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 or in part in any medium now known or hereafter created.

/ I

Signature of Author, DN
i’/ ) Amiel B. Sanfiorenzo
A Department of Mechanical Engineering
/ ~ . May 13, 2013

Certified by, '
/ / Chryssostomos Chryssostomidis
Thesis Supervisor
T , Professor of Mechanical and Ocean Engineering
4 - Y, / it

Accepted by e

David Hardt
Chairman, Committee for Graduate Students
Department of Mechanical Engineering



(THIS PAGE INTENTIONALLY LEFT BLANK)



Naval Construction & Engineering Program 77-massachusetts Avenue, Building 5-317

Center for Ocean Engineering I I I . - Massachusetts Institute of Technology
Department of Mechanical Engineering I l Cambridge, Massachusetts 021394307

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 Qcean 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

16



Naval Construction & Engineering Program 77-massachusetts Avenue, Building 5-317

Center for Ocean Engineering I I I o Massachusetts Institute of Technology
Department of Mechanical Engineering I I Cambridge, Massachusetts 021394307

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 maodel 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.
Fiedel’s 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 v2.0") 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.

! This paper refers to CSDT v2.0 simply as CSDT. When referring to Fiedel’s version, the v1.0 is explicitly stated.
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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.

SW Loop DW Loop

Direction of Heat Flow
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 Systems

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 along the majority of the ship’s length (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.

CHILLED WATER
CHILLED WATER SUPPLY HEADER
HETUSN HEADER A
CHILLED WATER
EXPANSION TANK Y

CHILLED WATER

PUMP
RECIRC, LINE v

SEAWATER OUT -

A/CUNIT

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.

I
™ HVAC SERV|
PASSAGE L B B 5} 1460-M

SONAR CNTRL
ADMIN OFFICE

; X FANROOM

ccaqz| [MACSER
2432 2

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 condenser” 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.

SW Loop CW Leop DW Loop

Direction of Heat Flow
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 Fundamentals

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:

Q= meATconv
Equation 1 [Mills, 1999)

and

Q = UAATcona
Equation 2 (Mills, 1999)

respectively, where Q is the rate of heat transfer [W], m is the mass flow rate of the fluid [kg/s), Cp is the
specific heat capacity of the fluid [J/kg-K], AT ony is the differential temperature of the fluid undergoing
convection [K], AT,n4 is the differential temperature across the boundary/medium [K], U is the overall
heat transfer coefficient [W/m?-K], and A4 is the area of the surface in which the heat transfer occurs
[m?].

23



Naval Construction & Engineering Program 77-massachusetts Avenue, Building 5-317

Center for Ocean Engineering | I I 5 Massachusetts Institute of Technology
Department of Mechanical Engineering I I Cambridge, Massachusetts 02139-4307

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
can be determined by the Reynold’s number:

Equation 3 (Mills, 1999)

where Re is the Reynolds number (dimensionless), V is
the velocity of the fluid [m/s], Dis the characteristic Flowre3: Degiotion ol (a)“l’;minar i fil tuirbulent
dimension of length [m], which in this case is the diameter flow (Sellens)

of the pipe, and v is the kinematic viscosity [m?/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.
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Flow and Fluid h, [W/m*K]

' aI cvio, ae B 1,0

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 Figure 6: Examles of fins used chg electrical
addition, fins can be attached to the outer surface of components (Alpha Novatech, 2007)

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 cylinders’. Figure 7 shows the flow pattern for flow across a cylinder for
different regimes.

® 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.
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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.

1 4

- 0.62Re}Pr3
Nup = 0.3 + ————— for Rep < 10*

r

2
0.4\3
[1 +(7r) ]
Equation 4 (Mills, 1999)

I 3 1
0.62Re’Pr3 ( Rep \2

Nup = 0.3 + for 2x10* < Rep < 4x10°
5 1
%
0.44\3
1+ 6]

282,000

Equation 5 (Mills, 1999)
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1
1
0. 62Re2Pr3 Rep )E
1 282,000

off!

where Nuy, is the average Nusselt number (dimensionless), Rep, is the Reynolds number
(dimensionless), and Pr 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.

e

Nup =03+ for 4x10° < Rep, < 5x10°

Equation 6 (Mills, 1999)

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 outlet®. The cross-sectional view of the pipe
and its associated temperature profile for steady-state heat transfer is shown below in Figure 8.

* 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 T,,., 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 T;. 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 T,. Each layer also has specific thermal properties
described by the variables h;, h.,, and k. The two fluids undergoing forced convection have associated
heat transfer coefficients h.; and h.,. 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.

T- Tl Tz Tc

Rl-! Rz-

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 4; is the area of contact (the inner surface area of the pipe):
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1 1

max—1 = hC,iA[ = hC'iZTTT'O

R

Equation 7 (Mills, 1999)
To determine the resistance to heat flow across the piping wall, the following equation was used:

In :—‘:)

2nkL

Ry, =
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:

11
heolho  heolmr;

Rye =
Equation 9 (Mills, 1999)

Using the equations of resistance (Equations 7-9) along with the analogy of Ohm’s law, the temperature
values at each node can be determined as shown in the equation below.

0 0 " e 1

17
Foiaz = Tg +——rem—err ERZTe'l' . L
unit length unit length |h.;2nr,  2mkL = h,2nr;

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 h.; and h. , 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:

k
he = 3.66%

Equation 11 (Mills, 1999)

where kis the fluid thermal conductivity [W/m-K] and D 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 h, 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 (Rep > 10,000) and Pr > 0.5, the convective heat transfer coefficient
can be computed using the following equation:

V0.8k0.6(pcp)0.4

he = 0.023—555 5

Equation 12 (Mills, 1999)

where Vis the velocity of the fluid [m/s], kis the fluid thermal conductivity [W/m-K], p is the density of
the fluid [kg/m’], cp is the specific heat capacity of the fluid [J/kg-K], D is the diameter of the pipe [m],
and v is the kinematic viscosity [m?/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:

Nup = 0.023(Rep)8(Pr)%4
Equation 13 (Mills, 1999)

where Nup, is the Nusselt number and Pr is the Prandtl number defined as:

h.L
Nup = ck D
Equation 14 (Mills, 1999)
and
Cpl
pr =t
k

Equation 15 (Mills, 1999)

respectively, where u 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 Rep 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
obtained using Gnielinski’s formula:

(g) (Rep — 1000)Pr

127 () (pri-1)

N'U'.D =

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 Pr > 0.5 and 3,000 < Rep < 109, although there is greater
uncertainty with Rep, < 10* 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:

2.2

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.

The effect of radiation is negligible.

The effect of natural convection is negligible.

The temperature at a particular length of piping is only dependent on the radial component, r.
The liquid is incompressible, with a constant p (during operation of the chilled water system).
Changes in fluid properties are negligible, including: k, v, and c,, (during operation of the chilled
water system).

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

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

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.

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.

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.

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
Ib/in®. Below, Table 2 summarizes the various diameters and thicknesses of pipes for each class of
copper alloy number 715 tube.

Outside Class 200 Class 700 Class 1650 Class 3300 Class 6000
Diameter | Thickness | Wt/ft | Thickness | Wt/ft | Thickness | Wt/ft | Thickness | Wt/ft | Thickness | Wt/ft
©in. in lbs in Ibs in Ibs in Ibs in Ibs

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 0.380 115 0.630 17.2
3.500 0.095 3.94 0.165 6.70 0.250 9.89 0.458 17.0 0.760 253
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 0.457 343 - - - -
7.625 0.134 12.2 0.284 25.4 0.526 45.5 - - - -
8.625 0.148 15.3 0.340 343 0.595 58.2 - - - -
9.625 0.187 21.5 0.340 38.4 0.664 725 - - - -
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 Ibs
0250 0.035 0.092
0500 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
1315 0.065 0.989
1.660 0.072 1.39
1.900 0.072 1.60
2375 | 0.083 2.32
2.875 0.083 2.82
3.500 0.095 3.94
4.000 0.095 451
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 0.140 122
8625 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
electrical circuit using Kirchoff’s current law (KCL) and Kirchoff’s voltage law (KVL).

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:

m = pAV
Equation 17 (Rennels & Hudson, 2012)
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where 171 is the mass flow rate [kg/s], p is the density of the fluid [kg/m’], A is the cross-sectional area of
the pipe [m?] and V is the average velocity of the fluid [m/s]. Therefore:

(pAV), = (pAV),

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.

Fe = (PA); — (PA), + m(Vy — Vo)y
Equation 19 (Rennels & Hudson, 2012)

where F, 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:

P vz U E P V.2 U E
L O gy e e (W g e, B
P19 29 g mg mg pg 29 g mg mg
Equation 20 (Rennels & Hudson, 2012)

where P is the pressure [N/m],g is the acceleration due to gravity [m/s3), @ is the kinetic energy
correction factor, Z 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], Q is heat flux [kcal/s], E, is the
mechanical work done on the fluid by a pump [N-m/s], and E7 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 E, 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:

(P1 = Pz) + (fP1V12 = €02V22

E
+(Z-Z)+=2=H
g 29 ) (Zy - Z2) g

Equation 21 (Rennels & Hudson, 2012)

where H, 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 [aw is shown below:

_ 32uLv
~ D?pg

L
Equation 22 (Rennels & Hudson, 2012)

The Darcy-Weisbach equation is shown below:

Lv? &

H=fo—=K—
L=72pg ™ " 29
Equation 23 (Rennels & Hudson, 2012)

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

K= f '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:

64
" Re

¥

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:

-2

_ . £ 2.51
F=\- °g(§.‘7"5+geﬁ)

Equation 26 (Rennels & Hudson, 2012)

This requires an iterative approach as can be seen in the equation. An initial guess of f =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 (&) 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:

VR AN
Hy= 5 (1- A—Z)
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 pipe®, 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:

Equation 28 (Rennels & Hudson, 2012)

Equation 29 (Rennels & Hudson, 2012)

> 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:

®,. -2,

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:

-2

Equation 30 (Rennels & Hudson, 2012)

Equation 31 (Rennels & Hudson, 2012)

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

N
Mrotal = Z m;
i=1

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
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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).
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Flow Rate - g wnanr enginerimgtoolbox. cotn
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:

Hp = HLF + HLL + HLRF
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 AT due to head loss is shown below.

H,
AT =
Cicp

Equation 34 (Rennels & Hudson, 2012)

where C; is a conversion factor equal to 778.169262 [ft-Ibf/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 °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 °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 purﬁps based on speed.

% 2 2 v HeIVAY % B A%y B % BN

60 Hz E 3 i ““ﬁiii
_ i~
g : et I
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g . ;‘\\Jw\w \\l |
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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:

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

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

e Impeller diameters were not considered.

e Anaverage 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.

Iﬁ:;onunm&un-;‘i

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 - Full Port 0.2

Globe — Standard 3.5

Globe — Angle 4

Check — Swing 15

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

(E) . 6.6f [ ‘[sm—(—%_) + sin (%)]

®*

Equation 35 (Rennels & Hudson, 2012)

equation is:

K = fa% +(0.10 + 2.4f)sin

where a is the bend angle in radians (0-r), r is the radius of curvature of the pipe measured from the
centerline of the pipe [m], and d 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.

7

J X

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

(s
o

< ~(2)
O— D @
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)
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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 length®
(Lef) may be as high as 20-40 pipe diameters if large scale eddies are present. The thermal entrance

® The hydrodynamic entrance length is the distance required for the friction factor (f) to decrease within 5% of
the fully developed value of the friction factor (f,).
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length’ (L) 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:

K., =036-098"2 + 0.62 (m1)2 +0.03 (m2)6
i T, T iy iy
Equation 36 (Rennels & Hudson, 2012)
and

. 2 2 . 6
my my my
Kiz, = 0.62 - 09822 + 036 (=1) +0.03 (32)
my my

my
Equation 37 (Rennels & Hudson, 2012)

where K;, and K, are loss coefficients.

For diverging flow through the branch, the loss coefficient can be found using the equations below:

Ki;. =1.00 113m3+ 0.81 + 112d 108d3 K di rh§
e N m, d, d3 Ea | g | 2
Equation 38 (Rennels & Hudson, 2012)

and

K 081—1.132 + d4+112d 108d3+K
1 my  mi)d} dy di

Equation 39 (Rennels & Hudson, 2012)

where

N =

3 5
r 2
- = 9(z)
213(d3)+824(d3) 848(d3) +290(
Equation 40 (Rennels & Hudson, 2012)

Keq = 0.57 = 1.07 (=)
d3

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

M3 1, mz
Ky, =1- 095——-—2ch —Z——2 |- 20y 1——"7-

1 1 1
Equation 41 (Rennels & Hudson, 2012)

and

” The thermal entrance length is the distance required for the Nusselt number to decrease within 5% of Nui,.
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o =m—%—0.95-26‘xc(—7-h-l— 1) - 2Cy m-—%—ﬁl—i
2 mi3 m, mi 1y
Equation 42 (Rennels & Hudson, 2012)
where
c —023+146(r) 275(r)2+165(r)3
M y— . W d3 . d3 . d3
Equation 43 (Rennels & Hudson, 2012)
and
c —008+056(r) 17'5(’")2+183(T)3
o T\dy/ T \d, " \ds

Equation 44 (Rennels & Hudson, 2012)

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

My d} mé
K31, = =1+2Q2 = Coc = Cp) =+ [(2Cyc — 1) 3 + 2(Coc — D |—
my dsz my

Equation 45 (Rennels & Hudson, 2012)

and
d3 i, e
K313 = ch(: = 1 + _d“%' [Z(Cxc S 1) + 2(2 ks Cxc = CM)m—3 — 0_92‘"'1—%
Equation 46 (Rennels & Hudson, 2012)
where

1.3

ds
Cye =1-025(3)

011(r) 065(r)2+083(r)3 a:
d, i) e N\G) |22

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.

48



Naval Construction & Engineering Program 77-massachusetts Avenue, Building 5-317

Center for Ocean Engineering I I I u - Massachusetts Institute of Technology
Department of Mechanical Engineering l I Cambridge, Massachusetts 02139-4307

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:

VO = trQCW
Equation 48

where V,, is the operating water capacity of the expansion tank [gal], t,. is the assumed duration of time
the expansion tank is required to supply water to the chilled water pumps [s], and Q. is the capacity of

the pump [gal/min]. The default value for t, 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, Py, 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:

PC = PO + pwHT
Equation 49

where P, is the expansion tank charging pressure [psi] and Hy 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:

PATM)

VTl - 1'1V0 (1 + PC

Equation 50

where Pyry 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/m?, 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, p., of 1000 kg/m’>. The assumed temperature rise in
sizing the expansion tank is 120°F, which is equal to 48.89°C and has an associated density, pj, of
988.31 kg/m’. Therefore, the volume expansion due to a rise in temperature from 32°F to 120°F is:
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V= (P_c o 1) (Vp + Vo)
Ph

Equation 51

where Vp 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:

VTZ — 11(VE + Vo)
Equation 52

The larger of the two values, Vr, or V7, 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 vields the
equation:

Equation 53 (Storage Tank Thickness Determination, 2013)

where P is the design pressure [psi], r is the tank inner radius [m], and gis 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:

Pr

" oE-0.1P
Equation 54 (Storage Tank Thickness Determination, 2013)

t

where E 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.
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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 7 ed. (Incropera & DeWitt, 2002).

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

e 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.

e 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.

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

e 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.

e Cross flow was assumed.

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

e 60 gaps were assumed within the heat exchanger.

e 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:

_ (TDW,in - TCW,out) - (TDW,out - TCW,in)

- ln[(TDw,in - TCW.out)/ (TDW,out - TCW,ER)]
Equation 55 (Incropera & DeWitt, 2002)

ATIog—-mean

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):

thh

Nu = =7
u 3 7.54

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:

W N
hcpﬂ 4.28 p—a
and
W N
h‘—'prl 4’54 ——-_KI—

where N is the number of gaps, and L 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:

e Secondary fluid

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

e The design inlet temperature of the secondary fluid

e The mass flow rate of the secondary fluid

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

® The convective heat transfer coefficient on the secondary side — 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.

e The number of gaps

e 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
breaking up the ship’s chilled water plants into zones, 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.

19 19

LQ% -

TUBER PER ROW
pr |
J

l‘— TUBER PER ROW

L =
N e IR ey S R e B
SECTION VIEW PLAN VIEW SECTION VIEW PLAN VIEW
SINGLE SERPENTINE COOLING COIL FLOW CIRCUIT - DOUEBLE SERPENTINE COOLING COIL FLOW
8 ROWS, 12 TUBES PER ROW. 12 CIRCUITS, B PASSES CIRCUIT - 8 ROWS, 12 TUBES PER ROW, 24
PER CIRCUIT CIRCUITS, 4 PASSES PER CIRCUIT

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 | Airflow Air Leaving Air Water Air
(BTU/hr) (CFM) Velocity Temperatures Pressure Pressure

| 62 | 16470 | 450 | 500 | 569/553 | 090 [ 070 |

| 64 | 39970 | 975 | 488 |  552/537 [ 240 | 070
| 66 | 11220 | 2500 | s00 |  s527/521 | 400 | 080 |

51.1/50.9
Table 5: 60 series cooling coil characteristics (MIL-PRF-2939G, 2001) (Frank & Helmick, 2007)

Dimensions
W"xH"xD"

| Dry Weight '

| 52 | 23 | 450 | 500 | 283/4x14-3/815 | 176 | 183
| 54 | S0 | o975 | 488 | 401/2x16-7/815 | 301 | 317
| 56 | 121 | 2500 | 500 | 55233/8x15 | s62 | 602 |

58 234 5000 500 56-3/8x45-7/8x17-5/8 1225 1310

[‘Sizes Capacity | Air Flow Water Frame Size Dry Weight Wet
(BTU/hr) (CFM) flow L"xW"xD" (Ibs) Weight

| 54 | 49300 | 750 | 150 | 37-1/4x16-5/8x40-7/8

Table 7: Unit cooler characteristics (MIL-C-2939E(SH), 1984) (DRS Technologies, 2011)
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Type DW61-68
Cooling Coils (60 Series)

Figure 25: 60 series cooling coil (DRS Technologies, 2011)

Type DW51-58
Cooling Coils (50 Series)

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

Type UW51-55
Unit Coolers

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

57



Center for Ocean Engineering I B == Massachusetts Institute of Technology
Naval Construction & Engineering Program I I 77-massachusetts Avenue, Building 5-317
Department of Mechanical Engineering Cambridge, Massachusetts 02139-4307

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 header®. 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.

4
3t
Condenser
T4 High Pressure
1 _j Side
Expansion
éé}/mﬁ Compresrer. ~ {J
4 Low Pressure
+1 2 Side
> Evaporator

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).

® 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:

e Evaporator outlet temperature
e Compressor inlet pressure

e Compressor outlet pressure

e Throttling inlet pressure

e Compressor efficiency

e 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.

User Input
Geametry Output

User Input CSDT_Input.xls Geometry.m

LSeraEIE Mocification.m Geometry.mat

Optional

Modification.mat Analysis.m

AnalysisOutput
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 spreadsheet “CSDT_input” under the tab “LoadData”. A screenshot of the “LoadData” spreadsheet
is shown below in Figure 30.
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2]
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4 " Priorities I-2are vital. All else are non-vital
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6 *** For heat exchanger. can enter either the heat exchanger type, or & specific heat exchanger.

7 Heat exchanger types: Cooling Coil (cc), 50 Series Cooling Coil {SOcc), 60 Series Cooling Coil (60cc), Unit Cooler Cooling Coil (uc), Other Cooling Coil (oc), Flat Plate (fp), Shell and tube {st), Cold Piate (cp), Other (o)
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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
is tied to the second Excel spreadsheet tab “HXCHGR DB” discussed in the next section. The user selects
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
as listed in the tab “HXCHGR DB”. When selecting 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

The next tab in the “CSDT_input” Excel spreadsheet is the “HXCHGR DB” tab. This tab includes data for
several types of heat exchangers, forming a heat exchanger database. A screenshot of the “HXCHGR DB”
tab is shown in Figure 31 below.
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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 and an ‘other’ category for more exotic types of heat
exchangers. The heat exchangers currently modeled in the database include:

e 50 series cooling coil (double serpentine)

e 60 series cooling coil (1.5 serpentine)

e Unit cooler cooling coil (double serpentine)

e Notional flat plate heat exchanger (cross-flow)

e Notional cold plate heat exchanger

e 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 included in the database in case an older ship’s chilled water system were to be
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 ‘HXCHGR DB’ 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.

63



Naval Construction & Engineering Program 77-massachusetts Avenue, Building 5-317

Center for Ocean Engineering I I I B . Massachusetts Institute of Technology
Department of Mechanical Engineering I I Cambridge, Massachusetts 021394307

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 across the heat exchanger on the primary side, values from “21* Century
HVAC System for Future Naval Surface Combatants-Concept Development Report” NSWCCD-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

61 0.3 0.09144

63 2.2 0.67056

65 2.4 0.73152

67 4 1.2192

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:

Q= mcp(Th —~Te)
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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. gal .
™ = 3.6——— * tons capacity
min — ton
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 inches’. 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:

SAinner = (0.625in — 0.025in) * m * rows * tubers * widthpychgr
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
“The Design of Air Conditioning and Ventilation Systems for nuclear Submarines” which performed
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/cm’ 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
driver in offering a section for ‘other’ types of heat exchangers. This category of heat exchangers could
include two-phase flow heat exchangers, heat exchangers utilizing jets, some combination of the two, or

® These values were chosen based on the paper “21™ Century HVAC System for Future Naval Surface Combatants-
Concept Development Report” NSWCCD-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/cm® or
higher.

The overall heat transfer coefficient, U, is calculated using the equation below:
Q

Ting,. — Tout,, T =T
SAinner * [(Tinair - W) - (Th - %)]

Equation 2 (repeated, rearranged)

U=

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/cm?-K, which are reasonable
values for this type of heat exchanger.

Column 16 lists the convective heat transfer coefficient, h on the secondary side of the heat

Cair’
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:

Q

hca!r =
Tion o = Tt i
SAouter * ([(Tinair = M"‘z"‘%‘t—aﬁ) - TZ])
Equation 59
where,
Ty — T, ) , ; D
Tz — (Th _Ih c) s Q < Qper unit length ln( outer)
2 hcwaterSAinner 2ﬂ"l‘copper Dinner
Equation 60
and,
VD.BkO.G c 0.4
k.. . =0.023 (PSp)
water DU.ZVOA-
Equation 12 (repeated)
and,
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Q= SAmner

Qper unit length = D
inner

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 0.6” for all cooling coils, and turbospirals are
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 T, 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
this effect would be to generate parametric equations based on a specific manufacturer’s heat
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/m?-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

61 7.36

63 17.93

65 33.65

67 89.77

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:

Q

m=
CP(Ti“air - TOUtuir)

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

The last tab in the ‘CSDT_input’ Excel spreadsheet is the ‘Chiller DB’ tab. This tab includes data for four
types of chillers (AC units) forming the chiller database. A screenshot of the ‘Chiller DB’ tab is shown in
Figure 32 below.
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Figure 32: Chiller DB ta

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 ¢3 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 33, 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.

Condenser
High Pressure
Side
Low Pressure
Side
Evaporator

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

°p,and T4 are not needed in the chiller database since the enthalpy does not change across the expansion valve.

70



Naval Construction & Engineering Program 77-massachusetts Avenue, Building 5-317

Center for Ocean Engineering I I I o SR Massachusetts Institute of Technology
Department of Mechanical Engineering I I Cambridge, Massachusetts 021394307

chiller**. 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 “geometry.m” and
“analysis.m”. 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 about the ship’s dimensions. These include:
e Length Overall (LOA)
e Beam

Engine Room Deck Height Above the Keel

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
the ability to overwrite the default values for one or more of the ship’s dimensions. The dimensions
must be inputted in metric, just as all subsequent parameters must also be inputted in metric. The
default values provided by the program are:

e L|OA = 143.561 m
e Beam - 20.390 m
e Engine Room Deck Height Above the Keel = 1.397 m
e 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:

[FP BKHD1 BKHD2 BKHD3 .. BKHDN AP]

The longitudinal axis is defined with midships at zero, the forward perpendicular (FP) at LOA/2 and the
aft perpendicular (AP) at —LOA/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:

™ |f 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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-{2'% x[100 90 825 67.5 525 375 20 5 -10 -27.5 —435 —-50 —-80 —100]
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 with the file name ‘CSDT_input.xlsx’ 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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LA

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:

[¥1 Y1;%2 Y2;X3 ¥3;X4 Ya;..;%n Yn]
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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.

Paint 4
e )

~

e

Figure 35: Default Iavoutof xoblei ipln ys 3

If the bend locations are not symmetrical, then the following format should be used:
[X1 Y1;%2 Y2;X%3  ¥3;..5%m  Ymi¥m+1 Ym+1;Xmsz Ym42;Xm+3 Ym+3;...;%n Yn)

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 aother. 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.

77



Center for Ocean Engineering I o - Massachusetts Institute of Technology
Naval Construction & Engineering Program I I 77-massachusetts Avenue, Building 5-317
Department of Mechanical Engineering Cambridge, Massachusetts 02139-4307

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/CUnit Default Transverse Location

2 1 beam/4

w
(Y

beam/4

3 -beam/4

2 -beam/4

4 -beam/4

2 0

4 beam/4

N
-

beam/4

3 - -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.



Naval Construction & Engineering Program 77-massachusetts Avenue, Building 5-317

Center for Ocean Engineering I I I B Massachusetts Institute of Technology
Department of Mechanical Engineering I l Cambridge, Massachusetts 021394307

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.

[X1 Y1 Z1;%2 Y2 Z2;X3 Y3 Z3;..;Xn Yn Zn)

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

igure 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
systém. 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.

Isolation Valves Fwd Isolation Valves Aft Isolstion Vaives Fuxd Supp!

of Bulkhead of Junction Of Junction
Isolation Valves
at end of Riser M

= iulkhead Sepa‘rating Zones

e X ~
~
-
~

Vs ==

V'l
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. | 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:

SWPumpH t]

Beam
[iO.3LOA iO'BT EngDeckHtAboveKeel + >

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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re 50: Default single main piping system with hranhes (perspective view)
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' 51: Default simple rectangular double main piping system with branches (plan view) '
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5?.' Default simple rectangular double main piping system with branches (perspective view)
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Fipmre 53: Default complex tapered double main piping system with branches (plan view)
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Igre: 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

- CW branch piping
‘[ Athwartships cross-connection

Cross-connect

CWdouble CW supply header
main piping

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

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

e Step 2: Determination of network segments

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

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

e Step 5: Determination of pressure drop as a function of distance

e Step 6: Determination of stagnation points

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

e Step 8: Calculate branch inlet temperatures

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

e Step 10: Expansion tank sizing

e Step 11: Weight Analysis

e Step 12: Static Temperature Analysis

e 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:

4KQ\™*
p=(%)
Equation 62 (Fiedel, 2011)
where Kis 4.5 gpm/ton, Q is the heat load [tons], C is 4 ft/(sec-in®®), and D 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.
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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.

1 I

-I--...-I......-.....ﬁ.-’

4.:‘.....'..'.........‘.

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:

"W
out Th'Cp

+Tin

Equation 1 (repeated, rearranged)

where ( is the heat load [W), i is the mass flow rate of the chilled water in the branch [kg/s], cp is the
specific heat capacity of the chilled water, taken to be 4203 J/kg-K, and T}, is the inlet temperature of
the chilled water [C].

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

_ (Tout + Tin) Q
! 2 SAhxchgrmner : hcm

Equation 63

where SApxchgrinme 1S the inner surface area of the heat exchanger [m?], and hc,,, is the convective
heat transfer coefficient of the chilled water [W/m?-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:

- thch r tube fip
QDpxchgr tube 1 f hxchgr tube 1
n

SAnxchgripner thchzgr tube 2k pxcngr

T2=T1+

Equation 64

where Dpxchgr tube is the inner diameter of the tubes within the heat exchanger [m], thxchgr tube is the
thickness of the tubes within the heat exchanger [m], and kpycp gy 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:

QkohgrSAhxchgr

TZ = Tl +
Lhxchgr plate

where tpycngr plate 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)

90% Copper — 10% Nickel 50
70% Copper — 30% Nickel 10

Table 11: Thermal conductivities of various copper-nickel compaositions

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

Q

SAthhQ?’outer “he fluid

Tfiidgyy = T2 +

Equation 65

where SAMChQTouter is the outer surface area of the heat exchanger [m?], and h is the convective

Cfluid
heat transfer of the fluid on the secondary side of the heat exchanger [W/m?-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:

Q
A Tryia = T T
fluid * “prruia
Equation 1 (repeated, rearranged)

where 1ig,,14 is the mass flow rate of the fluid on the secondary side of the heat exchanger [kg/s], and
Cp fruia 1S 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:

_ A Trwia
Trtwidym = Trividay, = —
Equation 66
and
A Truia
Trtuidoy: = Trinidasy + —
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:

e curr_header_pt — A point which keeps track of the current location in the supply header.

e next_header_pt— A point which keeps track of the next bend in the supply header.

e branch_loc — A matrix containing the x,y,z coordinates of each branch.

e seg_valve_loc — A matrix containing the x,y,z coordinates of each segregation valve.

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

e Location_x — 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.

e dPdX — 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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e Pressure_height_h — 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.

branch_loc
seg_valve_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.

W

seg_valve_loc

riser

Figure 65: No branch or valve between curr_header_pt and next_header_pt
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branch_loc
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/ seg valve_loc

next_header_pt

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® 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 Utilizing 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:

P Vew
dx ZQPchieader
Equation 68 (Rennels & Hudson, 2012)
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The first case involves head loss associated with entrance effects. The 1, within the header at the
branch junction was converted to w,,.

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

dP W, W, w2 w§
— =P —P,= —“‘”;-—(1.62 —0.98—"2 — 0.64—* + 0.03 ,‘;“’2)
dX entrance 2gpewA header Wew, Wew, Wew,

Equation 69 (derived from Equation 37 and Equation 68)

where P, is the pressure within the supply header prior to the branch junction [Pa], P, is the pressure
within the supply header after the branch junction [Pa], W, is the mass flow rate within the supply
header prior to the branch junction [lbm/sec], W, is the mass flow rate within the supply header after
the branch junction [lbm/sec], and Apeqqer 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:

dP fL Wew Wew

il = i Iy i
; 2 friction 2
dx friction  Dheader 29PcwAheader 29pcwAheader
Equation 70 (derived from Equation 24 and Equation 68

where f is the Darcy friction factor associated with that segment of pipe, L is the length of pipe
considered [m], and Dpgqqer 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:

dpP p Wi
T = Ryaive —7
dX yaive 29 pchieader
Equation 70 (repeated)

where K, qive 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:

. T . T
4. FE 4| 010+ 24fsi "+6'6f( sm2+sm2) Wew
—  =|f53 : Af sin<
dX pena 2d 2 (5)2 ngchieader

Equation 71 (derived from Equation 35 and Equation 68)

where % 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.

P _dpP dp dP dP dP

dXtotal  AXentrance dX friction dXypalve OXpena dx hxchgr
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 ikmax(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 it'2. 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.

" 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
representation 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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Flgre 69: Pressure as a function of location in supply header excluding pressure variations due t changs in éih .

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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' ire 70: ssre as a function of location in supply header including ressure variations due to chanes in heit

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
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Figure 73: Electrical analogy of chilled water system with parallel pumps now isolated
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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 thfough 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:

ATbranch Jjunction = Tbranch Jjunction — TAC out
= (Tbranch Jjunction — Tpump out) + (Tpump out — Tpump in) + (Tpump in~— TAC out)
vz 1 H, vz 1
— KZ B i + 1=
2g Cycp Cacpn 29 Cch

Equation 73

where Tyranch junction 1S the temperature of the chilled water at the junction of the branch piping and
supply header [°C], T¢ ou: is the outlet temperature of the chilled water from the A/C unit [°C], Cp is the
specific heat capacity of the chilled water [Btu/Ibf-°F], K; and K, 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, H, is the pump head [ft],  is the pump efficiency, and C, is a conversion
factor equal to 778.169262 [ft-Ibf/Btu]. The heat loss through the pump was ignored since this is much
smaller than the pump power.

The branch junction’s 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:

ATbranch junctiongownstream — Tbranch Jjunctiongownstream Tbranch Jjunction
K ol 7 '
=R3o— = Ibranch junction
Zg Cch
Equation 74

where Kj 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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vz 1

Zg Csz

ATin = Tin — Torancn Jjunctiongownstream — Ky branch junctiongownstream

Equation 75

where K, 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 units

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:

ACcapacity = MCpAT
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~Main
ii. Lagging—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. ACUnits
e. Expansion Tanks
f.  Pumps
g. Brackets
h.  Instrumentation
i.  Chilled Water

j.  Heat Exchangers
2. Auxiliary Seawater System

a. Piping

b. Valves

¢. 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  Gate Valve Weight Globe Valve Weight  Check Valve Weight
[m] [kgl [kg] [kgl

0.0190 4.2 4

0.0381 11 10.6

0.0635 : 17

0.1016 50 55 36

0.1524 80 98 62

0.2540 185 305 158

0.3556 395 590 324

0.4572 670 1040 548

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  Hangar Weight per Meter of Pipe
[m] [kg/m]

0.0095 0.0550

0.0190 0.0655

0.0317 0.0718

0.0508 0.1190

.0.0762 0.1333

0.1016 0.1292

0.1524 0.2624

0.2534 0.3734

0.3556 0.4673

0.4572 0.5744

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°°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 lagging™. The temperature across the heat exchanger is computed based on the mass flow rate and
the heat load'* 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.

“ 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 and a lagging thickness of 0.75".
Even with a higher environmental air temperature, the rise in temperature will still be insignificant (<0.1°C).
“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).
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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 populates an excel spreadsheet ‘Transient.xIsx” with the heat loads
corresponding to the load condition. The user is then directed to the spreadsheet to fill in the remaining
i[\formation needed. A screenshot of the spreadsheet is shown in Figure 76 below.

[notes:

The maximesm beat koo i taken from the maximum of the four load conditions: Shore, Design, Cruise and Battle.

The heat load att time t-0- is based off of the load condition specified in Analysis.m. Changes to the initial load value can be entered in the yellow column.
The user must entes the: lnad value for each load after the transient under the column Heat Load at t=0+.

The coordinates fior the chiller location is a sfollows: midships is at x=0 with the bow in the +x-direction, port is towards +y, and up is +z.

The chiller status must be for each chiller before and after the transient (specified as either on or off).
att=o- | ateos Chiller Serlacion .. ... S fonjeth) |
| tew) | Gkw) Mumber| x(m) | y(m) | z{m) | att=0- | att=0s |
1 30.430667| 5.0975 | 3.362833 on on
2 30.430667| -5.0975 | 3.362833 off off
3 -16.22666 | 5.0975 | 3.362833 on on
4 -16.22666 | -5.0975 | 3.362833 | off off
5 -66.26752 | 5.0975 | 3.362833 on off
6 -66.26752 | -5.0975 | 3.362833 off off

Transient % | ‘ |
Figure 76: Transient Excel spreadsheet
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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
specified in the Excel spreadsheet ‘CSDT_input’ under the ‘LoadData’ 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 f 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
counterclockwise with the source emanating from the chillers turned ‘on’ within the Excel spreadsheet.
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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Pressure Distribution
< Riser Location
O Stagnation Point

Figure 78: Pressure distribution after event h
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.

Pipe diameter

Lagging

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 second®. 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

> 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 dt, the following equation was used:

dT 1

'&‘E - W (Ql + QZ *+ Qloss + Qgen)
P

Equation 77

where dV is the differential volume of the cylindrical element of fluid [m?], Q, is the rate of heat
transfer into the volume from fluid entering the element [W], @, is the rate of heat transfer out of the
volume from fluid exiting the element [W], Qlogs is the rate of heat transfer exiting the surface of the
fluid in contact with the pipe wall [W], and Q'ﬂeﬂ 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 leassx , for element x at time t follows:

Qlossx,; = Ux.tAx (Too = Tx,t)
Equation 78

where T, is the quiescent air temperature [°C], Ty is the average fluid temperature for the xt™" element
at time t [°C], A, is the surface area of the inner pipe wall for the xt" element, and U, is the overall
heat transfer coefficient across the fluid to the quiescent air for the xt" element at time t [W/mz-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 follows™:

l T2y l T3 o
() e,

+
hfmid,, kcu-ni kiagging r3xhairx_t

Equation 79

'® 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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wherer, , 1y ,73_are the respective radii of the fluid, the copper-nickel alloy pipe, and the lagging for
the xt" element [m], k¢, y; is the thermal conductivity of the copper-nickel alloy pipe’” [W/m-

K, Kiagging is the thermal conductivity of the lagging™® [W/m-K], hfiia, . is the convective heat transfer
coefficient of the fluid within the pipe [W/m?®-K] for the xt" element at time ¢ , and hai,m is the
convective heat transfer coefficient of the air external to the cooling system [W/m?-K] for the x*"
element at time ¢.

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

k
fluid
hﬂuidx o= 3.66-— 2r,.
Equation 80 (derived from Equation 11)
which is independent of time. For turbulent flow:
VJ? ﬂu;d(pcp) fluid
hﬂuidx,t = 0.023 o 02
Vﬂmd

Equation 81 (derived from Equation 12)

which is valid for Pr > 0.5 and Re > 10,000. If the Reynolds number falls within the transition range,
then Gnielsinki’s formula was used to determine the convective heat transfer coefficient.

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

T _N_uD kair
air — '"_'Z'IT
Equation 82 (Incropera & DeWitt, 2002)
where, for a horizontal cylinder:
2
o 0.387Rap)®
Nup = {0.60 + 1o 8777
0.559\%/16
[1 + ( Pr )

Equation 83 (Incropera & DeWitt, 2002)

where Rap,_, is the Rayleigh number for the x*" element at time t. The Rayleigh number can be
computed using the equation:

The default value used is for Cu-Ni 70-30 alloy with a value of 50 W/m-K.
' The default value used for the insulation was 0. 035 W/m-K.
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_ gB(TSx’t - Tw)2r33x
Ran.t = poop

Equation 84 (Incropera & DeWitt, 2002)

where g is gravity, f is the fluid coefficient of thermal volumetric expansion, Ty, is the surface

temperature of the lagging for the x" element at time t [°C], and a is the thermal diffusivity [m?/s].

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

- =1
ﬁ fo Tair
Equation 85 (Incropera & DeWitt, 2002)
where Ty, 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 Qgenx,c for element x at time t follows:

0 B K. Vi (5°K ) (pcpde‘t)
genygy — —_ o
" \2ge, 778169 L1 JAF/A dt

Equation 86 (incropera & DeWitt, 2002)

where K, , is the loss coefficient along the length of the annular segment for element x at time ¢
ft-ib
BTU
is the specific heat capacity with units of ﬁ—?FT_%F within the first set of brackets and units of

(dimensionless), sz_, is the fluid velocity for element x at time ¢, 778.169

is a conversion factor, Cp

I

= within

the third set of brackets™, dV,, is the differential volume of the fluid2® within the annular element for
element x at time t, and dt 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

9 A consequence of working in both English units and metric units
* 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 Q'genx‘tdue 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, Q; and Q,, 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:

daT
Tor = Tep-1\57 dty:
i ’ dt/ s ’

Equation 87

where T, ; is the temperature at location x and time t, T, ;,_, is the temperature at location x and time

AN 2 2 . y : ;
t =1, (E) is the differential temperature at location x and time t over the time step, and dt, is the
x,t

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.

7 Figure 80: Example of temperature s 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: Exmpie 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/m?, a thermal
conductivity of 50 W/m?*-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/m?-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-terﬁperafure versus time

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

T = To + € BiFo(T; — T,)
Equation 88 (Incropera & DeWitt, 2002)

where T, is the temperature of the bulk fluid [°C], in this case it is 6.6°C, T; is the original temperature
of the pipe wall [°C], in this case it is 20°C, F, is the Fourier number, and B; 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:

Equation 89 (Incropera & DeWitt, 2002)

where a is the thermal diffusivity [m?/s], t is time [s], and L, is the characteristic length.

The thermal diffusivity can be found using the equation:

Equation 90 (Incropera & DeWitt, 2002)

For the copper-nickel alloy pipe, the thermal diffusivity was found to be 1.4826x10° m?/s.

The characteristic length can be found using the equation:

Equation 91 (Incropera & DeWitt, 2002)
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where V is the pipe volume [m?] over some arbitrary length, and Ay is the surface area of the inner wall
[m?] 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:

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:

V0.8k0.6 (pcp)OA—
D0.2v0.4—

h =0.023

Equation 12 (repeated)

was valid in determining the convective heat transfer coefficient since Re > 10,000 and Pr > 0.5 (Pr
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 (B; < 0.1), 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 x* = 0 is similarly -g-% = (.

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:

o' = Z Cpe 5o cos(g,x*)
n=1

Equation 93 (Incropera & DeWitt, 2002)

where x* is the dimensionless form of the cylinder radius with

Equation 94 (Incropera & DeWitt, 2002)
and the coefficient C,, is given by

4sin({,)

= 20, + sin(28,)

Equation 95 (Incropera & DeWitt, 2002)

and the discrete values of {,, are positive roots of the transcendental equation

Cn tan({,) = Bi
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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6* = Cye~tFocos(f;x*)
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 x* = 0.

6" = Cie—{fFo
Equation 98 (Incropera & DeWitt, 2002)
For a Biot number of 0.1650, the coefficients C; and {; are 1.02595 and 0.3953, respectively. The first
four roots of the transcendental equation {,tan({,) = Bi, for Bi = 0.1650 is given in Table 14 below
along with the corresponding values for C,,.

Bi = 0.1650
n $n Cn
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 F, < 0.2 which corresponds to t < 0.06 sec. 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
be damage along some length of the ship as a percent of the ship’s length, or 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(kwW):  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.

Report 2 shows what the program sets each chiller’s capacity to. They are all equal and are the smallest
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:
Load:
Load:
Load:
Load:
Load:
Load:
Load:
Load:
Load:
Load:
Load:
Load:
Load:
Load:
Load:
Load:
Load:
Load:
Load:
Load:
Load:
Load:
Load:
Load:
Load:
Load:
Load:
Load:
Load:
Load:
Load:
Load:
Load:
Load:

Load

Load:
Load:
Load:
Load:
Load:
Load:
Load:
Load:
Load:
Load:
Load:
Load:
Load:
Load:

Load:

1 Q(w):
2 Q(W):
3 Q(w):
4 Q(W):
5 Q(w):
6 Q(wW):
7 Q(W):
8 Q(w):
9 Q(W):
10 Q(w)

11 Q(W):
12 Q(w):

13 Q(W)
14 Q(W)

15 Q(W):
16 Q(W):
17 Q(W):
18 Q(W):
19 Q(w):
20 Q(w):
21 Q(w):
22 Q(w):
23 Q(w):
24 Q(w):
25 Q(w):
26 Q(W):
27 Q(w):
28 Q(w):
29 Q(W):
30 Q(w):
31 Q(wW):
32 Q(w):
33 Q(W):
34 Q(W):
35 Q(w):
36 Q(W):
37 Q(W):
38 Q(w):
39 Q(w):
: 40 Q(W):
41 Q(w):
42 Q(W):
43 Q(w):
44 Q(W):
45 Q(w):
46 Q(W):
47 Q(W):
48 Q(w):
49 Q(W):
50 Q(W):
51 Q(w):
52 Q(w):
53 Q(w):
54 Q(W):
. 55 Q(W):
56 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
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
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
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
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
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
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
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
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
: 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
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
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
: 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
: 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
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
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
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
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
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
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
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
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
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
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
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
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
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
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
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
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
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
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
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
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
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
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
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
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
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
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
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
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
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
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
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
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
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
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
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
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
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
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
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
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
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
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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: 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:
Load:
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:
Load:
Load:
Load:
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
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
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
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
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
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
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
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
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
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
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
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
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
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
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
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
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
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
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
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
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
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
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
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
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
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
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
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
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
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
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
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
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
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
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
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
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
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
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
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
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
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
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
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
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
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

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
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
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

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
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
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
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
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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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
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
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
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
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
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
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
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
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
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
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
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
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
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
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
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
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
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
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
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
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
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
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
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
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
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
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
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
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
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
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
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
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
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
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
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
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
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
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
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
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
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
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
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
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
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
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
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
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
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
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
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
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
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
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
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
[ke/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: 249003 -5.4880 -0.0824 6.8900
Branch: 42418 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 145127 -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.

[motes:
The manxinns besit el is taken from the maximum of the four load conditions: Shore, Design, Cruise and Battle.
The heat load 3t Siese t=0- & based off of the load condition specified in Analysis.m. Changes to the initial load value can be entered in the yellow column.
The uses muwst exiies e nad value for each load after the transient under the column Heat Load at t=0+.
The coondinaties fow ke dbiller location is a sfollows: midships is at x=0 with the bow in the +x-direction, port is towards +y, and up is +2.
The chillier statius musst e specified for each chiller before and after the transient {specified as either on or off).
Heat Load Chiller ;
toad | oo att=0- | att=0+ Chiller Chiller Location Status
Number | Gy | (kW) Number| x(m) | y(m) | z{m) | att=0 | att=0+
1 |msws 0.56272| 0.56272] 0.56272 1 30.430667| 5.0975 | 3.362833 | on on
2 |msows 2 379836 3,79836{ 3.79834 2 |30.430667| -5.0975 |3.362833 | eon on
3 |wsws as6272] 0.56272| 0.562 3 |-16.22666| 5.0975 | 3.362833 | off off
4 [wss 16.88160| 16.88160] 16.88160) 4 |-16.22666| -5.0975 |3.362833 | o on
5 |msas 1114924} 924] 1114924 5 |-66.26752| 5.0975 | 3.362833 | off oft
3 ) T a91442] 091442 0.9144) 6 -66.26752 | -5.0975 | 3.362833 | on off
e o] Sa30661] 339661
3 |essm 5606098 56.06098] 0.00000
0 w2 168516| 1.68816] 1.68816)
n_|jesw 439625| 25| _4.39625
12 |esaz 2 | 13010 .30 3012
13 |msss 1 1.65299]  1.6529¢ 5299
14 [#sas 812427 27|  8.12427)
o = Laous] 13009 130139
6 | 59.47458| 59.47458] $9.47458
v e 1406a]__o.14088] - 0.14088
18 1 L1383l 3| 111383
v & 0.14068| 0.14068] _0.14068
| Transat 20 ; 1]

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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F!gure 89: Tem'perature respone at four diffent Icatln i branc 5. aton - imedatel eore heat exchagr '
(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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Fure 9: Temperatur response at four different locations in branch 9 (heat load step response fro kW 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 0 seconds

Fresz: emperature 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 wi