9 293.6 292 
60 307.7 307.1 306.6 306.1 305.8 305.2 304.7 304.1 301 301.5 
70 316.8 316.3 315.8 315.3 315 314.5 314 313.5 312.4 311.1 
80 326 325.6 325.1 324.6 324.4 323.9 323.5 323 322 320.8 
90 335.4 335 334.6 334.1 333.9 333.5 333.1 332.6 331.7 330.6 
100 345 344.6 344.2 343.8 343.6 343.2 342.8 342.4 341.6 340.5 
110       352.7 352.3 351.5 350.6 
120       362.7 362.4 361.6 360.7 
130          371 
140          381.5 
150           
160           
170           
180           

Table 16: R134a - Superheated vapor table (Ppressure 0.06MPa-0.5MPa) (R134a - TetraFlouroEthane Properties, 2008) 
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T(°C)\ P(MPa)  0.6 0.7 0.8 0.9 1 1.2 1.4 1.6 1.8 2 

-20            
-10            
0            
10            
20            
30  270.8 268.45         
40  280.6 278.58 276.5 274.2 271.7      
50  290.3 288.53 286.7 284.8 282.7 278.3     
60  300 298.43 296.8 295.1 293.4 289.6 285.5 280.7   
70  309.7 308.33 306.9 305.4 303.9 300.6 297.1 283.3 288.9 283.9 
80  319.6 318.28 317 315.6 314.3 311.4 308.3 305.1 301.5 297.6 
90  329.5 328.3 327.1 325.9 324.7 322.1 319.4 316.5 313.5 310.2 
100  339.5 338.4 337.3 336.2 335.1 332.7 330.3 327.8 325.1 322.3 
110  349.6 348.6 347.6 346.6 345.5 343.4 341.2 338.9 336.5 334.1 
120  359.8 358.91 358 357 356.1 354.1 352.1 350 347.9 345.7 
130  370.2 369.32 368.5 367.6 366.7 364.9 363 361.1 359.2 357.2 
140  380.7 379.86 379.1 378.2 377.4 375.7 374 372.3 370.5 368.6 
150    389.8 389 388.2 386.7 385.1 383.5 381.6 380.1 
160    400.6 399.9 399.2 397.7 396.2 394.7 393.2 391.6 
170       408.8 407.4 406 404.6 403.1 
180       420.1 418.8 417.4 416.1 414.8 

Table 17: R134a Superheated vapor table (pressure 0.6MPa-2.0MPa) (R134a - TetraFlouroEthane Properties, 2008) 
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R404a Refrigerant �� Saturated  

T(°C) Pf(MPa) Pg(MPa) hf(kJ/kg) hg(kJ/kg) 

-60 0.0508 0.0484 123.1 330.92 
-59 0.0537 0.0512 124.29 331.54 
-58 0.0567 0.0541 125.48 332.15 
-57 0.0598 0.0571 126.68 332.76 
-56 0.0631 0.0603 127.88 333.37 
-55 0.0665 0.0636 129.08 333.98 
-54 0.07 0.067 130.28 334.59 
-53 0.0737 0.0706 131.48 335.2 
-52 0.0775 0.0743 132.69 335.81 
-51 0.0815 0.0782 133.9 336.41 
-50 0.0857 0.0823 135.11 337.02 
-49 0.09 0.0865 136.33 337.62 
-48 0.0945 0.0909 137.55 338.23 
-47 0.0992 0.0955 138.77 338.83 
-46 0.1041 0.1002 139.99 339.43 
-45 0.1091 0.1051 141.22 340.03 
-44 0.1143 0.1102 142.45 340.63 
-43 0.1198 0.1155 143.69 341.23 
-42 0.1254 0.1211 144.92 341.83 
-41 0.1312 0.1268 146.16 342.43 
-40 0.1373 0.1327 147.41 343.02 
-39 0.1435 0.1388 148.66 343.62 
-38 0.15 0.1451 149.91 344.21 
-37 0.1567 0.1517 151.16 344.8 
-36 0.1636 0.1585 152.42 345.39 
-35 0.1708 0.1656 153.69 345.98 
-34 0.1782 0.1728 154.95 346.56 
-33 0.1858 0.1803 156.22 347.15 
-32 0.1937 0.1881 157.5 347.73 
-31 0.2019 0.1961 158.77 348.31 
-30 0.2103 0.2044 160.06 348.89 
-29 0.219 0.213 161.34 349.47 
-28 0.228 0.2218 162.63 350.05 
-27 0.2372 0.2309 163.92 350.62 
-26 0.2468 0.2403 165.22 351.2 
-25 0.2566 0.25 166.51 351.77 
-24 0.2667 0.2599 167.82 352.33 
-23 0.2771 0.2702 169.12 352.9 
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-22 0.2879 0.2808 170.43 353.47 
-21 0.2989 0.2917 171.74 354.03 
-20 0.3103 0.3029 173.06 354.59 
-19 0.322 0.3145 174.38 355.15 
-18 0.334 0.3263 175.7 355.7 
-17 0.3464 0.3386 177.03 356.25 
-16 0.3591 0.3511 178.36 356.8 
-15 0.3721 0.364 179.69 357.35 
-14 0.3856 0.3773 181.03 357.9 
-13 0.3994 0.3909 182.37 358.44 
-12 0.4135 0.4049 183.71 358.98 
-11 0.428 0.4193 185.06 359.52 
-10 0.443 0.4341 186.41 360.05 
-9 0.4583 0.4492 187.76 360.58 
-8 0.474 0.4647 189.12 361.11 
-7 0.4901 0.4807 190.48 361.64 
-6 0.5066 0.497 191.84 362.16 
-5 0.5235 0.5138 193.21 362.68 
-4 0.5409 0.531 194.58 363.19 
-3 0.5586 0.5486 195.95 363.7 
-2 0.5768 0.5667 197.32 364.21 
-1 0.5955 0.5852 198.7 364.72 
0 0.6146 0.6041 200 365.22 
1 0.6342 0.6235 201.47 365.71 
2 0.6542 0.6434 202.86 366.21 
3 0.6747 0.6637 204.25 366.7 
4 0.6957 0.6846 205.65 367.18 
5 0.7171 0.7059 207.05 367.66 
6 0.7391 0.7277 208.46 368.14 
7 0.7615 0.75 209.86 368.61 
8 0.7845 0.7728 211.28 369.08 
9 0.808 0.7961 212.69 369.54 
10 0.832 0.8199 214.11 370 
11 0.8565 0.8443 215.54 370.45 
12 0.8815 0.8692 216.97 370.9 
13 0.9071 0.8946 218.4 371.34 
14 0.9333 0.9206 219.84 371.78 
15 0.96 0.9472 221.28 372.21 
16 0.9873 0.9743 222.73 372.63 
17 1.015 1.002 224.19 373.05 
18 1.044 1.03 225.65 373.46 
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19 1.073 1.059 227.11 373.87 
20 1.102 1.089 228.59 374.27 
21 1.132 1.119 230.06 374.66 
22 1.163 1.15 231.55 375.05 
23 1.195 1.181 233.04 375.42 
24 1.227 1.213 234.54 375.79 
25 1.26 1.245 236.05 376.15 
26 1.293 1.279 237.56 376.51 
27 1.327 1.313 239.08 376.85 
28 1.362 1.347 240.62 377.19 
29 1.397 1.383 242.16 377.51 
30 1.433 1.419 243.7 377.83 
31 1.47 1.455 245.26 378.14 
32 1.507 1.493 246.83 378.43 
33 1.546 1.531 248.41 378.72 
34 1.584 1.569 250 378.99 
35 1.624 1.609 251.6 379.25 
36 1.664 1.649 253.22 379.5 
37 1.706 1.69 254.85 379.74 
38 1.747 1.732 256.48 379.96 
39 1.79 1.775 258.14 380.17 
40 1.834 1.818 259.81 380.37 
41 1.878 1.862 261.49 380.54 
42 1.923 1.907 263.18 380.71 
43 1.969 1.953 264.9 380.85 
44 2.015 2 266.63 380.98 
45 2.063 2.047 268.37 381.08 
46 2.111 2.096 270.14 381.17 
47 2.16 2.145 271.92 381.23 
48 2.211 2.195 273.73 381.27 
49 2.262 2.246 275.55 381.29 
50 2.313 2.298 277.39 381.28 
51 2.366 2.351 279.26 381.24 
52 2.42 2.404 281.15 381.17 
53 2.475 2.459 283.06 381.07 
54 2.53 2.515 285 380.93 
55 2.587 2.572 286.96 380.76 
56 2.645 2.63 288.95 380.54 
57 2.703 2.688 290.97 380.27 
58 2.763 2.748 293.01 379.95 
59 2.824 2.809 295.08 379.58 
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60 2.886 2.971 297.19 379.14 
61 2.949 2.934 299.32 378.62 
62 3.013 2.999 301.49 378.02 
63 3.078 3.064 303.69 377.32 
64 3.144 3.131 305.92 376.5 
65 3.212 3.199 308.19 375.53 
66 3.281 3.269 310.5 374.38 
67 3.352 3.34 312.85 372.99 
68 3.423 3.412 315.23 371.26 

Table 18: R404a Saturated table (Solvay Fluor) 
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R404a Refrigerant �� Superheated Vapor  

T(°C)\ P(MPa) 0.082 0.091 0.100 0.110 0.121 0.133 0.145 0.159 0.173 0.188 0.204 

-50 337.02           

-45 340.82 340.52 340.20         

-40 344.65 344.38 344.08 343.76 343.41 343.02      

-35 348.52 348.27 347.99 347.69 347.36 347.00 346.62 346.20    

-30 352.43 352.19 351.93 351.65 351.34 351.01 350.65 350.26 349.84 349.39 348.89 

-25 356.37 356.15 355.90 355.64 355.35 355.05 354.71 354.35 353.96 353.53 353.07 

-20 360.35 360.14 359.92 359.67 359.40 359.11 358.80 358.46 358.09 357.70 357.27 

-15 364.37 364.18 363.96 363.73 363.48 363.21 362.91 362.60 362.25 361.88 361.49 

-10 368.44 368.25 368.05 367.83 367.59 367.34 367.06 366.76 366.44 366.10 365.72 

-5 372.54 372.36 372.17 371.97 371.74 371.50 371.24 370.96 370.66 370.34 369.99 

0 376.68 376.52 376.34 376.14 375.93 375.70 375.46 375.20 374.91 374.61 374.28 

5 380.86 380.71 380.54 380.35 380.16 379.94 379.71 379.46 379.19 378.91 378.60 

10 385.09 384.94 384.78 384.61 384.42 384.22 384.00 383.76 383.51 383.24 382.94 

15 389.36 389.22 389.06 388.90 388.72 388.53 388.32 388.10 387.86 387.60 387.32 

20 393.66 393.53 393.39 393.23 393.06 392.88 392.68 392.47 392.24 392.00 391.74 

25 398.01 397.89 397.75 397.60 397.44 397.27 397.08 396.88 396.66 396.43 396.18 

30 402.41 402.29 402.15 402.01 401.86 401.70 401.52 401.33 401.12 400.90 400.66 

35 406.84 406.73 406.60 406.47 406.32 406.16 405.99 405.81 405.62 405.41 405.18 

40    410.96 410.82 410.67 410.51 410.33 410.15 409.95 409.73 

45      415.21 415.06 414.89 414.72 414.53 414.32 

50         419.32 419.14 418.95 

55           423.61 

60            

65            

70            

75            

Table 19: R404 Superheated vapor table (pressure 0.082MPa-0.204MPa) (Solvay Fluor) 
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T(°C)\ P(MPa) 0.222 0.240 0.260 0.281 0.303 0.326 0.351 0.377 0.405 0.434 0.465 

-50                       

-45                       

-40                       

-35                       

-30 352.58 352.05                   

-25 356.81 356.32 355.78 355.21 354.59             

-20 361.06 360.60 360.10 359.57 358.99 358.37 357.70         

-15 365.32 364.89 364.43 363.93 363.40 362.82 362.20 361.54 360.82 360.05   

-10 369.61 369.21 368.77 368.31 367.81 367.27 366.70 366.08 365.42 364.70 363.94 

-5 373.92 373.54 373.14 372.70 372.23 371.73 371.20 370.62 370.00 369.34 368.63 

0 378.26 377.91 377.52 377.11 376.68 376.21 375.70 375.16 374.59 373.97 373.31 

5 382.63 382.29 381.93 381.55 381.14 380.39 380.22 379.72 379.18 378.60 377.99 

10 387.03 386.71 386.37 386.01 385.62 385.20 384.76 384.28 383.78 383.24 382.66 

15 391.46 391.16 390.83 390.49 390.12 389.73 389.31 388.87 388.39 387.88 387.34 

20 395.92 395.63 395.33 395.00 394.65 394.28 393.89 393.47 393.02 392.54 392.03 

25 400.41 400.14 399.85 399.54 399.21 398.86 398.49 398.09 397.66 397.21 396.73 

30 404.94 404.68 404.41 404.11 403.80 403.47 403.11 402.73 402.33 401.90 401.45 

35 409.50 409.26 409.00 408.72 408.42 408.10 407.76 407.41 407.02 406.62 406.19 

40 414.10 413.87 413.62 413.35 413.07 412.77 412.45 412.10 411.74 411.35 410.94 

45 418.74 418.51 418.27 418.02 417.75 417.46 417.16 416.83 416.48 416.12 415.73 

50 423.41 423.19 422.97 422.72 422.46 422.19 421.90 421.58 421.25 420.90 420.53 

55     427.69 427.46 427.21 426.95 426.67 426.37 426.05 425.72 425.36 

60         431.99 431.74 431.47 431.19 430.88 430.56 430.22 

65               436.03 435.74 435.44 435.11 

70                   440.34 440.03 

75            

Table 20: R404 Superheated vapor table (pressure 0.222MPa-0.465MPa) (Solvay Fluor) 
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T(°C)\ P(MPa) 0.497 0.531 0.567 0.604 0.643 0.685 0.728 0.773 0.820 0.869 0.921 

-5 363.11           

0 367.87 367.05 366.17 365.22        

5 372.60 371.85 371.03 370.16 369.22 368.20      

10 377.33 376.62 375.87 375.06 374.19 373.26 372.25 371.17 370.00   

15 382.04 381.39 380.68 379.93 379.13 378.26 377.34 376.35 375.28 374.12 372.87 

20 386.76 386.15 385.49 384.79 384.04 383.24 382.38 381.46 380.48 379.42 378.28 

25 391.48 390.91 390.29 389.63 388.93 388.19 387.39 386.54 385.63 384.65 383.61 

30 396.22 395.67 395.09 394.48 393.82 393.12 392.38 391.58 390.74 389.83 388.87 

35 400.96 400.45 399.90 399.32 398.71 398.05 397.35 396.61 395.82 394.98 394.08 

40 405.73 405.24 404.72 404.18 403.59 402.98 402.32 401.62 400.88 400.09 399.26 

45 410.51 410.05 409.56 409.04 408.49 407.91 407.29 406.63 405.93 405.19 404.41 

50 415.31 414.87 414.41 413.92 413.40 412.84 412.26 411.64 410.98 410.28 409.55 

55 420.14 419.72 419.28 418.81 418.32 417.79 417.24 416.65 416.03 415.37 414.67 

60 424.99 424.59 424.17 423.72 423.25 422.75 422.23 421.67 421.08 420.46 419.80 

65 429.87 429.49 429.08 428.66 428.21 427.73 427.23 426.70 426.14 425.55 424.93 

70 434.77 434.41 434.02 433.62 433.19 432.73 432.25 431.75 431.22 430.65 430.06 

75 439.70 439.35 438.99 438.60 438.19 437.75 437.29 436.81 436.30 435.77 435.20 

80  444.33 443.98 443.60 443.21 442.79 442.36 441.89 441.41 440.90 440.36 

85    448.64 448.26 447.86 447.44 447.00 446.53 446.04 445.53 

90       452.55 452.12 451.68 451.21 450.71 

95         456.84 456.39 455.92 

100            

105            

110            

115            

120            

125            

130            

135            

140            

145            

Table 21: R404a Superheated vapor table (pressure 0.497MPa-0.921MPa) (Solvay Fluor) 
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T(°C)\ P(MPa) 0.974 1.030 1.089 1.150 1.213 1.279 1.347 1.419 1.493 1.569 1.649 

-5            

0            

5            

10            

15            

20 377.05 375.72 374.27         

25 382.48 381.27 379.96 378.54 376.99       

30 387.83 386.72 385.53 384.24 382.84 381.32 379.66 377.83    

35 393.12 392.09 391.00 389.82 388.55 387.18 385.69 384.07 382.29 380.32  

40 398.36 397.41 396.40 395.31 394.14 392.89 391.54 390.08 388.50 386.77 384.86 

45 403.57 402.69 401.74 400.73 399.66 398.51 397.27 395.94 394.51 392.96 391.27 

50 408.76 407.93 407.05 406.11 405.11 404.04 402.90 401.68 400.38 398.97 397.45 

55 413.94 413.15 412.33 411.45 410.51 409.52 408.46 407.33 406.13 404.84 403.46 

60 419.10 418.37 417.58 416.76 415.88 414.95 413.97 412.92 411.80 410.61 409.34 

65 424.27 423.57 422.83 422.05 421.23 420.36 419.43 418.45 417.41 416.30 415.12 

70 429.43 428.77 428.07 427.34 426.56 425.73 424.86 423.94 422.49 421.93 420.84 

75 434.61 433.98 433.31 432.61 431.88 431.10 430.28 429.41 428.49 427.52 426.49 

80 439.79 439.19 438.56 437.89 437.19 436.45 435.68 434.86 433.99 433.08 432.11 

85 444.98 444.41 443.81 443.18 442.51 441.81 441.07 440.29 439.47 438.61 437.69 

90 450.19 449.65 449.07 448.47 447.83 447.16 446.46 445.72 444.94 444.12 443.26 

95 455.42 454.90 454.35 453.77 453.16 452.52 451.85 451.14 450.40 449.62 448.80 

100 460.67 460.16 459.63 459.08 458.50 457.89 457.24 456.57 455.86 455.12 454.34 

105   464.94 464.41 463.85 463.26 462.65 462.00 461.33 460.62 459.87 

110      468.66 468.07 467.45 466.80 466.12 465.41 

115        472.90 472.28 471.63 470.94 

120           476.49 

125            

130            

135            

140            

145            

Table 22: R404a Superheated vapor table (pressure 0.974MPa-1.649MPa) (Solvay Fluor) 

  



Center for Ocean Engineering  
Naval Construction & Engineering Program  
Department of Mechanical Engineering  
 

 
 

        Massachusetts Institute of Technology  
         77-massachusetts Avenue, Building 5-317 
         Cambridge, Massachusetts 02139�±4307 

 
 

175 
 

T(°C)\P(MPa) 1.732 1.818 1.907 2.000 2.096 2.195 2.298 2.404 2.515 2.630 2.748 2.871 

-5             

0             

5             

10             

15             

20             

25             

30             

35             

40 382.75 380.37           

45 389.42 387.38 385.10 382.52         

50 395.80 394.00 392.03 389.84 387.38 384.57 381.28      

55 401.96 400.35 398.60 396.68 394.57 392.22 389.57 386.52 382.89    

60 407.97 406.51 404.93 403.22 401.36 399.32 397.06 394.54 391.68 388.35 384.33 379.14 

65 413.87 412.52 411.08 409.53 407.86 406.05 404.07 401.90 399.49 396.78 393.69 390.06 

70 419.67 418.43 417.10 415.68 414.16 412.52 410.75 408.83 406.73 404.42 401.85 398.95 

75 425.40 424.25 423.02 421.71 420.31 418.82 417.21 415.48 413.61 411.57 409.35 406.89 

80 431.09 430.01 248.86 427.64 426.35 424.97 423.50 421.92 420.23 418.40 416.42 414.27 

85 436.73 435.72 434.64 433.50 432.30 431.02 429.66 428.20 426.65 424.99 423.21 421.28 

90 442.35 441.39 440.38 439.31 438.18 436.98 435.71 434.37 432.94 431.41 429.78 428.03 

95 447.94 447.03 446.08 445.07 444.01 442.88 441.70 440.44 439.11 437.70 436.19 434.59 

100 453.52 452.66 451.75 450.80 449.79 448.74 447.62 446.44 445.20 443.88 442.48 441.00 

105 459.09 458.27 457.41 456.51 455.55 454.55 453.50 452.39 451.22 449.98 448.68 447.29 

110 464.66 463.88 463.06 462.19 461.29 460.34 459.34 458.29 457.19 456.02 454.80 453.50 

115 470.23 469.48 468.70 467.87 467.01 466.11 465.16 464.16 463.12 462.02 460.86 459.64 

120 475.80 475.09 474.33 473.55 472.72 471.86 470.96 470.01 469.02 467.97 466.87 465.72 

125  480.70 479.97 479.22 478.43 477.61 476.74 475.84 474.89 473.90 472.85 471.76 

130     484.14 483.35 482.52 481.66 480.75 479.80 478.81 477.77 

135       488.30 487.47 486.60 485.69 484.74 483.75 

140          491.57 490.66 489.71 

145            495.66 

Table 23: R404a Superheated vapor table (pressure 1.732MPa-2.871MPa) (Solvay Fluor) 
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Appendix C: Matlab Code 

geometry.m  

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
% Cooling System Design Tool                          %  
% Author: Ben Sanfiorenzo                             %  
% Geometry module: Reads in excel data and user input %  
% and creates the structure of the chilled water      %  
% system. Provides 2D and 3D layout of CW structure.  %  
% Last Modified: 5 - 8- 13                               %  
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
close all  
clc  
clear all  
  
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
% Step 1: Determine layout and geometry of the CW system  
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
  
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
% Conversions  
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
ft_per_m = 3.2808399;  
  
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
% Constants  
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
g_mps2 = 9.807; %m/s^2 
nu = 1.45*10^ - 6; %m^2/s -  based on temp -  assumed constant  
rho = 1000; %kg/m^3 -  based on temp -  assumed constant  
k_cw = 0.568; %W/m^2- K -  based on temp -  assumed constant  
cp = 4203; %J/kg - K -  based on temp -  assumed constant  
  
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
% Ship's data  
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
LOA = 143.561;                  %m (default)  
beam = 20.39;                   %m (default)  
eng_deck_ht_above_keel = 1.397; %m (default)  
useable_ht_eng_rm = 3.098;      %m (default)  
ship_data = 
struct( 'LOA' ,LOA, 'Beam' ,beam, 'Engineering_deck_height_above_keel' , ...  
    
eng_deck_ht_above_keel, 'Useable_height_in_engine_room' ,useable_ht_eng_rm);  
fprintf( 'Note: ALL VALUES ARE IN METRIC \ n\ n' )  
fprintf( 'The default ship data is: \ n' )  
ship_data  
%reply = 'n';  
reply = input( 'Would you like to modify it? [y/n]: ' , 's' );  
if  isempty(reply)  
    reply = 'y' ;  
end  
if  strcmp(reply, 'y' ) || strcmp(reply, 'Y' ) || strcmp(reply, 'yes' )  
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    proceed = false;  
    whil e ~proceed  
        is_error = true;  
        while  is_error  
            is_error = false;  
            LOA = input( 'LOA [m]: ' );  
            if  LOA <=0  
                is_error = true;  
                fprintf( 'Error!!! Please enter a positive number. \ n' )  
            elseif  LOA == 88888 %reset to default  
                LOA = 143.561;  
            end  
        end  
        is_error = true;  
        while  is_error  
            is_error = false;  
            beam = input( 'Beam [m]: ' );  
            if  beam < =0 || ~isnumeric(beam)  
                is_error = true;  
                fprintf( 'Error!!! Please enter a positive number. \ n' )  
            elseif  beam == 88888 %reset to default  
                beam = 20.39;  
            end  
        end  
        is_error = tr ue;  
        while  is_error  
            is_error = false;  
            eng_deck_ht_above_keel = 
input( 'Engineering_deck_height_above_keel [m]: ' );  
            if  eng_deck_ht_above_keel <=0 || 
~isnumeric(eng_deck_ht_above_keel)  
                is_error = true;  
                fprintf( 'Error!!! Please enter a positive number. \ n' )  
            elseif  eng_deck_ht_above_keel == 88888 %reset to default  
                eng_deck_ht_above_keel = 1.397;  
            end  
        end  
        is_error = true;  
        while  is_error  
            is_error = false;  
            useable_ht_eng_rm = input( 'Useable height in engine room [m]: ' );  
            if  useable_ht_eng_rm <=0 || ~isnumeric(useable_ht_eng_rm)  
                is_error = true;  
                fprintf( 'Error!!! Please enter a positive number. \ n' )  
            elseif  useable_ht_eng_rm == 88888 %reset to default  
                useable_ht_eng_rm = 3.098;  
            end  
        end  
        fprintf( ' \ nThe new ship data is: \ n' )  
        ship_data = 
struct( 'LOA' ,LOA, 'Beam' ,beam, 'Engine_deck_height_above_keel' , ...  
        
eng_deck_ht_above_keel, 'Useable_height_in_engine_room' ,useable_ht_eng_rm)  
        satisfactory = input( 'Satisfactory? [y/n]: ' , 's' );  



Center for Ocean Engineering  
Naval Construction & Engineering Program  
Department of Mechanical Engineering  
 

 
 

        Massachusetts Institute of Technology  
         77-massachusetts Avenue, Building 5-317 
         Cambridge, Massachusetts 02139�±4307 

 
 

178 
 

        if  strcmp(satisfactor y, 'y' ) || strcmp(satisfactory, 'Y' ) || 
strcmp(satisfactory, 'yes' )  
            proceed = true;  
        else  
            proceed = false;  
        end  
    end  
end  
  
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
% Transverse bulkhead locations  
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%The length, beam, transverse bulkhead locations would be known at this  
%point. To create the CSDT independently, the code is written which asks  
%for this information, but when working in conjunction with Damien's code,  
%this will not be necessary  
bulkhead _loc = [100 90 82.5 67.5 52.5 37.5 20 5 - 10 - 27.5 - 43.5 - 50 - 80 -
100]*LOA/200; %(default)  
fprintf( ' \ nNote: Along the longitudinal axis, midships is defined as 0, the 
forward \ n' )  
fprintf( 'perpendicular is defined as LOA/2 and the aft perpendicular is 
defined as - LOA/2. \ n' )  
fprintf( 'The bulkhead_loc array also includes the FP in the first cell array 
and the AP \ n' )  
fprintf( 'in the last cell array. \ n\ n' )  
fprintf( 'The default transverse bulkhead locations are: \ n' )  
bulkhead_loc  
%reply = 'n';  
reply = input( 'Would you like to change it? [y/n]: ' , 's' );  
if  isempty(reply)  
    reply = 'y' ;  
end  
if  strcmp(reply, 'y' ) || strcmp(reply, 'Y' ) || strcmp(reply, 'yes' )  
    proceed = false;  
    while  ~proceed  
        is_error = true;  
        while  is_error == true  
            is_error = false;  
            fprintf( 'Please enter the bulkhead locations from the bow to the 
stern. \ n' )  
            fprintf( 'Example: [75 60 40 20 5 - 5 - 15 - 35 - 50 - 65 - 75] \ n' )  
            bulkhead_loc = input( 'Transverse bulkhead locations [ m]: ' );  
            if  length(bulkhead_loc)<2  
                fprintf( 'Error!!! Not enough bulkhead_locations. \ n' )  
            elseif  bulkhead_loc == 88888 %reset to default  
                bulkhead_loc = [100 90 82.5 67.5 52.5 37.5 20 5 - 10 - 27.5 -
43.5 - 50 - 80 - 100]*LOA/200;  
            else  
                flag = false;  
                for  i=2:length(bulkhead_loc)  
                    if  bulkhead_loc(i)>bulkhead_loc(i - 1)  
                        flag = true;  
                    end  
                end  
                if  flag == true  
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                    is_error = true;  
                    fprintf( 'Error!!! Bulkhead locations not entered from bow 
to stern. \ n' )  
                end  
                if  abs(bulkhead_loc(1) -  LOA/2)>0.01*LOA || 
abs(bulkhead_lo c(length(bulkhead_loc)) + LOA/2)>0.01*LOA  
                    %is_error = true;  
                    fprintf( 'Error!!! Bulkhead locations do not span the 
length of the ship. \ n' )  
                end  
            end  
            bulkhead_loc(1) = LOA/2;  
            bulkhead_loc(length(bulkhead_loc)) = - LOA/2;  
        end  
        fprintf( 'The modified transverse bulkhead locations are: \ n' )  
        bulkhead_loc  
        satisfactory = input( 'Satisfactory? [y/n]: ' , 's' );  
        if  strcmp(satisfactory, 'y' ) || strc mp(satisfactory, 'Y' ) || 
strcmp(satisfactory, 'yes' )  
            proceed = true;  
        else  
            proceed = false;  
        end  
    end  
end  
  
%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
% Design CW system  
%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
fprintf( ' \ nTo properly size and locate the piping and chiller units, the heat 
load locations, \ n' )  
fprintf( 'magnitude and priority (vital/non - vital) is necessary. The required 
data can be \ n' )  
fprintf( 'inputted into the excel spreadsheet CSDT_inputs.xlsx. If the 
required data has not \ n' )  
fprintf( 'been entered, please enter data now before proceeding through the 
CSDT program. \ n' )  
     
%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
% Input File  
%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
filename = 'CSDT_input.xlsx' ;  
  
%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
% Read Load Data  
%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
[num, txt] = xlsread(filename, 'LoadData' );  
Num_Loads = num(1);  
Condition_Labels = txt(11,4:7);  
Load_Name = txt(13:12+Num_Loads,1);  
Priority = num(6:5+Num_Loads,1); % vital loads priority 1 - 2; non - vital all 
else  
Load_Value_kW =  num(6:5+Num_Loads,3:6);  
Load_Value_kW(isnan(Load_Value_kW)) = 0;  
Load_Loc_m = num(6:5+Num_Loads,7:9);  
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Hxchgr_Type = txt(13:12+Num_Loads,11);  
size_num = size(num);  
if  size_num(2) > 9  
    Hxchgr_Num = num(6:5+Num_Loads,11);  
else  
    Hxchgr_Num = nan*ones(1, Num_Loads);  
end  
clear num txt  
  
%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
% Read Hxchgr DB  
%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
[num,txt] = xlsread(filename, 'HXCHGR DB' );  
Num_CC_Types = num(1,1);  
Num_50_Series_Types = num(2,1);  
Num_60_Series_Types = num(3,1);  
Num_Unit_Cooler_Types = num(4,1);  
Num_Other_CC_Types = num(5,1);  
Num_FP_Types = num(6,1);  
Num_ST_Types = num(7,1);  
Num_CP_Types = num(8,1);  
Num_Other_Hxchgr_Types = num(9,1);  
Num_Hxchgr_Types = num(10,1);  
  
if  Num_CC_Types > 0  
    CC_Capacity_kW = num(16:15+Num_CC_Types,4);  
    CC_hl_m = num(16:15+Num_CC_Types,5);  
    CC_Area_Pri_cm2 = num(16:15+Num_CC_Types,10);  
    CC_U = num(16:15+Num_CC_Types,12);  
    CC_Tube_k = num(16:15+Num_CC_Types,13);  
    CC_Tube_Diam_cm = num(16:15+Nu m_CC_Types,14);  
    CC_Tube_Thick_cm = num(16:15+Num_CC_Types,15);  
    CC_Area_Sec_cm2 = num(16:15+Num_CC_Types,16);  
    CC_Fluid_hc = num(16:15+Num_CC_Types,17);  
    CC_Fluid_Temp_In_C = num(16:15+Num_CC_Types,18);  
    CC_Fluid_Mfr_kgps = num(16:15+Num_CC_Types,21);  
    CC_Dim_m = [num(16:15+Num_CC_Types,22) num(16:15+Num_CC_Types,23) 
num(16:15+Num_CC_Types,24)];  
    CC_Weight_Dry_kg = num(16:15+Num_CC_Types,25);  
    CC_Weight_Wet_kg = num(16:15+Num_CC_Types,26);  
end  
  
if  Num_FP_Types > 0  
    FP_Capacity_kW = num(16:15+Num_FP_Types,33);  
    FP_hl_m = num(16:15+Num_FP_Types,34);  
    FP_Area_cm2 = num(16:15+Num_FP_Types,39);  
    FP_U = num(16:15+Num_FP_Types,41);  
    FP_Plate_k = num(16:15+Num_FP_Types,42);  
    FP_Plate _Thick_cm = num(16:15+Num_FP_Types,43);  
    FP_Num_Gaps = num(16:15+Num_FP_Types,44);  
    FP_Area_Sec_cm2 = num(16:15+Num_FP_Types,45);  
    FP_Fluid_Type = txt(17:16+Num_FP_Types,48);  
    FP_Fluid_cp = num(16:15+Num_FP_Types,47);  
    FP_Fluid_hc = num(16:1 5+Num_CC_Types,48);  
    FP_Fluid_Temp_In_C = num(16:15+Num_FP_Types,49);  
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    FP_Fluid_Mfr_kgps = num(16:15+Num_FP_Types,52);  
    FP_Dim_m = [num(16:15+Num_FP_Types,53) num(16:15+Num_FP_Types,54) 
num(16:15+Num_FP_Types,55)];  
    FP_Weight_Dry_kg = num(16:15+Num_FP_Types,56);  
    FP_Weight_Wet_kg = num(16:15+Num_FP_Types,57);  
end  
  
if  Num_ST_Types > 0  
    ST_Capacity_kW = num(16:15+Num_ST_Types,64);  
    ST_hl_m = num(16:15+Num_ST_Types,65);  
    ST_Area_cm2 = num(16:15+Num_ST_Types,70);  
    ST_U = num(16:15+Num_ST_Types,72);  
    ST_Tube_k = num(16:15+Num_ST_Types,73);  
    ST_Tube_Diam_cm = num(16:15+Num_ST_Types,74);  
    ST_Tube_Thick_cm = num(16:15+Num_ST_Types,75);  
    ST_Area_Sec_cm2 = num( 16:15+Num_ST_Types,76);  
    ST_Fluid_Type = txt(17:16+Num_ST_Types,79);  
    ST_Fluid_hc = num(16:15+Num_CC_Types,78);  
    ST_Fluid_cp = num(16:15+Num_ST_Types,79);  
    ST_Fluid_Temp_In_C = num(16:15+Num_ST_Types,80);  
    ST_Fluid_Mfr_kgps = num(16:15+Num_S T_Types,83);  
    ST_Dim_m = [num(16:15+Num_ST_Types,84) num(16:15+Num_ST_Types,85) 
num(16:15+Num_ST_Types,86)];  
    ST_Weight_Dry_kg = num(16:15+Num_ST_Types,87);  
    ST_Weight_Wet_kg = num(16:15+Num_ST_Types,88);  
end  
  
if  Num_CP_Types > 0  
    CP_Capacity_ kW = num(16:15+Num_CP_Types,95);  
    CP_hl_m = num(16:15+Num_CP_Types,96);  
    CP_Area_cm2 = num(16:15+Num_CP_Types,101);  
    CP_U = num(16:15+Num_CP_Types,103);  
    CP_Tube_k = num(16:15+Num_CP_Types,104);  
    CP_Tube_Diam_cm = num(16:15+Num_CP_Types,105) ;  
    CP_Tube_Thick_cm = num(16:15+Num_CP_Types,106);  
    CP_Plate_k = num(16:15+Num_CP_Types,107);  
    CP_Plate_Thick_cm = num(16:15+Num_CP_Types,108);  
    CP_Dim_m = [num(16:15+Num_CP_Types,109) num(16:15+Num_CP_Types,110) 
num(16:15+Num_CP_Types,111)];  
    CP_Weight_Dry_kg = num(16:15+Num_CP_Types,112);  
    CP_Weight_Wet_kg = num(16:15+Num_CP_Types,113);  
end  
  
if  Num_Other_Hxchgr_Types > 0  
    O_Capacity_kW = num(16:15+Num_Other_Hxchgr_Types,120);  
    O_hl_m = num(16:15+Num_Other_Hxchgr_Types,121);  
    O_Area_cm2 = num(16:15+Num_Other_Hxchgr_Types,126);  
    O_U = num(16:15+Num_Other_Hxchgr_Types,128);  
    O_Tube_k = num(16:15+Num_Other_Hxchgr_Types,129);  
    O_Tube_Diam_cm = num(16:15+Num_Other_Hxchgr_Types,130);  
    O_Tube_Thick_cm = num(16:15+Num_O ther_Hxchgr_Types,131);  
    O_Area_Sec_cm2 = num(16:15+Num_Other_Hxchgr_Types,132);  
    O_Fluid_Type = txt(17:16+Num_Other_Hxchgr_Types,135);  
    O_Fluid_hc = num(16:15+Num_CC_Types,134);  
    O_Fluid_cp = num(16:15+Num_Other_Hxchgr_Types,135);  
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    O_Fluid_ Temp_In_C = num(16:15+Num_Other_Hxchgr_Types,136);  
    O_Fluid_Mfr_kgps = num(16:15+Num_Other_Hxchgr_Types,139);  
    O_Dim_m = [num(16:15+Num_Other_Hxchgr_Types,140) 
num(16:15+Num_Other_Hxchgr_Types,141) num(16:15+Num_Other_Hxchgr_Types,142)];  
    O_Weight _Dry_kg = num(16:15+Num_Other_Hxchgr_Types,143);  
    O_Weight_Wet_kg = num(16:15+Num_Other_Hxchgr_Types,144);  
end  
clear num txt  
  
%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
% Chiller DB  
%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
[num,txt] = xlsread(filename, 'Chiller DB' );  
Num_C_Chiller_Types = num(1,1); %centrifugal  
Num_R_Chiller_Types = num(2,1); %reciprocating  
Num_S_Chiller_Types = num(3,1); %screw 
Num_O_Chiller_Types = num(4,1); %other  
Num_Chiller_Types = num(5,1);  
  
if  Num_C_Chiller_Types > 0  
    C_Chiller_Capacity_kW = num(11:10+Num_C_Chiller_Types,4);  
    C_Chiller_Weight_kg = num(11:10+Num_C_Chiller_Types,5);  
    C_Chiller_Dim_m = [num(11:10+Num_C_Chiller_Types,6) 
num(11:10+Num_C_Chiller_Types,7) num(11:10+Num_C_Chiller_Types,8)];  
    C_Chil ler_Type = txt(13:12+Num_C_Chiller_Types,11);  
    C_Chiller_P_MPa = [num(11:10+Num_C_Chiller_Types,10) 
num(11:10+Num_C_Chiller_Types,12) num(11:10+Num_C_Chiller_Types,14)];  
    C_Chiller_T_C = [num(11:10+Num_C_Chiller_Types,11) 
num(11:10+Num_C_Chiller_Type s,13) num(11:10+Num_C_Chiller_Types,15)];  
    C_Chiller_Out_Temp_C = num(11:10+Num_C_Chiller_Types,16);  
end  
  
if  Num_R_Chiller_Types > 0  
    R_Chiller_Capacity_kW = num(11:10+Num_R_Chiller_Types,23);  
    R_Chiller_Weight_kg = num(11:10+Num_R_Chiller_Types, 24);  
    R_Chiller_Dim_m = [num(11:10+Num_R_Chiller_Types,25) 
num(11:10+Num_R_Chiller_Types,26) num(11:10+Num_R_Chiller_Types,27)];  
    R_Chiller_Type = txt(13:12+Num_R_Chiller_Types,30);  
    R_Chiller_P_MPa = [num(11:10+Num_R_Chiller_Types,29) 
num(11:10+N um_R_Chiller_Types,31) num(11:10+Num_R_Chiller_Types,33)];  
    R_Chiller_T_C = [num(11:10+Num_R_Chiller_Types,30) 
num(11:10+Num_R_Chiller_Types,32) num(11:10+Num_R_Chiller_Types,34)];  
    R_Chiller_Out_Temp_C = num(11:10+Num_R_Chiller_Types,35);  
end  
  
if  Num_S_Chiller_Types > 0  
    S_Chiller_Capacity_kW = num(11:10+Num_S_Chiller_Types,42);  
    S_Chiller_Weight_kg = num(11:10+Num_S_Chiller_Types,43);  
    S_Chiller_Dim_m = [num(11:10+Num_S_Chiller_Types,44) 
num(11:10+Num_S_Chiller_Types,45) num(11:10+Num_S_Chiller_Types,46)];  
    S_Chiller_Type = txt(13:12+Num_S_Chiller_Types,49);  
    S_Chiller_P_MPa = [num(11:10+Num_S_Chiller_Types,48) 
num(11:10+Num_S_ Chiller_Types,50) num(11:10+Num_S_Chiller_Types,52)];  
    S_Chiller_T_C = [num(11:10+Num_S_Chiller_Types,49) 
num(11:10+Num_S_Chiller_Types,51) num(11:10+Num_S_Chiller_Types,53)];  
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    S_Chiller_Out_Temp_C = num(11:10+Num_S_Chiller_Types,54);  
end  
  
if  Num_O_Chiller_Types > 0  
    O_Chiller_Capacity_kW = num(11:10+Num_O_Chiller_Types,61);  
    O_Chiller_Weight_kg = num(11:10+Num_O_Chiller_Types,62);  
    O_Chiller_Dim_m = [num(11:10+Num_O_Chiller_Types,63) 
num(11:10+Num_O_Chiller_Types,64) num(11:10+Num_O_ Chiller_Types,65)];  
    O_Chiller_Type = txt(13:12+Num_O_Chiller_Types,68);  
    O_Chiller_P_MPa = [num(11:10+Num_O_Chiller_Types,67) 
num(11:10+Num_O_Chiller_Types,69) num(11:10+Num_O_Chiller_Types,71)];  
    O_Chiller_T_C = [num(11:10+Num_O_Chiller_Types,68 ) 
num(11:10+Num_O_Chiller_Types,70) num(11:10+Num_O_Chiller_Types,72)];  
    O_Chiller_Out_Temp_C = num(11:10+Num_O_Chiller_Types,73);  
end  
clear num txt  
  
%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
% R134a Superheated Vapor DB  
%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
num = xlsread (filename, 'R134a - superheated vapor' );  
R134a_SHV_T_C = num(2:22); %SHV temps 
R134a_SHV_P_MPa = [num(1,2) num(1,3) num(1,4) num(1,5) num(1,6) num(1,7) 
num(1,8) num(1,9) num(1,10) ...  
    num(1,11) num(1,12) num(1,13) num(1,14) num(1,15) num(1,16) num(1,17) 
num(1,18) num(1,19) num(1,20) num(1,21)]; %SHV pressures  
R134a_SHV_h = [num(2:22,2) num(2:22,3) num(2:22,4) num(2:22,5) num(2:22,6) 
num(2:22,7) num(2:22,8) num(2:22,9) num(2:22,10) ...  
    num(2:22,11) num(2:22,12) num(2:22,13) num(2:22,14) num(2:22,15) 
num(2 :22,16) num(2:22,17) num(2:22,18) num(2:22,19) num(2:22,20) 
num(2:22,21)]; %SHV enthalpies  
  
%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
% R134a Saturated DB  
%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
num = xlsread(filename, 'R134a - saturated' );  
R134a_Sat_T_C = num(1:45); %Saturated temps  
R134a_Sat_P_MPa = num(46:90); %Saturated pressures  
R134a_Sat_hf = num(91:135); %Saturated enthalpies - fluid  
R134a_Sat_hg = num(136:180); %Saturated enthalpies - gas  
  
%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
% R404a Superheated Vapor DB  
%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
num = xlsread(filename, 'R404a - superheated vapor' );  
R404a_SHV_T_C = num(3:42); %SHV temps 
R404a_SHV_P_MPa = [num(2,2) num(2,3) num(2,4) num(2,5) num(2,6) num(2,7) 
num(2,8) num(2,9) num(2,10) ...  
    num(2,11) num(2,12) num(2,13) num(2,14) num(2,15) num(2, 16) num(2,17) 
num(2,18) num(2,19) num(2,20) ...  
    num(2,21) num(2,22) num(2,23) num(2,24) num(2,25) num(2,26) num(2,27) 
num(2,28) num(2,29) num(2,30) ...  
    num(2,31) num(2,32) num(2,33) num(2,34) num(2,35) num(2,36) num(2,37) 
num(2,38) num(2,39) num(2,40 ) ...  
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    num(2,41) num(2,42) num(2,43) num(2,44) num(2,45) num(2,46) num(2,47) 
num(2,48) num(2,49) num(2,50) ...  
    num(2,51) num(2,52) num(2,53) num(2,54) num(2,55) num(2,56) num(2,57)]; 
%SHV pressures  
R404a_SHV_h = [num(3:42,2) num(3:42,3) num(3:42,4) nu m(3:42,5) num(3:42,6) 
num(3:42,7) num(3:42,8) num(3:42,9) num(3:42,10) ...  
    num(3:42,11) num(3:42,12) num(3:42,13) num(3:42,14) num(3:42,15) 
num(3:42,16) num(3:42,17) num(3:42,18) num(3:42,19) num(3:42,20) ...  
    num(3:42,21) num(3:42,22) num(3:42,23) nu m(3:42,24) num(3:42,25) 
num(3:42,26) num(3:42,27) num(3:42,28) num(3:42,29) num(3:42,30) ...  
    num(3:42,31) num(3:42,32) num(3:42,33) num(3:42,34) num(3:42,35) 
num(3:42,36) num(3:42,37) num(3:42,38) num(3:42,39) num(3:42,40) ...  
    num(3:42,41) num(3:42,42) num(3:42,43) num(3:42,44) num(3:42,45) 
num(3:42,46) num(3:42,47) num(3:42,48) num(3:42,49) num(3:42,50) ...  
    num(3:42,51) num(3:42,52) num(3:42,53) num(3:42,54) num(3:42,55) 
num(3:42,56) num(3:42,57)]; %SHV enthalpies  
  
%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
% R404a Saturated DB  
%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
num = xlsread(filename, 'R404a - saturated' );  
R404a_Sat_T_C = num(1:129); %Saturated temps  
R404a_Sat_Pf_MPa = num(130:258); %Saturated pressures  
R404a_Sat_Pg_MPa = num(259:387); %Saturated pressures  
R404a_Sat_hf = num(388:516); %Saturated enthalpies - fluid  
R404a_Sat_hg = num(517:645); %Saturated enthalpies - gas  
  
%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
% Read in pump curves  
%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
num = xlsread(filename, 'PumpData' );  
Num_Pumps = num(1); %number of different pump curves in pump series 1510 
Bell&Gosset  
Pump_Mfr = zeros(Num_Pumps,4);  
Pump_Head = zeros(Num_Pumps,4);  
for  i=1:Num_Pumps  
    Pump_Mfr(i,:) = num(7+Num_Pumps*16+i*4:7+Num_Pumps*16+i*4+3);  
    Pump_Head(i,:) = num(9+Num_Pumps*20+i*4:9+Num_Pumps*20+i*4+3);  
end  
  
%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
% main piping configuration  
%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
fprintf( ' \ nThe chilled water system can be configured either using a single 
main piping \ n' )  
fpr intf( 'system or a double main piping system. The single main piping system 
will often \ n' )  
fprintf( 'be cheaper, but offers less in terms of survivability. Single main 
piping systems \ n' )  
fprintf( 'are typically used for auxiliary ships or small combatants. Do uble 
main piping \ n' )  
fprintf( 'systems are generally used for large combatants. In addition, for 
double main \ n' )  
fprintf( 'piping systems, the loop could be simple, with few bends, or more 
complex, with many \ n' )  
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fprintf( 'bends. A few generic examples are provided through the use of the 
pop - up menu. \ n' )  
%piping_config = 2;  
piping_config = menu( 'Select the main piping configuration' , 'Single 
main' , 'Double main' );  
  
%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
% Define location of header piping for single main CW system  
%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
if  piping_config == 1  
    header_deck_ht = 5.2; %m (default)  
    fprintf( ' \ nThe default main piping height is: %4.2f m \ n' , header_deck_ht)  
    reply = input( 'Would you like to change it? [y/n]: ' , 's' );  
    if  isempty(reply)  
        reply = 'y' ;  
    end  
    if  reply == 'y'  || reply == 'Y'  
        proceed = false;  
        while  ~proceed  
            header_deck_ht = input( 'Main piping height [m]: ' );  
            satisfactory = input( 'Satisfactory? [y/n]: ' , 's' );  
            if  s trcmp(satisfactory, 'y' ) || strcmp(satisfactory, 'Y' ) || 
strcmp(satisfactory, 'yes' )  
                proceed = true;  
            else  
                proceed = false;  
            end  
        end  
    end  
end   
  
%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
% Define location of port and starboard header piping for double main CW 
system  
%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
if  piping_config == 2  
    %piping_double_config = 1;  
    piping_double_config = menu( 'Select a simple double main piping loop or a 
double main with multiple bends' , ...  
        'Simple loop' , 'Multiple bends' );  
    port_header_deck_ht = 5.2; %m (default)  
    stbd_header_deck_ht = 10.2; %m (default)  
    fprintf( ' \ nFor a double main system, proper separation of the main piping 
is essential \ n' )  
    fprintf( 'for survivabil ity. Vertical separation of 1 - 2 decks is 
recommended with one \ n' )  
    fprintf( 'of the main piping systems on the damage control deck. \ n' )  
    fprintf( 'The port and starboard main piping heights are %4.2f m and %4.2f 
m, respectively \ n' , ...  
        port_header_deck_ht,stbd_header_deck_ht)  
    %reply = 'n';  
    reply = input( 'Would you like to change them? [y/n]: ' , 's' );  
    if  isempty(reply)  
        reply = 'y' ;  
    end  
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    if  reply == 'y'  || reply == 'Y'  
        proceed = false;  
        whil e ~proceed  
            port_header_deck_ht = input( 'Port main height [m]: ' );  
            stbd_header_deck_ht = input( 'Starboard main height [m]: ' );  
            satisfactory = input( 'Satisfactory? [y/n]: ' , 's' );  
            if  strcmp(satisfactory, 'y' ) || strcmp(satisfactory, 'Y' ) || 
strcmp(satisfactory, 'yes' )  
                proceed = true;  
            else  
                proceed = false;  
            end  
        end  
    end  
     
    %%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
    % Define where bends occur for double main configuration with  
    % multiple bends  
    %%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
    if  piping_double_config == 2  
        fprintf( ' \ nThe main piping should be within 3 feet of the hull, 
except for curved sections \ n' )  
        fprintf( 'of the hull which allows  a maximum distance of 8 feet (with 
exemptions granted for \ n' )  
        fprintf( 'situations in which freezing of the pipes could occur). \ n' )  
        header_bends = [LOA/2 - 3 beam/2 - 0.7*beam/2;  
            LOA/2 - 0.075*LOA beam/2 - 0.5*beam/2;  
            LOA/2 - 0.1*LOA beam/2 - 0.3*beam/2;  
            LOA/2 - 0.2*LOA beam/2 - 0.25*beam/2;  
            LOA/2 - 0.3*LOA beam/2 - 0.2*beam/2;  
            LOA/2 - 0.35*LOA beam/2 - 3/ft_per_m;  
            - (LOA/2 - 0.05*LOA) beam/2 - 0.15*beam/2;  
            LOA/2 - 3 - beam/2+0.7*beam/2;  
            LOA/2 - 0.075*LOA - beam/2+0.5*beam/2;  
            LOA/2 - 0.1*LOA - beam/2+0.3*beam/2;  
            LOA/2 - 0.2*LOA - beam/2+0.25*beam/2;  
            LOA/2 - 0.3*LOA - beam/2+0.2*beam/2;  
            LOA/2 - 0.35*LOA - beam/2+3/ft_per_m;  
            - (LOA/2 - 0.05*LOA) - beam/2+0.15*beam/2];  
        fprintf( 'The default main piping bend locations are: \ n' )  
        header_bends  
        %reply = 'n';  
        reply = input( ' \ nWould you like to change them? [y/n]: ' , 's' );  
        if  isempty(reply)  
            reply = 'y' ;  
        end  
        if  reply == 'y'  || reply == 'Y'  
            reply = input( 'Are the bend locations symmetric port and 
starboard? [y/n]: ' , 's' );  
            if  isempty(reply)  
                reply = 'y' ;  
            end  
            if  reply == 'y'  || reply == 'Y'  
                proceed = false;  
                while  ~proceed  
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                    is_error=true;  
                    while  is_error  
                        is_error = false;  
                        fprintf( 'Ple ase enter the bend locations starting 
from centerline forward and continuing counter - clockwise until centerline 
aft. \ n' )  
                        fprintf( 'Example: [20 5;19 6; 14 10; 8 12; - 17 10; -
19 7; - 20 4] \ n' )   
                        test1 = input( 'B end locations: ' );  
                        temp_var = max(abs(test1));  
                        temp_var_2 = size(test1);  
                        if  temp_var(1)>LOA/2  
                            fprintf( 'Error!!! Bend location exceeds ship 
length \ n' )  
                            is_error = true;  
                        end  
                        if  temp_var(2)>beam/2  
                            fprintf( 'Error!!! Bend location exceeds ship 
beam\ n' )  
                            is_error = true;  
                        end  
                        if  temp_var_2(1)<2  
                            fprintf( 'Error!!! Not enough bends \ n' )  
                            is_error = true;  
                        elseif  temp_var_2(2)>2  
                            fprintf( 'Error!!! Only include x and y bend 
locations \ n' )  
                            is_error = true;  
                        end  
                    end  
                    header_bends = test1; %passes error check  
                    for  i=length(test 1)+1:length(test1)*2  
                        header_bends(i,1) = test1(i - length(test1),1);  
                        header_bends(i,2) = - test1(i - length(test1),2);  
                    end    
                    fprintf( 'The new main piping bend locations are: \ n' )  
                    header_bends  
                    satisfactory = input( 'Satisfactory? [y/n]: ' , 's' );  
                    if  strcmp(satisfactory, 'y' ) || strcmp(satisfactory, 'Y' ) 
|| strcmp(satisfactory, 'yes' )  
                        proceed = true;  
                    else  
                        proceed = false;  
                    end  
                end  
            else  
                proceed = false;  
                while  ~proceed  
                    is_error=true;  
                    while  is_error  
                        is_error = false;  
                        fprintf( 'Please enter the bend locations starting 
from centerline forward and continuing counter - clockwise until centerline 
forward. \ n' )  
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