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Abstract

Over thelast 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 dveep 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 8.0 times the cooling capacity currently installed on naval combaid@htssillan,
Perotti, McCunney, & McGovernn 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 systemaded require preliminary design and integration in
the earlystages 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 eastage 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 withthe 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 inctiopora

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 conjiorcivith 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 thedesign. 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 progntereaction, 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 Ocdangineering
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1.0 Chapter 1: Introduction

The focus of thithesisis on the earlystage design of coolirgystems aboard \& Navy surface ships
utilizingthe principles of navalrahitecture and mechanicahgineering conceptsThe intent was to

study the leat transfer process within thehilled water systemthe seawater systerand theelectronic
coolingwater systemand develop a Cooling System Design Tool (CSDT) based on the thermodynamic
laws that govern heat transfer as well as the hydrodynamiccipias that govern fluid flow, specifically

the incorporation of flow network analysis (FNAhekey puposes of the CSDT aeprovide 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 chapterst{tduction, Design Tool Fundamentals, Designl Poohitecture,
Simulation & Results, and Conclusions) amd appendicesThe Introduction provides background
informationand fundamental conceptsertaining tochilled water systemseawater systemand
electronic cooling water systemi also provide a brief discussion pertaining tioe motivation behind
the CSDand the intent of this thesidesign Tool Fundamentgisovides the theoryo which the CSDT
algorithm was based upoiThis includesfundamentaheat transferconcepts pipe characteristicdJow
network analysis, pump and valve characteristics, head loss associateffomitconfigurations and
junctions heat exchangeand cooling coitharacteristics, expansion tank design concegsl A/C unit
characteristicsDesignTool Fundamentals also provides assumptions made pertaining to the theory
behind the CSDT as well as validation of those assumptions wherever pd3egitgn Tool Architecture
describes the layout of the CSDT particularthe user inputs and outputs pvided by the CSDand an
in-depth explanation of the CSDT algorithbesign Tool Architecture also explains the program
requirements and the user prequisites,andguidelines in designing a chilled water syst&mulation
& Results discusses in detail example of a cooling system modeled using the CSDT, including
pertinent analyses of the cooling systefihe modeled cooling system is analyzed statically as well as
dynamically. Several scarios are explored to study the effectstbf thermaltransients. Lastly,
Simulation & Results also contains validation of the G&iD$ient analysithrough the use o&nalytic
comparisonThe final chapterConclusionghe major benefits and drawbacks of tl&SDT are
discussedas well as areas of future reselard he attached appendices indkithe notional heat loads
used in the simulatioandrefrigerant characteristics

1.2  Topic Motivation

Over the last several decades, there has been a dramatic increase in the complexity and power
requirements of radars andther combat systemequipment 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 systesitts future combatants

expected to require 80 times the cooling capacity currently installed on naval combai@htssillan,
Perotti, McCunney, & McGoverrh the past, the cooling system could be designed and integrated into
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the ship tavards the later stages of the ship design process; however, this is no longer possible. The
growing complexity and size of the cooling systems needed regualiminary design and integration in
the earlystages othe ship design process. To design amddrate cooling systems several tools are
available to the naval architect, but vary in complexity and usefulness depending on the design stage
considered.

For earlystage design, ASSET and Rhinoceros may be ASS&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 andyses. 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 provigdatquertaining 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 ofgravity, area and power through the use of the Payloads and Adjustments table.

Rhinaerosis 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 thleanelvitect 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 midstage design, Paramariman be usedThe tooloffers miwch capability in analyzing the cooling
system, includingisualization of the piping structurgjeight 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 Ramarine and much time has to be invested in order to become proficient and take
advantage of what Paramarirtas to offer

Finally for latestage design, commercially available tools such as Flowmaster®;RIRE and
FluidFlow® may be used. These t@oks useful in solving for floand pressuravithin the piping
network,and have the capability to integrate several systems together such as the HVAC and chilled
water systemsbut require an irdepth model @ the ship and piping structure

A previous MIPNstudent,Ethan Fiedeliecognized thisieed for a earlystagecooling system design
tool that is easier to use than Paramariaedwhich does not require an idepth model of the ship

&]  wo¢rsion of theCSDTCSDT v1.@rovided much insight intthe design of the chilled water
systan and provided an interface with Paramarine for further analysis. Howeverawbacko
CSDWV1.0was the use of rules of thumb for determining flow within the piping netw(@ikdel, 2011)

In contrast toCSDT v1,0his version of the CSRTSDT v2:Pfocuses 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.

LdZ]e % % E& E ( E+ §} ~ d AiX] *]Ju%oC + ~dX tZv & ( EE]vP §} &] o[« A @
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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 includinbé chilled water systefthe seawater systerand the eletronic

cooling water systemAll three cooling systemgrovide similar functions in providing coolinguarious
electronic components but vary tooling water temperatur@nd purity.

The chilled water system is only one of mdreshwater systems aboard U.&u vesselsThe 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. Th&CAcooling cail use asignificantamount of chilled
water, accounting for as much as 75% of the heat load serviced by the chilled water .g9gtem
components requiring chilled water may inclu8®$3 (surface sonar), St (surface electronic
warfare system), SPYh#&nna (surface radar), A/C Unit Lube Oil Cooler, among other electronics
equipment and cooler§Frank & Helmick, 2007)

The seawater system provides a low cost Bofuin removing waste heaiffering a lower weight and
smalle footprint than that of the chilled water systenbut the cooling fluid temperature is generally
higher(Johnson, West, Miller, & Zouridakis, 20040s0, if used direbt 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 andi@mineralized wateloop asseen ir[Figurel below.

Figurel: Heat flow from heat load to sea via DWand SW loops

The electronic cooling water system is a system specifically designed to remove heat from electronic
equipment by spplying 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 requied by the electronic equipment.
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1. For high temprature limit applicationsThe seawater primary cooling system supplies cooling
water for electronic components requiring cooling water in excess of the higixgstcted
seawater temperatures.

2. For low temperature limit application3:he chilled water primry cooling system supplies chilled
water for electronic componentsequiring cooler cooling water.

3. For mid temperature limit application#:the required cooling water temperature is close to
that of the maximum expected seawater temperature, theehybiid approach may be taken.
The electronic cooling water system is cooled by chilled watermithe seawatetemperature
is high but can be cooled by seawater if the seder temperature is low enough.

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

1.3.1 Description of Chilled Water S ystems

The chilled water system may be composed of several chilled water plantsclibeth 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, andarious instruments and control$he 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 cooing for all equipment within that zone. The chilled water supply and return piping have
components which rutongitudinally o}vP $Z u i}E]5C }( S hilked |9ai¢r mainspPaind

vertical components (chilled water risers) which connect thearkilio 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 closedbop. Cobssconnections provideonnections athwartsips between chilled water

mains A diagram showing the interconnections of the major components is shqwigime2

Figure2: Schematic of chilled waterlpnt (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 singkgleed 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 tctwols i
approximately6.6°C(Pruske & KiehneThe cooler fld 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 ofthe water rises. In addition, the expansion tank provides a source of nakeater.

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 heddhs.ircreases 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 ecassection.This provides flexibility in
separatinghe two zones by stiting the crossconnect valve; bwever, the crosgonnect 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 il and nonvital loadsVital loads consist of
machinery space services, electronic equipment, dtal air conditioning cooling coils. Nevital loads
contain all services not classifigdal. An example of a vital load branch of the chilled wayestam is

shown i1Figure3

Figure3: Example of chilled water vital load branctDDG51 1WFang, 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 sgst for A/C

unit heat rejectionThe 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 toedensing 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 diveazilyl
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 uskea 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 systentJohnson, 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 neeled within the dectronic cooling water system.

The most desirable type would be a seawater cooling systieetronic cooling water system
configuration since this is the lowest cost solution. However, this configuration is only possible if the
cooling waer needed is 8.0°F above the maximum seawater temperatufde electronicomponents
transfertheir heat to the electronic cooling watefia a heat exchanger, possibly through the use of a
cold plate with very thin channel§he warmer electronic coolingater 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 irdl@ter inlet.

Another configuration of the electric cooling water system would be that of the chilled water cooling
systemelectronic cooling water system. This configuration is necessary when the electrical components
require a high level of cooling water purity and a low temperafforehe cooling weer. 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 tleeoler 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 exchang&he chilled water then rejects heat to the sea

via the condensémwithin the A/C unit.

The last configuratioof the electronic cooling water system is the seawater/chilled water cooling
systemelectronic cooling water system. This configuration is used when the electronic components
requirea coolngwater temperature between the two ranges discussed abaduds 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 lowleribe heat is

2There 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 cosleawater. 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.

Adiagram of the heat flow ahe electronic cooling water systerthe chilled water system and the
seawater systemand its interfaces arshown belowin|Figure4

Figure4: Heat flow from heat load to seaia 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 Wartémiders and practicing engineers. This includes
modeling the CSDT from thermodynamic and hydrodynamic principles. The framework of the model was
built using Mathb in conjunction with Excelhe program interacts with the user primarily through the
commandwindow, 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 capdxéormed 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 ablity to quickly visualize, develop and analyze cooling systems aboard naval vessels.
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2.0 Chapter 2: Design Tool Fundamentals

Themodynamic laws and equatiossd hydrodynamic principldsrm the basis of the CSDThis is the
mostfundamentaldifferencebetweenCSDW1.0and the version discussed in this papéfhere
CSDWV1.0 incorporatedules of thumb to determine the pipe characteristics (edipmeter) and flow
characteristics (e.gvelocity and mass flow raj, thecurrent CSDT version uses thermodynasamcl
hydrodynamic principleto determine these characteristi¢giedel, 2011)

2.1 Heat Transfer Fundamental s

The major components that comprise the chilled water system includeesgbumps, heat exchangers,
expansion taks, and the pipes that connect these compondntgether. 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

Conductionand radiationare the two modes of heat transfer; howevengnvectionis also often thought
as a separate and distinct mode of heat transfére main difference between conduction and radiation
is the mean free path of the energy carrie@ondiction can be described as the transfer of energy
between molecular elements with a short mean free path between interactiRasliation is similar, but
the mean free path is much largegdn the other hand, @nvective heat transfer can be described as the
process of heat transfer between a solid and a moving fancefficient way to transfer heat since
thermal energy is transported due to fluid moti@lills, 1999) This paper focusem the heat transfer
processes involvingpaduction and convectioriThe basic equations used to compute the rate of heat
transfer for convection and conduction are:

36L I By cbyase
Equationl (Mills, 1999)

and

3&. 7 #660 44 x
Equation2 (Mills, 1999)
respectively, where3$s the rate of heat transfer [W]} @s the mass flow rate of the fluid [kg/s}yis the
specific heat capacity of the fluid [JAQ, ¢ 6 5 41§ the differential temperature of the fluidndergoing
convection[K], ¢6y 5 4is the differental temperature across the boundary/mediut], 7is the overall

heat transfer coefficient [W/fK], and#is the area of the surface in which the heedrisfer occurs
[m?].
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2.1.2 Types of Flow

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

2.1.2.1 Laminar vs. Turbulent

When hydrodynamically fully developed, laminar flawthin a cylindrical tubdnas a parabolic velocity
profile consistent with Poiseuille flowror turbulent flow, there is greater mixing of the fluid within the
center of the channgltending to flatten out the velocity
profile towards the center of thel@mnnel), and therefore,
there aregreater rates of heat transfer and higher
convective heat transfer coefficient§he flow regime

v § Eu]v C sSZ Z Cv}o [* vpu EW

8 &

4 AL —
a

Equation3 (Mills, 1999)

where 4 As the Reynolds number (dimensionles8)s

the velocity of the fluid [m/s],&is the characteristic Figures: Depiction of (a) laminar and (b) turbulent
dimension of length [m], which in this case is the diametflow (Sellens)

of the pipe, andais the kinematic viscosity [i#s] (Mills, 1999) Laminar flow generally forms with Re <
2,300, while fully turbulent flow forms with Re > 10,000ere is a critical zone that exists for Re

between 2,3066000 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 showijigureSjwhich depicts laminar flow

and turbulent flow ina cylindrical pipe.

2.1.2.2 Forced Convection vs. Natural Convection

For convective heat transfehé mainmethods of heat removal ariarough forced convection (air)
forced convection (liquid natural convection (gif and natural convection (liquidThe diference
between natural convection and forced convection is that in forced convection the fluid (either air or
liquid) is propelled by some exterrfakrce, usually a fan or a pump/ith natural convection, the fluid
circulates due to differences in densidgused by differences in temperaturEhe hotter, less dense

fluid rises and the cooler, denser fluid fall$iis can result in circulation of the fluid with gravity as the
force which sustains the flow of the fluifihe method of heat removal plays a dalaole in the

efficiency of heat transfer between the heat source and the heat Jipgical rages of the average
convective heat transfer coefficients air and water undergoing forced convection and natural
convection are summarizedbelow. 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 ZIW/m2K]
Natural convection, air 3-25
Natural convection, water 151,000
Forced convection, air 10-200

Forced convection, water  50-10,000
Tablel: Range of average convective heat transfer coefficientsviarious flow and fluid(Mills, 1999)

Higher average convective heat transfer coefficiesilsresult in smaller differential temperatures
needed for the same rate of heat transf@&ecause 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 the paperThermaiElectric

CoSimulation of Power Conversion Systems aboard an

All-Electric ShigPruske & KiehneJo increase the

surface areaf the electrical components, fins are

generally used, whictesults inhigher heat transfer

coefficients.Some examples of fins used in standard

integrated circuits pckages can be seerjfigures| In - o o e of fins used in cooling electrical
addition, fins can be attached to the outer surface of components (Alpha Novatech, 2007)

the chilled waterpiping in contact with the hot flowing aifhis increases the surface area in contact
with the air, thus increasing the heat trsier efficiencyHowever,even with the use of fins both on the
electrical components and on the chilled water pipitige growing trend of increased heat generation
and thermal loadsnay be too great sitheNavy shifts towards larger and more powerful elécal
systems and the all electric shiith this in mindpther methods of thermal managemeshouldbe
explored such as direct contact of fluid with electrical componatdag with more exotic methods such
as twophase flow ad jet spray methods

2.1.2.3 Internal vs. External Flow

Internal flow describes the flow of chilled water within the cooling systéhe velocity profile for

internal flow is shown above 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
externalsurface of the pipe cyIinde?shows the flow pattern for flow aoss 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 more exotic heat exchanger, the heat transfer mechanism on the secondary side differs.
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Figure7: Flow across a cylinder for different flow regim¢Sunden, 2011)

Most of the heat sources identified tin the library of the CSDT hasesociated heat transfer
coefficients; however, if not specified, a set of empirical equations can be used to determine the
average Nusselt numbefhe equationsuggested by Churchill and Bernstein are shown below.
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where 6§8),is the average Nusselt number (dimensionlegs)yis the Reynolds number
(dimensionless), an@ Nk the Prandtl number (dimensionles$hese equations should be used with
caution, as they represent externf@w over a cylindrical pipe. If the geometry is more complex,
including bends, fins, cro$®w, etc, then the above equations should not be used and the convective
heat transfer coefficient should be determined experimentally.

2.1.3 Temperature Profile

The main purpose of the chilled watesystem 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@mponents will followWith 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 he 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 compor{entecirculdion pump in

the case of a liqguid The hotter air(liquid) then passes over the sade of the piping of the chilled water
system(the tube bundles within the heat exchangefhe surface temperature of éhchilled water

system piping is much cooler and thus cools the hofliginid), which is then recirculated back to the
electrical conponents.The surface of the piping is heated up by the ho(lajuid) and heat is

transferred through conduction across the outer wall of the pipe to the inner wall of the Ppheepiping

holds thechilledwater which flows at some velocitfhe forcecconvection of water within the pipe

removes the heat generated by the electrical components and transfers the heat to the chilldnunit.
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 oufléfhecrosssectional view of the pipe

and its associatetemperature profile for steadystate heat transfeis shown below 1rIFigure8

* 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 boundariestbe 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 reahty the chilled water.
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Figure8: Crosssectional view of pipe and associated temperature profile for steashate heat transfer across the pipe wall

The temperature profile shows the rate of heaansferfrom the hotter fluidthrough the pipe wall and
into the fluid within the pipewith the distance varying radially from the center of the pigé¢hen in
steadystate, 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 h@ate variable T, corresponds tohe
temperature of the hotter fluidoeing blown across the surface of the electrical componéFtgs hot

fluid comes in contact with the surface of theteu pipe wall.The surface temperature of the outer pipe
wall is T. The temperature drops linearly through the pipe wall by conductiastly, the temperature
drops throughout the flowing fluid within the pipe, with the center of the pipe having a teatpeg of

Te. The surface temperature of the inner pipe wall isBach layer also has specific thermal properties
described by the variableshh. ,, and k.The two fluids undergoing forced convection have associated
heat transfer coefficients,; 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 diaghaifference in temperate
from the heat source to thdree streamfluid flowingin the pipecan be thought of as a voltage
potential. Each boundary also has some resistance to the diblaeat and can be thought of as a
resistor. The flow of heat from the heat source to the heat sink (the fluid in the gipa)be thought of
as currenfFigure9|is a thermal circuishowing the heat transfer process.

Figure9: Electrical analogyo heat flow (thermal circuit)

Each resistance can be calculated if the properties of the medium are ki@ing from theelectrical
components to the outer wall of the piping, the following equation was usetktermine the
resistance ¢ heat flow, whee #js the area of contadthe inner surface area of the pipe)
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Equation7 (Mills, 1999)

To determine the resistance to heat flaeross the jping wall, thefollowing equation was used:

H & A

Equation8 (Mills, 1999)

The above equation had to take into account the curvature of the pipe, which is why there is a
logarithmic term in thenumerator as opposed to a linear term as is the case for alsétbly, ©
determine the resistance to heat flofkom the inner wall to the fluid in the ceat of the pipe, the
following equation was used:

S S

Dafa  aloN

420 L
Equation9 (Mills, 1999)

Using the equations of resistan(gquations ®) o}vP A]3Z §Z v o}PC }( KZu[* o AU §Z
values at each node can be determined as shown in the equation below.

36 36 H%A
Q]EIFPAJIIEP4L %EQJEFAJ[E!E)_JeI\A teG. them,

Equation10 (Mills, 1999)

Gosl &E

2.1.4 Convective Heat Transfer Coefficient

An important parameter to bealculated is the convective heat transfer coefficidird.determine the
convective heat transfer coefficient®yand Dsgthe flow regime must be known for the two fluidsor
the case ofaminar flow, the convective heat transfer coefficient cancbenputed using the following
equation:

-Lué&x—G
Re &

Equation11 (Mills, 1999)

where Gs the fluid thermal conductivitf/m-K] and &is the diameter of the pipém]. This equation
assumes that théemperature along the pipe wall is constant and that the point of interest is far from
the entrance of the pipe, where there may be softuetuations in Dxdue to vortices and a steghange
in heat exchange across the pipe length at the pipe entrance.
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Forthe case of fully turbulent flo4 A,> 10,000)and 2 NP r & the convective heat transfer coefficient
can be computed using the following equation:

A& a4 . 40 48
gxG €%,

DyLratu FEERTE

Equation12 (Mills, 1999)
where 8s the velocity of the fluid [m/s]@s the fluid thermal conductivit///m-K], éis the density of
the fluid [kg/nT], %is the specific heat capacitf the fluid[J/kgK], &is the diameter of the jpe [m],
and &is the kinematic viscosity [fs]. Again, it is assumed that themperature along the pipe wall is

constant and that the point of interest is far from the entrance of the pifigs equation can be
rewritten using dimensionless parameteas follows:

0Q,Lratu:dA;**:2N8
Equation13 (Mills, 1999)

where 0 Q,is the Nusselt number an@ Ns the Prandtl number defined as:

Do v
L —=
0Q,L—5

Equation14 (Mills, 1999)

and

24
2 NL —
G

Equation15 (Mills, 1999)

respectively where ais the dynamic viscosity [kgAsi.

Initially, the convective heat transfer coefficient for turbulent flow is calculated using the above
equation; however, the equation is not valid fdrA,within the transition zone and only provides an
approximation for the convective heat transfer cieient. Once he pipe diameter and velocity have
been estimated, a more refined approximation of the convective heat transfer coefficient can be
} S 1v ue]vP 'v]arhule ][« (

I—IZBp:4/§§Fsrrr;2N
0Q L E
< 6
sEsta(I—pr6I2NFsp

Equation16 (Mills, 1999)

This equation provides a more accurate value for the convective heat transfer coefficient, and is valid for
thermally fully developed flow witt2 NP r &and ud&rr O 4 A, O sr, although there is greater
uncertainty with 4 A, O s rPdue to intermittent turbulence with error reaching up to 2qdills, 1999)
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2.1.5 Assumptions

Some assumptionsvere madein order to simplify the equations involved in determining the necessary
pipe diameter and fluid velocity within the pip&his included

X A constant temperature of 6°€ 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
determinationof 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 brancihese inlet temperatures were subsequently used Bizieag the
various brancldiameters and header diameter.
The effect of adiation is negligible.
The effect of natural convection is negligible.
The temperature at a particular length of piping is only dependent on the radial component
The liquidis incompressiblewith aconstant é(during operation of the chilled water system)
Changes in fluid properties are negligibtecluding: k,3 and ?% (during operation of the chilled
water system,
X Representative values for valve lasmefficientwere chosen for gateglobeand checksalves
when loss coefficientaere not known.
Only gateglobeand checlkvalves were modeled withithe CSDT.
The equations provided by Churtlihd Berstein were assumed adequate in calculating the
average Nusseltumber for heat exchange(svith the exception of flat plate heat exchangers)
that did not have an associated heat transfer coefficient within the CSDT libtegyequations
do not take into account specific arrangement of the cylindrical tubes or fin gegmif
present.
x The radius of curvature fgipe bends was assumed to be thit@®aes the inner pipe diameter.
This value can be modified by the user within the CSDT.
X The radius of pipe entrance/exit curvature was assumed to be 0.1 times the inner lpipech
diameter.This value can be modified by the user within the CSDT.

X X X X X

2.2 Pipe Characteristics

As mentioned earlier, the pipe material plays a role in the heat transfer from the heat source to the heat
sink. The two types of piping material used include: pepnickel alloy 9610 (copper alloy number 715)

and coppemickel alloy 7680 (copper alloy number 706T he thermal conductivity of coppatickel

alloys range from 1860 W/m-K with copper allojumber715having ahermal conductivity of
50W/m-Kandcopper alloy numbei706 having a thermal conductivity of 29 WHNQ(Copper

Development Association, Inc., 2012)

As specified in MH-16420K, there are specific tube diameters and thicknesses used aboard naval
vesselsThese thtknesses depend on the coppaEioy 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 discusse@herénclude: Class 200,
Class 700, Class 1650, Class 3300, and Clasg6@0Dlass denes the maximum working pressure in
Ib/in®. Below|Table2]summarizes the various diameters athitknesses 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 | Wit/ft Thickness | Wt/ft Thickness | Wi/ft Thickness | Wit/ft
in. in Ibs 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 11.5 0.630 17.2
3.500 0.095 3.94 0.165 6.70 0.250 9.89 0.458 17.0 0.760 25.3
4.000 0.095 452 0.180 8.37 0.284 12.8 - - - -
4.500 0.109 5.83 0.203 10.6 0.340 17.2 - - - -
5.000 0.120 7.13 0.203 11.9 0.380 21.4 - - - -
5.563 0.125 8.28 0.220 14.1 0.425 26.6 - - - -
6.625 0.134 10.6 0.259 20.1 0.457 34.3 - - - -
7.625 0.134 12.2 0.284 25.4 0.526 45,5 - - - -
8.625 0.148 15.3 0.340 34.3 0.595 58.2 - - - -
9.625 0.187 215 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 - - - - - -

Table2: Dimensions and weights of coppealloy number 715 tubegMIL-T-16420K1, 1978)

Table3[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 Wi/ft

Inches in Ibs

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

Table3: Dimensions and weights of copper alloy number 706 tuid&lL-T-16420K1, 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
0 SE] o0 ]E uls pue]vP <]E ZM (] TG EFE(S oS X we A ~<s>eX

The chilled water piping system is a network of interconnected piples.system is composed of two
different pipe types, the header and branch pip&ke header pipes branch out into parallel segments
which are the portins that come in contact with the heat sourc&ach branch will vary in diameter,
length and other characteristicich as bends, tees, and valvasich will affect the mass flow rate
within that branch, and ultimately the mass flow rate in the headeingjprhe fundamental equations
that govern how fluid will flow within the network of pipes are basedlo# conservation of mass,
momentumand 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 segmen{conservation of massand:

|6L é#8
Equation17 (Rennels & Hudson, 2012)
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where | @s the mass flow rate [kg/sEis the density of the fluid [kg/f, #is the crosssectioral area of
the pipe [nf] and 8is the average velocity of the fluid [m/d]herefore:

e# 85 L:é# 86
Equation18 (Rennels & Hudson, 2012)

where 1 denotes the branch pipe inlet and 2 denoteshih@nch pipe outlet

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

(s L :2#cF:2#5E168F 8&:s
Equation19 (Rennels & Hudson, 2012)

where (sisthe apparent force acting on the control volume due to frictional resistance and/or
difference in pressure across the control volume along taeis.

Lastly, the conservation of energy is used to derive the general energy equdgigiecting forms of
energy such as electrical, atomic or chemical, which are not germane to the flow problem pertaining to
the chilled watersystem, the general energy equation takes the form:

% 1580 15 _,35 _ 2% _ 168 T _ 236 _ i
E E E— E— E— L—E E E— E— E—
e5C tC S C & 168 ¢&C tC 6 C & | &

Equation20 (Rennels & Hudson, 2012)

where 2is the pressureN/m], Cis the acceleration due to gravity [nf]s T is the kinetic energy
correction factor, <is the relative height with respect to some reference height [nig,a conversion
factor used to convert heat units to specific work uriism/kcal], 3is heat flugkcal/d, ' zis the
mechanical work done on the fluid by a puiliém/s], and ' | is thework done by the fluid on a turbine
[N-m/s]. Some of these parameters are not relevant to the chilled water system, suth asit are
included above for completeness

Even though there argreat temperature differences from the heat source to thdk fluid, within the
closed system of the chilled water, the temperature differences are within a few dedreissdoes not
contribute significantly to changes in dendjpressure changes also have little impact on the density of
the chilled water) therefore, the above equation caretsimplified forthe case of thechilled water
systemto the equation below:

2F2 _ 1585F 1480 '
| = . *
=2 PE t GE 1< F <; E—I L

Equation21 (Rennels & Hudson, 2012)

where * zis head lossm]. Two main sources of head laselude: losses due to surface friction and
losses due to induced turbulencé/henever two mediums are wirect contact with one another and
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have a net difference in velocity, surface frictionlwé presentFlow regime plays a significant role in
determining the head loss attributed to surface frictidrhe HagefPoiseuille lavcan be used to
determine head loss due to surface friction for laminar flduae DarcyWeisbach equatioean be used
to calculate head loss for turbulent flowhe HagefPoiseuille law is shown below:

L uta.8
A-"gbecC
Equation22 (Rennels & Hudson, 2012)

The DarcywWeisbach equatiofis shown below:

.86 g6
* Al B— | - —
A-Prec Ttc

Equation23 (Rennels & Hudson, 2012)

where - is the loss coefficiendimensionlessand is defined as:

- L B?'&
Equation24 (Rennels & Hudson, 2012)

The loss coefficient can be found for any component that contributes to headHrasiples of these
include: pipebends valves, pip@xpansions, pipe contractions, pipe orifices, pipe entrances, pipe exits
andthe intersectionof pipes that form a teeThese pipe elements will be discussed in greater digtail
the proceeding sectiond heDarcy friction factor can easily be determined for laariflow by

combining the HagefRoiseuille law andhe DarcyWeisbach equatioio obtain:

BL XV
4 A
Equation25 (Rennels & Hudson, 2012)

For turbulent flow, theColebrookWhite equation can be used, which is valid even intthasition zone
(2,100 < Re 5000).The use of th&€€olebrookWhite 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 factorThe ColebrookVhite equation is shown below:

?6

. Y tavs
BL LFtZ %— E——
ud& 4A¢B

Equation26 (Rennels & Hudson, 2012)

This requires an iterative approach as can be seen in the equétioimitial guess oB= 0.02 is
assumed and plugged into the equatidrhis process iepeated 23 times withthe Darcyfriction factor
converging quicklyFor CeNi alloy pipes, the surface roughnes§ié 0.05mnm(Norsok Standard Fifth
Edition, 2006)
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The second contributor to head loss is induced turbulefi¢e BordaCarnot equation can be used to
determine the head loss due taduced turbulence caused by a sudden expansion in pipe dianigier.
BordaCarnot equation is:

Equation27 (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 brancfilflew.
next three sections expin each of these flows in greater detalil.

2.3.1 Series Flow

Series flowtakes in to account several elements of a pipe that are aligned with one another such that
the mass flow rates of each element are equéal.example of this would be a straight pipennected to

a gate valve followed by a segment of straight pipe, d@hd, straight pipe, a flow reducer, and a last
segment of straight pipd-or this case, all elements are in series with one another with the outlet of one
segment connected to the iel of the following elementWith the exclusion of a pump, there will be a
pressure drop along the length of the pipavith each element contributing to the overall loss of
pressure due to the associated surface friction losses and induced turbulenes. Bisge 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 cressctional area of each component is factoredTihe overall head

loss for series flow witN elements is:

16 ¢ -0
A’EOL 'GI 6
t Cé #U

Equation28 (Rennels & Hudson, 2012)

In addition, the overalbressure loss can be found using:

(o=

2;eo6L
EO 4
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uab
Equation29 (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 greathethan t
pressure drop associated with friction along the pipe length.
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2.3.2 Parallel Flow

Parallel flowpertains to flow coming from a central source which diverges into two or more paths and
then converges back somewhere downstreakpplying the cogervation of energy and the
conservation of mass principles, tf@lowing equation can be found:
) G o ?6
— Le I|— [
#Pe o w B
Equation30 (Rennels & Hudson, 2012)

Afterwards, thesolution to this egation can be inserted into the following equation to solve for the
individual mass flow rates for the pdiel branches

D~ A
e

A

&L 1 6a¢0%

Equation31 (Rennels & Hudson, 2012)
wherethe total mass flow rate is equal to the sum of the individual mass flow rafesce:

®
| Gacok | 16
Ugb _
Equation32 (Rennels & Hudson, 2012)
2.3.3 Branch Flow

Branch flow is the combination of sesiflow and parallel flow, but may be more complicated since the
parallel branches do not necessarily converge downstrddomvever, for chilled water systems, the
branches do converge into the header pipe, and thus, the application of the equations & tew

and parallel flow will suffice for solving the branch flow problem that this particular system presents.

An example of a branch flow netwocan be modeled using an electrical circuit analfggure10]

shows a diagram of a segment of a cooling syskifith the various sources of head loss modeled as a
resistive component, the flow through the various pipe branches can be determined giveeararditil
pressure or an inlet mass flow rshows an electrical circuit analogy to the chilled water
system diagram.
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Figurel0: Example of branch piping network

Figurell: 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 drivenfogat 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 capacpuntipe
headand the operating speedf the pump.An example of a centrifugal pump is sho

below.

Figurel2: Example of a centrifugal pum@homasNet, 2013)
2.4.1 System and Pump Curves

To properly size a pumphe 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 ibéatat in the
system and the head loss associated with major and minor I¢Eigsel3]below shows an example of
the system curve along with how tleeirve shifts with changes in head loss (e.g., shutting or opening
valves)System Curve and Pump Performance Curve)
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Figurel3: System curvgSystem Curve and Pump PerformanCerve)

The pump performance curve depends on the specific pump considered and provides the head of the
pump as a function of flomate. An example of pump performance curves for a pump with impeller
diameters of 6 in8in, and 10 in is shown [Rigurel4{below (System Curve and Pump Performance
Curve)

Figurel4: Pump performance curv€éSystem 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 altnthevilow rate
which will be expected for that specific system aetiected pumgFigure15|below shows an example

of the operating poin{System Curve and Pump Performance Curve)
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Figurel5: Operating point(System Curve and Pump Performance Curve)

Typically, the pump selected should have the operating point coincidetietbest 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 Tdeséstal pump head
can be found using the equation:

Equation33

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

As stated in Section 2.1.B was assumed that the temperature inlet for each branch did not vary and
was equal to the inlet tempetare of the suppy header of 6.8C.This assumption was validated by
calculating the associated temperature rise along the length of the supply header due to hedthtoss.
equation for the temperature riséT due tohead losss shown below.

*A

6 L
%

Equation34 (Rennels & Hudson, 2012)

where %is a conversion factor equal #¥8.169262 [fibf/Btu]. A simulationwas conducted that
contained 18theat loads with a branch for each lodthe branch pipeliameter was calculated, along
with the header pipe diameter and various flow velocities through the header and each bifdreh.
greatest rise in temperature would be seen in the branch furthest downstr&dmarise in temperature
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along the length of theupply header was on the order @0 °C This is due to the relativelgw

velocities encountered within the chilled water system. Appreciable rises in temperature due to head
loss is not seen until velocities approach sonic speeds. Therefore, neglbetinge 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 of2C calculated.

2.4.3 Pump Selection

Due to the endless supply of pumpga#able the approach used within CSDT viés also used,
considering the 1510 series pump manufactured by Bell & Go@Setlel, 2011)The 1510 series pumps
which operate at 60 Hz can be operated at slow, medium, andduighd with speeds of 1150 rpm,
1750 rpm and 800 rpm, respectivelyBell & Gossett, 199Figurel6jshows the envelope of operation
for the 1510 series pumps based on speed.

Figurel6: Envelope of operation of Bell & Gossett 1510 series pump based on pump sfit& Gossett, 1998)

The CSDT ontpnsiders Bell & Gossett 1510 seriesnps operating at 1750 rpm. TH&10 series
performance curves operating 4750 rpm is shown |Rigurel7|below.
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Figurel7: Bell & Gossett 1510 series performance curves operating at 1750 (el & Gossett, 1998)

The pump selection process begins with the head loss of the system for a specific A/C itk
operating condition (e.g., shore, design, cruise, batfléle mass flow rate can also be found based on
the specific A/C unit linep and operating condition. With this information, the intersection of head and
mass flow rate yields the optimal punfor 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 linaup and operating condition. To select the pump, the design condition is used, but
with many dfferent options available for A/C unit lingp, 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 unitdupe A gcond 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 segoints follow

X The pump selected provides a solution but does not guarantee the optimal salution
Only punps of the Bell & Gossett 1510 series were considerdéiaetOnanufacturers and series
would provide greater available options for pump selection

X Impeller diameters were not considered
An average weight of 1200 kg was used for all pumps selected
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2.5 Valve Characteristics

Valves are used for a variety of reasoBsme are used for isolating a segment of the systaoh as a
gate valveOthers are used for conthing the flow through the sysin such as a control valve or a globe
valve.Yet, others are useaf ensuring flow in a specific direction suchaasheck valve

It is assumed that there is a gate valve at either end of the branch for branch isokssona control

valve is assumed to be at the outlet of each branch to control the flow dependitenguerature.For
the header branch, it is assumed there is a gate valve on the supplighaad 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, then® isxplicit formula that can be used to calculate the
loss coefficient of the specific valve accuratd@lge pressure drop must be specified by the
manufacturer and includeds an input intadhe CSDPprogram Schematics of a gate valve and a globe
valve ca be seen ifFigure18| As can be seen in the schematics, the flow path is much more tortuous
for the globe valve, resulting in a higher loss coaffitand greater heatbss.If no manufacturer data is
availablefor the specific valve used in the chilled water system, a nominal value for the valve loss
coefficient was usedl'he nominal values chosen for the valve lossfatehts can be seen|ifiable4

Figurel8: Schematics ofjate valve globe valveand check valvéBonney Forge, 2012)
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Valve Type Notional Loss Coefficient Value (dimensionles
Gate t Full Port 0.2
Globe t Standard 35
Globe t Angle 4
Checkt Swing 15

Table4: Notionalvalve loss coefficient@lues(Rennels &udson, 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 pif@pecifically, pipe bends and tees contribute to the head
loss within thechilled water system.

2.6.1 Bends

Bends in pipes contribute to the head loss that takes place within the chilled water sy=tente
design of the chilled water system, it was assumed that all bends constitutetcm@@and that all
bends weresmooth

An empirical equation used to calculate the loss coefficient due to a bend in ayaipeisedThe
equation is:

x&BH O EGAE O E@JA
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N
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Equation35 (Rennels & Hudsn, 2012)

where Uis the bend anglén radians(0- <), Ns the radius of curvature of the pipe measured from the
centerline of the pipe [m], and@s the pipe diameter [m]This equation is valid for smooth pipe bends.
The loss coefficient for miterdmds 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 beldigurel9

Figurel9: Figure of smooth, circular bend and miter beri@rossFlooding area, 2004)
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In the design of the CSDT, it was assumed thaspacing betweethe bends weresufficiently long

such that coupling effects can be ignorédaddition, the radius of curvature was assumed to be equal
to 3D, or 3 times the pipe diametdn industry, the radius of curvature varies from a short besre(

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 tSVIH1627B(SH), the minimum bend
radius allowed within piping systems is 2D, thus sbends and long bends are not allowed without
special permissiofMIL-STDB1627B(SH), 1981The 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 odfiead loss in the chilled water system is the convergence and divergence of flow.
The most common angle of convergence and divergence’jg@thing a T shape, i.e. te€he four

specific types of tee configurationsed within the chilled water system aithe divergence offlow
throughthe header, the divergence of flothroughthe branchthe convergence of flowhroughthe
header,andthe convergence of flowhroughthe branch[Figure20jshows the fouconfigurations of
converging and diverging flow.

Figure20: 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 rigRgnnels & Huson,
2012)

Entrance effects cause disruption in flow and tend to incrébheaate of heat transfer at localized
areas.For turbulent flow, fully developed hydrodynamic flow can existL5(pipe diameters from the
entrance of the pipe assuming no largmke eddies are preserithe hydrodynamic entrance lendth
k. z pmay be as high as 2D pipe diameters if large scale eddies are preséné thermal entrance

® The hydrodynamic entrance length is the distance required for the friction fadBoto decrease within 5% of
the fully developed value of the friction factorg ;.
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length’ :. g ;is somewhat lower for high or low Pr, with 5 pipe diameters sufficient for fielyeloped
thermal flow.

For diverging flow through the header, the loss coefficient can be found using the ecgiagiom:

L rauxFré IﬁEr"tllﬁﬁEr" IIQ:
-56 an x EEZI@ & I@p auI@p
Equation36 (Rennels & Hudsor012)
and
P - B - T -
-56 L ratFrle—@EralXII—@p EraUII—@p

Equation37 (Rennels & Hudson, 2012)

where -5 and - 5 gareloss coefficiers.

For diverging flow through the branch, the loss coefficigart be found using the equations below:
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Equation38 (Rennels & Hudson, 2012)

and
e w6166 @ . @
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Equation39 (Rennels & Hudson, 2012)
where
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Equation40 (Rennels & Hudson, 2012)

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

I I I I
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Equation41 (Rennels & Hudson, 2012)

and

"The thermal entrance fegth is the distance required for the Nusselt number to decrease within 5@o(@f
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-65 L:—g FriwF t %, — : g FspF t%Eng F : g
Equation42 (Rennels & Hudson, 2012)
where
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@ @ E%atioMS(Rermels & Hudson, 2012)
and
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Equation44 (Rennels & Hudson, 2012)

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

I
-2: LFsSEt:t F%%F%E,Iglzl-kt/mlzsog Et:%Fs; ||§
Equation45 (Rennels & Hudson, 2012)
and
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Equation46 (Rennels & Hudson, 2012)
where
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Equation47 (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 A0°C.This will not result in an appreciable increase in volume dwhtmges 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 pregecausing even greater rises in temperature of the chilled
water. This volume expasion is accounted for througlhé use of an expansion tarkhe expansion

tank is connected to the chilled water system through theure header anctan be isolated by esof a

gate isolation valveEach A/C unithilled water pump combinatiomust have its own expansion tank.
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Theexpansion tank serves several purposdse firstis to serve as an expansion volume to mitigate the
effects of pressure due to changes in legulwater temperatureThe second purpose of the expansion
tank is to collecair entrained in the system. Thhkird purpose of the expansion tank is to provide a
source of makeup water to replace water lost due to leaks within the system. Lastly, thesexpank
isto provide some predetermined pumping capadity the chilled water pumpTo determine the
operating water capacity of the expansion tank, we multiply an assumeduyntiee pump flow rate:

& L B3yp
Equation48

where 8:is the operating water capacity of the expansion tank [gRlis the assumed duration of time
the expansion tank is required to supply water to the chilled water pumpargl],3., pis the capacity of

the pump [gal/min].The default value fol}is 30 seconds, but can be changed by the uBee. capacity
of the pump was determined by the method described in Section 2.4.

To ensure air does not enter the chilled water system with a leak present, the system is operated at a
minimum pressure 2, of 5 psiunder all conditions. To maintain this pressure, the expansion tank must

be maintained at a pressure greater than this. The expansion tank charging pressure can be found using
the equation:

2,L 2 Eé& ™
Equation49

where 2,js the expansion tank charging psese [ps] and * i is the vertical distance between the
expansionank and the highest point [ft].

Including a 10% safety factor, the total expansion tank capacity was determinggthsiequation:

2i gk
2y,

8 Ls&&IsE p

Equation50

where 2 g£is atmospheric pressure [Jsi

A second method to compute the expansion tank volume is to determine the volume needed to account
for the expanding fluid witlm the system from a rise in temperature from°820 120F.

The expanded volume cédoe 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@ti6.899.41
kg/m®, which is the target temperature within the supply header. A more conservative approach is
taken, using pure water at’G, which has a densijtgg of 1000 kg/ni. The assumed temperature rise in
sizing the expansion tank is PEQ whichis equal to 48.8%C and has an associated densiéy, of
988.31kg/m®. Therefore the volume expansion due to a rise in temperature fromiRB® 120F is:
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Equation51

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

8 L s&:8,E8&;
Equation52

The larger of the two values or 8 , is then used athe expansion tank volume.

The thickness of the @ansion tank was calculatessuming the pressure vessel is tinalled. With
this assumption the radial stress is negligible in comparison to the tangential stress and the tangential
stress can be assumeal be uniform acoss the wall. Summing the forces and rearranging yields the
equation:
2N
PL =
Equation53 (Storage Tank Thickness Determination, 2013)

where 2is the desigmressure [psi],Nsthe tankinnerradius [m], andés the maximum allowable
stress of the material [ksi]. To account for the weddwveld joint factor is added to the equation. The
eqguation is then:

2N

é'Fr&2
Equation54 (Storage Tank Thickness Determination, 2013)

PL

where ' is the weld joint factor. The weld joint factor was assumed td 108 which is a recommended
value for butt welds undergoing pressure load{@pnversion Factor of Weld Jointhe 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, ablelguess

of 4900 pswas used. This yields an expansion tank thickne8s76fmm 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 exyséion 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 B.Within the CSDT a maximum height of 2 m was alloWedrefore, 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 neoptimal radiusto-height ratio will still have less surface area than

multiple tanks with optimal raidisto-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 alllcadesat
exchanger provides a way for heat to tobensferred from one medium to anothefFhe various heat
exchangers vary based on the geometry of the flow configuration, the type of heat transfer surface and
the construction materialsSome of the basic types of heat exchangers include: single stream, t

stream parallel flow, twestream counter flow, twestream crosglow with zero one or both streams

either mixed or unmixed, twatream crosgounter flow,andtwo-stream multipass.Some examples of
these heat exchangers can be sejﬁiigureZl andFigure22|below.

Figure21: Schematic of multpass crossounter flow shell and tube heat exchangeddam, 2004)

Figure22: Depiction of flow for twostream crossflow (Travkin, 2001)

Thetype most encountezd in chilled water systems is the skafid tube type heat exchangerhich isa
two-stream multipass configurationThis is a more complicated heat exchanger design than most
mentioned above, but is necessary to achieve compactigessimpler 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 heatToadshell
and tubedesign heat exchanger provides the tutendles which havgreater 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 thedhefficiency of the system and

greatly contributes to heatbss 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 tahe other.Because of these factors, it will be difficult to determine the associated
headloss 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 relialdeuisate and complete information

pertaining to the parameters associated with hdads and heat transfer for each heat exchanger used
within the chilled water systenOtherwise, the accuracy of the CSDT will diminish greatly, but a rough
approximation forthe rate of heat transfer across the heat exchanger and the hesslattributed 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 ickith and BernsteinVith 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
anapproximate solutionThe tubes of the heat exchanger may be staggered or aligned, which will affect
the flow of air that passes external to the tubés.addition, fins may be present on the outer surface of
the tubes in order to increase the surface areaontact with the hotter airThs willaffect the

convective heat transfer coefficient, but is not considered in the determination of the average Nusselt
numberwhich introduces a source of error

For the electronic cooling water system, there is aeriface between the system and the heat sink
(either the chilled water system and/or the seawater systefije interface is the heat exchanger
between the demineralized water loop and the chilled water and/or seawater loop. The typabf h
exchanger typially used for the seawater/demineralized water heat exchanger is a titanium flat plate
heat exchanger. Thigpe of heat exchanger typically used for the chilled water/demineralized water
heat exchanger ia shell and straight tube heat exchanger with double tube sheet construction. The
demineralized water flows through the shell side and the chilled water ftvegigh the tube side.
Figure23[shows a schematic of a flat plate heat exchanger.

Figure23: Flat plate heat exchanggEnergyFilm)
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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. Thélat plate heat exchanger was designed starting from the fluid type on the
secondary side, along with the expected inlet and outghperatures of the secondary flui@he

process in designing the flat plate heat exchanger was based on a similar example found in
Fundamentals of Heat and Mass Transf&ed. (Incropera & DeWitt, 2002)

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

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

x Themass fbw rate of the demineralized wer was assumed to be 0.5 kg/Ehe resulting heat
loadwas calculated to be 288 kW.

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

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

x Cross flow was assumed.

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

X 60 gaps were assumed within the heaicbanger.

X A plate thickness of 0.5 mm was assumed.

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

k6, 4y aF 6vpme OF Kby, pae cF 600 0

Z &6, pg) aF 6086 OKE, pa e cF 600 00
Equation55 (Incropera & DeWitt, 2002)

Bravagod

The log mean temperature was calculated tol2e5°C.

Assuming fulhdevelopedaminar flow between the heat exchanger plates, the Nusselt number was
determined to bg(Incropera & DeWitt, 2002)

OQL—bG U yavv

Equation56 (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 anesdary sides were found to
be:

_ i 9 0
%YOL vaz | F- .
and

. 9 0
Ruyd- VAV
where 0is the number of gaps, andis the length of the heat exchanger. The length of the heat
exchanger was then computed to be 0.2218 m.

Assuming a plate thickness@b mm, the gap thickness was found to 82 mm. With copper plates,

the dryweight of the heat exchanger was calculated toll2e75 kg. Assuming a factor of 1.5 for casing,
inlet and outlet plenums, the weight wasstimatedat 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 viyoend 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 thelemineralized water side was valid.

Additional flat plate heat exchangers could be migdeby copying th@otional flat plate heat
exchanger and modifying the following parameters:

Secondary fluid

Secondary fluid specific heat capacity (taken at the meanperature)

The design inlet temperature of the secondary fluid

The mass flow rate of the secondary fluid

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

X The convective heat transfer cogfent on the secondary sideThis will most likely be the most
challenging variable to determine. If the flow is laminar and fully developed, thesaitme
approach above using the Nusselt number can be used.

The number of gaps

The thermal conductivityfahe plates

X X X X X

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 theating, Ventilation, and Air Conditioning (HVAC)

systemthrough the air conditioning cooling coils. To properly size the chilled water system, it is

necessary to accuratetyodel the HVAC system and silae air conditioning cooling coils. Similar to
E I]vP u% 3Z +Z]% [+ Z]oooned tBe @VAL systdmalsodfolken up into zones.

2.9.1 Air Conditioning Cooling Coils

Two typical air conditioning cooling coil configurations used abohter U.S. Navghips are the
doubleserpentine coils and the singgerpentine coilsThe differences between the two configurations
are the number of passes and circuits in each typeooling 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 serpemioding coil. The two air
conditioning coil configurations arehown below ifFigure24

Figure24: Single and double serpentine cooling coil flowrdigurations (Foltz, 1990)

As mentioned, théwo 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
coolingcoil (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 beeruitedl within the heat exchanger database. The
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characteristics of the 50 series cooling coils, the 60 series cooling coils and the uni¢ taeiebeen
included in Tables-8 below. Figures 1618 show a photo of the unit cooler and the 60 series cooling
cail.

Sizes | Capacity | Airflow Air Leaving Air Water Air
(BTU/hr) (CFM) Velocity Temperatures Pressure Pressure
(ft/min) DB/WB (F) Drop (ft Drop
Hzo) (in H 20)
61 9020 280 491 58.6/56.8 0.30 0.60
62 16470 450 500 56.9/55.3 0.90 0.70
63 27260 670 496 55.3/53.8 2.20 0.70
64 39970 975 488 55.2/53.7 2.40 0.70
65 63440 1450 485 53.1/52.5 2.40 0.80
66 112.20 2500 500 52.7/52.1 4.00 0.80
67 183.60 3800 507 51.1/50.8 4.00 0.80
68 240.70 5000 500 51.1/50.9 3.50 0.95
Table5: 60series cooling @il characteristics(MIL-PRF2939G, 2001jFrank & Helmick, 2007)
Sizes | Capacity Airflow Air Dimensions Dry Weight Wet
(BTU/hr) (CFM) Velocity 68 65 6 (Ibs) Weight
(ft/min) (Ibs)
51 14 280 491 26-1/2x12-1/8x15 152 157
52 23 450 500 28-3/4x14-3/8x15 176 183
53 34 670 496 35-3/4x14-3/8x15 225 236
54 50 975 488 40-1/2x16-7/8x15 301 317
55 65 1500 483 47x187/8x15 390 414
56 121 2500 500 55x233/8x15 562 602
57 190 3750 507 56-3/8x36-7/8x17-5/8 975 1040
58 234 5000 500 56-3/8x45-7/8x17-5/8 1225 1310
Table6: 50 series cooling coiharacteristics(DRS Technologies, 2011)
Sizes| Capacity | Air Flow Water Frame Size Dry Weight Wet
(BTU/hr) (CFEM) flow 08 05 0 (Ibs) Weight
(gpm) (Ibs)
51 13,500 215 4.0 23x121/8x387/8 202 207
52 22,200 340 7.0 25-1/4x14-3/8x38-5/8 236 239
53 33,500 510 10.0 32-1/4x14-3/8x40-3/8 315 326
54 49,300 750 15.0 37-1/4x16-5/8x40-7/8 411 427
55 62,400 1120 19.0 43-1/2x187/8x43-7/8 510 534

Table7: Unit cooler daracteristics(MIL-G2939E(SH), 1984DRS Technologies, 2011)
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Figure25: 60series cooling @il (DRS Technologies, 2011)

Figure26: 50 series coolingail (DRS Technologies, 2011)

Figure27: Unit woler (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, digter and friction factor; and the losses due to 180

bends. There will also be losses associated with entrance and exit effects. The CSDT can compute these
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losses; however, the difficulty arises when determining the head loss on the secondary sidell Dleis w
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 th&.6°C inlet temperature of the supply headeThere 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 is1id Rentrifugal A/C planthe

R-114 air conditioning lant utilizes a vapor compression system using centrifugal compressors.

[Figure28Joelow shows a schematic of the refrigeration cycle internal to th@ it. 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 chilleat, where heat is absorbeidom

the chilled water and the dher being a heat exchanger involving seagvatvhere heat is discharged to

the seawater.

Figure28: Vaporcompression refrigeration cycle diagrafenggcyclopedia)

The refrigeration cycle starts withcaol 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 compresseckhirifugal compessor, 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 emns an expansion valve. This reduces the pressure and
temperature of the refrigerantThe process then repeats itséffloutier)

® 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 livise.
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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
sekcted for that particular zone. The refrigeration cyclenisdeled using notional values for:

Evaporator outlet temperature
Compressor inlet presse
Compressor outlet pressure
Throttling inlet pressure
Compressor efficiency

mass flow rate

X X X X X X

Using the heat @nsfer equationsthe chilled watemutlet temperaturecan 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 cadd an Excel Spreadsheet. The Matlab code consists of a
geometry module, amanalysis module, a modification module, and several functions. A schematic of the

CSDT ahitecture is shown ||Figure29 below.

Figure29: CSDT rahitecture

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 AC unit (chiller) database. The Matlab program reads in the information provided by
the spreadsheets and desigasd analyes the chilled water system with the aid of the us&minor
component of the CSDT is the Modification module whi@nisptional component of the CSDT.

3.1.1 Excel Spreadsheet Inputs

There are sevetabs within the Ecelspreadsheet, with the first three requiring user input and the last
four containing tables of refrigerant characteristid$e first tab contains data pertang to the heat
loads. The second and thitadbs contain heat exchangdata and chiller data and seras the

programp 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 entéodadedata in the
excel %o E <Z § N N dz]v% uS_LpadD&ER. &Acreenshot of theboadData spreadéeet

is shown below ilfigure30

Figure30: LoadData tab

A heat load is defined by any piece of equipmenHVAC unithat requires chilled water cooling\s
can be seen in the figure, there aseveral columns pertaining 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.i$ltonvention was retained from the previous
version of the CSDT. The priority is used by the Matlab program to determine vital-gitalstatus. 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;totherwise, the load is considered noital.

The third column contains the electrical power required by the heat load (in kW). This is different than
columns 47 which is the heat load under various conditionsdatskW).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 systeffihe operating conditions considered include: shore, design, cruise
and battleconditions. 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 importaniparameter needed by the user is the location of the center of the heat load. The heat
load location is entered in columnsl® (in meterswith the origin(0,0,0) corresponding to midships,
centerline, and baseline of the ship, respectively.

The last twacolumns pertain to the heat exchanger associated with each load. The heat exchanger type
]* 8] 8} 8Z + }v &£ 0 *%E +<Z §S ™y ,'Z _ ] Huee Jv SZ v AES o
the type of heat exchager used as the interface between thedtidoad andhe 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@ate he
exchanger (fp), shell and tube heat exchanger ¢sty plate heat exchanger (cy, other heat
exchanger (a)If the user selects to enter a heat exchanger type, then the next column should remain
blank. Selecting a type of heat exchanger will prothptMatlab 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

e« 0]*S v §8Z § 7,y ,'ZelectiXg aBpecific 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 neagxceeded.

3.1.1.2 HXCHGR DB tab

dz v AS S v SZ AN dz]vhkousS_ A 0 *%E <Z S ] § _
«AE o3C% * }(2Z 8 £ ZvVvP E-U (JEuU]VP Z & E Z VP'EE § -

tab is shown iEigureSl below.

X o

Figure31: 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 exchangetthe cold plate heat exchangan v Z}SZ E[ S P}EC (}& u}E& A}S] SC%
exchangersThe heat exchangers currentiyodeled in the database include:

50 series cooling coil (double serpentine)

60 series cooling coil (1.5 serpentine)

Unit cooler cooling coil (double serpentine)
Notional flat plate heat exchanger (crofisw)
Notional cold plate heat exchanger

Notional @ncentric tube heat exchanger (cretsw)

X X X X X X

Although the 50 series cooling coils and unit cooler cooling coilsalenger implemented on U.S.
Navy vessels, theyere v o lv 8z § o Jv ¢ Vv}o E «Z]%[* Z]Joo A3 E
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 beyorithe 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 thetglitfiatlarises

between creating a simpl®-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 heachanger ar&ept, whilethe specific heat exchanger
geometries are notEssentially, 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 hystre

to add a heat exchanger to the databas@lues 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 theZ ,y ,'Z [tab lists tre 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 exchambes 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 tke description columns, but it is helpful to provide a description of heat exchangers added
to the database for future users.
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The third column provides references for the data contained for any specific heat exchanger. Again, the
program does not require th information, but it is useful to provide source documentation if the need
arises to further investigate a particular heat exchanger.

Columns 4 provide the heat capacity of the heat exchanger in BTU/hr, tons, andddfyectively The
heat capacity ishe heat transfer rate of the heat exchanger under certain conditidhg. 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 exchamnds 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 diue or
secondary loop.

To determine thehead loss E}ee 3Z Z § A Z vP E }v §Z % E]dC@E@ry] U A op -
HVAC System for Future Naval Surface Combatajts %5 A 0}% u V3 Z %PER EAt
2007/06were used Thehead lossralues for tke 60 series cooling coils are listefiliamble8{below.

60 Series Cooling Coil Hebolss Values
Coil Size Water Ressure Drop (ft HO) Water Pressurédrop (m HO)

61 0.3 0.09144
62 0.9 0.27432
63 2.2 0.67056
64 2.4 0.73152
65 2.4 0.73152
66 4 1.2192
67 4 1.2192
68 ke 1.0668

Table8: Pressure drop values for 60 series cooling c(fsank &Helmick, 2007)

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

Columns 8L0list the inlet outlet and differentialchilled 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 calculateasing the equation:

36 | @:65F 6,

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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C=H .
7 — =7
|6LuaIEJFPKE{PKJ?O=L ?EPU

Equaton 57

The 3.6 gpm peron capacity flow rate is the design flow rate of the cooling egilen determining the
heat exchanger cooling capac{frank & Helmick, 2007)

To determine the heat transfeacross the heat exchanger boundary, the surface area on the primary

and secondary side is needékhis is difficult, since different manufacturers of the same coil size and

type will have differing geometry. Therefore, the surface areas were calculated loaisassumptions of

the heat exchanger geometry. The cooling coil outer diameters were assumed to be 0.625 inches with a
thickness of 0.025 inch&sThe 50 series cooling coils and the unit coolers are double serpentine
configurations with 8 rows and 12lers.The 60 series cooling coils are a 1.5 serpentine configuration
with 6 rows and 12 tuberd.he length of a row was assumed to span the width of the heat exchanger.
Therefore, the inner surface area can be calculated using the equation:

5#aaca T&tVEFratweJUe UNKSUP Q> AU$E @ P50 a
Equation58
Error is introduced in calculating the surface area since bends are not considered, the outer diameter
and tube thickness may vary depending on the siak, 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 idoilvever, the above
equation gives at least a rough approximatiorsafface area for a particular cooling coil type.

The outer heat exchanger surface area is even more gmamne due to complex fin geometry and

variations in fin design and heat exchangdesign. 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

nNdZ *]Pv }( J®& 1}v ]8]}vl]vP v s vs8]o S]}v "C*S ue (}& vpo E "pu E
cdculations in the analysis of a 46DW cooling coil. The paper initially used a factor of 15 and revised this
number to 14.31(Foltz, 199Q)The value of 15 was chosen since there are many unknowns in the heat
exchanger geometrgnd a precise value of 14.31 was unwarrantEide 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 detebyidigdling the
cooling capacity by the inner surface area of the cooling coils. Values on the order of 2W#&stound
for the net flux of the cooling coils, which was to be expected due to the inefficiency of forced
convection air on the secondary sidéhe low heat fluxes associated with cooling coils was the main
E]JA E Jv }(( E]vP ¢ 3]}V (J&E Z}5Z E[ 5C% * }(Z & /£ Z vP E+X dZ]-
include twaphase flow heat exchangetseat exchangers utilizing jets, some combioatof the two, or

dz e Aop s AGE Z}ev o }VCeBUrgHIRCEyEm for Future Naval Surface Combatants
IV %3 A 0}%u V3 Z % J9EER2087Y06
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some other exotic heat exchanger type that is capable of heat fluxes on the order-6080&V/cnf or
higher.

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

36

7L
BaevF Gaepoy
T p

5 16 4. oid 6 g F F @ FL O

Equation 2 (repeated, rearranged)

The overall heat transfer coefficient is with respect to the inner surface area of the cooling coils. The
values for the overall heat transfer coefficient range from 60055 Wkm?-K, whichare reasonable
values for this type of heat exchanger.

Column 16 lists the convective heat transfer coefficiel§,, , on the secondary side of the heat
exchanger. This 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 thendgtated over the entire surface. This is not computationally
feasible, especially since the outerating coil geometry and flow arot known. To get a notional value

of the convective heat transfer coefficient, the average temperature on the outer suféstimated)

and the average temperature on the secondary sidetaken 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:

36
Ryovl 60 3 oF 630 o<
5 the o I d 6 g [ F—T—"FDF 65tp
Equation59
where,
66LI60F63F66pE 36 E3§®°aur¢zé0ﬁﬂ&aeg@pé
t RoicoP aaoa te®aaaga &aaoa
Equation60
and,
gUEGH ;g7 48
Ryipoyl ratu P
Equation 12 (repeated)
and,
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Bpaappaod———
i a3 &jaapa
Equation61

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 tillzilsg.
assumes theinnerdiameter of the tubeisiX6_ (}& o0 }}o]vP }]JoU v SUE }*%]E
neglected.
2. The outer surface area is estimated to be 15 times that of the inner surface wheeh would
in reality,vary from manufaturer to marufacturer.
3. In calculéing 6 the wall temperature on the outer surface of the cooling coils, the convective
heat transfer coefficient on the water side is calculate using the equation described in Section 2.
This equation is valid for flow through a cylindrical tube. Thbdspirals within the cooling coils
will have an effect on the convective heat transfer coefficient and the only way to determine
§Z] (( % Alpo S} PV ES % & uSE] «<u 8]}ve o Iv % ](]
exchangerThe turbospirals aregnored in order to easily computevalue for the convective
heat transfer oefficient 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 exchangg 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 waterigle.
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 sidef the heat exchanger boundary.

Becausef these assumptionghe convective heat transfer coefficieon the secondary side is more of
a notional value to be used in computations done by the Matlab progffanget the true convective

heat transfer coefficient on the secondary side, the spehiiat 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, howesr, as they do fall in the range expected for forced convectiarFairced convection

air should result in values in the range e280 W/n?-K for the convective heat transfer coefficieffhe
values computed for the 60 series cooling coils falls withis rtangsummarizes thealculated
convective heat transfer coefficient on the air side for the 60 series cooling coils.
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60 Series Cooling Coil

Coil Size he [W/m K]

61 7.36

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

Table9: 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 colurdl®, 17
respectively. For the 60 series cooling coil, these values were available-RRWO39-G. For the 50
series cooling coils and the unit cooler coolinds;dhe inlet temperatures were known. The outlet
temperatures were assumed to &8°F (14.44C)for coil sizes 51 and 52, 36¢13.33C) for oil sizes 53
and 54 54%F (12.22C) for coil sizes 55 and 56, &fF (11.11C) 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 coil¥o determine the mass flow rate of the air on the secondary side for the 50
series cooling coils and the unit cooler coolings; the following equation was used:

36
L
%Ky g v F Gaego P

| 6

Equation 1 (repeated, rearranged)

The specific heat capacity of the air was unknown, but was-balckilated using the known values of

the 60 series cooling coil. The specific hesgacity was calculated to be roughly 1500 Hkgith 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 &KY#&wgd water (whit has a value of
4203 J/keK). A value of 1500 JHgseems 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 codsred).

The dimensions of the heat exchangers are entered in colunw282These values are used by the

Matlab program to size the heat exchangers when constructing the ttimensional plot of the chilled

water system. The varying size of the heat exgas within the @ plot allows quick visualization of

where the larger heat loads are located. The heat exchanger dimensions for the cooling coils are listed in
MIL-G2939E (outdated) and MIPRF2939-G (current).

The dry and wet weights of the heat éengers are entered in columns 24 and 25, respectively. These
weights are used by the Matlab program when performing a weight analysis of the chiledsystem.
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With the heat load location, an accurate center of gravity of the chilled water sy§tétm heat
exchangers includgdan also be determined.

Similar columns are inatled for data entry of the founther categories of heat exchangers: flat plate,
shell and tubecold plateand other types of heat exchangers.

3.1.1.3 Chiller DB tab

dZ o0 38 WAEZAVZ%US] A 0 *%E +Z &4 - -THtabdndldes da@ka for{four
types of chillers (AC units) forming the chillers ¢ X o & veZ}S }( $Zab B shjwoinE |
Figure32[below.

Figure32: Chiller DB tab

The four groups of chiller units include: centrifud&C unittypes, reciprocatind\/C unittypes, screw
A/C unittypes, and othe”A/C unittypes. The data required for each typeAfC unitis 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 natime 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 docwents in which the chiller data was obtained.

Columns 4 include the capacity of the chiller 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 chillersthese 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 etilvater 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 810includes the dimensions of the chiller units. These values alsotodsel 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 usic3 and c4 were take@SDT v1,@vhich sized the chillers
parametrically(Fiedel, 2011)

Column 12 includes the refrigent type used for the chiller.

Columns 1318 include the pressures and temperatures of the refrigerant at various locations within the

refrigerant cycleshown i % 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 determinghe heat transferred through the condenser into the seawater.

Figure33: Refrigerant cycle with pressure and temperature variables shof@nggcyclopedia)

Lastly, Column 1@cludes 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

9p, and T, are not needed in the chiller database since the enthalpy does not changssabteexpansion valve.
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chiller!. Most of the chillers within the chiller database cemtly usethe standard temperature of 44°F
(6.67°C), but the ability is there to include chillers that output colder chilled water such as ¢4 which
provides a chilled water temperature of 42°F (5.56°C).

3.1.2 Matlab Inputs

Themain components of the chilledater design tool ar¢he Matlab prograns yeometrym _and

N v 0 C ¢ ] THageometry moduleequires 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 cdmman
prompts in the command window. There are also some-pppvindows 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 questiaheuS §Z ¢Z]%[¢ Ju ve]}veX dZ ¢ ]Jv opu W
x Length Overall (LOA)
x Beam
X EngineRoom Deck Height Above thed
X Useable height in the engine room

The program provides default vales for these ship parameters if the user does not have a specific ship in

mind. These default values are notional ship values taken @8DT v1.(Fiedel, 2011)The user has

§Z ]ol3C 3} A EAE]S §Z ( uo3 A op * (JE }v }JE ulE }(8Z Z]%|[
must be inputted in metric, jst as all subsequent parameters must also be inputted in metric. The

default values provided by the program are:

x LOA = 143.561 m
X Beam = 20.390 m
X Engine Roorbeck HeighAbove the Keel = 1.397 m
x Useable Height in the Engine Room = 3.098 m

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

X2 $-*&s $-*&t $-*&u & $-*&0 #27

Thelongitudinal axis is defined with midships at zero, the forward perpendicular (FP) at LOA/2 and the
aft perpendicular (AP) atLOA/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 theaatrThe default values are again notional values and are
determined by the following array:

1 If the chiller capacity is less than the total heat load serviced by the chiller, the outlet temperature will rise
proportionately by the difference in heat transferred into the chilled water and heat transferred out by therchille
The rate of temperature increase will depend on the thermal capacity of the chilled water.
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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 kndiwvould 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, disetime 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 identifiedMatlab program reads in the
data piovided by the Excel spreadsheet. The spreadsheet must be saved in the same folder as the
programA]38Z §Z (Jo v u Z " idpidewiquthXpgrert fo find itlf the Excel spreadsheet
is not in the same folder as the program, an error messagksplayed and the program ends. Any data
entered previously is lost and would have to beergered after the excel spreadsheet is located in the
correct folder.

At this point, no design decisions regarding the design of the chilled water system havembde. The

first design decision encountered is the main piping configuration. The program offeesdbfault

main piping layouts. If the chilled water system is designed for an auxiliary ship, then a single main
piping system should be selected, othése; 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 ne cross
connections for either of the double main piping system layouts except at the bow and stern. An
example of each piping layais shown ifFigure34|below.
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Figure34: Singlemain piping configuration top); simple rectangulardouble main piping system (middle); complextapered
double main piping system (ottom)

If the single main piping system is selected, the main pipa@ight must be inputted. If the user does not
have a main piping hght, then the default value of.8 m is used. The single main piping system runs
along the centerline of the ship m from the bow to 3 m from the stern.

If the double main piping systers 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 separatic@ décks 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 min@9 m fom centerline. For the more complex double main piping
system, there is a series of default ltoas corresponding to 903ends in the piping. The bends results
in a tapering of the double main piping system at Hwav and at the stershowsthe default
layout of the more complex double main piping system. If the user wishes to modify the layout of this
main piping system, then thizend locationsnust be inputted in a matrix format. If the bends are
symmetrical port and starboard, then the following format should be used:

>;  Wale Waly Uals Waaala W»
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where the bend locations (in theyplane)are entered starting from the centerline fawd and

continuing countertlockwise until centerline aftn 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 supgigader only. The return header bend locations will be offset by the
offset distance discussed shortly.

Figure35: Default layout of complex double main piping system

If the bend locations are not symmetrical, then the followfagnat should be used:
>l Wale Walr Uadal, Y alass Uss8lase Wsesalas7 W78 8l W2

The points entered should start from centerline forward and be entered cottltakwise until
centerline forward. Similar to the case above, the psiint 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 ftirge 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, eliminatingekd 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 th@lsuand return headeigure36
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. Thdtd®tch piping
distance is 0.1 m.
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Figure36: Offset distances

The next step in designing the chilled water system is to determine the number of chilled water zones.
Theheat loads are broken up into zones along the length efghip. 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 termiate 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 aédisiah 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 neares

transverse bulkhea

rigure37

below shows the output provided by the program.
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Figure37: CW zones anddat load bycompartment and byzone with 4 zones anddefault 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 zonestatvely close in magnitude. If

new zonal boundarieare 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 progitams the final heat

loads in each compartment and within each zoAs.example is shown|Figure38Jbelow with the

number of zones changed to fivedthe zonal boundaries redefined to produce a more even

distribution of the total heat load within each zone.
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Figure38: CW pnes andheat load bycompartment and byzone with 5zones andmodified zonal boundaries

The number of/C units needs to be defined by the user next. The progpravides default values

which aredependent on the main piping configuration chosen. If a single main piping system is being
designed, then the default number of @ units is one per zone. If a dde main piping system is being
designed, then the default number of @ units is two per zone (one port and one starboard). These
default values are the minimum number of@units that can be installed for the number of zones
chosen. If the user wishes thange the number of/& units, then they must provide an array with the
number of A/C unit in each zone starting with the forwandost zone and proceeding aft.

To determine if theA/C unis will fit within the compartments, the user is prompteddelect the type of
chiller to be used. First, the program provides a lisA@ unis available from thé/C unitdatabase

within the Excel Spreadsheet. The categories include: centrifugal, reciprocating, screw, and other. By
default, the program considers all typesAfC unis and selects th&/C unitclosest in capacity that
satisfies the cooling needs within thadne. If the user wishes to select the typeAd€ unitto be used,

then a popup menu would appear which provides the user with the categories available. The program
will then only consider the type &/C unitselected by the user when designing thelleli water

system. The user does not have the ability to select one tyged®funitin one zone and another type of
A/C unitin another zone.
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The program then uses th&/C unittype selected by the user or the default setting to make an initial
estimationof the A/C unitsize needed within each zonEhis is done by determining the total heat load
within each zone and dividing that total evenly by the numbe# unis within that zone. The
program then looks within thé/C unitdatabase for theA/C unitthat most closely meets the capacity
calculated. The dimensions of that speci€ unitare then used by the program for sizing purposes.

Once theA/C unitsize is known, thé/C unis can be placed within the ship. By default, &€ unitis
positioned in the aftmost compartment which is large enough to fit it in each zone.A/R=unitis
positioned 1 m forward of the bulkhead and on the engineering deck. The transverse locations of the
A/C unis are dependent on the number 8§C unit within the zoe. Below are the default transverse
locations of theA/C unis for each case.

Number of A/C units per Zone A/C Unit Default Transverse Location
1 0
2 beam/4
-beam/4
beam/4
0
-beam/4
beam/4
-beam/4
beam/4
-beam/4
beam/4
0
-beam/4
beam/4
-beam/4
beam/4
0
-beam/4
beam/4
0
-beam/4
Tablel0: Default transverse A/C unit locations

3

(O3]
OO WNPFPOPRWNPEPRRWONEPEWONEPEDNPRFPE

For the case of A/C units per zone, the first two A/C usidre positioned in the afihost compartment
that can fit them and the remaining tware positioned in the adjacent comparént forward. For the
cases of five or six A/C units per zone, the first three A/G amé positioned in the afinost

compartment tat can fit them and the remainingy/C unis are positioned in the adjacent compartment
forward.
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Althoughit is possible to have other configurations other than one pump to Aft unit this is the only
option available by the program. The default locatmf the pump is 1 m forward of th&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&t@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 € unitlocations. The locations

correspond to the center of th&/C unit The locations have to be entered as a matrix starting from the
forward mostA/C unitportside working towards starboard, then aft. An example of the format is shown
below.

Sl W Male W Mal, U Viagala W L2

After the A/C unitlocations have been identified, the program creates the structure of the main piping
system.The structure includes connections from tA&C unitto the pump, then a riser section, the

supply header, crossonnections (if a double main piping system), the return header, the return riser,
and a connection to thé&/C unit Also, a recirculation line across the pump is modeled. This structure is
created for eactp/C unit The program then outputs a plan view bkétmain piping structure including
pumps andA/C unis, and also a-8imensional representation ohte main piping structure. The
3-dimensional representation can be zoomed in and out and can be rotated along all thre@-&xaad

3-D example®f the man piping structue for each main piping layoutsing all default parameteare
shown below in Figures 381.
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Figure39: Defaultsingle main piping configuration 3-D

Figure40: Defaultsingle main piping configuration 2D
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Figure41: Defaultsimple rectangulardouble main piping configuration 3-D

Figure42: Defaultsimple rectangulardouble main piping configuration 2-D
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Figure43: Defaultcomplextapereddouble main piping configuration 3-D

Figure44: Defaultcomplextapereddouble main piping configuration 2-D

Isolation valves are created by the program and added to specific locations within the main piping
system.There are thredsolation valve at the junction where the riser connects to the header. One
isolation valve is located 1 ft forward of the junctiddnother 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 locatgthenside
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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 Modifiion 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 IocatBJasiswshows a closep

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 @\W zones.

Figure45: Isolationvalve placement atmain piping junctions andzonal boundaries

In addition to the isolation valve placement mentioned above, two isolation valves are placed at the
athwartships crossonnection forthe 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 pumphe branch piping structure is then created. Tital/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/natal status is determined by the program by
reading in the priority of the hegt load from the Excel Spreadsheet. | f the priority is less than three, the
heat load is considered vital, else, it is considered-vital. The setpoint between vital and nowital

status can be changed by the user as well and the minimum priority beulgleater than 8 if the user
wishes to add more fidelity in the load priority.

83



Center for Ocean Engineering Massachusetts Institute of Technology

Naval Construction & Engineering Program 77-massachusetts Avenue, Building 5-317
Department of Mechanical Engineering Cambridge, Massachusetts 02139 #4307

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 enoogdllow for series/parallel branch
configurations. The development for a more generic approach that allows for series/parallel branch
structures isa potential area for future work.

Since each heat load is in parallel with all other heat loads, eachdehhbs 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 branchThe 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, fonatadsranch,

there will not be a branch in the second index. The 3 in the matrisesponds 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 take@Smv1.(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 structufidie 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 |Bpingated startingta

the xlocation of theheat 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 distangeesified 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 stroin Figure46{below.
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Figure46: Formation of branch jping

For heat loads outside the longitudinal extent of the mpiping,there would beadditional bends in the
branch pping, 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, elseit would be connected to the closest headHrthe heat load i®n the centerline of the ship,

then it is connected to the starboagide by default.

Each branch also includes two gate valves and a globe valve. The gate valves are positioned one
upstreamof 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 brandre locations of the valves are done
automatically and does not allow for user manipulatigithin the Geometry module; however, the

locations can potentially be modified through the use of the Modification madule

After the branch piping structure is fieed, 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 chasmhdrahaving
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 sizehikat 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 auxiary system.

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

A=l 592QIL*P
'JC&A?G*P#>KFEA—A—;t°«—H—h

$
dGra. 1# Gra

Seawater isolation valves are located in close proximity to the AUpUB\W's, two upstream and one
downstream.

The piping of the AUX SW system is comprisedaainnection 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 crossconnectgFigure47|below shows the structure of the AUX SW piping created by the program.
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Figure47: 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 haveothridedicated 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 thieestrafg

and any SW/XX heat exchangers being accounted for in the design of the AUX S\V{Figstert]

below shows the AUX SW piping including thenish piping to the A/C units, a shaft bearlogated at

[-57.4 0 2.44nd two SW/XX heat exchangdosated at [20 3 10] and30-2 15]
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Figure48: AUX SW piping with branch piping

The progranoutputs a 3dimensional modedf the chilled water system up to this point. The structure
of the main piping system is included along with &€ unis, the pump, the structure of the branch
piping system, the various check, gate, and globe valves, as well as the heat exchangers aettiered
location of the heat loadThe AUX SWystem is also included in the pl&xamples of the plan and

perspective views of the-8imensional chilled water models up to this point afe@wn inFigures49-54
below.
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Figure49: Default single main piping system with branches (plan view)

89



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

Figure50: Default single main piping system with branches (perspective view)
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Figure51: Default simple rectangular double main piping systemith branches (plan view)
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Figure52: Default simple rectangular double main piping system with branches (perspective view)

92



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

Figure53: Default complex tapered double main piping system with branches {pléew)
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Figure54: 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 witbranches is shown in greater detailtire preceding figures. Figure5-58
identifies each of the compeents in the 3D plot of the CWWEW systems.
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Figure55: Chilled water system segmented into areas 1, 2 and 3

Figure56: Closeup view of area 1
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Figure57: Closeup view of area 2

Figure58: Closeup view of area 3
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The program does not have the capability to modify the branch piping, such abith to route the

branch piping around major pieces of machinery/equipment, etc. This level of refinement would have to
be done in anther program such as Paramarifwith an interface program between Matlab and

Paramarine needed)r done through the ge of the Modification module, but will require extensive
knowledge of the program and programming expertiiso, 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 desigm (four fo
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 progam has gathered most of the user inputs required to design the initial layout of
the chilled water systemand auxiliary seawater systerihe remaining portion of the program analyzes
the system designed to determine the feasibility/performance of theesyst

3.2 Analysis

As mentioned earlier, the Matlab programbisoken up into two major modules. The first module
utilized the user inputs to design the chilled water system and create thedkithter structure. The
second moduléncludes the analysis of thditled water system modeled and is quite extensive. The
analysis focuses on calculating the weight, the static temperature distribution, the temperature
distribution and temperature responseduring transientof the chilled water system. This is
accomplisked through astructuredprocessas summarized below:

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

Step 2: Determination afetwork segments

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

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

Step 5: Determinatin of pressure drop as a function of distance

Step 6: Determination aftagnation points

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

Step 8: Calculate branch inlet tempdures

Step 9: Determination o&/C unitcapacity requiredaind selection o”A/C unis

Step 10Expansion tank sizing

Step 11: Weight Analysis

Step 12: Static Temperature Analysis

Step 13: Transient Temperature Analysis

X X X X

X X X X X X

Each of the steps listed above is delsed 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,thébranch pipig diameter was found parametrically
using the equation:

v-3 48

p

L]
&L=

Equation62 (Fiedel, 2011)

where -is 4.5 gpm/ton, 3is the heat load [tons]%s 4 ft/(secin®?), and &is the inner pipaiameter.

This gives a reasonable diameter to begin analyzing the chilled water system. The diameters are then
rounded up to the nearest diameter listed Trable2|land Table3lalong with thecorresponding pipe
thickness.

At this point, the inletemperature (the temperature of the chilled water entering the heat exchanger)
is assumed to bequal to 6.67°CThe branch mass flow raig also assumed to equéls gpm/ton.

These two initial conditionare notentirely accurate, but provide a starg point for the program and
are later updatedWith these initial conditions, all other conditions across the heathangers are
found|Figureb9|shows the correspondg temperatures.

Figure59: 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 sideuldbresemble that shown
m)elow, but is simplified as a linear rise and fall.

Figure60: Temperature distribution forcounter-flow (Engineering Toolbox)

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

36
%éng E6ya

Equation 1 (repeated, rearranged)

where 3§ theheat load [W], | 6s the mass flow rate of the chilled water in the branch [kg&js the
specific heat capacity of the chilled water, taken to be 4203-l/kand 6, is the inlet temperature of
the chilled water [C].

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

6¢ E 654 36
L E
t S #jé@JU%)UUDWQ?é

6

Equation63

where 5 #5 @u g, 3 the inner surface area of the heat exchangef] [mnd Dy, is the convective

heat transfer coefficient of the chilled water [W/rK]. 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 cod)teémperature at the outer wall dhe
heat exchanger is found using the equation:

S @0 ace 6
66L%E3@&Ué@05(;é(~)% B Reau e op s
N I —
5# 0B 0uov & auieoo teGeaoa
t

Equation64

where &g @ & & 6l the inner diameter of the tubes within the heat exchanger [R @y & ¢ 6ig the
thickness of the tubes within the heat exchanger [m], &&gd @y 4s the thermal conductivity of the
tubes within the heat exchanger.

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

3@ 0 5 e @0 &

Re@uasroco

6 L 6E

where Ry @ s » 6 kgthe thickness of the ates within the heat exchanger [m].

The thermal conductity of the heat exchanger tubirig based upon the percentages of copper and

nickel in the compaosition of the pipe. The program assumes the composition of the piping is 90% copper
and 10% nickel. O#r possible compositions include: 80% copper and 20% nickel, 70% copper and 30%
nickel, and 100% copper. The thermal conductivities for each of thespasitions are shown

Piping Composition Thermal Conductivity\W//m-K)

100% Copper 386
90% Coppert 10% Nickel 50
80% Coppert 20% Nickel 30
70% Coppert 30% Nickel 10

Table11: Thermalconductivities of variouscopper-nickel compositions

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

36
S#e @ dappyRuraoi

Qreiys L 66 E
Equation65

where 5 # @u g 5 S the outer surface area of the heat exchangef][rand Dy, ., d$ the convective

heat transfer of the fluid on the secondary side of the heat exchanger fJriThe 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:
36

I Bre g cani

P &gredx
Equation 1 (repeated, rearranged)

where | § ¢ isithe mass flow rate of the fluid on the secondary side of the heat exchanger [kg/s], and
%« ad$ the specific heat capacity of the fluid on the secondary side-Klfkg

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

P&genx
Qregol QWreils F—t
Equation66
and
P&genx
Qreguml Qrelys E n
Equation67

Of course, these temperatures are onlyigtance the system is in equilibrium and the temperatures
reach steadystate.

An example of the various temperatures for each branch is shoWigimre61|below. Theexample
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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Figure61: Example of initial static terperatures as a function of branch index (unordered)

3.2.2 Step 2: Determination of Network Segments

Up to this point, the program has data storedviectors, such as the branch locatiohsit does not have

the data ordered with respect to distance along the head he 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 Fiseader junction, or

counterclockvise. Thus, a matrix is created which stores the index kdws vectors, such as branch
locations with each row corresponding to a specific riser and direction.

Before proceeding, a quick description of variables is given:

curr_header_ptt A point whichkeeps track of the current location in the supply header

next_header_ptt A point whichkeeps track of the next bend in the supply header

branch_loct Amatrix containing the x,y,z coordinates of each branch

seg_valve_lod Amatrix contaning the x,y,z coordinates of each segregation valve

branch_ordert Amatrix which stores the riser number, the direction of flow (1 for clockwise, 2

for counterclockwise), and the branch index

x Location_xt A matrix which stores the position of the poénih which pressure is calculated with
respect to the associated riser. The position is simply the distance travelled along the length of
the pipe from the riser to the point of interest.

x dPdXt A matrix which stores the associated cause of the pressupe dr a specified point, i.e.

1=pressure drop due to friction along pipe walls, 3=pressure drop due to friction across

segregation valves.

X X X X X
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X Pressure_height_h A matrix which stores the pressure drop associated with a change in height.

Initially, the progran starts by definingurr_header_p#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 definesiext_header_pat the location of the next bend ithe supply header. With these two
points, the direction under consideration is fouffdigure62]gives a visualization etirr_header_pand
next_heaer_ pt

Figure62: 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 J&ligrire63|gives a visualization of
seg valve loandbranch_loc

Figure63: seg_valve_loc and next_header_pt

The program detanines if the branctocation is closer taurr_header_pbr if the valve location is
closer. Theurr_header_pts updated to the closenf the two. This can be seen[Figure64] If the next
closest point was that dfranch_lo¢then the next element ibbranch_ordetis set equal to the index of
brancl_loc In any event, the distance between the next element and thauof_header_pts stored in
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Locaton_x

Figure64: curr_header_pt updated to location of segregation valve

In addition, information pertaining to the pressure drop associated with the element and déstanc
traveled is stored in the matrixiPdX The pressure drop associated with a change in height is stored in
the matrixPressure_height .h

The process is repeated until there are no branches or valves betevgerheader_pand
next_header_pas seen ifFigure64] In that casegurr_header_pts set tonext_header_pt
next_header_pts set to the next bend in the supply header piping, and the direction is updalesl.
can be seen [Figure66| The wholerocess is repeated until a complete loop is performed.

Figure65: No branch or valve between curr_header_ph@ next_header_pt
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Figure66: curr_header_pt updated to next_header_pt; next_header_pt set to next bend location

The process ithen agairepeated 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/tan. This i
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 flowflcates,

network analysis is used.

Initially, the total mas$low 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 loffieiené 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 bianch 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 therraatloctivity 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 iemperature 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 uséhe calculated Darcy friction factor, and as a result is also just an
approximation of the true loss coefficient due to frictidfhe other coefficients are also computed using
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the equations described in Ch. 2. Similarly, the overall loss coefficiesitidated 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 eachibimpolved 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 thend of the iteration. The process is repeated until the velocities
converge with a delta of less thanifh/sec (usually within 4 iterations).

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

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

With more refined velocities, entrance and exit effects of the branches can be account&ihidar to

the above step, the overall loss coefficients are calculated for each branch using the best estimate for
flow velocity. The differece 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 depémaewvelocities, 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 repeaitidhe differential velocities
between iteratbns arenegligible. Again, the mass flow rates, and various tempeeatare re
calculated shows the evolution of the branch velocitieseafeach refinement madeNote

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). Thealation 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 aperati
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Figure67: 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 fluctuatiaout a horizontal line. In contrast, once FNA is used,

the trend in branch velocities shovasdecrease in velocity as the distance from the branch junction to

the riser increasedlhe velocityof the chilled water also shows a decrease along the lengtheo$upply
header.

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

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

FHve sources of pressure drop weoensidered: the pressure drop associated with a branch junction, the
pressure drop associated with friction along the pipe wall, trespue drop across a valvihe pressure
drop associated with a bend in the pipend the pressure drop across a heat exchangbe pressure

drop associatd with changes in height was analyzed separatalyliscussed in Section 3.2.2.

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

@z He
@+ t Cés e#lpoxpa

Equation68 (Rennels & Hudson, 2012)
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The first case involvd®ead lossassociated with entrance effects. Thée awithin the header at the
branch junction was converted t&86 &

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

@2 6 e 96e B e SBe
— L25F26L—FszxtFra{z Fr&kv—w— Erdau—:=G
@Jdacavano t Céy #ngjox(aa Sge S@e

Equatlon69 (derlved fron]Equation37fand Equation68

where Z5is the pressure within the supply header prior to the branch junction [Rgd} the pressure
within the supply header after the branch junction [P& ais the mass flow rate within the supply
header pior to the branch junction [Ibm/sec]3g ¢ is the mass flow rate within the supply header after
the branch junction [Ilbm/sec], andtyg o « gsathe crosssectional area of the supply header

The second case involvesad lossissociated with frigbn along the pipe walls. To determine the
pressure drop along a length of pipe, the following equation was used:

@2 L B. S@e L - e o S@é
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Equation70 (derived fron]Equation24fand Equation68

where Bis the Darcy friction factor associated with that segment of pipis,the length of pipe
considered [m], an®&gg o « ¢sathe diameter of the supply header [m]

The third case involvdsead lossacross a segregation valve. To determine the presduop across a
segregation valve, the following equation was used:

@2 He
— L -sorepz—00
@dorép T 0 x 04
Equation 70 (repeated)
where - ¢ ¢ isgthe loss coefficient associated with the segregation valve. A value of 0.2 vehasuge
notional value fotthis type of valvéRennels & Hudson, 2012)

The fourth case involves he#mks associated with a bend in the supply header pipe. To determine the
pressure drop associated with a pipe bend, fbkowing equation was used:

N e
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—_ E LR o |:|\|
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Equation71 (derived from Equation35jand Equation68

—_

-

-
H?(‘D/

Where—i‘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 é&eshanger. 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 tk differential pressures yields the total differential pressure at each corresponding index
within the matrix.

@2 L@Z E@Z E@Z E@Z E@Z
@Jacor @dacavao@Javocud@doreg@Fgax @FTava
Equation72
The pressure is then computed along the pipe length, with each point representing a source of pressure
drop. This can be shown with the followiMatlab code snippet:

for i=1:max(size(Location_x))
if ikmax(size(Location_x))
Pressureaf,n,i+1)=Pressure(m,ndPdX_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 cartsitfegreater
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 riserheader junction, a pdion of the chilled water will flow clockwise and the remaining will
flow counterclockwise. With sevdresers in parallel, there exipbints between each pair of adjacent
risers in which the clockwise flow exiting one riser junction will have the saessyre as the flow
exiting the adjacent riser with counterclockwise flow exiting froth it this point, the flow stagnates.
To break up the network into smaller independent networks, it is imperative to determine these
stagnation points. These stagnatipoints represent the points in which the network can be isolated
and analyzed independently.

2This 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 valvedaated 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 presalong the length of the header pipe

for each riser were then compared witime another, and the intersection of the lines were considered

the stagnation points within the header netwotkrror! Reference source not foundhows a

epresentation of the pressures associated with each riser superimposed on one another. The reference
point chosen (0 on the-axis) corresponds to the riser junction of tfeeward-most portside riser

junction. Positive proceeds clockwise along the supply header piping.

Figure68: Pressure as a function of location in supply header for clockwise and counterclockwise flow for each chiller/pump
supelimposed

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 preskops were a function of velocity, the

difference in flow velocities at a point from clockwise flow or counterclockwise flow contributed to

differences irhead lossat the same point depending on the direction of fiffgure69below shows

the pressure drop from one junction with flow going clockwise (extending in the positlirection)

and flow going counteclockwise (extending in the negativedirection)|Figure69|does not include the

effects of changes in height along the pipe length.
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Figure69: Pressure as a function of location in supply header excluding pressure variations due to changes in height

Accounting for changes in height along the length of the header piping, the following pressure
distribution is found Figure69’ for the same flow and junction as the figure above.
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Figure70: Pressure as a function of location in supply headerluding pressure variations due to changes in height

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

The chilled water network was first analyzed considering only one risergunat a time, i.e.only
accounting for flow from on@&/C unifpump 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 flovitie piping network is isolated at the stagnation points discussed in Section
3.2.6. This can be seenkigure$68-72 below.
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Figure71: Electrical analogy of chilled water system including two pumps in parallel and se\waiches in parallel

Figure72: Electrical analogy of chilled water system with stagnation points shown in red

Figure73: Hectrical analogy of chilled water system with parallel pumps now isolated
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Figure 74: Simplification of network

Figure75: Network reduced to a single pump and a single equivalent resistance to flow per isolated loop

With the network segmented at the stagnation poirtise velocity and mass flow rates are once again
computed using network analysiBhe 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
counterclockwée 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 thatetfieiency of tle 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 couldbe selected; however, equations would have to be developed possibly through the polyfit
and polyval functions in Matlab in order to mathematically describe the pump curve plot for the 1510
series Bell & Gossett centrifugal pumps (or some other pump 3eWith 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.epressure 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 thitomaases were

initially correct and the pressures at each riser junction are perfectly in balance.

Once themass flow rate for each pump converges to a solution, the process is reversed. Starting from
the simplified network with a single source andirsgte 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 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 inatihtass 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 unitwas revisited. The initial oket temperature of theA/C unitwas assumed to be 6.67{ater

on this is also revised to account for the actual oulé€ unittemperature dependent on the actual/C

unit selected). It is known that the outlet temperature of théC unitwill rise aghe 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 wallead lossacross valves and bends, ameiad loss
attributed to entrance ad exit effects. These sourcesh#ad loshave already been determined by the
program. The associated temperature rise is determiftgdhe firstbranch junction by the equation:

Gaoaveaocdabbaoaveaccfabrae
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Equation73

where 6330 8¢¢ a0 ¢ isathetemperaure of the chiled water at the junction of the branch piping and
supply headef°C], 61,5 ¢ ds the outlet temperature of the chilled water from thgC unit[°C], % is the
specific heat capacity of the chilled water [Btuffitf] - sand - gare the overall loss coefficients for the
segment of pipe from thé&/C unitto the pump and for the segment of pipe from the pump to the
branch junction, respectively* 5is the pump headft], Ris the pump efficiencgyand %is a conversion
factor equal to 778.169262 [fibf/Btu]. The heat loss through the pump was ignored since this is much
smaller than the pump power.

The branchipv $]depnstream f the first branch junction includes the differential temperature
discussed above plus the diffetéad temperature arising from the distance between the two junctions.
The equation is as follows:
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Equation74

where - ;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 inletmhperatures of the heat exchangers can be determined by
the equation:
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Equation75

where - gis 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 adculated temperatures do not suffer from the initial assumptions of
mass flow rate or branch inlet temperatures.

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

With the revised temperatures and revised piping network (igmlaat the stagnation points), tha/C
unit capacity required can be determined. The differential temperature acrosét@eainitcan be
found, (assunmig an outlet temperature of 6.67%y default). In addition, the total mass flow rate is
also known andsi equal to the mass flow rate of the chilled water through #1€ unit Therefore, the
A/C unitcapacity is found using the following equation:

#%Oé()@bghﬁn- 6

Equation76
The program selects all A/C units to halve 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 operatioredafple,
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% oftlizunit are operational at a given time, ea&fC
unit must at least supply 180 tons. Theaximum individua®/C unitcapacity is 110 tons, thus the
greater of 110 tons and 180 tonsadsosen 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 fderstal 200 tons

The user has the ability to override the program and select andi#@runitfrom the database. The

outlet temperature of theA/C unitis thenread in by the program to ensure the assumption of 45°F was
valid. If it was, the program conues, 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-Napproach could be taken, where the A/C units sized such that the
cooling needs of thaeat loads under the worst case operating condition cdagdnet 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 tb¢ method employed by the CSDT.
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3.2.10 Step 10: Expansion Tank Sizing

To size the expansion tank, thanse method used within CSDT viv@s usedFiedel, 2011)The
expansion tank has to be large enough to supply chilled water to the punthbedime specified by the
user (the default is 30 seconds$) addition, the tank acts as a surge volume accounting for the
expansion of the fluid as it changes in temperaturhe more limiting of the tworiteriais what drives
the size of the tankThis 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. fihe weig
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 cdukiiaryseawater

system. Each system is then broken down furtinéw 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. Laggingt Main
ii. LaggingtBranch
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
AC Units
Expansion Tanks
Pumps
Brackets
Instrumentation
Chilled Water
j-  Heat Exchangers
2. Auxiliary Seawater System

e L

a. Piping

b. Valves

c. Pumps

d. Brackets
e. Salt Water
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The weight breakown 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 exjaltamy 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 valvagthin the chilled water systeftypical valve weights were used
based orvalve size. The valves were sized according to the pipe diafifetiele12|below lists the
weights for variouyalve types.

Diameter Gate Valve Weight Globe Valve Weight Check Valve Weight

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

Tablel2: Valve veights

The pipe hangar weight was accounfed by using a hangar weight per unit distance of pipe length.
This metric was dependent on the diameter of the pipe being suppdriethe pipe hangars and was
determined based on the dimensions of the pipe hangar, the pipe hangar density, and the pgae ha
spacing along the length of the pipa&STM International, 200Iists the pipe hangar weight
per meter of ppe for various pipe diameters.
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Diameter Hangar Weight per Meter of Pipe

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

Tablel3: Hangar weight per rater 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 stagnatio points. The rise in temperature is insigrdint, however. The conversion of
mechanical energy to thermal energy through head loss is on the order®8€IThe rise in temperature

of the chilled water due to the temperature of the environment was neiglédor 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 chiied water exiting each heat exchanger within each branch is foTinel.
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 o0 PP]JvP §Z] lv ¢ }( iX6f _
Even with a higher environmental air temperature, the rise in temperature will still be insignificant (<0.1°C).
! Since the system is in steadtate, the heat load is equal to the heat transfer at each boundary between th
heat soure and heat sink (heglecting internal heat generation which was found to be insignificant).
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To determine the temperaturdistribution 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 isgpformed in several steps. The first step gathers information from the user regarding the
initial conditions of the system and the changesich occur during an eventThe second step

determines the initial pressures within the chilled water syst&ime thrd step calculateghe initial

velocities andstagnation pointsThe fourth steralculateghe pressures after theventoccurred.The

fifth step calculateshe velocitiesafter the event. The sixth step calculates the temperatures throughout
the chilledwater 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 beansidered during the transient: shore, design, cruise, or battle. The program
takes this response antbo } %o l0 8 ¢ v A 0 *% E& -« Zwitltheddat badlsvS X E o &£

corresponding to the load condition. The user is then directed to the spreadsheétitotfie remaining
information needed. A screenshot of the spreadsheehims irfFigure76|below.

Figure76: TransientExcel preadsheet
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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 junctio. 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 nhame
spec](] Jv SZ A& 0 *% E - ZunderiheéZaadDatdtabs The maximum heat labis

listed in the third column. Thieeat loadsbefore and after the event nee be specified in the fourth

and fifth column. The program populates the fourth column basedhe load conditionhowever, if the
initial heat loads deviate from this, theser 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 forwardmost chiller portside proceeding starboard then aft. The last two columesd e 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 determines the pressure distribution along the
length of the supply headeAn example of the pressure distribution is shov\1rh'-igure77 below.

Figure77: Pressure distribution before event
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The abae plot is formed by superimposing the pressures associated with flow going clockwise and
}uvd & o} IA]e Al3Z §Z <}uE uv SJ]vP (E}u 8Z Z]Joo G« SpEvV Z}v]
The peaks correspond to the riser locations a thillers tha are operationalred circles) The troughs
correspond to the stagnation poinfgreen 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 maern 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 thighgmogram, 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 piess 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 superimpasd the stagnation
points redetermined. 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 ablate 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 dorieyas assumethe location of the minimunpressures

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 thdeiuemperature 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 o tesdetermine the pressure distribution and the
subsequent stagnation points after the evehtgure78jshows 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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Figure78: Pressure distribution after event
3.2.13.5 Part E: Final Velocities

The final velocities are computed in a similar mannen&ection 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 tfieid 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 precealj steps was to determine the initial conditions prior to the evemd the
resulting change in velocity due to the reconfiguration of chiller operaifgith 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 lragen up into annular segments along the
length of the pipe as shown[Figure79| 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 isdifor 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
segmentslf 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
segmentsThis approach is used to minimize the numbgsegments 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.

Figure79: Annular element of cooling system piping

A timestep 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 temperaturesjgiping and increasing in greater amplitude afte

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 nearegenth of a second. The user can change the time step but must be

careful to not select a time step greater than the minimum recomdezhvalue. 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 progranisghly 60seconds. 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 steffhetemperature 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@ Ehe following equation was used:

6
o b (98 3B Bauadbos

Equation77

where @ B the differential volume of the cylindrical element of fluid®jm36is the rate of heat
transfer into the volume from fluid entering the element [W36is the rate of heat transfer out of the
volume from fluid exiting the element [WBB 5 dsdhe rate of heat transfer exiting the surface of the
fluid in contact with the pipe wall [W], an88 s the rate of heat transfer generated within tfigid
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 egurafor 3f§é@;or element Tat time Hollows:

3Ragel Togteky F 6540

Equation78
where 6; is the quiescent air temperaturéq], 6:5is the average fluid temperature for theVelement
at time H°C], #sis the surface area of the inner pipe wall for ti&’element, and 7sgis the overall
heat transfer coefficient across the fluid to the quiescent air for fiEelement at time AW/m?>K].The
quiescent air tempertare 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 Wk overall heat
transfer coefficient can be computed as folldWs

|\d~ N, ?5
s MHIgP NHOgD
Teg L N E L E = E——¢

Dreger  Gueco  @ovovaN,Dys

Equation79

®The overall heat transfer coefficient is computed wigispect to the inner pipe surface wall, and thus, the radius
of the pipe is used as the reference radius. Accordingly, the surface area is that of the inner pipe surface wall.
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where N, &y, dy, are the respective radii of the fluid, the coppeickel alloy pipe, and the laggifgy

the Telement [m], G, & is the thermal conductivity of the copperickel alloy pip& [W/m-

K], G o o 0 issthe thermal conductivity of the laggifigWw/m-K], Qs i3S the convective heat transfer
coefficient of the fluid within the pipe [W/&K]for the Telement at time P and Dy y4is the

convective heat transfer coefficient of the air external to the cooling system ftjfior the oV
element at time P

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

QJBé&_&xL UX X——

tn,

Equation80 (derived fronjEquation11]

which is independent of time. For turbulent flow:

4& a = A 48 ..

Daer LratUSé@céBéUQ?é’UBéUx
R & k> B 4B
tNP &R e v

Equation81 (derived fromEquation12)

which is valid for2 NP r &and 4 AP srar r. If the Reynolds number falls within the transition range,
§Z v 'v] o¢]vi][* (JEuUpo A e pe 3} & CEu]v $Z lekk S]A Z 8 SE ve( Q

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

o 69,Gua
%u&t—&é

Equation82 (Incropera & DeWitt, 2002)

where, for a horizontal cylinder:

) 6
A " _5!3; A
razgs,
0@, L rarE 2
[ .. 05 - g
A avw A
5 wEémK .

Equation83 (Incropera & DeWitt, 2002)

where 4 5,  is the Rayleigh number for th&Yelement at time PThe Rayleigh number can be
computed using the equation:

" The default value used is for @li 70-30 alloy with a value of 50 W/i.
8 Thedefault value used for the insulation was 0.035 \WKmn
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Equation84 (Incropera & DeWitt, 2002)

where Cis gravity, Uis the fluid coefficient of thermal voioetric expansion 6, is the surface
temperature of the lagging for th@element at time H°C], and Uis the thermal diffusivity [rfis].

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

UL &8s
Equation85 (Incropera & DeWitt, 2002)
where 6g gig the air temperature, taken to be the average between the surface temperature and the
guiescent air temperature’K].

The majority of thecooling 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 causethe 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 for3§ @ 40" element Tat time Hollows:

6 7

-y W- - %QH
Boa L L BEAY (P @p
57
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G

Equation86 (Incropera & DeWitt, 2002)

where - szis the loss coefficient along the length of the anmdagment for elemenfTat time P
(dimensionless)Bé%is the fluid velocity for elementfat time Py y & x {%% a conversion factoryy

is the specific heat capacity with units—g% within the first set of brackets and units %fg—lAwithin
U

the third set of brackefs, @4is the differential volume of the flu# within the annular element for
element Tat time Pand @i®the incremental time step set by the user.r@te, 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 effets 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 miefits 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 onesef the

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 elemefitsis was initially considered; however, after careful
consideration, the contribution oBf gadue to friction is negligible for the speeds considered and only
comes into play for fluid velocitiegproaching the speed of sound.

The remaining two variablesgfand 3§ is greatlydependent 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 bm 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 segmeheicurrent 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.

Thetemperature 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 questionThis is shown in the equation:

@6
6g L Gogos |—@ '?-g@ QR

Equation87

where 6;4is the temperature at locationfand time P 6:4-5is the temperature at locatiorifand time

PF s @'@A _is the differential temperature at locatioifand time Pover the time step, and@gRis the
eg

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 responsefasction of time.

The program prompts the user to specify the general location under consideration: supply header,
branch, or return header.

If the supply headefor return header)s selected, the program provides the user with pertinent indices
including the indices corresponding to the riser locatiaih® indices corresponding to the stagnation
points andthe indices for all branch junctions. The program then prompts the user for the supply header
(or return header) index which the user wishes to gral The output is a plot of temperature starting

at the steadystate 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 selectedhé 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 hedtagger 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 aboveAn example of the temperaterresponse is shown|Figure80

Figure80: Example of temperature as a function aftte 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 theyant 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 heiadeslected, 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 tiffige program outputs the temperature
distribution at the speciéd time.An example of the temperature distributiont a specific time is shown
in|Figure81{below.
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Figure81: Example of temperature as fainction of distance plot
3.2.14 Validation of the Model

To validate the model, the time dependent outpftthe model was compared with a simple example
that could be solved analigially. Theexample 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.

Theexample used to validate the model considered the outer surface temperature of the supply header
pipe. The pipe considered was a niekepper 7630 alloy with a density of 8950 kgfra thermal
conductivity of 50 W/mirK and a specific heat capacity 06312 J/kegK. 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/mK. The initial temperature of the pipe, fluid, lagging and quiescent air was
20°C. At time t=0seconds, the fluid had a velocity of 1.5288 m/s, and the fluid temperature w&s.20
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 86 representinghe fluid exiting the chiller. The

step response of the fluid temperature can be segFRigure82
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Figure82: Fluid tempeature versus time

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

6L 6 EA:6GF 6 ;
Equation88 (Incropera& DeWitt, 2002)

where 6 is the temperature of the bulk fluidC] in this case it is 626, js the original temperature
of the pipe wall {C] in this case it is 2C, (;is the Fourier number, an&js the Biot number.

The Fourier numbeis 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:

@aLb—
e
Equation89 (Incropera & DeWitt, 2002)

where Uis the thermal diffusivity [rfis], Rs time [s], and. gis the characteristic length.
The thermal diffusivity can be found using the equation:

G

e ?é

uL

Equation90 (Incropera & DeWitt, 2002)

For the coppeinickel alloy pipe, the thermal diffusivity was found to be 1.4826xh0's.

The characteristic length can be found using the equation:

L 8
Equation91 (Incropera & DeWitt, 2002)
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where 8is the pipe volume [ri} over some arbitrary length, ané.is the surface area of the inner wall
[m?] over the same arbitrary length. For the supply header pipe, the characteristic lengtfourd 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:

Do
$oL—
e
Equation92 (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 arftiid velocity, the Reynolds number was easily
calculated to be 62,265. This corresponds to fully turbulent flow and the equation:

A& 4a . 4o 48
8 G4 .E?é,

DL réatu PR

Equation 12 (repeated)

was valid in determining the convective heat transfer coeffitsince4 AP srarrand 2 NP ra(2 N

for water at 6.6C 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 u$gd(r &), but was computed
due to its easavith 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
semtinfinite wall. This is reasonable sintte 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 thieknegh

R 0
symmetric surface conditions on both walls due to the boundary conditiofdt ris similarly:—,e_fJ Lr

This is illustrated |ﬁigure83 below.
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Figure83: 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 assumptionghe temperature within the serrinfinite solid wall could be solved analytically. An
exact analytical solution can be obtained through the infinite series:

AL A worKk@TY
a@d
Equation93 (Incropera & DeWitt, 2002)
where TYis the dimensionless form of the cylinder radius with
~ T
VL-
. Equation94 (Incropera & DeWitt, 2002)

and the coefficient%is given by

L VO ER;
1" 1R EOEUR;

0,

Equation95 (Incropera & DeWitt, 2002)

and the discrete values df are positive roots of the transcendental equation

hP=X;L $E

Equation96 (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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VL A w2 KeTY
Equation97 (Incropera & DeWitt, 2002)
Since the migplane temperature of a seminfinite wall with symmetric surface conditions corresponds

to the outer wall of a seminfinite wall with an adiabatic surface condition, the equation barfurther
reduced since the miglane corresponds talV L r.

alL pn cw
Equation98 (Incropera & DeWitt, 2002)
For a Biot number of 0.1650, the coefficiertgand Rare 1.02595 and 0.3958espectively. The first

four roots of the transcendental equatiol, P =:J3,; L $ For $ B r & x wis given ifiTablel4{below
along with the corresponding values fé4.

neL UAJRPU
” A o-
1 0.3953 1.02595
2 3.1933 1.00455
3 6.3093 1.00452
4 9.4423 1.00451

Tablel4: 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, sithestemperature gradient
acrosgshe pipewallis small, the average pipe tem@dure 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 sho 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 somelisagreement with the series solution model. This is due to the error associated with
the approximated series solution for values @f O r & which corresponds tdPO r & x QA.7To get a

highly refined curve, the time step used within the model was @&l
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Figure84: Surface temperature of outer pipe wall as a function of time

In addition to the exampldiscussed above, the output of the transient analysis code was compared to
the output of the steadystate code. After enougtime, the temperature transient passes and a state of
thermal equilibrium is reached. These temperature values were calculated for several elements of a
simple cooling systemetwork. The steady-state temperatures werealculated 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 chillem and expansion tank.

There is much agreement between the two methods along the length of the piping swstem
differences less than 0.01°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 systéese criteria focus on the main
piping system separation, the isolationtbe cooling systems vital and naiital loads, and the

additional capacity of the chillers to supply vital loads with cooling when the ship has sustained battle
damage.

Depending athe level of redundancy requiredhe main piping system may consist cfiagle main or
a double main. Single mains comprise of a single supply and return hehitdr runs longitudinally,
centerline of the shipFor the double main system, separation between the two mains is essential for
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survivability. Athwartship separatiosf the double main piping systeis achi&ed by placing the mains
close tothe most outboard structte. The port and starboard marare also separated vertically.

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

The asign of the cooling system should also satisfy some damage loss criteria. The damage criteria may

uP o0}vP ¢e}u o0 VPSZ }( SZ <Z]% =+ % Eitmay Bd aspgecitiad] %[ 0 VPSZL
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 loasl
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4.0 Chapter 4: Simulation & Results

A simulation of &hilled water systemvas conducteditilizing theCSDTo model the chilled water
system and the auxiliary seawater systerhe simulation wasonductedwith allanalyses performed.

The simulation included the same heat loads usétiin CSDT v1.(Fiedel, 2011)These heat loads are
summarized in Appendix Ahe 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.breakdown of heat loads by compartment and by

zone is shown

Frigure85

A 3D repesentation is shown

Rigure86

below.

Figure85: Breakdown of heat load by compartment and by zone for simulated design
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Figure86: 3-D representation ofchilled 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 desigmeports are:

Report 1: Minimum Chiller Capacity

Chiller 1 Chiller Capacity(tons)89.1544  Chiller Capacity(kW): 313.5430
Chiller 2 Chiller Capacity(tons): 134.8273  Chiller Capacity(kW): 474.1678
Chiller 3 Chiller Capacity(tons): 95.7981  Chiller Capacity(kW): 336.9077
Chiller 4 Chiller Capacity(tons)18.4245  Chiller Capacity(kW):  64.7961
Chiller 5 Chiller Capacity(tons): 25.5806 Chiller Capacity(kW):  89.9633
Chiller 6 Chiller Capacity(tons): 39.2951  Chiller Capacity(kW): 138.1952

Total Chiller Capacity(tons): 403.0800 Chiller Capacity(kW): 1417.5730
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Report 2: Default ChilleiSelected

Chiller 1 Chiller Capacity(tons): 147.8595  Chiller Capacity(kW): 520.0000
Chiller 2 Chiller Capacity(tons): 147.8595  Chiller Capacity(&20)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(&20)0000
Chiller 6 Chiller Capacity(tons): 147.8595  Chiller Capacity(kW): 520.0000

Total Chiller Capacity(tons): 887.1568 Chiller Capacity(k\t90.0®00
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 thechilled water system. Most of the heat loads are located in the forwaodt zone. By

default, the program allocates the starboard side chiller to support any loads which are centerline. Thus,
with chiller 2 being the forwaranost chiller on the starboardide, it is expected that this chiller will

need to have the highest capacity.

Z %}ES T «Z}Ae AZ 3§ 3Z % E}PE u » 3 Z Z]oo E[* % ]3C 3}X dz C
sized chillers within the chiller database which meets the requiremgmsified 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 theship 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 analpdlifluid flow and heat transfer is
assumed to be in steaetate. When performing the static analysadl, four operating conditionshould
be considered alaog with allpossiblecombinations of chillers in operation to ensure flow and cooling
requirements are met under all conditions. An example of the static temperature ofdpthe design
condition and for a single chiller configuratiegnprovidedbelow.
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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:
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Load:
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Load:
Load:
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Load:
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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:

1 Q(W): 562.7200 Diameter(m): 0.01532 Velocity(m/sec): 1.1977 Mass flow rate(kg/s): 0.2207 Thot(Celet@ZB7 719882

2 Q(W): 14490.0400 Diameter(m): 0.03975 Velocity(m/sec): 0.5093 Mass flow rate(kg/s): 0.15221T6688) Telec(C): 10.4922

3 Q(W): 3798.3600 Diameter(m): 0.01951 Velocity(m/sec): 0.6579 Mass flow rate(kg/s): 0.1212 Thot(Celet{@)15 812372

4 Q(W): 1336.4600 Diameter(m): 0.01532 Velocity(m/sec): 1.4005 diasgd(kg/s): 1.7381 Thot(C): 8.9779 Telec(C): 9.7203

5 Q(W): 562.7200 Diameter(m): 0.01532 Velocity(m/sec): 0.6509 Mass flow rate(kg/s): 0.4909 Thot(C)elet(ZP51T.9295

6 Q(W): 1793.6700 Diameter(m): 0.0153®cWgm/sec): 1.3833 Mass flow rate(kg/s): 0.2549 Thot(C): 7.5206 Telec(C): 8.7480

7 Q(W): 16881.6000 Diameter(m): 0.03975 Velocity(m/sec): 1.2070 Mass flow rate(kg/s): 0.9103 Thot(Celé:@Z7p010.2692

8 Q(W): 1768H17 Diameter(m): 0.03975 Velocity(m/sec): 1.2435 Mass flow rate(kg/s): 3.2040 Thot(C): 9.2213 Telec(C): 8.7854
9 Q(W): 11149.2417 Diameter(m): 0.03099 Velocity(m/sec): 1.0825 Mass flow rate(kg/s): 2.7893 Thot(C)el€c@dp00:6077

10 Q(W): 1899.1800 Diameter(m): 0.01532 Velocity(m/sec): 0.6657 Mass flow rate(kg/s): 0.1227 Thot(Clelec@21t61T.3539

11 Q(W): 914.4200 Diameter(m): 0.01532 Velocity(m/sec): 1.1023 Mass flow rate(kg/s)TAAE@2B 8.6697 Telec(C): 10.8986

12 Q(W): 949.5900 Diameter(m): 0.01532 Velocity(m/sec): 1.4798 Mass flow rate(kg/s): 0.2726 Thot(CelétBDR6 95877

13 Q(W): 9993.5555 Diameter(m): 0.03099 Velocity(m/sec): OM&&2flow rate(kg/s): 0.1078 Thot(C): 10.3148 Telec(C): 11.4785
14 Q(W): 1336.4600 Diameter(m): 0.01532 Velocity(m/sec): 0.9372 Mass flow rate(kg/s): 0.7068 Thot(Cele-dD)t8 98892

15 Q(W): 34396.6117 Diameter(m): D28 Velocity(m/sec): 0.5559 Mass flow rate(kg/s): 0.1024 Thot(C): 9.6898 Telec(C): 10.5305
16 Q(W): 9706.9200 Diameter(m): 0.03099 Velocity(m/sec): 1.4551 Mass flow rate(kg/s): 5.5393 Thot(Celex@2)t5 96364

17 Q(WE6060.9800 Diameter(m): 0.05728 Velocity(m/sec): 1.4460 Mass flow rate(kg/s): 0.2664 Thot(C): 6.7926 Telec(C): 6.9841
18 Q(W): 6506.4500 Diameter(m): 0.02456 Velocity(m/sec): 1.2766 Mass flow rate(kg/s): 0.2352 Thot(Celeqrd37912436

19 Q(W): 1688.1600 Diameter(m): 0.01532 Velocity(m/sec): 0.5144 Mass flow rate(kg/s): 0.0948 Thot(Celet(2p2 710979

20 Q(W): 3851.8184 Diameter(m): 0.01951 Velocity(m/sec): 0.9333 Mass flow rate@dp9):Thot(C): 9.8766 Telec(C): 10.4425

21 Q(W): 4396.2500 Diameter(m): 0.02456 Velocity(m/sec): 0.9050 Mass flow rate(kg/s): 0.1667 Thot(CeletB8204 812636

22 Q(W): 932.3567 Diameter(m): 0.01532 Velocity(m/s@6%10 Mass flow rate(kg/s): 0.3156 Thot(C): 10.2196 Telec(C): 11.9047
23 Q(W): 1301.2900 Diameter(m): 0.01532 Velocity(m/sec): 1.2206 Mass flow rate(kg/s): 0.3648 Thot(Ckele:(2B81T.4333

24 Q(W): 9144.5517 Diameter(03099 Velocity(m/sec): 0.5808 Mass flow rate(kg/s): 0.1070 Thot(C): 10.5771 Telec(C): 11.7989
25 Q(W): 1652.9900 Diameter(m): 0.01532 Velocity(m/sec): 1.0160 Mass flow rate(kg/s): 0.7663 Thot(Celé:(3p810.3695
26Q(W): 3165.3000 Diameter(m): 0.01951 Velocity(m/sec): 0.8428 Mass flow rate(kg/s): 0.6356 Thot(C): 9.4052 U&46@C): 1

27 Q(W): 8124.2700 Diameter(m): 0.03099 Velocity(m/sec): 0.9389 Mass flow rate(kg/s): 0.1730 Thot(Ojel&{6%H6 9.3908

28 Q(W): 6524.7384 Diameter(m): 0.02456 Velocity(m/sec): 1.5714 Mass flow rate(kg/s): 0.2895 Thot(Ckelet@8)610.1828

29 Q(W): 1301.2900 Diameter(m): 0.01532 Velocity(m/sec): 0.9491 Massef{k/s): 0.4497 Thot(C): 8.7886 Telec(C): 10.6803

30 Q(W): 2110.2000 Diameter(m): 0.01532 Velocity(m/sec): 0.6374 Mass flow rate(kg/s): 0.1174 Thot(CkeléxBOt1 93476

31 Q(W): 59474.5802 Diameter(m): 0.06962 dlodésec): 0.7490 Mass flow rate(kg/s): 0.3549 Thot(C): 9.9208 Telec(C): 9.8826
32 Q(W): 1336.4600 Diameter(m): 0.01532 Velocity(m/sec): 1.8033 Mass flow rate(kg/s): 4.6465 Thot(Ckele:BBB9 813560

33 Q(W): 140.8BMDiameter(m): 0.01532 Velocity(m/sec): 0.6602 Mass flow rate(kg/s): 0.1216 Thot(C): 8.1805 Telec(C): 8.8232
34 Q(W): 879.2500 Diameter(m): 0.01532 Velocity(m/sec): 1.5795 Mass flow rate(kg/s): 1.9602 Thot(Celé&:62p2 91426

35 Q(W): 1113.8339 Diameter(m): 0.01532 Velocity(m/sec): 0.5395 Mass flow rate(kg/s): 0.0994 Thot(Cel&{Z)t8 913095

36 Q(W): 14771.4000 Diameter(m): 0.03975 Velocity(m/sec): 1.0280 Mass flow rate(kg/s): 0.1&)4 G.:B438 Telec(C): 7.0101

37 Q(W): 140.6800 Diameter(m): 0.01532 Velocity(m/sec): 0.6602 Mass flow rate(kg/s): 0.1216 Thot(Celéx@tp510.2939

38 Q(W): 13681.1300 Diameter(m): 0.03975 Velocity(m/sec): 1.9355dwarate(kg/s): 0.3566 Thot(C): 8.0287 Telec(C): 11.0402
39 Q(W): 9495.9000 Diameter(m): 0.03099 Velocity(m/sec): 1.6082 Mass flow rate(kg/s): 0.2963 Thot(Celet{f®p4 gM6984

40 Q(W): 1055.1000 Diameter(m): 0.0198®city(m/sec): 0.9453 Mass flow rate(kg/s): 1.1732 Thot(C): 11.2034 Telec(C): 10.2587
41 Q(W): 633.0600 Diameter(m): 0.01532 Velocity(m/sec): 0.6619 Mass flow rate(kg/s): 0.1220 Thot(Celet{®y9 82337

42 Q(W):330.4600 Diameter(m): 0.03099 Velocity(m/sec): 1.3501 Mass flow rate(kg/s): 1.0182 Thot(C): 8.9353 Telec(C): 10.0514
43 Q(W): 4712.7800 Diameter(m): 0.02456 Velocity(m/sec): 0.6619 Mass flow rate(kg/s): 0.1220 Thot(Cel&:@569.5083

44 Q(W): 1582.6500 Diameter(m): 0.01532 Velocity(m/sec): 1.0436 Mass flow rate(kg/s): 0.7871 Thot(Celéx@8B810.1012

45 Q(W): 2233.6467 Diameter(m): 0.01951 Velocity(m/sec): 0.4437 Mass flow rate(kd/8) Tho®8C): 8.3048 Telec(C): 8.5034

46 Q(W): 6506.4500 Diameter(m): 0.02456 Velocity(m/sec): 0.4303 Mass flow rate(kg/s): 0.0793 Thot(C)elérd®y110.8612

47 Q(W): 1758.5000 Diameter(m): 0.01532 Velocity(m/sec}30Mass flow rate(kg/s): 0.1806 Thot(C): 11.4401 Telec(C): 11.7186
48 Q(W): 738.5700 Diameter(m): 0.01532 Velocity(m/sec): 1.6135 Mass flow rate(kg/s): 0.7645 Thot(Celé:@Bp1 91491

49 Q(W): 7631.8900 Diameter@)3099 Velocity(m/sec): 0.6593 Mass flow rate(kg/s): 0.1970 Thot(C): 10.3194 Telec(C): 10.7171
50 Q(W): 4572.1000 Diameter(m): 0.02456 Velocity(m/sec): 0.7200 Mass flow rate(kg/s): 0.1327 Thot(Celéx(BY010.2859

51 QV): 7315.3600 Diameter(m): 0.03099 Velocity(m/sec): 1.1834 Mass flow rate(kg/s): 4.5051 Thot(C): 9.8934 Td168@C): 10
52 Q(W): 2550.5284 Diameter(m): 0.01951 Velocity(m/sec): 0.5728 Mass flow rate(kg/s): 0.1055 Thot(Celéx:(@p6 97664

53 Q(W): 1090.2700 Diameter(m): 0.01532 Velocity(m/sec): 0.9028 Mass flow rate(kg/s): 2.3262 Thot(C)eld:82p0 98605

54 Q(W): 7209.8500 Diameter(m): 0.03099 Velocity(m/sec): 0.5454 Mass flow ja@@@?s Thot(C): 10.3312 Telec(C): 11.2972

55 Q(W): 1582.6500 Diameter(m): 0.01532 Velocity(m/sec): 0.7494 Mass flow rate(kg/s): 0.5652 Thot(C)eldc(Dp21T1.2278

56 Q(W): 8688.0451 Diameter(m): 0.03099 Velocity()ns8¢48 Mass flow rate(kg/s): 1.2097 Thot(C): 9.3302 Telec(C): 9.5643
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Load:
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Load:
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Load:
Load:
Load:
Load:
Load:
Load:
Load:
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Load:
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Load:
Load:
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Load:
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57 Q(W): 4009.7317 Diameter(m): 0.02456 Velocity(m/sec): 0.7391 Mass flow rate(kg/s): 0.3502 Thot(C)eler@Zp210.2236

58 Q(W): 20679.96@iameter(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)elc@1p410.3781

60 Q(W): 1055.1000 Diameter(m): 0.01532 Velocity(m/sec): 0.7428 Mass flow rate(kg/s): 0.5602 Thot(C)eld(2)910.1935

61 Q(W): 4853.4600 Diameter(m): 0.02456 Velocity(m/sec): 1.5035 Mass flow rate(kg/s): 0.27F0 6TIRIE 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(Celéc8ZB5 712188

63 Q(W): 33235.6500 Diameter(m): 0.05728 Velocity(m/sec): 0.7198ldMasgd(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)el&@5).7 99376

65 Q(W): 773.7400 Diameter(m): 0.0158Bcity(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(Celet@5B8 814374

67 Q(W): 161600 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)el&cBZR50H705

69 Q(W): 879.2500 Diameter(m): 0.01532 Velocity(m/sec): 0.9211 Mass flow rate(kg/s): 0.4364 Thot(Celéx85p010.1865

70 Q(W): 10093.7900 Diameter(m): 0.03099 Velocity(m/sec): 1.4415 Mass flow rate(kg/s)TBot(@R 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(Celé&:@dy5 914336

72 Q(W): 10.0000 Diameter(m): 0.01532 Velocity(m/sec): OM@=kSflow 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(Ckele:623417.1908

74 Q(W): 9179.3700 Diameter(m)309® 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)elér{@@®#31T.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 Telé®fC): 9.31
77 Q(W): 1371.6300 Diameter(m): 0.01532 Velocity(m/sec): 1.1415 Mass flow rate(kg/s): 1.4167 Thot(Cele@1)85 913351

78 Q(W): 8194.6100 Diameter(m): 0.03099 Velocity(m/sec): 0.9386 Mass flow rate(kg/s): 0.4447 Thot(Cele:868610.8012

79 Q(W): 22368.1200 Diameter(m): 0.03975 Velocity(m/sec): 0.8118 Mass flow rate@i4fg): 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(Celet@Zp5 910820

81 Q(W): 562.7200 Diameter(m): 0.01532 Velocity(misét}5 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(Celéx@Z¥01T.1431

83 Q(W): 9706.9200 Diameter(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(Celé:48p4 915042

:85 Q(W): 1019.9300 Diameter(m): 0.01532 Velocity(m/sec): 0.8441 Mass flow rate(kg/s): 0.6366 Thot(C): 9.519410.€8¢tEC)

86 Q(W): 1794.0217 Diameter(m): 0.01532 Velocity(m/sec): 1.2111 Mass flow rate(kg/s): 0.9134 ThOGC)elR&LZ): 9.6659

87 Q(W): 9003.5200 Diameter(m): 0.03099 Velocity(m/sec): 0.5973 Mass flow rate(kg/s): 0.1100 Thot(Clet88B6 812940

88 Q(W): 1073.0367 Diameter(m): 0.01532 Velocity(m/sec): 0.7368 Mass flkg/spt6.2202 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(Celéx@1B910.7861

90 Q(W):51243.7451 Diameter(m): 0.05728 Velod#g¢): 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)ele:@2p0 94798

92 Q(W): 13575.6200ameter(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(Cel&:@588 99507

94 Q(W): 13716.6517 Diameter(m): 0.03975 Velocity(m/sec): 1.4488 Mass flow rate(kg/s): 1.0927 Thot(Clel&:dGt4 gq4542

95 Q(W): 5134.8200 Diameter(m): 0.02456 Velocity(m/sec): 0.8736 Mass flow rate(kg/s): 0.4139 94@I(C)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)eldr@589 99984

97 Q(W): 3024.6200 Diameter(m): 0.01951 Velocity(m/sec): 0.5339 dasdd(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)elé:{2B910.5662

99 Q(W): 1336.4600 Diameter(m): 0.0153®cWg(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)eld-d®n410.4979

101 Q(W): 6109R00 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(Cleléc(®B3.9355

103 Q(W): 1055.1000 Diameter(m): 0.01532 Velocity(m/sec): 1.4468 Mass flow rate(kg/s): 0.6855 Thot(Cel&:(Cp010.6806

104 Q(W): 1195.7800 Diameter(m): 0.01532 Velocity(m/sec): 0.7905 Mass flow rate(kg/s)TAd@Bt 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)ele:@3p5 98359

106 Q(W): 6811.3739 Diameter(m): 0.02456 Velocity(m/sec): IMd&flow rate(kg/s): 1.7577 Thot(C): 8.9093 Telec(C): 9.7135
107 Q(W): 1547.4800 Diameter(m): 0.01532 Velocity(m/sec): 0.6405 Mass flow rate(kg/s): 0.1914 Thot(C)eldr835910.8956

108 Q(W): 2567.4100 Diameter(m): 9511 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(Celé:@2B810.9836

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(Cel&(®297 919825

112 Q(W): 2426.7300 Diameter(m): 0.01951 Velocity(m/sec): 1.0349 Mass flow rate(kg/s): 2.6665 Thot(C)eldcéDB810.6347
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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:

113 Q(W):
114 Q(W):
115 Q(W):
116 Q(W):
117 Q(W):
118 Q(W):

5310.6700 Diameter(m): 0.02456 Velocity(m/sec): 0.7838 Mass flow ratelidsd): 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(Clele:6EY811.0936
6717.4700 Diameter(m): 0.02456 Velocity(miséth4 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(ClelecBBB5 IM6956
20222.7500 Diamet®r(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(Cel&:{{Bp512.5403

19 Q(W): 7913.2500 Diameter(m): 0.03099 Velocity(m/sec): 0.4919 Mass flow rate(kg/s): 0.2331 Thot(C): 12.48301 T.d&22C):

120 QW)
121 Q(W):
122 QW)
123 Q(W):
124 QW)
125 Q(W):
126 Q(W):
127 QW)
128 Q(W):
129 QW)
130 QW)
131 Q(W):
132 Q(W):
133 Q(W):
134 QW)
135 Q(W):
136 Q(W):
137 Q(W):
138 Q(W):
139 QW)
140 Q(W):
141 Q(W):
142 Q(W):
143 Q(W):

2638.1017 Diameter(m): 0.01951 Velocity(m/sec): 0.4944 Mass flow rate(kg/s): 0.2342 Thot&)fdades: 12.1213
140.6800 Diameter(m): 0.01532 Velocity(m/sec): 0.8716 Mass flow rate(kg/s): 0.2605 Thot(Cele-(ZB51Z.6581
2391.5600 Diameter(m): 0.01951 Velocity(m/sec): 1.1826 Mass flog/sate(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(Celé&:{B)91T1.3367
5697.8917 Diameter(m): 0.02456 Velodsyén 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(Clel&:635110.4554
6489.2167aieter(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(Celé:@Zp412.3215
808.9100 Diameter(m): 0.01532 Velocity(m/sec): 0.5052 Mass flow rate(kg/s): 0.0931 Thot(C): I€&c2B210e3620
5310.6700 Diameter(m): 0.02456 Velocity(m/sec): 0.8726 Mass flow rate(kg/s): 0.413510.688&)Telec(C): 10.8923
4642.4400 Diameter(m): 0.02456 Velocity(m/sec): 1.0176 Mass flow rate(kg/s): 0.3041 Thot(Cel&:4B8p81T.7853
703.4000 Diameter(m): 0.01532 Velocity(m/sec): 0.5437 Masgadl&g/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(Celér@8)111.3597
2743.2600 Diameter(m): 0.0195bcWglm/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)el€c@DB9 95157
196260 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)eldc(DB81R564
5838.2200 Diameter(m): 0.02456 Velocity(m/sec): 1.4927 Mass flow rate(kg/s): 0.2750 Thot(CelétB9p4 90757
53141.8700 Diameter(m): 0.05728 Velocity(m/sec): 0.7651 Mass flow rate(kg/s): 0otd)0 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)elérd3B510.7636
3235.6400 Diameter(m): 0.01951 Velocity(m/sec): 1.2848flbiv 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)eld-@BB010.6061
1160.6100 Diameter@Q1532 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(Celé:@a)7611.9064

144 QW): 4677.6100 Diameter(m): 0.02456 Velocity(m/sec): 1.1351 Mass flow rate(kg/s): 0.2091 Thot(C): 6.6783 Te&&{C): 6

145 Q(W):
146 Q(W):
147 Q(W):
148 Q(W):
149 QW)
150 Q(W):
151 Q(W):
152 Q(W):

1125.4400 Diameter(m): 0.01532 Velocity(m/sec): 0.5559 Mass flow rate(kg/s): 0.4193 Thot(C)eldc87p11T1.4286
4150.0600 Diameter(m): 0.02456 Velocity(m/sec): 0.6492 Mass flow rate(kg/s): 0.4896 Thot(C)eldcBZPR31T.4963
6647.1300 Diameter(m): 0.02456 Velocity(m/sec): 1.2979 Mass flow fate@e@8 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(Celet@1p4 95242
1371.6300 Diameter(m): 0.01532 Velocity(nk8724 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)eldc{@3)51T1.6253
8089.1000 Diasréin): 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(Celec@2010.3571

Load:153 Q(W): 13405.3972 Diameter(m): 0.03975 Velocity(m/sec): 1.3748 Mass flow rate(kg/s): 1.0368 Thot(C): 8.6606 ITesgC

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

154 Q(W):
155 Q(W):
156 Q(W):
157 Q(W):

1158 Q(W):

159 Q(W):
160 Q(W):
161 Q(W):
162 Q(W):

1163 Q(W):

164 Q(W):
165 Q(W):

1166 Q(W):

167 Q(W):

1168 Q(W):

4414.1867 Diameter(m): 0.02456 Velocity(m/sec): 1.0845 Mass flow rate(kg/s): 1.3460 TBRHE)Télc(C): 9.7252
4115.2417 Diameter(m): 0.02456 Velocity(m/sec): 0.6983 Mass flow rate(kg/s): 0.1287 Thot(Celé&@2B1 95572
12063.3100 Diameter(m): 0.03099 Velocity(m/sec): 1.1130 Masseflkg/sp 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(Celé:B2)3 819352
8686.9900 Diameter(m): 0.03099 \Vglmditec): 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(Clkel&:885210.5059
16565.07@iameter(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(Ckle:@Z)8 9735
3112.8967 Diameter(m): 0.01951 Velocity(m/sec): 1.1157 Mass flow rate(kg/s): 1.3846 Thot(Celé:@Dp2 96523
4712.7800 Diameter(m): 0.02456 Velocity(m/sec): 0.7804 Mass flow rate(kg/s): 0.9635 1080 Telec(C): 9.9535
3622.5100 Diameter(m): 0.01951 Velocity(m/sec): 0.6279 Mass flow rate(kg/s): 0.1157 Thot(Cel&:dZp2 91629
22722.2819 Diameter(m): 0.03975 Velocity(m/sec): 1.383fldvasge(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(Celé&63851T1.4865
8370.4600 Diameter(m): 0.030@bcity(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)elér880310.9541
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Load

Load

Load

Load

1169 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:
Load:

170 Q(W): 19484.1800 Diameter(m): 0.03975 Velocity(m/sec): 1.3837 Mass flow rate(kg/s): 0.2549 Thot(C)elet83728.7949
171 Q(W): 8264.9500 Diameter(m): 0.03099 Velocity(m/sec): 0.9915 Mass flow rate(kg/s): 0.7478 Thot(CeléB2B610.2574

1172 Q(W): 8194.6100 Diameter(m): 0.03099 Velocity(m/sec): 0.6056 Mass flow rate(Rd/8):That(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)eldr28210.6213

1174 Q(W): 4766.9418 Diameter(m): 0.02456 Velocity(m/se@301Mass flow rate(kg/s): 0.2207 Thot(C): 8.7142 Telec(C): 11.1462
Load:
Load:
Load:
Load:

175 Q(W): 3763.1900 Diameter(m): 0.01951 Velocity(m/sec): 0.6144 Mass flow rate(kg/s): 0.1132 Thot(C)elé&:@BB0 93856

176 Q(W): 668.2300 Diameter@)1532 Velocity(m/sec): 0.4776 Mass flow rate(kg/s): 0.0880 Thot(C): 10.2805 Telec(C): 10.8944
177 Q(W): 3587.3400 Diameter(m): 0.01951 Velocity(m/sec): 0.9529 Mass flow rate(kg/s): 0.7186 Thot(Celérg8)3810.5393
178Q(W): 8335.2900 Diameter(m): 0.03099 Velocity(m/sec): 0.6332 Mass flow rate(kg/s): 0.3000 Thot(C): 11.8267 Ie&3{C):

1179 Q(W): 1125.4400 Diameter(m): 0.01532 Velocity(m/sec): 1.1980 Mass flow rate(kg/s): 0.2207 Thot(Cljel&{0Y:7 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(Celé:@Bp6 8763

The load number corresponds to the branch index. Q is the heat load \inner branch diarater
[m] and chilled waterelocity[m/sec]within the corresponding branch asihown. The mass flow rate
[kg/sec] is also showrThot[C]corresponds to the temperature dowetream of the heat exchanger
Telec[C]corresponds to the outlet (coldetgmperature 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 welliefined heat exchangers within the heat exchanger database. Because of this,
the low Telec tenperatures are to be expected since the hot inlet air temperatures are estimated to be
26.7°C. For other applications such as heat exchangersigithheat fluxesised forthe removal of

heat fromhigh energy radatghe inlet temperature will play a ciital 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 secondnalysis performed was the weight analy3ike weght 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 anaverall system waalso includedA weight margin of 10% was included to
account for miscellaraus 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

ltem Weight (MT) LCG(m) TCG(@m) VCG (m)
CW System: 159.1343 -6.8345 -0.1020 5.9911
Pipe: 29.1422.5767 -0.0862 7.3868
Main: 24.90035.4880 -0.0824 6.8900
Branch: 4.2418 145127 -0.1087 10.3037
Lagging: 0.9619 3.692r0945 8.4568
Main: 0.52045.4880 -0.0824 6.8900
Branch: 0.4415 145127 -0.1087 10.3037
Valves: 20.7776.0816 -0.4872  5.6592
Globe: 1.5560 7.0650 -2.1066 7.6973
Main: 0.00000.0000 0.0000 0.0000
Branch: 15560 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 5.365900967 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 8.1790.0265  9.4093
SW System: 17.2747 -4.7642 -0.1887  4.3308
Pipe: 2.9109.7654 -0.3113 5.8375
Valves: 0.800€L.2000 0.0000 2.8576
Pumps: 6.000.0000 0.0000  1.8970
Brackets: 0.30297.7654 -0.3113 5.8375
Salt water: 7.2609-7.7654 -0.3113 5.8375
Total: 176.40916.6318 -0.1105  5.8285
Margin: 17.64096.6318 -0.1105 5.8285
Total with margin: 194.0500 -6.6318 -0.1105 5.8285

As can be seen in the weight repdtige chilled water system weighs approximately 159 MT, the
auxiliary seawater systemeighs approximily 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 withEhe&del which is fdy
symmetric forwardaft and portstarboard. The large, heavy A/C units will bring down the VCG so the

6.6m VCG iseasonable
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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 steashate, 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 veiesi are within acceptable limits.

Transient analyses were performed on the modetdilled water system for two simultaneous everds
loss ofa chiller with the chiller riser secured and no further action takad a step load of a heat load
with no acton taken.The design heat loads were considered for the simuldfiagure87jbelow shows
the heat loads and the status of each chiller before andrahe event. Only heat load RS58 (load
number nine)differs before and after the eventith a step response from 56 kW' 0 kW,

Figure87: 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 stagjon 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 exchangershows the pressure distribution before and after the loss of chiller six along
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with the resulting effect on stagnation locatigiigureB9[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 tbeityelvithin that

branch, but some initial discrepancy may exist between the stesalg temperatures calculated and
the transient temperatures calculated.

Figure88: Pressure distribution before and after loss of chiller 6
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Figure89: Temperature response at four different locations in branch 5. Locatiorirhmediately before heat exchanger
(upper left), location 2- at heat exchanger (upper right), location-3 few meters downstream from théeat 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 betweemdhne simplified steadstate
temperature analysis and the transient analysis. The difference in temperatige isundredths of a

degree Celsius and can be assumed constant. The temperature response at location 2 shows the correct
behavior for a steggharge 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. Theésature 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 bréimeh with a heat load step
response.
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Figure90: Temperature responsat four different locations in branch 9 (heat load step response from 59 kW to 0 kW).
Location 1- immediately before heat exchanger (upper leffpcation 2- at heat exchanger (upper right), location-3 few
meters downstream from the heat exchanger (lower left), location Aear the end of the branch (lower right)

In the above figures, the heat load step response from 59 kW to 0 kW resultetreasing
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 CBiQlires 7475 showthe temperature
distribution along the supply header 20 seconds an@i20 £conds after the eventespectively
Figuresr6-77 show the temperature disibution along the return header at 10 seconds and 120
seconds dkr the event, respectively.
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Figure91. Temperature distribution along the supply head at 10 seconds

Figure92: Temperature distribution along the supply header at 120 seconds

Figure93: Temperature distribution along the supply header at 10 seconds

Figure94: Temperature distribution along the supply header at 120 seconds
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Figure95: Temperature distribution along branch 9 at 10 seconds

Figure96: 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 s below which shows the
temperature response at the junction for riser 1 within the return header.

Figure97: 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 tapidly model anaxplore the design of thehdled water system using a
mathematically rigorous@proach In this respect, the CSDT is a sucdaith relatively few inputs, the
CSDT provides2 and 3D visuarepresentations 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 digtobwvithin 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 analyseseothiiled water system. The thremalyses
available with the CSDAre the weight analysis, the static temperature analyaiglthe 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 thehilled water systen along withthe weight and center of gravity tie
auxiliary seawater system.

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

The transient analysis is even more powerful. It provides the user with temperature fluctuations in time
or space during transient states. The method employed within the CSDT to peréorsient analyses

has also been verified with two different analytical methotise transient temperatures also reach
steadystate values after sufficient time has elapsétiis gives greater confidence in the accuracy of the
transient analysis.

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

5.2 Areas of Future Study

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

5.2.1CSDT v3.0

There are a few areas the CSDT program could be improved, many intioévnegnoval of the
remaining assumptionand providing more capability to analyze the CW systeat the area that
would have the most profound impact would be thesuénterface.

Currently, the user interacts through the program via the Excel spreadsheet which contains the library of
heat exchangers and A/C units and through the command window. It would be beneficial if the interface
between the user and the programas through the use of a Graphical User Interface (GUI). A well laid
out GUI could provide all of the functionality of the program, but in a more user friendly way through

the use of tabs, lists, graphs, charts and buttons which execute certain functions.evihanced

graphics could also provide a better means of displaying tbead 3D model of the CW system.

Currently, valves, heat exchangers, and pumps are all displayed as a box. Better graphics could provide a
means to display each of these comporedtstinctly. Drag and drop ability would enhance the ability

to place equipment accurately. Piping could be captured as a vector of nodes, with the ability to drag
nodes to alter the shape of the piping. This ability would allow the user to easily riiig mround
equipment and to connect piping to each other while avoiding the need to manually describe each
branch as a vector of pointBor greater visualization, a program other than Matiiould be utilized.

Some suggestions includeython, Qt, GTK+or C#.

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

or readability of the code.

Other than visual representation, the program could be improved by refining the FNA and removing
assumptions made. FNA is used by the program, but could be strudtuteimore generic than it

currently is. A CSDT v3.0 should include a generic node structure of the pipe network, with the ability to
have any combination of branches in parallel and series. The FNA should then be able to solve the
generic network, as ogysed to assuming the branches are all in paralleis can be done through the

use of a flow solver. Flow solvers exist for solving current within electrical networks (the power flow
problem), but could be modified to solve for fluid flow within a pipmegwork. The incorporation of a

flow solver would eliminate the need to solve for stagnation points and would remove all of the
assumptions made in finding those stagnation points.

Otherassumptions that stiexist within the CSDT includeeglecting theanertia of the fluid, simplifying
the temperature distribution to allow variation in only one dimension, simplifications in the modeling of
the temperature distribution within the heat exchangers, simplifying the heat exchange process within
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the A/C unitsandassuming constant properties of the CW and other fluids (dersiggific heat
capacity, etc.). Greater complexity of the CSDT program could overcome all of these assumptions.

The CSDT currently can perform weight analyses, static temperature as)alyddransient

temperature analysesAn area of future study would be the inclusion of survivability anatggiability.

This could be done by specifying a blast center and radius (assuming a spherical blast). All heat loads
within the blast could be esily determined and would be considered damaged. The pipe branches are
vectors. To see if the pipe is ruptured, the pipe would be discretized by where there is a bend. If any
bend is located within the blast radius, then the pipe is damagékelfine pependicular to the pipe
cornerswhich passes through the blast center is between the pipe corners and has a length less than
the blast radius, then that segment of pipe is damaged. The same procedure can be used to determine
which segments of the headergang are damaged. Also, the chillers and pumps would be checked to
see if they also fall within the blast radius (or if they are damaged due to flooding if the blast causes
damage below the waterline). With the piping network redefined by damaged sectlmnsalves which
would isolate those damaged sections would be assumed shut. This would further reduce the piping
network. Once this is complete, undamaged heat loads would be checked for connectivity to a
chiller/pump. Lastly, a priority queue would bsad to determine which loads would get flow and which
loads would have to be secured due to a lack of chilled water available.

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

Lastly, the CSDT providizsee default layouts of the header mains. Providing more default layouts

would be beneficial, especially when designing chilled water systems on other types of ships, such as an
amphibious assault ship which has a large sdetk aft. The pipe bends aadso created artificially. If

the hullform were known beforehand, the header mains could be laid out acaptdithe curvature of

the hull.

5.2.2 System Extensions

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

As stated earlier in the report, nearly ¥ of the heat load serviced by chilled water is related to the HVAC
system. The CSDT currently needs to be provided the heat loads at the various spaces witlip the s
where the chilled water system interfaces with the HVAC system. It would be greatly beneficial to model
the HVAC system by compartments with air flow modeled to determine the actual heat load produced
based on environmental temperature, number of pemngel in a room, heat dissipated by machinery,

etc. With this information, the secondary side (air side) of the heat exchanger could be better modeled,
and better yet, dynamically modeled, and then tied into the CSDT.
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The SW system was modeled genericalthiww the CSDT, but more time could be taken to more
completely model the SW systeifihe most important aspect of modeling the SW system would be to
accurately model the A/C units, including the closed loop of the refrigerant. This may prove to be

difficult since there are several types of A/C units available, but it may be possible to model the most
pertinent types, most notably a centrifugal A/C unit with R134a refrigerant. Several sizes of the A/C units
could be modeled as well. With the interface betwetae CW system and the SW system defined, the
interdependency between seawater temperature and the chilled water outlet temperature of the A/C

unit could be determined. Other facets of the SW system could also be modeled, such as loads cooled
directly with SW or loads that are cooled using a SW/FW heat exchanger (a cheaper alternative to a
SW/CW heat exchanger). FNA would still have to be incorporated into this model since there is a strong
relationship between parallel branch pressures and flow rateb@SW system.

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

Lastly, the reason the CSDT was first considered involved the increasing importance of the CW system
based on projected heat loads of all electric ships, and the increasing heat fluxes associated with
smaller, more dense equipment eting at increasing switching frequencies. The challenge then
becomes removal of heat through less surface area. Focus should be spent on researching and
developing methods and models of exotic heat removal techniques which can achieve these higher heat
fluxes needed. With models developed, they carekperimentally verified and modeled usirthe

CSDT. With more heat exchanger options available to the naval architect, greater flexibility is afforded in
designing the CW system to meet the cooling demanfdbe future Navy.
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Appendix A : Simulated Heat Loads

Load Name | Cooling Load| Cooling Load| Cooling Load| Cooling Load| x-loc. y-loc. Zloc.
Shore Cond.| Design Cond, Cruise Cond.| Battle Cond. (m) (m) (m)
(KW) (Kw) (KW) (KW)
RSO01 9.56 7.91325 6.92849 7.91325 32.81 0.00 25.20
RS02 3.56 20.22275 20.22275 20.22275 33.14 0.00 22.83
RS02_1 3.56 1.96952 1.96952 1.96952 26.45 0.00 3.29
RS04 3.56 11.1492417| 10.9030517| 11.1492417| 33.81 6.70 19.69
RS0405 0.24 13.54045 12.52052 13.54045 33.81 0.00 19.69
RS0405 1 45 5.31067 4.99414 5.31067 29.12 -5.52 19.69
RS04 _1 20 6.50645 6.26026 6.50645 23.77 6.70 19.69
RS0405 2 9.7 3.79836 3.48183 3.79836 29.12 5.62 19.69
RS040505C 9.7 45.721 41.81713 45.721 29.12 0.00 19.69
RSO05 0.9 10.30481 10.09379 10.30481 33.81 -6.70 19.69
RS05 1 1.74 6.64713 6.40094 6.64713 23.77 -6.70 19.69
RS07 - 5.41618 4.9238 5.41618 -14.39 0.00 22.83
RS07_1 - 3.62251 3.13013 3.62251 -17.74 0.00 19.69
RS07_2 - 8.01876 7.06917 8.01876 -15.06 -3.85 14.05
RS08 - 3.628617 3.628617 3.628617 39.17 0.00 16.59
RS12 - 6.71747 6.71747 6.71747 33.14 0.00 14.05
RS12 1 - 1.54748 1.54748 1.54748 34.48 -8.54 8.51
RS12 2 - 1.12544 1.12544 1.12544 23.77 -8.54 8.51
RS12 3 - 5.31067 5.31067 5.31067 33.14 0.00 14.05
RS12 4 - 1.37163 1.37163 1.37163 22.09 -5.86 8.51
RS12 5 - 3.02462 3.02462 3.02462 35.82 0.00 14.05
RS12 6 - 1.26612 1.26612 1.26612 39.84 -11.72 14.05
RS12 7 - 0.91442 0.91442 0.91442 23.77 -3.35 14.05
RS13 - 40.6913383| 40.6913383| 40.6913383| 34.48 0.00 8.51
RS13 1 - 1.0551 1.0551 1.0551 34.48 0.00 8.51
RS14 - 61.09029 61.09029 61.09029 34.48 -5.02 5.80
RS14 1 - 56.72921 56.72921 56.72921 24.10 -3.35 5.80
RS17 - 9.17937 9.17937 9.17937 -36.49 1.67 14.05
RS17 1 - 3.1128967 | 3.1128967 | 3.1128967 | -23.77 0.00 14.05
RS1819 - 7.31536 7.31536 7.31536 68.63 0.00 8.51
RS1819 1 - 7.63189 7.63189 7.63189 68.63 0.00 5.80
RS19 - 1.7585 1.7585 1.7585 69.29 0.00 2.95
RS20 - 33.23565 33.23565 33.23565 61.26 0.00 8.51
RS21 - 4.71278 4.71278 4.71278 62.60 1.34 11.33
RS21 1 - 1.1138339 | 1.1138339 | 1.1138339 | 57.24 4.69 8.51
RS21 2 - 0.87925 0.87925 0.87925 58.58 -3.35 8.51
RS21 3 - 0.77374 0.77374 0.77374 59.92 -3.35 11.33
RS21 4 - 4.85346 4.85346 4.85346 62.60 -3.35 8.51
RS21 5 - 0.63306 0.63306 0.63306 62.60 1.17 8.51
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RS21_6 - 0.14068 0.14068 0.14068 58.58 4.35 8.51
RS23 - 1.310129 1.310129 1.310129 50.88 -5.52 5.80
RS2324 - 22.36812 22.36812 22.36812 50.55 0.00 5.80
RS24 - 1.30129 1.30129 1.30129 50.21 2.51 5.80
RS26 - 0.56272 0.56272 0.56272 39.84 -6.86 8.51
RS28 - 9.70692 9.70692 9.70692 23.77 4.85 8.51
RS28_1 - 1.33646 1.33646 1.33646 23.77 9.54 8.51
RS28_2 - 1.68816 1.68816 1.68816 34.48 8.54 8.51
RS28_3 - 0.94959 0.94959 0.94959 23.77 7.20 8.51
RS30 - 3.76319 3.76319 3.76319 3.01 -7.20 8.51
RS30_1 - 0.56272 0.56272 0.56272 3.01 -4.69 8.51
RS32 - 8.33529 8.33529 8.33529 -8.37 0.00 8.51
RS32_1 - 4.5721 4.5721 45721 -8.37 4.52 8.51
RS32_2 - 0.73857 0.73857 0.73857 -8.37 7.70 8.51
RS32_3 - 6.50645 6.50645 6.50645 -8.37 0.88 8.51
RS36 - 19.48418 19.48418 19.48418 | -13.06 0.00 8.51
RS37 - 16.56507 16.56507 16.56507 | -23.77 0.00 8.51
RS37_1 - 4.15006 4.15006 4.15006 -28.45 0.00 8.51
RS42 - 49.13249 49.13249 49.13249 | -36.49 0.00 5.80
RS43 - 9.4959 9.4959 9.4959 59.92 3.18 5.80
RS43_1 - 16.10786 16.10786 16.10786 58.92 -3.18 5.80
RS43_2 - 0.94959 0.94959 0.94959 62.60 -2.51 5.80
RS46 - 8.26495 8.26495 8.26495 3.01 -3.19 5.80
RS46_1 - 3.58734 3.58734 3.58734 0.33 0.00 5.80
RS46_2 - 14.3676484| 14.3676484| 14.3676484| -3.68 0.00 5.80
RS46_3 - 7.63189 7.63189 7.63189 3.01 -3.18 5.80
RS47 - 1.12544 1.12544 1.12544 -3.68 -2.51 5.80
RS51 - 6.4892167 | 5.9968367 | 6.4892167 | -47.20 -1.67 3.29
RS51_1 - 5.0472467 | 5.0472467 | 5.0472467 | -47.20 1.67 3.29
RS53 - 3.09496 3.09496 3.09496 -63.27 -6.86 5.80
RS53_1 - 6.8113739 | 6.8113739 | 6.8113739 | -60.59 0.00 5.80
RS53_2 - 1.19578 1.19578 1.19578 -60.59 -6.86 5.80
RS53_3 - 2.95428 2.95428 2.95428 -73.98 -5.35 5.80
RS55 - 1.7940217 | 1.7940217 | 1.7940217 | -71.30 6.36 5.80
RS57 - 2.2336467 | 2.2336467 | 2.2336467 | 70.63 0.00 3.29
RS58 - 56.06098 53.84527 56.06098 34.48 3.85 3.29
RS60 - 34.3966117| 34.3966117| 33.4118517| 34.48 5.02 5.80
RS61 - 14.49004 14.49004 14.49004 25.44 3.85 5.80
RS61_1 - 8.68699 8.61665 8.68699 -23.77 0.00 3.29
RS63 - 53.14187 52.33296 53.14187 | -30.13 0.00 3.29
RS6674 - 13.7166517| 13.7166517| 13.7166517| -71.30 0.00 2.95
RS69 - 4.0097317 | 4.0097317 | 4.0097317 | 62.60 0.00 2.95
RS70 - 9.70692 9.63658 9.70692 45.19 0.00 2.95
RS71 - 12.06331 12.06331 12.06331 | -23.77 -1.34 2.95
RS72 - 2.6381017 | 2.6381017 | 2.6381017 | -48.87 -1.67 3.29
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RS74 4.18523 4.18523 4.18523 -71.30 -6.86 5.80
RS75 16.8816 16.8816 16.8816 33.14 3.35 14.05
RS78 4.39625 4.39625 4.39625 39.17 2.18 16.59
RS8688 2.1102 2.1102 2.1102 14.39 2.01 16.59
RS102104 2.1102 2.1102 2.1102 11.72 -2.01 16.59
RS103105 1.58265 1.58265 1.58265 -7.30 1.84 14.05
RS5C 2.1102 2.1102 2.1102 -53.56 -2.01 14.05
RS8C 1.58265 1.58265 1.58265 62.60 0.00 3.29
RS6E 0.14068 0.14068 0.14068 53.90 -1.84 3.29
RS1G 0.14068 0.14068 0.14068 53.90 1.84 3.29
RS2G 1.09027 1.09027 1.09027 62.60 0.00 3.29
RS3G 4.67761 4.67761 4.67761 -28.45 -4.85 14.05
RS5G 1.0551 1.0551 1.0551 -23.77 4.35 11.33
RS6G 1.0551 1.0551 1.0551 9.71 -8.20 11.33
RS7G 9.1445517 | 9.1445517 | 9.1445517 | 18.41 4.18 5.80
RS03 1.89918 1.89918 0.17585 23.77 1.51 22.83
RS06 17.6908617| 17.6908617| 0.4575617 | 23.77 3.01 16.59
RS09 9.9935555 | 9.9935555 | 5.4917955 | 34.48 7.53 16.59
RS10 5.83822 5.83822 - 25.11 -4.69 16.59
RS10_1 1.33646 1.33646 - 25.11 4.69 16.59
RS10_2 1.09027 1.09027 0.3517 23.77 -7.70 16.59
RS10_3 2.74326 2.74326 1.58265 27.78 -8.03 16.59
RS10_4 0.7034 0.7034 0.3517 28.12 -3.18 16.59
RS10_5 0.56272 0.56272 0.3517 28.12 2.18 16.59
RS10_6 1.4068 1.4068 0.3517 31.13 -8.03 16.59
RS10_7 0.24619 0.24619 - 31.13 -3.18 16.59
RS10_8 0.56272 0.56272 0.3517 31.13 2.18 16.59
RS10_9 0.14068 0.14068 0.3517 32.14 -0.50 16.59
RS10_10 1.33646 1.33646 0.3517 34.48 -3.85 16.59
RS10_11 0.91442 0.91442 0.3517 34.48 2.68 16.59
RS10_12 8.37046 8.37046 - -4.35 4.02 5.80
RS11 0.9323567 | 0.9323567 | 0.2289567 | 18.41 4.85 14.05
RS15 3.8518184 | 3.8518184 | 0.6865184 | 18.41 1.85 14.05
RS15_1 1.33646 1.33646 - 13.72 1.85 14.05
RS15_2 41152417 | 4.1152417 | 0.4575617 | 12.72 0.00 8.51
RS16 59.4745802| 59.4745802| 2.2881602 | 50.55 6.86 8.51
RS25 8.12427 8.12427 0.87925 44,52 5.69 8.51
RS25_1 1.37163 1.37163 - 50.55 -4.69 8.51
RS2527 9.00352 9.00352 - 39.84 -2.51 8.51
RS27 5.13482 5.13482 0.52755 38.16 -4.52 8.51
RS27_1 0.56272 0.56272 0.17585 48.54 -4.85 8.51
RS27_2 1.30129 1.30129 0.3517 43.18 0.84 8.51
RS27_3 1.01993 1.01993 0.3517 39.84 0.00 8.51
RS27_4 2.32122 2.32122 1.4068 7.70 -3.68 8.51
RS29 13.4073972| 13.4073972| 5.9493572 | 18.41 0.00 8.51
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RS29 1 - 8.0891 8.0891 0.3517 18.41 -9.54 8.51
RS29 2 - 13.68113 13.68113 - 3.01 1.51 8.51
RS31 - 8.37046 8.37046 - 3.01 -9.71 8.51
RS31_1 - 22.7222819| 22.7222819| 20.8231019| 3.01 -4.69 8.51
RS31_2 - 13.57562 13.57562 - -77.33 0.00 5.80
RS34 - 4.7669418 | 4.7669418 | 1.6016418 | -9.71 -7.87 8.51
RS35 - 8.19461 8.19461 1.23095 -9.71 -4.85 8.51
RS35_1 - 0.66823 0.66823 - -8.37 -9.88 8.51
RS35_2 - 44141867 | 4.4141867 | 0.2289567 | -23.77 -7.70 8.51
RS38 - 10.09379 10.09379 0.17585 -33.81 1.67 14.05
RS38_1 - 1.16061 1.16061 0.52755 -28.45 -2.01 14.05
RS38_2 - 1.82884 1.82884 - -30.46 -2.01 14.05
RS38_3 - 3.23564 3.23564 - -28.79 -2.01 14.05
RS38_4 - 1.0551 1.0551 - -3.01 2.18 5.80
RS3973 - 0.01 0.01 0.01 -36.49 7.87 5.80
RS39 - 2.42673 2.42673 0.3517 -39.17 1.34 3.29
RS40 - 2.0409151 | 2.0409151 | 0.9154751 | 50.55 -4.35 5.80
RS44 - 20.67996 20.67996 10.1993 -23.77 7.03 5.80
RS45 - 6.5247384 | 6.5247384 | 0.6865184 | 15.40 8.37 5.80
RS45_1 - 0.87925 0.87925 - 9.71 6.19 5.80
RS45_2 - 8.6880451 | 8.6880451 | 0.9154751 | -23.77 2.01 5.80
RS48 - 17.47949 17.47949 12.3095 -23.77 -2.85 5.80
RS48_1 - 8.4408 8.4408 0.87925 -30.13 1.67 14.05
RS49 - 7.20985 7.20985 0.3517 -23.77 4.18 14.05
RS49_1 - 1.68816 1.68816 0.17585 -23.77 -7.70 8.51
RS49_2 - 10.3093821| 10.3093821| 4.5766721 | -26.78 1.67 14.05
RS49_3 - 1.23095 1.23095 - -28.45 1.67 14.05
RS49 4 - 0.80891 0.80891 - -39.50 -7.87 5.80
RS50 - 8.26495 8.26495 2.1102 -36.49 -4.35 5.80
RS50_1 - 4.64244 4.64244 1.0551 -36.49 -5.36 3.29
RS50_2 - 2.56741 2.56741 - -55.57 -7.53 5.80
RS52 - 5.6978917 | 5.6978917 | 0.4575617 | -47.20 -8.70 5.80
RS52_1 - 1.5478317 | 1.5478317 | 0.4575617 | -50.88 -6.36 5.80
RS52_2 - 2.39156 2.39156 - -47.20 -7.53 5.80
RS52_3 - 2.32122 2.32122 - -61.93 0.00 5.80
RS54 - 51.2437451| 51.2437451| 0.9154751 | -71.30 4.52 5.80
RS56 - 1.0730367 | 1.0730367 | 0.2289567 | -76.66 5.69 5.80
RS56_1 - 1.65299 1.65299 - 44.19 3.18 3.29
RS59 - 14.7714 14.7714 5.6272 3.01 5.36 3.29
RS62 - 4.71278 4.71278 - 3.01 -5.36 3.29
RS62_1 - 4.15006 4.15006 1.23095 -27.11 5.36 3.29
RS64 - 5.80305 5.80305 2.4619 -23.77 -5.36 3.29
RS65 - 8.19461 8.19461 3.1653 -40.50 1.67 3.29
RS68 - 5.87339 5.87339 2.1102 -43.18 7.53 5.80
RS73 - 2.42673 2.42673 0.52755 -50.88 0.00 8.51
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RS76 3.0073867 | 3.0073867 | 0.2289567 | -47.20 4.35 5.80
RS77 5.16999 5.16999 - -49.54 -2.01 14.05
RS79 1.79367 1.79367 0.3517 23.77 4.85 14.05
RS1D 2.00469 2.00469 0.3517 -49.88 0.00 8.51
RS8D 3.1653 3.1653 - 18.08 1.84 14.05
RS7E 2.5505284 | 2.5505284 | 0.6865184 | -23.77 7.03 5.80
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Appendix B: Refrigerant Characteristics

R134a Refrigerant - Saturated

T(°C) P(kPa) hi(kd/kg) hy(kJ/Kg)

-40 51.2 0 225.86
-36 62.9 5.04 228.39
-32 76.7 10.1 230.92
-28 92.7 15.2 233.43
-26 101.7 17.76  234.68
-24 111.3 20.33  235.93
-2 1217 2291  237.17
-20 132.7 2549 23841
-18 1446 28.09 239.64
-16 157.3 30.69  240.87
-14 170.8 33.3 242.09
-12 185.2 3592 24331
-10 200.6 38,55 24452
-8 2169 4119  245.72
-6 2343 43.84  246.92
-4 252.7 46.5 248.11
-2 272.2 49.17  249.29
0 2928 51.86 250.46
2 3146 5455 251.62
4 337.7 57.25  252.78
6 362 59.97  253.92
8 387.6 62.69  255.05
12 443 68.19  257.29
16 504.3 73.73  259.47
20 571.7 79.32 261.6
24 645.8 84.98 263.68
26 685.4 87.83 264.7
28 726.9 90.7 265.69
30 770.2 9358 266.67
32 8154 96.48 267.64
34 862.6 99.4 268.58
36 9119 102.33 269.5
38 963.2 105.29 270.41
40 1016.6 108.27 271.28
42 1072.2 111.26 272.14
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44
48
52
56
60
70
80
90
100
101.6

1130.1
1252.9
1385.4
1528.2
1681.8
2116.8
2633.2
3244.2
3972.4
4059.1

114.28
120.39
126.6
132.92
139.36
156.14
174.25
194.78
225.15
241.49

272.97
274.55
276.01
277.32
278.49
280.51
280.67
277.27
259.54
241.49

Tablel5: R134a Saturatedable (R134a TetraFlouroEthane Properties, 2008)
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R134a Refrigerant Superheated Vapor

T°CC)P(MPa) 0.06 0.1 014 018 02 024 028 032 04 05

-20 240.8 239.5

-10 248.6 2475 246.4 245.2

0 256.5 255.6 254.6 253.6 253.1 252

10 264.7 263.8 2629 262 261.6 260.7 259.7 258.7 256.6

20 2729 2722 2714 270.6 270.2 269.4 268.5 267.7 265.9 263.5
30 281.4 280.7 280 279.3 2789 278.2 2774 276.7 2751 273
40 290 289.3 288.7 288.1 287.7 287.1 286.4 285.7 284.3 282.5
50 208.7 298.2 297.6 297 296.7 296.1 2955 294.9 293.6 292
60 307.7 307.1 306.6 306.1 305.8 305.2 304.7 304.1 301 301.5
70 316.8 316.3 315.8 315.3 315 3145 314 3135 3124 3111
80 326 325.6 325.1 324.6 3244 3239 3235 323 322 320.8
90 3354 335 3346 334.1 3339 3335 333.1 332.6 331.7 330.6
100 345 344.6 344.2 343.8 343.6 343.2 342.8 342.4 341.6 3405
110 352.7 352.3 351.5 350.6
120 362.7 362.4 361.6 360.7
130 371
140 381.5
150

160

170

180

Tablel6: R134a Superheated vapordble (Pressure 0.06MP#®.5MPa)(R134&a TetraFlouroEthane Properties, 2008)
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T°C)P(MPa) 06 0.7 08 09 1 12 14 16 18 2
20
-10
0
10
20
30 270.8 268.45
40 280.6 278.58 276.5 2742 271.7
50 290.3 288.53 286.7 284.8 282.7 278.3
60 300 298.43 296.8 295.1 293.4 289.6 285.5 280.7
70 309.7 308.33 306.9 305.4 303.9 300.6 297.1 283.3 288.9 283.9
80 319.6 318.28 317 315.6 314.3 311.4 308.3 305.1 301.5 297.6
90 3295 328.3 327.1 3259 324.7 322.1 319.4 316.5 3135 310.2
100 339.5 338.4 337.3 336.2 335.1 332.7 330.3 327.8 325.1 322.3
110 349.6 348.6 347.6 346.6 3455 343.4 3412 338.9 3365 334.1
120 350.8 358.91 358 357 356.1 354.1 352.1 350 347.9 345.7
130 370.2 369.32 3685 367.6 366.7 3649 363 361.1 359.2 357.2
140 380.7 379.86 379.1 378.2 377.4 3757 374 3723 3705 368.6
150 389.8 389 388.2 3867 385.1 383.5 381.6 380.1
160 400.6 399.9 399.2 397.7 396.2 394.7 393.2 391.6
170 408.8 407.4 406 404.6 403.1
180 420.1 418.8 417.4 416.1 414.8

Tablel7: R134a Superheated vapor tablergssure 0.6MP&.0MPa)(R134a TetraFlouroEthane Properties, 2008)
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R404a Refrigerant  Saturated

T(°C)

P(MPa) PyMPa) hy(kJ/kg) hy(k/kg)

0.0508
0.0537
0.0567
0.0598
0.0631
0.0665
0.07
0.0737
0.0775
0.0815
0.0857
0.09
0.0945
0.0992
0.1041
0.1091
0.1143
0.1198
0.1254
0.1312
0.1373
0.1435
0.15
0.1567
0.1636
0.1708
0.1782
0.1858
0.1937
0.2019
0.2103
0.219
0.228
0.2372
0.2468
0.2566
0.2667
0.2771

0.0484
0.0512
0.0541
0.0571
0.0603
0.0636
0.067
0.0706
0.0743
0.0782
0.0823
0.0865
0.0909
0.0955
0.1002
0.1051
0.1102
0.1155
0.1211
0.1268
0.1327
0.1388
0.1451
0.1517
0.1585
0.1656
0.1728
0.1803
0.1881
0.1961
0.2044
0.213
0.2218
0.2309
0.2403
0.25
0.2599
0.2702

123.1
124.29
125.48
126.68
127.88
129.08
130.28
131.48
132.69

133.9
135.11
136.33
137.55
138.77
139.99
141.22
142.45
143.69
144.92
146.16
147.41
148.66
149.91
151.16
152.42
153.69
154.95
156.22

157.5
158.77
160.06
161.34
162.63
163.92
165.22
166.51
167.82
169.12

330.92
331.54
332.15
332.76
333.37
333.98
334.59
335.2
335.81
336.41
337.02
337.62
338.23
338.83
339.43
340.03
340.63
341.23
341.83
342.43
343.02
343.62
344.21
344.8
345.39
345.98
346.56
347.15
347.73
348.31
348.89
349.47
350.05
350.62
351.2
351.77
352.33
352.9
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18

0.2879
0.2989
0.3103
0.322
0.334
0.3464
0.3591
0.3721
0.3856
0.3994
0.4135
0.428
0.443
0.4583
0.474
0.4901
0.5066
0.5235
0.5409
0.5586
0.5768
0.5955
0.6146
0.6342
0.6542
0.6747
0.6957
0.7171
0.7391
0.7615
0.7845
0.808
0.832
0.8565
0.8815
0.9071
0.9333
0.96
0.9873
1.015
1.044

0.2808
0.2917
0.3029
0.3145
0.3263
0.3386
0.3511
0.364
0.3773
0.3909
0.4049
0.4193
0.4341
0.4492
0.4647
0.4807
0.497
0.5138
0.531
0.5486
0.5667
0.5852
0.6041
0.6235
0.6434
0.6637
0.6846
0.7059
0.7277
0.75
0.7728
0.7961
0.8199
0.8443
0.8692
0.8946
0.9206
0.9472
0.9743
1.002
1.03

170.43
171.74
173.06
174.38
175.7
177.03
178.36
179.69
181.03
182.37
183.71
185.06
186.41
187.76
189.12
190.48
191.84
193.21
194.58
195.95
197.32
198.7
200
201.47
202.86
204.25
205.65
207.05
208.46
209.86
211.28
212.69
214.11
215.54
216.97
218.4
219.84
221.28
222.73
224.19
225.65

353.47
354.03
354.59
355.15
355.7
356.25
356.8
357.35
357.9
358.44
358.98
359.52
360.05
360.58
361.11
361.64
362.16
362.68
363.19
363.7
364.21
364.72
365.22
365.71
366.21
366.7
367.18
367.66
368.14
368.61
369.08
369.54
370
370.45
370.9
371.34
371.78
372.21
372.63
373.05
373.46
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19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59

1.073
1.102
1.132
1.163
1.195
1.227
1.26
1.293
1.327
1.362
1.397
1.433
1.47
1.507
1.546
1.584
1.624
1.664
1.706
1.747
1.79
1.834
1.878
1.923
1.969
2.015
2.063
2.111
2.16
2.211
2.262
2.313
2.366
2.42
2.475
2.53
2.587
2.645
2.703
2.763
2.824

1.059
1.089
1.119
1.15
1.181
1.213
1.245
1.279
1.313
1.347
1.383
1.419
1.455
1.493
1.531
1.569
1.609
1.649
1.69
1.732
1.775
1.818
1.862
1.907
1.953

2.047
2.096
2.145
2.195
2.246
2.298
2.351
2.404
2.459
2.515
2.572
2.63
2.688
2.748
2.809

227.11
228.59
230.06
231.55
233.04
234.54
236.05
237.56
239.08
240.62
242.16
243.7
245.26
246.83
248.41
250
251.6
253.22
254.85
256.48
258.14
259.81
261.49
263.18
264.9
266.63
268.37
270.14
271.92
273.73
275.55
277.39
279.26
281.15
283.06
285
286.96
288.95
290.97
293.01
295.08

373.87
374.27
374.66
375.05
375.42
375.79
376.15
376.51
376.85
377.19
377.51
377.83
378.14
378.43
378.72
378.99
379.25
379.5
379.74
379.96
380.17
380.37
380.54
380.71
380.85
380.98
381.08
381.17
381.23
381.27
381.29
381.28
381.24
381.17
381.07
380.93
380.76
380.54
380.27
379.95
379.58
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60
61
62
63
64
65
66
67
68

2.886
2.949
3.013
3.078
3.144
3.212
3.281
3.352
3.423

2.971
2.934
2.999
3.064
3.131
3.199
3.269
3.34
3.412

297.19
299.32
301.49
303.69
305.92
308.19
310.5
312.85
315.23

379.14
378.62
378.02
377.32
376.5

375.53
374.38
372.99
371.26

Table18: R404a Saturatedable (Solvay Fluor)
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R404a Refrigerant

Superheated Vapor

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

-50 337.02

-45 340.82 340.52 340.20

-40 344.65 344.38 344.08 343.76 343.41 343.02

-35 348.52 348.27 347.99 347.69 347.36 347.00 346.62 346.20

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

-25 356.37 356.15 35590 355.64 355.35 355.05 354.71 354.35 353.96 353.53 353.07

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

-15 364.37 364.18 363.96 363.73 363.48 363.21 36291 362.60 362.25 361.88 361.49

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

-5 37254 37236 37217 37197 371.74 37150 371.24 37096 370.66 370.34 369.99
376.68 376.52 376.34 376.14 375.93 375.70 37546 37520 374.91 374.61 374.28
380.86 380.71 380.54 380.35 380.16 379.94 379.71 379.46 379.19 378.91 378.60

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

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

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

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

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

35 406.84 406.73 406.60 406.47 406.32 406.16 405.99 405.81 405.62 40541 405.18

40 410.96 410.82 410.67 410.51 410.33 410.15 409.95 409.73

45 415.21 415.06 414.89 414.72 414.53 414.32

50 419.32 419.14 418.95

55 423.61

60

65

70

75

Tablel19: R404 Superhead vapor table (pessure 0.082MP#®.204MPa)Solvay Fluor)
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TC°C)P(MPa) 0.222 0.240 0.260 0.281 0.303 0.326 0.351 0.377 0405 0.434 0.465
-50
-45
-40
-35
-30 352.58 352.05
-25 356.81 356.32 355.78 355.21 354.59
-20 361.06 360.60 360.10 359.57 358.99 358.37 357.70
-15 365.32 364.89 364.43 363.93 363.40 362.82 362.20 361.54 360.82 360.05
-10 369.61 369.21 368.77 368.31 367.81 367.27 366.70 366.08 365.42 364.70 363.94
-5 373.92 37354 373.14 37270 372.23 371.73 371.20 370.62 370.00 369.34 368.63
378.26 37791 37752 377.11 376.68 376.21 375.70 375.16 37459 373.97 373.31
5 382.63 382.29 381.93 38155 381.14 380.39 380.22 379.72 379.18 378.60 377.99
10 387.03 386.71 386.37 386.01 385.62 385.20 384.76 384.28 383.78 383.24 382.66
15 39146 391.16 390.83 390.49 390.12 389.73 389.31 388.87 388.39 387.88 387.34
20 395.92 395.63 395.33 395.00 394.65 394.28 393.89 393.47 393.02 392.54 392.03
25 400.41 400.14 399.85 399.54 399.21 398.86 398.49 398.09 397.66 397.21 396.73
30 404.94 404.68 404.41 404.11 403.80 403.47 403.11 402.73 402.33 401.90 401.45
35 409.50 409.26 409.00 408.72 408.42 408.10 407.76 407.41 407.02 406.62 406.19
40 414.10 413.87 413.62 413.35 413.07 412.77 412.45 412.10 411.74 411.35 410.94
45 418.74 418.51 418.27 418.02 417.75 417.46 417.16 416.83 416.48 416.12 415.73
50 423.41 42319 422.97 422.72 422.46 42219 421.90 421.58 421.25 420.90 420.53
55 427.69 427.46 427.21 426.95 426.67 426.37 426.05 425.72 425.36
60 431.99 431.74 431.47 431.19 430.88 430.56 430.22
65 436.03 435.74 435.44 435.11
70 440.34 440.03
75

Table20: R404 Superhated vapor table (pessure 0.222MP#®.469MPa)(Solvay Fluor)
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T(°C)P(MPa) 0.497 0531 0.567 0.604 0.643 0.685 0.728 0.773 0.820 0.869 0.921

0 367.87 367.05 366.17 365.22

10 377.33 376.62 375.87 375.06 374.19 373.26 372.25 371.17 370.00

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

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

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

50 41531 414.87 414.41 41392 413.40 412.84 41226 411.64 410.98 410.28 409.55

60 424.99 42459 42417 423.72 423.25 42275 422.23 421.67 421.08 420.46 419.80

70 434.77 434.41 434.02 433.62 433.19 432.73 43225 431.75 431.22 430.65 430.06

80 44433 443.98 443.60 443.21 44279 442.36 441.89 44141 440.90 440.36

90 452,55 452.12 451.68 451.21 450.71

100

110

120

130

140

Table21: R404a Superheated vapor tablergssure 0.497MP#®.921MPa)Solvay Fluor)
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T(°C)P(MPa) 0974 1.030 1.089 1.150 1.213 1.279 1.347 1419 1493 1569 1.649

Iy
‘ ‘

20 377.05 375.72 374.27

30 387.83 386.72 38553 384.24 382.84 381.32 379.66 377.83

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

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

60 419.10 418.37 41758 416.76 41588 41495 413.97 41292 411.80 410.61 409.34

70 429.43 428.77 428.07 427.34 426.56 425.73 424.86 423.94 42249 421.93 420.84

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

90 450.19 449.65 449.07 448.47 447.83 447.16 446.46 44572 44494 44412 443.26

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

110 468.66 468.07 467.45 466.80 466.12 465.41

120 476.49

130

140

Table22: R404a Superheated vapor tablergssure 0.974MP4..649MPa)Solvay Fluor)
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TCCOP(MPa) 1.732 1.818 1.907 2.000 2.096 2195 2.298 2404 2515 2630 2.748 2871

=
‘ ‘

w N
o o

40 382.75 380.37

50 395.80 394.00 392.03 389.84 387.38 384.57 381.28

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

70 419.67 418.43 417.10 415.68 414.16 41252 410.75 408.83 406.73 404.42 401.85 398.95

80 431.09 430.01 248.86 427.64 426.35 42497 42350 421.92 420.23 418.40 416.42 414.27

90 442.35 441.39 440.38 439.31 438.18 436.98 435.71 434.37 43294 431.41 429.78 428.03

100 453.52 452.66 451.75 450.80 449.79 448.74 447.62 446.44 44520 443.88 442.48 441.00

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

120 475.80 475.09 47433 473.55 47272 471.86 470.96 470.01 469.02 467.97 466.87 465.72

130 484.14 483.35 48252 481.66 480.75 479.80 478.81 477.77

140 491.57 490.66 489.71

Table23: R404a Superheated vapor tablergssure 1.732MP&2.871MPa)Solvay Fluor)
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Appendix C: Matlab Code

geometry.m

%%%%%%%% % %% %% %% %% %% % % %% %% %% %% %% %% %% %0 %% %% % %% %0 % %% %% %% %0 % %%
% Cooling System Design Tool %

% Author: Ben Sanfiorenzo %

% Geometry module: Reads in excel data and user input %

% and creates the structure of the chilled water %

% system. Provides 2D and 3D layout of CW structure. %

% Last Modified: 5 -8-13 %

%6%%% % %% %% %% % % %% % %% %% % %% % % %% % % %% % % %% %0 % %% %0 % %% % % %% %0 % %% %0 % %%
close all

clc

clear all

969%%%%%%%%6%6% %% %0 %0 %o Va0 %o
% Step 1: Determine layout and geometry of the CW system
969%%%%%%%%%%%%% %% %% % % %% %% %% %% %%

%0%%%%%0%0%% %% %% %% % %% %% %% %% % %% %% %
% Conversions
%0%%%%%%0% %% % %% %% %% % %% %% % % %% %% % %
ft_per_m =3.2808399;

%%%%%%%%%% %% %% %% % % %% %% %% %% %% %%
% Constants
%%%6%%6%6%%%% %% %% %% % % % % %% %% %% %% %%
g_mps2 = 9.807; %m/s"2

nu=1.45*10" -6; %m”"2/s - based ontemp - assumed constant
rho = 1000; %kg/m"3 - based on temp - assumed constant
k_cw = 0.568; %W/m"2K - basedontemp - assumed constant

cp = 4203; %J/kg - K - basedon temp - assumed constant

%%%%%%% %% %% % % %% % %% %% %% %% %% %% %%
% Ship's data
96%%%9%6%%% % %% % % %% % % %% % % %% % %% %% %%

LOA =143.561; %m (default)
beam = 20.39; %m (default)
eng_deck_ht_above keel =1.397; %m (default)
useable_ht_eng_rm = 3.098; %m (default)
ship_data =
struct( 'LOA' ,LOA, 'Beam' ,beam, 'Engineering_deck height above keel' ,
eng_deck_ht_above keel, 'Useable_height_in_engine_room' ,useable_ht_eng_rm);
fprintf( 'Note: ALL VALUES ARE IN METRIC \n\n')
fprintf( "The default ship data is: \n')
ship_data
%reply ='n';
reply = input( 'Would you like to modify it? [y/n]: ' ,'s' )
if isempty(reply)
reply= 'y ;
end
if  strcmp(reply, 'v' ) || stremp(reply, 'Y' ) || stremp(reply, 'ves' )
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proceed = false;
whil e ~proceed
is_error = true;
while is_error
is_error = false;
LOA =input( 'LOA[m]:" );

if LOA<=0

is_error = true;

fprintf( 'Error!!! Please enter a positive number. \n')
elseif LOA ==88888 %reset to default

LOA = 143.561;
end

end
is_error = true;
while is_error
is_error = false;
beam =input( 'Beam [m]:" );
if beam <=0 || ~isnumeric(beam)
is_error = true;

fprintf( ‘Error!!! Please enter a positive number. \n')
elseif beam == 88888 %oreset to default
beam = 20.39;
end
end
is_error = tr ue;

while is_error
is_error = false;
eng_deck_ht_above keel =
input( 'Engineering_deck _height_above_keel [m]: " );
if eng_deck_ht_above_keel <=0 ||
~isnumeric(eng_deck_ht_above_keel)
is_error = true;
fprintf( ‘Error!!! Please enter a positive number. \n')
elseif eng_deck_ht_above_keel == 88888 %reset to default
eng_deck_ht_above keel = 1.397;
end
end
is_error = true;
while is_error
is_error = false;
useable_ht_eng_rm = input( '‘Useable height in engine room [m]: ' );
if useable_ht_eng_rm <=0 || ~isnumeric(useable_ht eng_rm)
is_error = true;

fprintf( ‘Error!!! Please enter a positive number. \n')
elseif useable_ht eng_rm == 88888 %reset to default
useable_ht eng rm = 3.098;
end
end
fprintf( "\ nThe new ship data is: \n')
ship_data =
struct( 'LOA' ,LOA, 'Beam' ,beam, 'Engine_deck height above keel' ,
eng_deck_ht_above keel, 'Useable_height_in_engine_room' ,useable_ht_eng_rm)
satisfactory = input( 'Satisfactory? [y/n]: " ,'st )
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if strcmp(satisfactor y, 'y ) || stremp(satisfactory, Y
strcmp(satisfactory, 'ves' )
proceed = true;
else
proceed = false;
end

end
end

%%%%%%% %% %% % % %% % %% %% %% %% %% %% %%

% Transverse bulkhead locations

%%%%%6%% % %% %% % %% % %% % % %% %% %% % % %%

%The length, beam, transverse bulkhead locations would be known at this
%point. To create the CSDT independently, the code is written which asks
%for this information, but when working in conjunction with Damien's code,
%this will not be necessary

bulkhead _loc =[100 90 82.5 67.552.537.5205 -10 -275 -435 -50 -80 -
100]*LOA/200; %(default)

fprintf( "\ nNote: Along the longitudinal axis, midships is defined as 0, the
forward \n')

fprintf( '‘perpendicular is defined as LOA/2 and the aft perpendicular is
defined as -LOA/2. \ n")

fprintf( 'The bulkhead_loc array also includes the FP in the first cell array
andthe AP \n')

fprintf( 'in the last cell array. \n\n')
fprintf( "The default transverse bulkhead locations are: \n')
bulkhead_loc
%reply ='n';
reply = input( 'Would you like to change it? [y/n]: " ,'s' )
if isempty(reply)
reply ="'y ;
end
if ~ strcmp(reply, 'v' ) || stremp(reply, "Y' ) || stremp(reply, 'ves' )
proceed = false;
while  ~proceed
is_error = true;
while is_error == true
is_error = false;
fprintf( 'Please enter the bulkhead locations from the bow to the
stern. \n')
fprintf( '‘Example: [75 60 40 20 5 -5 -15 -35 -50 -65 -75]\n")
bulkhead_loc = input( "Transverse bulkhead locations | ml:');
if length(bulkhead_loc)<2
fprintf( ‘Error!!! Not enough bulkhead_locations. \n')
elseif bulkhead_loc == 88888 %reset to default
bulkhead_loc = [100 90 82.5 67.552.537.5205 -10 -275 -
435 -50 -80 -100]*LOA/200;
else
flag = false;
for i=2:length(bulkhead_loc)
if  bulkhead_loc(i)>bulkhead_loc(i -1)
flag = true;
end
end

if flag == true
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is_error = true;
fprintf( ‘Error!!! Bulkhead locations not entered from bow
tostern. \n')
end
if abs(bulkhead loc(1) - LOA/2)>0.01*LOA ||
abs(bulkhead_lo  c(length(bulkhead_loc)) + LOA/2)>0.01*LOA
%is_error = true;
fprintf( 'Error!!! Bulkhead locations do not span the
length of the ship. \n')
end
end
bulkhead_loc(1) = LOA/2;
bulkhead_loc(length(bulkhead_loc)) = - LOA/2;
end
fprintf( "The modified transverse bulkhead locations are: \n')
bulkhead_loc
satisfactory = input( 'Satisfactory? [y/n]: " ,'st ),
if  strcmp(satisfactory, 'y ) || stre mp(satisfactory, Y )
strcmp(satisfactory, 'ves' )
proceed = true;
else
proceed = false;
end
end
end

%6%%%%6%%% %% %% % %% % % %% % %% %% %% %% %
% Design CW system
%%%%%%% %% %% %% %% % %% %% % %% % % %% % %

fprintf( "\ nTo properly size and locate the piping and chiller units, the heat
load locations, \n")
fprintf( 'magnitude and priority (vital/non - vital) is necessary. The required

data can be \n")

fprintf( 'inputted into the excel spreadsheet CSDT _inputs.xIsx. If the
required data has not \n')

fprintf( 'been entered, please enter data now before proceeding through the
CSDT program. \n')

%%9%%% %% %% %% %% % %% %% %% %% %% % %% %%

% Input File
%9%%%% %% %% %% %% %% %% % % %% %% %% %% %%
filename = 'CSDT_input.xlsx' ;

%%%%%%% %% %% % %% %% % %% % % %% % %% % % %
% Read Load Data
%%%%%%%% % %% %% %% % % %% % % %% % % %% % %
[num, txt] = xIsread(filename, 'LoadData’ );
Num_Loads = num(1);

Condition_Labels = txt(11,4:7);

Load_Name = txt(13:12+Num_Loads,1);

Priority = num(6:5+Num_Loads,1); % vital loads priority 1 -2;non - vital all
else

Load Value_kW = num(6:5+Num_Loads,3:6);
Load_Value_kW(isnan(Load_Value_kW)) = 0;
Load_Loc_m = num(6:5+Num_Loads,7:9);
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Hxchgr_Type = txt(13:12+Num_Loads,11);
size_num = size(num);
if size_ num(2)>9

Hxchgr_Num = num(6:5+Num_Loads,11);
else

Hxchgr_Num = nan*ones(1, Num_Loads);
end
clear num txt

%%%%%%% %% %% %% %% % % %% % % %% % % %% % %
% Read Hxchgr DB
%0%%%%%0%0% %% %% %% %% % %% %% %% %% %% %%
[num,txt] = xIsread(filename, 'HXCHGR DB');
Num_CC_Types = num(1,1);

Num_50_Series_Types = num(2,1);
Num_60_Series_Types = num(3,1);
Num_Unit_Cooler_Types = num(4,1);
Num_Other_CC_Types = num(5,1);

Num_FP_Types = num(6,1);

Num_ST_Types = num(7,1);

Num_CP_Types = num(8,1);

Num_Other_Hxchgr_Types = num(9,1);
Num_Hxchgr_Types = num(10,1);

if Num_CC _Types>0
CC_Capacity kW = num(16:15+Num_CC_Types,4);
CC_hl_m = num(16:15+Num_CC_Types,5);
CC_Area_Pri_cm2 = num(16:15+Num_CC_Types,10);
CC_U =num(16:15+Num_CC_Types,12);
CC_Tube_k = num(16:15+Num_CC_Types,13);
CC_Tube_Diam_cm = num(16:15+Nu m_CC_Types,14);
CC_Tube_Thick_cm = num(16:15+Num_CC_Types,15);
CC_Area_Sec_cm2 = num(16:15+Num_CC_Types,16);
CC_Fluid_hc = num(16:15+Num_CC_Types,17);
CC_Fluid_Temp_In_C = num(16:15+Num_CC_Types,18);
CC_Fluid_Mfr_kgps = num(16:15+Num_CC_Types,21);
CC_Dim_m = [num(16:15+Num_CC_Types,22) num(16:15+Num_CC_Types,23)
num(16:15+Num_CC_Types,24)];
CC_Weight_Dry kg = num(16:15+Num_CC_Types,25);
CC_Weight_Wet_kg = num(16:15+Num_CC_Types,26);
end

if  Num_FP_Types >0
FP_Capacity kW = num(16:15+Num_FP_Types,33);
FP_hl_m = num(16:15+Num_FP_Types,34);
FP_Area_cm2 = num(16:15+Num_FP_Types,39);
FP_U = num(16:15+Num_FP_Types,41);
FP_Plate_k = num(16:15+Num_FP_Types,42);
FP_Plate _Thick_cm = num(16:15+Num_FP_Types,43);
FP_Num_Gaps = num(16:15+Num_FP_Types,44);
FP_Area_Sec_cm2 = num(16:15+Num_FP_Types,45);
FP_Fluid_Type = txt(17:16+Num_FP_Types,48);
FP_Fluid_cp = num(16:15+Num_FP_Types,47);
FP_Fluid_hc = num(16:1 5+Num_CC_Types,48);
FP_Fluid_Temp_In_C = num(16:15+Num_FP_Types,49);
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FP_Fluid_Mfr_kgps = num(16:15+Num_FP_Types,52);

FP_Dim_m = [num(16:15+Num_FP_Types,53) num(16:15+Num_FP_Types,54)
num(16:15+Num_FP_Types,55)];

FP_Weight Dry kg = num(16:15+Num_FP_Types,56);

FP_Weight Wet kg = num(16:15+Num_FP_Types,57);
end

if Num_ST Types>0
ST_Capacity kW = num(16:15+Num_ST_Types,64);
ST _hl_m = num(16:15+Num_ST_Types,65);
ST_Area_cm2 = num(16:15+Num_ST_Types,70);
ST_U = num(16:15+Num_ST_Types,72);
ST _Tube_k = num(16:15+Num_ST_Types,73);
ST_Tube_Diam_cm = num(16:15+Num_ST_Types,74);
ST _Tube_Thick_cm = num(16:15+Num_ST_Types,75);
ST_Area _Sec_cm2 =num( 16:15+Num_ST_Types,76);
ST_Fluid_Type = txt(17:16+Num_ST_Types,79);
ST_Fluid_hc = num(16:15+Num_CC_Types,78);
ST_Fluid_cp = num(16:15+Num_ST_Types,79);
ST_Fluid_Temp_In_C = num(16:15+Num_ST_Types,80);
ST_Fluid_Mfr_kgps = num(16:15+Num_S T_Types,83);
ST_Dim_m = [num(16:15+Num_ST_Types,84) num(16:15+Num_ST_Types,85)
num(16:15+Num_ST_ Types,86)];
ST _Weight_Dry kg = num(16:15+Num_ST_Types,87);
ST_Weight Wet_kg = num(16:15+Num_ST_Types,88);
end

if Num_CP_Types >0
CP_Capacity_ kW = num(16:15+Num_CP_Types,95);
CP_hl_m = num(16:15+Num_CP_Types,96);
CP_Area_cm2 = num(16:15+Num_CP_Types,101);
CP_U =num(16:15+Num_CP_Types,103);
CP_Tube_k = num(16:15+Num_CP_Types,104);
CP_Tube_Diam_cm = num(16:15+Num_CP_Types,105) ;
CP_Tube_Thick_cm = num(16:15+Num_CP_Types,106);
CP_Plate_k = num(16:15+Num_CP_Types,107);
CP_Plate_Thick_cm = num(16:15+Num_CP_Types,108);
CP_Dim_m = [num(16:15+Num_CP_Types,109) num(16:15+Num_CP_Types,110)
num(16:15+Num_CP_Types,111)];
CP_Weight_Dry kg = num(16:15+Num_CP_Types,112);
CP_Weight_Wet_kg = num(16:15+Num_CP_Types,113);
end

if  Num_Other_Hxchgr_Types >0
O_Capacity_kW = num(16:15+Num_Other_Hxchgr_Types,120);
O_hl_m = num(16:15+Num_Other_Hxchgr_Types,121);
O_Area_cm2 = num(16:15+Num_Other_Hxchgr_Types,126);
O_U = num(16:15+Num_Other_Hxchgr_Types,128);
O_Tube_k = num(16:15+Num_Other_Hxchgr_Types,129);
O_Tube_Diam_cm = num(16:15+Num_Other_Hxchgr_Types,130);
O_Tube_Thick_cm = num(16:15+Num_O ther_Hxchgr_Types,131);
O_Area_Sec_cm2 = num(16:15+Num_Other_Hxchgr_Types,132);
O_Fluid_Type = txt(17:16+Num_Other_Hxchgr_Types,135);
O_Fluid_hc = num(16:15+Num_CC_Types,134);
O_Fluid_cp = hum(16:15+Num_Other_Hxchgr_Types,135);

181



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

O_Fluid_ Temp_In_C = num(16:15+Num_Other_Hxchgr_Types,136);
O_Fluid_Mfr_kgps = num(16:15+Num_Other_Hxchgr_Types,139);
O_Dim_m = [num(16:15+Num_Other_Hxchgr_Types,140)
num(16:15+Num_Other_Hxchgr_Types,141) num(16:15+Num_Other_Hxchgr_Types,142)];
O_Weight _Dry kg = num(16:15+Num_Other_Hxchgr_Types,143);
O_Weight_Wet_kg = num(16:15+Num_Other_Hxchgr_Types,144);
end
clear num txt

%%9%%% %% %% %% %% % %% %% %% %% %% % %% %%

% Chiller DB
%%%%%6%%% %% %% %% %% %% %% % %% % % %% % %
[num,txt] = xIsread(filename, ‘Chiller DB’ );
Num_C_Chiller_Types = num(1,1); %centrifugal
Num_R_Chiller_Types = hum(2,1); %reciprocating
Num_S_Chiller_Types = num(3,1); %screw
Num_Q_Chiller_Types = hum(4,1); %other

Num_Chiller_Types = num(5,1);

if  Num_C_Chiller_Types >0
C_Chiller_Capacity_kW = num(11:10+Num_C_Chiller_Types,4);
C_Chiller_Weight_kg = num(11:10+Num_C_Chiller_Types,5);
C_Chiller_Dim_m = [num(11:10+Num_C_Chiller_Types,6)

num(11:10+Num_C_Chiller_Types,7) num(11:10+Num_C_Chiller_Types,8)];
C_Chil ler_Type = txt(13:12+Num_C_Chiller_Types,11);
C_Chiller_P_MPa = [num(11:10+Num_C_Chiller_Types,10)

num(11:10+Num_C_Chiller_Types,12) num(11:10+Num_C_Chiller_Types,14)];
C_Chiller_T_C = [num(11:10+Num_C_Chiller_Types,11)

num(11:10+Num_C_Chiller_Type $,13) num(11:10+Num_C_Chiller_Types,15)];
C_Chiller_Out_Temp_C = num(11:10+Num_C_Chiller_Types,16);

end

if  Num_R_Chiller_Types >0
R_Chiller_Capacity kW = num(11:10+Num_R_Chiller_Types,23);
R_Chiller_Weight_kg = num(11:10+Num_R_Chiller_Types, 24);
R_Chiller_Dim_m = [num(11:10+Num_R_Chiller_Types,25)

num(11:10+Num_R_Chiller_Types,26) num(11:10+Num_R_Chiller_Types,27)];
R_Chiller_Type = txt(13:12+Num_R_Chiller_Types,30);
R_Chiller_P_MPa = [num(11:10+Num_R_Chiller_Types,29)

num(11:10+N um_R_Chiller_Types,31) num(11:10+Num_R_Chiller_Types,33)];
R_Chiller_T_C = [num(11:10+Num_R_Chiller_Types,30)

num(11:10+Num_R_Chiller_Types,32) num(11:10+Num_R_Chiller_Types,34)];
R_Chiller_Out_Temp_C = num(11:10+Num_R_Chiller_Types,35);

end

if  Num_S_ Chiller_Types >0
S_Chiller_Capacity_kW = num(11:10+Num_S_Chiller_Types,42);
S_Chiller_Weight_kg = num(11:10+Num_S_Chiller_Types,43);
S_Chiller_Dim_m = [num(11:10+Num_S_Chiller_Types,44)
num(11:10+Num_S_Chiller_Types,45) num(11:10+Num_S_Chiller_Types,46)];
S_Chiller_Type = txt(13:12+Num_S_Chiller_Types,49);
S_Chiller_P_MPa =[num(11:10+Num_S_Chiller_Types,48)
num(11:10+Num_S_ Chiller_Types,50) num(11:10+Num_S_Chiller_Types,52)];
S_Chiller_T_C =[num(11:10+Num_S_Chiller_Types,49)
num(11:10+Num_S_Chiller_Types,51) num(11:10+Num_S_Chiller_Types,53)];
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S_Chiller_Out_Temp_C = num(11:10+Num_S_Chiller_Types,54);
end

if  Num_O_Chiller_Types >0
O_Chiller_Capacity kW = num(11:10+Num_O_Chiller_Types,61);
O_Chiller_Weight_kg = num(11:10+Num_O_Chiller_Types,62);
O_Chiller_Dim_m = [num(11:10+Num_QO_Chiller_Types,63)

num(11:10+Num_O_Chiller_Types,64) num(11:10+Num_O_ Chiller_Types,65)];
O_Chiller_Type = txt(13:12+Num_QO_Chiller_Types,68);
O_Chiller_P_MPa = [num(11:10+Num_O_Chiller_Types,67)

num(11:10+Num_QO_Chiller_Types,69) num(11:10+Num_O_Chiller_Types,71)];
O_Chiller_T_C =[num(11:10+Num_O_Chiller_Types,68 )

num(11:10+Num_O_Chiller_Types,70) num(11:10+Num_O_Chiller_Types,72)];
O_Chiller_Out_Temp_C = num(11:10+Num_O_Chiller_Types,73);

end

clear num txt

%9%%%%%%%% %% %% %% %% % % %% %% %% %% %%
% R134a Superheated Vapor DB
%9%%%%%%%% %% %% %% %% % % %% %% %% %% %%
num = xlsread  (filename, 'R134a - superheated vapor' );
R134a_SHV_T_C = num(2:22); %SHV temps
R134a_SHV_P_MPa = [num(1,2) num(1,3) num(1,4) num(1,5) num(1,6) num(1,7)
num(1,8) num(1,9) num(1,10)

num(1,11) num(1,12) num(1,13) num(1,14) num(1,15) num(1,16) num(1,17)
num(1,18) num(1,19) num(1,20) num(1,21)]; %SHV pressures
R134a_SHV_h = [num(2:22,2) num(2:22,3) num(2:22,4) num(2:22,5) num(2:22,6)
num(2:22,7) num(2:22,8) num(2:22,9) num(2:22,10)

num(2:22,11) num(2:22,12) num(2:22,13) num(2:22,14) num(2 22,15)
num(2:22,16) num(2:22,17) num(2:22,18) num(2:22,19) num(2:22,20)
num(2:22,21)]; %SHYV enthalpies

%0%%%%%0%0%% %% %% %% %% %% %% %% %% %% %%
% R134a Saturated DB
%0%%%%%0%0%% %% %% %% %% %% %% %% %% %% %%

num = xIsread(filename, 'R134a - saturated' );
R134a_Sat T_C = num(1:45); %Saturated temps

R134a_Sat P_MPa = num(46:90); %Saturated pressures
R134a_Sat _hf=num(91:135); %Saturated enthalpies - fluid
R134a_Sat hg = num(136:180); %Saturated enthalpies - gas

%9%6%6%6%6%6%%%% %% %% % % % % % %% %% %% %% %%
% R404a Superheated Vapor DB
%%6%%%%%%% %% %0 %0 %% % % % P6R6/6 %% %% % %o
num = xIsread(filename, 'R404a - superheated vapor' );
R404a_SHV_T_C = num(3:42); %SHV temps
R404a_SHV_P_MPa = [num(2,2) num(2,3) num(2,4) num(2,5) num(2,6) num(2,7)
num(2,8) num(2 9) num(2,10) v

num(2,11) num(2,12) num(2, 13) num(2,14) num(2,15) num(2, 16) num(2,17)
num(2,18) num(2,19) num(2,20)

num(2,21) num(2,22) num(2,23) num(2 24) num(2,25) num(2,26) num(2,27)
num(2,28) num(2,29) num(2,30) .

num(2,31) num(2,32) num(2,33) num(2 34) num(2,35) num(2,36) num(2,37)
num(2,38) num(2,39) num(2,40 ) ..
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num(2,41) num(2,42) num(2,43) num(2,44) num(2,45) num(2,46) num(2,47)
num(2,48) num(2,49) num(2,50) .

num(2,51) num(2,52) num(2,53) num(2 54) num(2,55) num(2,56) num(2,57)];
%SHYV pressures
R404a_SHV_h = [num(3:42,2) num(3:42,3) num(3:42,4) nu m(3:42,5) num(3:42,6)
num(3:42,7) num(3:42,8) num(3:42,9) num(3:42,10)

num(3:42,11) num(3:42,12) num(3:42,13) num(3:42,14) num(3 42,15)
num(3:42,16) num(3:42,17) num(3:42,18) num(3:42,19) num(3:42,20) .

num(3:42,21) num(3:42,22) num(3:42,23) nu m(3:42,24) num(3:42 25)
num(3:42,26) num(3:42,27) num(3:42,28) num(3:42,29) num(3:42,30)

num(3:42,31) num(3:42,32) num(3:42,33) num(3:42,34) num(3:42,35)
num(3:42,36) num(3:42,37) num(3:42,38) num(3:42,39) num(3:42,40)

num(3:42,41) num(3:42,42) num(3:42,43) num(3:42,44) num(3:42,45)
num(3:42,46) num(3:42,47) num(3:42,48) num(3:42,49) num(3:42,50)

num(3:42,51) num(3:42,52) num(3:42,53) num(3:42,54) num(3:42,55)
num(3:42,56) num(3:42,57)]; %SHYV enthalpies

%% Y8H/6% %% %% % % %% % % %% % % %% % % %% % %

% R404a Saturated DB

%%%%%%% %% %% %% %% % % %% % % %% % % %% % %

num = xIsread(filename, 'R404a - saturated'  );

R404a_Sat T_C =num(1:129); %Saturated temps

R404a_Sat Pf_MPa = num(130:258); %Saturated pressures
R404a_Sat Pg_MPa = num(259:387); %Saturated pressures
R404a_Sat_hf = num(388:516); %Saturated enthalpies - fluid
R404a_Sat_hg = num(517:645); %Saturated enthalpies - gas

%%%%%%% %% %% %% %% % %% %% % %% % % %% % %
% Read in pump curves
%%%%%%% %% %% %% %% % %% %% % %% % % %% % %

num = xIsread(filename, 'PumpData’ );
Num Pumps = num(1); %number of different pump curves in pump series 1510
Bell&Gosset

Pump_Mfr = zeros(Num_Pumps,4);
Pump_Head = zeros(Num_Pumps,4);
for i=1:Num_Pumps
Pump_Mfr(i,:) = num(7+Num_Pumps*16+i*4:7+Num_Pumps*16+i*4+3);
Pump_Head(i,:) = num(9+Num_Pumps*20+i*4:9+Num_Pumps*20+i*4+3);
end

%%%%%%%% % %% % % %% % % %% % % %% % % %% % %

% main piping configuration

%%% %% %% %% %% %% %% % % %% % % %% % % %% % %

fprintf( "\ nThe chilled water system can be configured either using a single
main piping \n')

fpr intf(  'system or a double main piping system. The single main piping system
will often \n")

fprintf( 'be cheaper, but offers less in terms of survivability. Single main
piping systems  \n')
fprintf( ‘are typically used for auxiliary ships or small combatants. Do uble

main piping \n')

fprintf( 'systems are generally used for large combatants. In addition, for
double main \n")

fprintf( 'piping systems, the loop could be simple, with few bends, or more
complex, with many \n')

184



Center for Ocean Engineering Massachusetts Institute of Technology

Naval Construction & Engineering Program 77-massachusetts Avenue, Building 5-317
Department of Mechanical Engineering Cambridge, Massachusetts 02139 #4307
fprintf( '‘bends. A few generic examples are provided through the use of the

pop-up menu. \n')

%piping_config = 2;

piping_config = menu( 'Select the main piping configuration' , 'Single
main' , 'Double main' );

%%%%%6%%% %% %% %% %% %% %% % %% % % %% % %

% Define location of header piping for single main CW system
%% Y8/6% % %% %% % %% % % %% % % %% % %% % % %

if  piping_config ==

header_deck_ht =5.2; %m (default)
fprintf( "\ nThe default main piping height is: %4.2f m \'n' , header_deck_ht)
reply = input( 'Would you like to change it? [y/n]: ' ,'s' ),
if isempty(reply)
reply ="'y ;
end
if reply== "'y | reply== 'Y

proceed = false;
while  ~proceed

header_deck_ht = input( 'Main piping height [m]: ' );
satisfactory = input( 'Satisfactory? [y/n]:" ,'st ),
if strcmp(satisfactory, 'v' ) || strcemp(satisfactory, Y
strcmp(satisfactory, 'ves' )
proceed = true;
else
proceed = false;
end
end
end
end

%%%%%6%%% % %% %% %% % % %% % %% %% %% %% %
% Define location of port and starboard header piping for double main CW
system
%%%%%%% %% %% %% %% % %% %% % %% % % %% % %
if  piping_config == 2
%piping_double_config = 1;

piping_double_config = menu( 'Select a simple double main piping loop or a
double main with multiple bends' -
'Simple loop' , 'Multiple bends' );
port_header_deck _ht =5.2; %m (default)
stbd_header_deck _ht = 10.2; %m (default)
fprintf( "\ nFor a double main system, proper separation of the main piping
is essential \n")
fprintf( ‘for survivabil ity. Vertical separation of 1 -2 decks is
recommended with one  \n')
fprintf( 'of the main piping systems on the damage control deck. \n')
fprintf( "The port and starboard main piping heights are %4.2f m and %4.2f
m, respectively \n', ..
port_header_deck_ht,stbd_header_deck_ht)
%reply ='n';
reply = input( 'Would you like to change them? [y/n]: " ,'st ),
if isempty(reply)
reply = 'y
end
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if reply== "'
proceed = false;
whil e ~proceed

| reply == Y'

port_header_deck_ht = input( 'Port main height [m]: ' );
stbd_header_deck_ht = input( 'Starboard main height [m]: " );
satisfactory = input( 'Satisfactory? [y/n]: ' ,'st ),
if  strcmp(satisfactory, Yo strcmp(satisfactory, Y
stremp(satisfactory, 'ves' )

proceed = true;
else

proceed = false;
end

end
end

%%%%%% %% % %% % %% % %% %% %% %% %% %% %%

% Define where bends occur for double

% multiple bends

main configuration with

%%9%%% %% %% %% %% % %% %% %% %% %% % %% %%
if  piping_double_config ==

fprintf(
except for curved sections
fprintf(
exemptions granted for
fprintf(

'of the hull which allows

'situations in which freezing of the pipes could occur).

header_bends = [LOA/2
LOA/2 - 0.075*LOA beam/2
LOA/2 - 0.1*LOA beam/2
LOA/2 - 0.2*LOA beam/2
LOA/2 - 0.3*LOA beam/2
LOA/2 - 0.35*LOA beam/2
- (LOA/2 - 0.05*LOA) beam/2

"\ nThe main piping should be within 3 feet of the hull,

\n')
a maximum distance of 8 feet (with
\n')
\n')
- 3 beam/2 - 0.7*beam/2;
- 0.5*beam/2;
- 0.3*beam/2;
- 0.25*beam/2;
- 0.2*beam/2;
- 3/ft_per_m;
- 0.15*beam/2;

LOA/2 -3 - beam/2+0.7*beam/2;

LOA/2 - 0.075*LOA
LOA/2 - 0.1*LOA
LOA/2-0.2*LOA
LOA/2-0.3*LOA
LOA/2 - 0.35*LOA
- (LOA/2 - 0.05*LOA)
'The default main piping bend locations are:

fprintf(
header_bends
Y%reply ='n’;
reply = input(

if isempty(reply)
reply = 'y

end
if reply ==

reply =
end
if reply==

y
reply = input(
starboard? [y/n]: " , 'St )
if isempty(reply)

- beam/2+0.5*beam/2;
- beam/2+0.3*beam/2;
- beam/2+0.25*beam/2;
- beam/2+0.2*beam/2;
- beam/2+3/ft_per_m;
- beam/2+0.15*beam/2];

"\ nWould you like to change them? [y/n]: " ,'st )

|| reply == Y
'Are the bend locations symmetric port and
).

y o

Yy llreply== Y

proceed = false;

while

~proceed
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is_error=true;
while is_error
is_error = false;
fprintf( 'Ple ase enter the bend locations starting
from centerline forward and continuing counter - clockwise until centerline
aft. \n')
fprintf( '‘Example: [20 5;19 6; 14 10; 8 12; -17 10;
197, -204] \n")
testl = input( 'B end locations: ' );
temp_var = max(abs(testl));
temp_var_2 = size(testl);
if temp_var(1)>LOA/2
fprintf( ‘Error!!! Bend location exceeds ship

length \n")
is_error = true;
end
if temp_var(2)>beam/2
fprintf( ‘Error!!! Bend location exceeds ship
beam\ n' )
is_error = true;
end
if temp_var_2(1)<2
fprintf( ‘Error!!! Not enough bends \n')

is_error = true;
elseif temp_var_2(2)>2
fprintf( ‘Error!!! Only include x and y bend
locations \n')
is_error = true;

end
end
header_bends = test1; %passes error check
for i=length(test 1)+1:length(test1)*2
header_bends(i,1) = testl(i - length(testl),1);
header_bends(i,2) = -testl(i - length(testl),2);
end
fprintf( "The new main piping bend locations are: \n")
header_bends
satisfactory = input( ‘Satisfactory? [y/n]: " .St )
if strcmp(satisfactory, 'y ) || stremp(satisfactory, Y )
|| stremp(satisfactory, 'ves' )
proceed = true;
else
proceed = false;
end
end
else

proceed = false;
while  ~proceed
is_error=true;
while is_error
is_error = false;
fprintf( 'Please enter the bend locations starting
from centerline forward and continuing counter - clockwise until centerline
forward. \n')
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