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Abstract

Naval ship systems are increasingly requiring more and more electricity to power the
myriad advanced offensive and defensive electrically-powered systems. The Zumwalt
class destroyer was the Navy’s first fully electric ship. The next generation destroyer,
DDG(X), is also planned to be an electric ship. The ships of the future can thus be
anticipated to employ 100 megawatts or more of electric power. This rise in electrical
demand begets the need to transfer that power more efficiently through compact and
robust power distribution systems.

As part of an ongoing U.S. Navy research consortium of next-generation all-electric
warships, the Design Laboratory of the Massachusetts Institute of Technology (MIT)
Sea Grant Program is developing the Navy integrated Power and Energy Corridor
(NiPEC) to serve as the vessel’s power distribution system. The corridor comprises
several modular compartments capable of operating independently or as part of a
network to execute energy storage, conversion, protection, control, isolation, and
transfer functions [18]. The power conversion process is carried out by the corridor’s
integrated Power Electronics Building Block (iPEBB). The iPEBB is a comprehensive
and self-contained converter configured to provide power-dense solutions to the ship’s
stochastic and dynamic loads [45]. The thermal management of the iPEBB is a
central challenge in being able to fully realize its advanced semiconductor technology,
constrained by the provision of indirect liquid cooling methods and sailor-friendly
accommodations vis-à-vis handling, user interface, and operation.

Padilla et al. [36] conducted a preliminary analysis of Power Electronics Building
Block (PEBB) heat dissipation strategies utilizing liquid-cooled cold plates across
the dry interface of the PEBB’s external surface. Reyes [39] extended this analysis
in proposing a first-pass design of a NiPEC liquid cooling system capable of servicing
a single nominal compartment within the larger corridor architecture. However, this
most recent design presents infeasible operational and maintenance aspects given
the number of cooling components required to adequately cool all envisioned NiPEC
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corridors, compartments, and PEBB stacks.
This thesis used a combination of first-principles thermodynamic analysis and

multi-physics-based modeling to design a NiPEC liquid cooling system and architec-
ture suitable for shipwide deployment. Using Reyes’ first-pass cooling system design
as a starting point, additional design iterations of the computer-modeled system were
conducted and analyzed for thermal management robustness, success against key
performance benchmarks, and adherence to relevant military standards. Additional
modeling and analysis were conducted to determine how the cooling system could
be scaled to accommodate an entire future all-electric Navy destroyer warship. This
analysis examined key architectural system design considerations such as the level of
component redundancy, utilization of different loop and zonal cooling schemes, and
system survivability and control.

Thesis Supervisor: Julie Chalfant
Title: Research Scientist

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

Introduction

1.1 Background

Naval ship systems are increasingly requiring more and more electricity to power

the myriad advanced offensive and defensive electrically-powered systems providing

combat capability and lethality. These systems will prove essential for the United

States Navy in pacing technological growth, outpacing adversarial threat, and main-

taining maritime dominance for the decades to come [28]. Some of the key driving

technologies include high-powered directed energy weapons such as lasers, stochastic

Electronic Warfare (EW) systems, and radiated energy systems such as the Air and

Missile Defense Radar (AMDR). These increased power levels and novel load profiles,

as provided in Figures 1-1a and 1-1b, introduce challenging types of evolving power

demand that current power systems cannot support.

Future warships must also be equipped with the flexibility and capacity to handle

capability upgrades. The ships of the future can be anticipated to employ 100 𝑀𝑊

or more of electric power. At the Directed Energy Summit in 2017, then Chief of

Naval Operations Admiral John M. Richardson remarked that he would buy, "..as

much power as I can afford because I know by the time I retire the ship, I’ll use

it all." [16]. This current and anticipated rise in electrical demand and complexity

begets the need to transfer and store that energy more efficiently through compact

and robust power distribution systems.

17



(a) Exponential increase in anticipated
power demand.

(b) Pulse and stochastic loads will exceed
current capacity.

Figure 1-1: Increasing, complex demands require new power systems [28].

As such, the United States Navy has invested heavily in the development of new

energy distribution systems capable of supporting these emerging power requirements

onboard the nation’s capital warships. The Zumwalt class destroyer (DDG 1000) was

the Navy’s first fully electric ship. Through its Integrated Power System (IPS), the

main generators, which are considerably larger than those previously employed in

legacy systems, provide electric power to a MVAC distribution bus in order to provide

power to both the ship’s propulsion and electrical distribution systems. While this

architecture proved successful in responding to an increased overall base load, it

is ill-equipped to manage the stochastic and high-energy pulse demands previously

described. In these scenarios, the gas turbine or diesel engines driving the generator

lack the electrical "inertia" to withstand the ramping and rippling effects of these

complex profiles and the unpredictability underpinning their stochastic nature. The

generators’ capacities may be exceeded, and the engines may experience excessive

thermal and mechanical stresses, causing equipment malfunction and unacceptable

loss of capability [16].
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To this end, Vice Admiral Thomas J. Moore, then Commander of the Naval

Sea Systems Command (NAVSEA 00) established the Naval Power and Energy Sys-

tems (NPES) Technology Development Roadmap (TDR) in 2019. This document

emphasized that fundamental to fleet capability is the electric power behind the fleet,

and it outlined the Navy’s strategy for the continued evolution of "naval electrifica-

tion", identified as a critical part of the kill chain (a military term used to describe the

structure of a wartime attack)[16]. Some examples of the ongoing progress towards

this goal of electrification are the Energy Storage Module (ESM) installed on the USS

Portland (LPD 27) and the AMDR Power Conversion Module (PCM) installation on

the next-generation DDG 51 Flight III destroyer class [40].

One of the major advancements proposed was the Integrated Power and Energy

System (IPES), which uses the IPS framework but also provides integrated energy

storage and power, and utilizes an advanced system controls suite known as Tactical

Energy Management (TEM) [40]. These advances would address the principal short-

comings identified with IPS, namely its inability to respond to on-demand and highly

stochastic loads, by enabling full utilization of the shipboard power and energy sys-

tems. However, IPES development is currently focused on using either a MVDC or

MVAC architecture and thus does not offer the system-wide flexibility coveted in the

next-generation power and energy system.

1.2 Power Electronics Power Distribution System

The PEPDS is a new power, energy, and control distribution and management concept

to deliver on the vision of the NPES TDR and Navy’s electrification goals writ large.

Leveraging recent advances in ONR-developed technology – to include high-power

density, high-efficiency power electronics, Silicon-Carbide (SiC) power semiconduc-

tors, and various modeling, simulation design, and analysis tools – PEPDS represents

an entirely new class of system. Unlike the aforementioned IPES, which uses ei-

ther Alternating Current (AC) or Direct Current (DC) electrical power distribution,

PEPDS will enable the conversion, storage, and distribution of either AC, DC, or
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both, providing a "universal solution" to the power and energy management problem

[37]. PEPDS will be able to recognize the load or source type once connected to the

system, and thus tailor the energy and power delivered based on that component’s

specific needs. By soliciting the storage capabilities of all components within the net-

work, PEPDS will be able to deliver point and distributed storage, transient control,

and active filtering to power and quality of service to all loads [37].

Ultimately, the goal of PEPDS is to revolutionize electrical distribution system

design and operation for future naval shipboard application [37]. Within this frame-

work, there are five major lines of effort where science and technology development

are needed: the Navy iPEBB, the Power Corridor, Model is the Specification, Con-

trol, and System Simulation. The focus of this thesis primarily concerned the first

two areas, which are addressed in greater detail in the following sections.

1.2.1 Navy integrated Power Electronics Building Block (iPEBB)

The Navy iPEBB is a modular, repeatable, programmable, sailor-carryable universal

converter whose topology offers a flexible, power-dense solution to meet the various

requirements of the ship’s electrical loads. Multiple identical iPEBB units are used

together and configured through specifically tailored software to provide the neces-

sary conversion solution. The advances in the SiC-based technology over the last two

decades have provided significantly improved dynamic behavior and speed perfor-

mance compared to existing options, specifically enabled by higher switching speeds,

higher breakdown voltages, and higher operating temperatures [37] [38].

Within the overall PEPDS architecture, the iPEBB is the most essential compo-

nent, responsible for the conversion processes and control of the flow of the power.

Thus, it is considered the Least Replaceable Unit (LRU). The current Navy iPEBB, a

model of which is depicted in Figure 1-2, weighs approximately 35 𝑙𝑏𝑠 and is designed

such that any sailor can easily remove the unit at its plug-in connection port, handle

and transport it throughout the ship, and then install it elsewhere in the power cor-

ridor wherever it is needed [37]. In this way, there will be hundreds of these identical

components distributed throughout the ship rather than a variety of bespoke units,
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thereby reducing costs in production, installation, testing, and training [18].

Figure 1-2: Topdown and isometric views of a Navy iPEBB model [21]
.

1.2.2 Navy integrated Power and Energy Corridor (NiPEC)

The NiPEC represents a revolutionary approach as a power distribution platform

in executing all the functions of a ship’s electrical distribution system. As a single

modular entity, it incorporates all the necessary components for energy and power

handling throughout the ship: main bus cables, conversion, protection, isolation,

control systems, and energy storage. Unlike legacy IPES systems, the NiPEC can ex-

ecute conversion and power delivery functions across the entire spectrum of conversion

pathways: AC-AC, AC-DC, DC-AC, and DC-DC.

The power corridor is treated as reserved space in the early stages of the ship design

process [37]. Given the particular importance of electrical power generation and

distribution for the all-electric ship, this design philosophy prioritizes sufficient space

allocation for the corridor. While the corridor concept in general exploits modularity

by utilizing the same converters, controls, components, and cabling throughout all

sections of the ship, it is intended to be customized to specific watertight subdivisions,
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or compartments, within the ship. In this way, co-located sources and loads dictate

how much corridor is required in that section, while also ensuring reliability through

redundant power sources for all vital loads.

Energy storage is also incorporated in the power corridor design, not only through

the inherent storage capacity of the individual iPEBBs but also through proposed

energy banks or magazines that would be directly incorporated into the main bus.

These energy banks would provide the necessary power reservoir for current and

future pulse-load weapons which present temporary large demand signals, a feature

that current electrical distribution systems are hard-pressed to handle. This energy

storage capacity would also provide the flexibility to operate in a variety of efficient

electrical plant lineups, including single-generator and in-port battery operations [37].

Previous research and studies have assumed a four-corridor layout, occupying the

second and fourth decks along the port and starboard sides of the ship. A rendering

of this NiPEC architecture is provided in Figure 1-3, and a schematic drawing of

a given compartment’s power corridor section is provided in Figure 1-4. The lay-

outs and dimensions provided therein served as the initial starting points for certain

assumptions used in this thesis.

Figure 1-3: Four-corridor NiPEC incorporated into destroyer-type vessel model [20].

1.3 Problem Statement

Although the PEBB promises high-power efficiency in delivering its robust power

conversion and storage functions, it still dissipates heat from electrical losses which

pose thermal management challenges and which must be adeptly addressed [45]. Ad-
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Figure 1-4: Nominal power corridor section for one compartment [18].

ditional constraints levied by the envisioned PEPDS and NiPEC system design make

the challenge even more imposing and preclude the pursuit of conventional cooling

methods. These constraints include: the compactness of the power corridor which

limits space and sizing for cooling equipment; the desire for modularity and "sailor-

carryable" units to allow insertion and removal of PEBB units into the power corridor

as necessary; and the undesirability of placing any cooling water connections in close

proximity to any electrical components. This last restriction effectively eliminates

any direct liquid cooling options.

1.4 Previous Research

In light of these restrictions, previous research has explored alternative cooling meth-

ods to address the thermal management problem at hand. Yang et al. [45] determined

that while air cooling alone was likely sufficient for the PEBB 1000, this method may

prove insufficient or infeasible for the larger, more power-dense, and higher-loss Navy

iPEBB and PEBB 6000 variants. Different water cooling strategies were discussed

and identified as potentially viable strategies for meeting the expected cooling demand

[45]. Among the more promising candidates was an external liquid cooling approach

utilizing a dry interface. In this method, a cooling fluid is passed through inlaid cop-

per piping within the cold plate, which is placed in contact with the top and bottom

solid surfaces of the PEBB, facilitating heat transfer via conduction. This approach
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offers advantages particularly suited for power corridor use, such as the elimination

of manual external connections, the absence of any liquid entering the PEBB, and

the promise of electrical isolation. However, the contact resistance between the cold

plate and PEBB surface can greatly inhibit the heat transfer process, especially when

grit or dirt may be present as is common in a shipboard environment.

To this end, Padilla et al. [36] conducted a preliminary thermal analysis of PEBB

heat dissipation strategies utilizing liquid-cooled cold plates across the dry interface of

the PEBB’s external surface. To address the contact resistance concerns, a Thermal

Interface Material (TIM) was incorporated into the design. This material lowers the

contact resistance by filling in the small gaps between the PEBB and cooling surfaces,

when placed under a compressive load [35] [36]. This work demonstrated that the

proposed method of incorporating a counter-flow heat exchanger in conjunction with

a TIM is a viable solution for removing up to 10 𝑘𝑊 of heat from the PEBB.

Reyes [39] extended Padilla’s findings in proposing a first-pass design of a closed-

loop, pressurized, demineralized water cooling system. In this design, a main heat

exchanger serviced by the ship’s chilled water system was used to cool the deminer-

alized water servicing the counter-flow heat exchanger at the cold plates. A one-line

schematic diagram of this proposed system is provided in Figures 1-5 and 1-6. This

design proved capable of dissipating up to 240 𝑘𝑊 of system heat generated by 20

Navy iPEBB units – which includes a 20% conservative safety margin – assigned to

a "notional" single compartment in the aforementioned "notional" destroyer.

While this design provided an excellent starting point in proposing a potential

water-cooled approach to the NiPEC thermal management problem, it likely cannot

be feasibly scaled for shipwide employment. The notional destroyer has portions of

the power corridor across two decks on both sides of the ship, running throughout

the majority of the length of the vessel. As such, there could be upwards of 50 of

these smaller compartment sections which served as the basis of analysis and design

for the first-pass system. This alone suggests that efforts to simply replicate the cur-

rent design across all the compartments would result in roughly 50 separate cooling

systems, and hundreds of heat exchangers and pumps, given the need for component
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redundancy. It is untenable across construction, operational, maintenance, and cost

considerations. Beyond that, each corridor may have disparate power demand condi-

tions, and thus the base assumption of sizing cooling system components to meet the

demand of 20 PEBBs is insufficient.

Figure 1-5: One-line diagram of the single compartment NiPEC cooling system [39].
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Figure 1-6: Detailed view of NiPEC cooling system arrangements at the PEBB stack
[39].

1.5 Thesis Outline

The goal of this thesis was to design and model a NiPEC liquid cooling system and

architecture suitable for shipwide deployment. The system must operate in conjunc-

tion with ongoing PEBB and support system research, and bear the constraints levied

by the non-intrusive interface requirements and complexities inherent in shipboard

application. Additionally, the cooling system must meet the requirements set forth by

the U.S. Navy, shipping classification societies, and engineering industry standards.

In Chapter 2, using the first-pass cooling system design proposed by Reyes [39]

as an initial starting point, additional design iterations of the computer-modeled sys-

tem were performed and analyzed until all key performance benchmarks and military

standards were satisfied for the single-compartment scenario. This provided impor-

tant insight and design strategies in order to adequately scale up the system for the

entire ship.

In an effort to scale the system for shipwide deployment, a more detailed Electric

Power Load Analysis (EPLA) was conducted in Chapter 3, which used a predicted

total ship electrical load list to determine the relevant power demand scenarios and

PEBB allocation requirements. A methodology that employs both the Navy iPEBB

and the larger, higher power output PEBB 6000 was explored and recommended for
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system implementation.

Chapter 4 documents the heat exchanger redesign process in consideration of the

updated heat load assumptions, specified to the most limiting corridor heat load.

Various design iterations were modeled and simulated to improve the component’s

performance against key metrics, particularly maximum velocity and pressure drop

across the component for both the tube-side and shell-side flow.

Additional analyses were then conducted in Chapter 5 to determine an overall cool-

ing system architecture that could be feasibly incorporated in the nominal destroyer-

type electric warship. This again built off the preliminary results of Reyes [39], but

further interrogated crucial aspects of the system design with respect to the level of

component redundancy, loop and zonal cooling schemes, and system survivability. A

3D model of the shipwide cooling system was concurrently developed in the computer

modeling software Rhino3D to analyze the viability of various arrangements and dis-

tribution strategies. Additional cold plate Computational Fluid Dynamics (CFD)

analysis improved and augmented the design process in order to determine major

system parameters such as cold plate inlet temperature, normal operating tempera-

ture range, and required flow rates both at the cold plate and cooling zone levels. A

final shipwide cooling system consisting of six separate cooling zones, each capable of

being aligned to the other two zones on that side of the ship in casualty scenarios, is

ultimately recommended.

Based on the cooling zone layout and major system parameter decisions finalized

in Chapter 5, pumping power requirements and expansion tank sizing for the design

basis heat load were derived in Chapter 6.

Chapter 7 details the concurrent work performed in developing a dynamic NiPEC

cooling system model responsive to changes in various component sizes and dimen-

sions, such as the PEBBs, PEBB stacks, the number of PEBBs accommodated by

each stack, branch and inlet/outlet piping leading to the stacks, component spacing

within the corridor, and more. Two use cases are discussed to illustrate the utility

of this model for power corridor spatial and arrangement analysis given the current

uncertainty of various components’ sizing.
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Chapter 8 provides conclusions of the work conducted in this research and rec-

ommendations for future work to pursue in the development of the shipwide NiPEC

cooling system.
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Chapter 2

Single Compartment Thermal

Analysis

The first-pass NiPEC cooling system proposed by Reyes [39] assumed a four-corridor

architecture, each comprised of 12 watertight "nominal" compartments. Each of

these compartments contained 20 iPEBBs: 4 iPEBBs in vertical alignment, which

constituted a single "stack", and five stacks allocated the compartment in total. The

cooling system developed in that research serviced just one of these 48 compartments,

and thus likely proves infeasible to implement given construction, operational, and

maintenance considerations. The proposed system nonetheless provides an excellent

starting point for subsequent design iterations and the ultimate development of a

viable shipwide NiPEC cooling system architecture.

To that end, additional design iterations had to be implemented to ensure that

the proposed system was, in fact, suitable for single-compartment employment. Of

note, not all flow requirements within the heat exchanger met requisite military stan-

dards. Specifically, the chilled water pressure drop exceeded the 6 𝑙𝑏𝑓/𝑖𝑛2 (𝑝𝑠𝑖) limit

imposed by MIL-DTL-15730N [30]. Addressing this non-conformance served as the

initial motivation for modifying the reference heat exchanger. In that process, other

assumptions, calculations, and design decisions were revisited and changed as neces-

sary, and are also outlined below.
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2.1 Governing Equation

The fundamental equation governing the heat exchanger design is given by a deriva-

tion of Fourier’s Equation provided below:

𝑄̇ = 𝑈𝐴∆𝑇 (2.1)

where 𝑄̇ is the rate of heat transfer (𝑊 ), 𝑈 is the overall heat transfer coefficient

( 𝑊
𝑚2−𝐾

), 𝐴 is the total required heat transfer surface area (𝑚2), and ∆𝑇 is the

Logarithmic Mean Temperature Difference (LMTD) (𝐾). This equation can be rear-

ranged to determine the required total heat transfer surface area, which will directly

drive the tube bundle arrangement and overall heat exchanger design.

Following the assumptions and conservative safety margins of previous heat load

estimates, each iPEBB was initially assumed to dissipate 10 𝑘𝑊 of heat. As the

nominal compartment houses 20 total iPEBBs, and after applying an additional 20%

design safety margin, it is assumed that 𝑄̇ is 240 𝑘𝑊 .

Additional calculations, assumptions, and design decisions must be made in order

to determine 𝑈 and ∆𝑇 in order to find 𝐴, and are described below.

2.2 Demineralized Water Temperature Basis

The iPEBB’s limiting thermal condition assumes that half of the 96 SiC MOSFET

switches in the iPEBB produce 80% of the heat loss, and the other half produce the

remaining 20% (hereafter known as the 80/20 load condition). Following the baseline

assumption that each iPEBB is capable of producing 10 𝑘𝑊 of heat, the maximum

heat load per switch is 167 𝑊 .

Padilla et al. [36] determined the total thermal resistance between the heat-

producing semiconductor switches and the cooling water to be .6064 𝐾/𝑊 . The

thermal resistance equation can then be used to determine the temperature differ-

ence from the semiconductor to the cooling water:
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𝑄̇ = ∆𝑇𝑁𝑒𝑡/𝑅𝑇𝑜𝑡 (2.2)

where 𝑄̇ is the rate of heat transfer (𝑊 ), ∆𝑇𝑁𝑒𝑡 is the temperature difference between

the semi-conductor switch and cooling water (𝐾), and 𝑅𝑇𝑜𝑡 is the total thermal

resistance between the semiconductor switch and the cooling water (𝐾/𝑊 ).

The net temperature difference is 101.3°(𝐾 or 𝐶). The absolute maximum al-

lowable temperature for the iPEBB semi-conductors is 180°C in order to preclude

component damage and the possibility of thermal runaway. In keeping with assump-

tions and analysis established by Padilla et al. [36], an additional 30°C safety margin

is applied to this upper bound, so that the maximum allowable semiconductor tem-

perature is 150°C. Given the above calculated net temperature difference, the the-

oretical maximum allowable cooling water temperature at the cold plate is 48.7°C.

MIL-STD-1399 [31] adjudicates flow and cooling requirements based on a maximum

2°C rise across the cooling medium to the given electronic component. Therefore, the

theoretical maximum cooling water inlet temperature is 46.7°C.

However, MIL-STD-1399 [31] stipulates that the cooling water temperature pro-

vided to the electronic equipment inlet connections shall not be greater than 40°C

on surface ships. Reyes [39] ultimately recommended a demineralized water normal

operating temperature band of 23.9-29.4°C (75-85°F) which provides sufficient margin

to the 46.7°C limit calculated above. Nevertheless, the 40°C inlet temperature restric-

tion should be considered a strict requirement early in the heat exchanger design and

optimization process to ensure conformance with applicable standards. Therefore,

a maximum cold plate coolant inlet temperature of 40°C was initially assumed and

served as the heat exchanger’s demineralized water outlet temperature. This new as-

sumption influenced various follow-on calculations which ultimately determined the

necessary sizing of the heat exchanger.
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2.3 Heat Exchanger Redesign

The final proposal by Reyes [39] featured a four-pass heat exchanger, wherein chilled

water from the Air Conditioning system supplied cooling to the demineralized water

servicing the iPEBB stacks in the nominal compartment. The chilled water flowed

through the tubes (tube-side flow) and the demineralized water flowed over the tubes

(shell-side flow). These flow paths, and the corresponding flow rates and pressures,

were carried forward in this initial stage of the redesign. A detailed treatment of

these design decisions can be found in [39]. As such, the following inlet conditions at

the heat exchanger were assumed:

• Chilled water inlet pressure of 100 𝑝𝑠𝑖, at a mass flow rate of 2.893 𝑘𝑔/𝑠 at 7°C.

• Demineralized water inlet pressure of 100 𝑝𝑠𝑖, at a mass flow rate of 21.017 𝑘𝑔/𝑠

at 42°C.

The four-pass design yielded a chilled water pressure drop of 27.39 𝑝𝑠𝑖, which

greatly exceeded the aforementioned 6 𝑝𝑠𝑖 limit. This pressure drop represented a

greater than twofold pressure drop increase from a previous design iteration featuring

only two passes (11.74 𝑝𝑠𝑖). In that two-pass design, the demineralized water pressure

drop also exceeded the 6 𝑝𝑠𝑖 limit. This second limit violation was decreased to

within the acceptable range in the four-pass design primarily by increasing the tube

and baffle spacing. Importantly, increasing the number of passes did not itself have a

significant effect on the demineralized water pressure drop. Thus, consideration was

given to incorporating the increased spacing back into the two-pass design to address

the demineralized water pressure drop, while modifying other parameters in order to

address the excessive chilled water pressure drop.

The first parameter addressed was the tubes’ outside diameter. MIL-DTL-15730N

[30] specifies the allowable tube diameters and corresponding tube thicknesses for

coolers with freshwater coolant, summarized in Table 2.1.

The tubes’ outside diameter and corresponding thickness were increased to 1/2

𝑖𝑛 and 0.049 𝑖𝑛, respectively. This change was implemented specifically to address
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Table 2.1: Allowable tube outside diameter and required thickness [30]

Outside Diameter (𝑖𝑛) Minimum Tube Wall Thickness (𝑖𝑛)
5/8 0.049
1/2 0.049
3/8 0.035

the significant pressure drop occurring between the chilled water inlet piping and the

chilled water tubes at the heat exchanger waterbox. Initially, the shell diameter was

maintained at 8 𝑖𝑛.

2.3.1 Heat Exchanger Characteristics

This design change directly influenced a variety of dimensional and non-dimensional

parameters which govern the convective chilled water heat transfer coefficient, and

subsequently, the overall heat transfer coefficient. The results of these parameter

changes are shown in Table 2.2.

Table 2.2: Chilled Water and Heat Exchanger Properties

Density 𝜌 𝑘𝑔/𝑚3 999.86
Fluid Velocity 𝑣 𝑚/𝑠 2.5
Hydraulic Diameter 𝐷𝐼𝐷 𝑖𝑛 0.402
Dynamic Viscosity 𝜇 𝑁 − 𝑠/𝑚2 1.43-3
Reynolds number 𝑅𝑒 non-dim 17848.55
Specific Heat Capacity 𝑐𝑝 𝐽/𝑘𝑔 −𝐾 4200
Thermal Conductivity 𝑘 𝑊/𝑚−𝐾 0.574
Prandtl number 𝑃𝑟 non-dim 10.46
Darcy Friction Factor 𝑓𝐷 non-dim 0.027
Nusselt number 𝑁𝑢 non-dim 156.65
Chilled Water Heat Transfer Coefficient ℎ𝐶𝑊 𝑊/𝑚2 −𝐾 8806.32

The Bell-Delaware method was utilized in order to determine the convective heat

transfer of the shell-side demineralized water. This method is widely used for the

design and development of shell-and-tube heat exchangers (STHE). It employs a

set of empirical correlations which accounts for tube pitch, baffle arrangement, flow

differences in the baffles’ tip and window regions, and the presence of leakage and
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bypass streams in the shell [41]. A full treatment and explanation of all calculations

are presented in [1], [13], and Serth [41], and specified to the reference heat exchanger

by Reyes [39].

Increasing the tube outer diameter and thickness did not have a direct effect on

any of these calculations, but during a review of the previous design calculations, it

was determined that certain incorrect values were used which significantly affected the

resulting demineralized water heat transfer coefficient, and consequently, the overall

heat transfer coefficient and required total heat transfer surface area. Specifically,

determining the mass flux of the shell-side fluid is required to calculate the shell-side

heat transfer coefficient:

𝐺 =
𝑚̇

𝑆𝑚
(2.3)

where 𝐺 is the mass flux of the shell-side fluid ( 𝑘𝑔
𝑚2−𝑠

), 𝑚̇ is the mass flow rate of the

shell-side fluid (𝑘𝑔/𝑠) and 𝑆𝑚 is the cross-flow area at the shell centerline (𝑚2). All

previous calculations incorrectly used the mass flow rate of the tube-side fluid (2.893

𝑘𝑔/𝑠) instead of the mass flow rate of the shell-side fluid (21.017 𝑘𝑔/𝑠). Table 2.3

illustrates the significant difference between the previously calculated values of 𝐺 and

the corrected values, both for the previous 3/8 𝑖𝑛 tube outer diameter design and the

updated 1/2 𝑖𝑛 design.

Table 2.3: Comparison of Previous vs. Corrected Mass Flux Values

Tube Outer Diameter (𝑖𝑛) Previous 𝐺 (𝑘𝑔/𝑚2 − 𝑠) Corrected 𝐺 (𝑘𝑔/𝑚2 − 𝑠)
3/8 137.50 1018.03
1/2 52.38 678.68

All other relevant parameters and thermal properties of the demineralized water

(DI) at the new reference inlet condition of 42°C were updated and are listed in Table

2.4.
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Table 2.4: Demineralized Water and Heat Exchanger Properties

Dynamic Viscosity 𝜇 𝑁 − 𝑠/𝑚2 6.290E-4

Specific Heat Capacity 𝑐𝑝 𝐽/𝑘𝑔 −𝐾 4180

Thermal Conductivity 𝑘 𝑊/𝑚−𝐾 0.6319

Prandtl number 𝑃𝑟 non-dim 4.16

Mass Flow 𝑚̇ 𝑘𝑔/𝑠 21.02

Cross-Flow Area 𝑆𝑚 𝑚2 0.0310

Mass Flux 𝐺 𝑘𝑔/𝑚2 − 𝑠 678.68

Colburn Factor 𝑗 non-dim 0.0086

Heat Transfer Coefficient ℎ𝐷𝐼 𝑊/𝑚2 −𝐾 9449.38

Corrected Heat Transfer Coefficient ℎ𝐷𝐼𝑐𝑜𝑟𝑟 𝑊/𝑚2 −𝐾 4167.18

Having determined the convective heat transfer coefficients for both the tube-side

and shell-side fluids, Eqn 2.1 can be recast using the definition of 𝑈 provided in [27]:

𝑈 =
𝑄̇

𝐴∆𝑇
=

1
1

ℎ𝐶𝑊
+ 𝐿

𝑘
+ 1

ℎ𝐷𝐼𝑐𝑜𝑟𝑟

(2.4)

where 𝐿 is the tube thickness (𝑚) and 𝑘 is the thermal conductivity of the tube mate-

rial ( 𝑊
𝑚−𝐾

), which is assumed to be Copper-Nickel (CuNi) alloy 90-10, as proposed in

the first-pass system design and in conformance with MIL-DTL-15730N [30], for Type

1, Class 5 coolers. All values on the right-hand side were subsequently calculated,

and the overall heat transfer coefficient was determined to be 2115.26 ( 𝑊
𝑚2−𝐾

).

The last value calculated prior to determining 𝐴 was ∆𝑇 , the LMTD, defined as:

∆𝑇 =
(𝑇ℎ𝑖𝑛 − 𝑇𝑐𝑜𝑢𝑡)− (𝑇ℎ𝑜𝑢𝑡 − 𝑇𝑐𝑖𝑛)

𝑙𝑛(𝑇ℎ𝑖𝑛−𝑇𝑐𝑜𝑢𝑡

𝑇ℎ𝑜𝑢𝑡−𝑇𝑐𝑖𝑛
)

(2.5)

where 𝑇ℎ𝑖𝑛 is the demineralized water inlet temperature, 𝑇ℎ𝑜𝑢𝑡 is the demineralized

water outlet temperature, 𝑇𝑐𝑖𝑛 is the chilled water inlet temperature, and 𝑇𝑐𝑜𝑢𝑡 is

the chilled water outlet temperature. All values were previously calculated with the

exception of 𝑇𝑐𝑜𝑢𝑡, which was calculated using the heat transfer equation cast in terms
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of mass flow rate:

𝑄̇ = ˙𝑚𝑐𝑤𝑐𝑝∆𝑇𝑐𝑤 = ˙𝑚𝑐𝑤𝑐𝑝(𝑇𝑐𝑖𝑛 − 𝑇𝑐𝑜𝑢𝑡) (2.6)

where 𝑄̇ is the previously calculated total compartment heat load of 240 𝑘𝑊 (240000

𝑊 or 𝐽/𝑠), ˙𝑚𝑐𝑤 is the previously calculated chilled water mass flow rate of 2.839 𝑘𝑔/𝑠,

and 𝑐𝑝 is the specific heat capacity of water (4184 𝐽
𝑘𝑔−𝐾

). Rearranging this equation

yielded a 𝑇𝑐𝑜𝑢𝑡 value of 300.36°K, or 27.21°C.

The LMTD was then calculated, and after substituting all now known values into

Eqn 2.4 and rearranging to solve for 𝐴, the total required heat transfer surface area

of the tube bundle was determined to be 5.00 𝑚2. A summary of the major heat

exchanger parameters and characteristics is provided in Table 2.5.

Table 2.5: Initial Heat Exchanger Characteristics

Heat Transfer 𝑄̇ 𝑘𝑊 240
Logarithmic Mean Temperature Difference ∆𝑇 𝐾 22.69
Tube Outer Diameter 𝐷𝑂𝐷 𝑖𝑛 1/2
Tube Thickness 𝐿 𝑖𝑛 0.049
Thermal Conductivity of Tube 𝑘 𝑊/𝑚−𝐾 40
Chilled Water Heat Transfer Coefficient ℎ𝐶𝑊 𝑊/𝑚2 −𝐾 8806.32
Corrected DI Water Heat Transfer Coefficient ℎ𝐷𝐼𝑐𝑜𝑟𝑟 𝑊/𝑚2 −𝐾 4167.18
Overall Heat Transfer Coefficient 𝑈 𝑊/𝑚2 −𝐾 2115.26
Tube Surface Area 𝐴 𝑚2 5.00

2.3.2 Completing Heat Exchanger Redesign

By increasing the tube outer diameter and driving a change in the required heat

transfer surface area, other features of the heat exchanger also had to be redesigned

to conform to a new set of standards or geometric constraints.

Tables 2.6, 2.7, and 2.8 provide the relevant tube specifications governing spacing,

depth of expansion, and depth of flare dictated by MIL-DTL-15730N [30].

The minimum tubesheet thickness for joints with inlet-end flared holes must equal

the depth of expansion plus the depth of flare plus 1/8 𝑖𝑛. Thus, the tubesheet

thickness of this design iteration increased from 0.9375 𝑖𝑛 to 1.125 𝑖𝑛.
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Table 2.6: Minimum Tube Spacing [30]

Tube Outer Diameter (𝑖𝑛) Tube Spacing, Center-to-Center (𝑖𝑛)
3/8 1/2
1/2 21/32
5/8 13/16

Table 2.7: Minimum Depth of Tube Expansion [30]

Tube Outer Diameter (𝑖𝑛) Minimum Depth of Expansion (𝑖𝑛)
3/8 1/2
1/2 5/8
5/8 5/8

Transverse baffles must be installed to provide multiple passes of the shell-side

fluid for optimum heat transfer and to provide support for the tube bundles. Baffle

thickness and spacing must be in accordance with the standards set forth for Class

C heat exchangers as defined by the Tubular Exchangers’ Manufacturers Association

(TEMA), and provided in Figures 2-1 and 2-2, respectively.

Prior to the discovery of the erroneously calculated shell-side fluid mass flux, it was

assumed that the shell’s inner diameter would have to increase considerably in order

to accommodate the bigger, thicker, and more widely spaced tubes in this design

change. However, the required heat transfer surface area for this design iteration

was nearly 33% less than that determined by Reyes [39] (5.00 𝑚2 compared to 7.42

𝑚2). This new surface area could have been accommodated in an 8 𝑖𝑛 inner diameter

shell with 100, 50 𝑖𝑛 tubes in an optimal arrangement. However, to ensure that all

tube spacing requirements were met in accordance with MIL-DTL-15730N [30], it was

preferable to employ a square pitch tube arrangement, which reduced the number of

Table 2.8: Flare of Tube End Holes [30]

Tube Outer Diameter (𝑖𝑛) Radius of Flare (𝑖𝑛)
3/8 5/16
1/2 3/8
5/8 1/2
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Figure 2-1: Required baffle thickness given shell inner diameter and unsupported tube
length between central baffles [43].

Figure 2-2: Maximum unsupported straight tube spans [43].
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tubes that could fit on the tubesheet face to 85. This corresponded to a 0.76 𝑚2

reduction in the available heat transfer surface area, which had to be accounted for

to ensure the required heat exchanger performance.

Increasing the length of the exposed tube bundle region could have made up for

this lost surface area, but would have had deleterious effects on the already limiting

pressure drop conditions. Instead, increasing the shell’s inner diameter to allow for

more tubes and more spacing was pursued. This arrangement accounted for the

required heat transfer surface area while promoting amenable pressure drop conditions

not only on the chilled water side (due primarily to the increased tube diameter) but

also on the demineralized water side by increasing tube spacing and maintaining the

original tube bundle length.

Accordingly, the shell inner diameter was increased to 10 𝑖𝑛, which allowed for

the placement of 107 tubes at 0.75 𝑖𝑛 center-to-center spacing. The additional tubes

made up for the previously lost heat transfer surface area, but the resizing of the shell

diameter and respacing of the tubes also directly affected the heat transfer coefficients,

and ultimately the required surface area. Therefore, another iteration through the

preceding equations was required to reevaluate the required heat transfer surface area.

This yielded a new required surface area of 5.37 𝑚2 which could be provided by 106,

50 𝑖𝑛 tubes.

A 10 𝑖𝑛 shell diameter heat exchanger still falls within the smaller grouping of

exchanger designs as delineated by TEMA, and so the first row in Figure 2-1 was

used to determine the required baffle thickness, which itself is dependent on the

unsupported tube span.

Per Figure 2-2, the maximum unsupported tube span for a 1/2 𝑖𝑛 copper alloy

tube is 38 𝑖𝑛. In this design, that translates to a maximum spacing between baffles

of 19 𝑖𝑛, given that the baffles are of a semi-hemispherical, half-span arrangement,

𝑖.𝑒. half of the baffles support the upper tubes and the other half support the lower

tubes. Baffles should not be spaced closer than 1/5 of the shell’s inner diameter

or 2 𝑖𝑛, whichever is greater [43]. In this design, those values are equivalent, and

so the 2 𝑖𝑛 threshold served as the lower bound for the baffle spacing. In keeping
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with the previous design iterations which demonstrated improved demineralized water

pressure drop performance with more widely spaced baffles, baffle spacing was set at

6 𝑖𝑛, comfortably within the allowable range. Based on a baffle spacing of 6 𝑖𝑛, baffle

thickness is determined to be 1/16 𝑖𝑛, as delineated in Figure 2-1.

Finally, to ensure adequate distribution of coolant to the tubes, the waterbox head

depth must be sized appropriately. For a given shell inner diameter (𝐷), the waterbox

head depth shall be not less than 0.5D for single-pass coolers, 0.345D for two-pass

coolers, or 0.25D for four-pass coolers. Thus, for this two-pass, 10 𝑖𝑛 diameter design,

the minimum waterbox head depth is 3.45 𝑖𝑛, and was initially set at 7 𝑖𝑛.

All major prescribed parameters influencing the size and arrangement of the heat

exchanger are summarized in Table 2.9.

Table 2.9: Two-pass heat exchanger model geometries and arrangement

Value Unit
Waterbox head depth 7 𝑖𝑛 each
Exposed tube length 50 𝑖𝑛
Tube sheet thickness 1.125 𝑖𝑛 each
Overall heat exchanger length 66.25 𝑖𝑛
Heat exchanger internal shell diameter 10 𝑖𝑛
Tube spacing (centerline-to-centerline) 0.750 𝑖𝑛
Total number of tubes 107 non-dim
Number of inlet tubes 54 non-dim
Baffle thickness 0.0625 𝑖𝑛
Baffle spacing 6 𝑖𝑛

2.3.3 Modeling and Simulation

The redesigned heat exchanger was modeled in the 3D solid modeling Computer

Aided Design (CAD) software SOLIDWORKS and analyzed using its CFD Flow

Simulation add-on feature. Allowable pressure drop and maximum velocity limits

exist for both the shell-side and tube-side fluids as dictated by MIL-DTL-15730N

[30] and are provided in Figures 2-3 and 2-4. Regarding maximum velocity limits,

MIL-DTL-15730N [30] stipulates that the shell-side velocities shall not exceed the

"Velocity through tubes" limit listed in Figure 2-4, and thus this 9 𝑓𝑡/𝑠 limit was
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also applied to the demineralized water flow. These values served as the primary fluid

flow performance criteria to determine if a given heat exchanger design performed

adequately. Additionally, there are limits associated with the cooling water inlet

temperature, as provided in Figure 2-5. For freshwater-cooled systems on surface

ships, the upper limit is 95°F, far above the assumed 7°C (44.6°F) value assumed for

the chilled water inlet temperature.

Figure 2-3: Maximum allowable pressure drops [30].

Figure 2-4: Maximum cooling water velocities [30].

The shell-side demineralized water flow was simulated using the previously derived

initial conditions: inlet flow at 100 𝑝𝑠𝑖, inlet temperature at 42°C, and a mass flow

rate of 21.017 𝑘𝑔/𝑠. The mass flow rate is replicated at the outlet nozzle owing to

the continuity of mass in a steady flow condition and was used as the primary outlet

boundary condition. The velocity and pressure profiles are provided in Figures 2-6

and 2-7.

The demineralized water flow maintains a velocity over the tubes less than the

aforementioned 9 𝑓𝑡/𝑠 limit. Moreover, Figure 2-8 shows that the global pressure
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Figure 2-5: Maximum cooling water inlet temperature [30].

drop from the inlet nozzle to outlet nozzle is approximately 5.50 𝑝𝑠𝑖, below the 6 𝑝𝑠𝑖

limit. Thus, this design iteration proved viable from a shell-side, demineralized water

perspective.

Figure 2-6: Demineralized water velocity flow.

The same model was used to simulate the tube-side chilled water flow, again using

the previously derived initial conditions: inlet flow at 100 𝑝𝑠𝑖, inlet temperature at

7°C, and a mass flow rate of 2.84 𝑘𝑔/𝑠. The velocity and pressure profiles are provided

in Figures 2-9 and 2-10. The chilled water flows through the inlet flange and nozzle at

approximately 2.8 𝑚/𝑠 (9.2 𝑓𝑡/𝑠), safely below the upper 11 𝑓𝑡/𝑠 velocity limit. The

chilled water flow through the tubes never exceeds 2 𝑚/𝑠 (6.56 𝑓𝑡/𝑠), safely below

the corresponding 9 𝑓𝑡/𝑠 velocity limit for tube-side cooling flow. Moreover, Figure

2-11 shows that the average pressure drop from the inlet nozzle to outlet nozzle is

42



Figure 2-7: Demineralized water pressure gradient.

Figure 2-8: Demineralized water pressure drop.
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approximately 1.58 𝑝𝑠𝑖, and the global maximum pressure drop observed is 2.28 𝑝𝑠𝑖,

both of which are below the 6 𝑝𝑠𝑖 limit. Thus, this design iteration also proved viable

from a tube-side, chilled water perspective.

Figure 2-9: Chilled water velocity flow.

Figure 2-10: Chilled water pressure gradient.
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Figure 2-11: Chilled water pressure drop.

2.3.4 Heat Exchanger Redesign Conclusions

This modified heat exchanger design fulfilled all heat transfer and design requirements.

Previous chilled water pressure drop issues were addressed primarily by increasing

the tube outer diameter from 3/8 𝑖𝑛 to 1/2 𝑖𝑛. Demineralized water pressure drop

issues were addressed by maintaining favorable baffle spacing and increasing the shell

inner diameter from 8 𝑖𝑛 to 10 𝑖𝑛, which directly increased the flow area, reduced

the cross-flow velocity, and consequently reduced the pressure drop. Increasing the

shell diameter also enabled increasing the tube spacing from the previous 1/2 𝑖𝑛 and

0.656 𝑖𝑛 iterations to the current 0.75 𝑖𝑛 proposal, which also increased the flow area.

Additionally, a reassessment of the temperature and flow conditions determined that

the actual required heat transfer surface area was considerably lower than what was

previously proposed. This allowed the heat exchanger’s length to remain essentially

unchanged from the four-pass design developed by Reyes [39] and thus maintained a

relatively consistent spatial and volumetric footprint.
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As such, this heat exchanger design represents a viable thermal management so-

lution for a nominal portion of a single compartment within the overall NiPEC ar-

chitecture and an improved starting point from which to scale up the cooling system

to meet the full ship’s demand.
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Chapter 3

Full Ship Analysis

The single-compartment NiPEC cooling system developed by Reyes [39] is an excel-

lent starting point in finding a potential thermal management solution, but it likely

cannot be feasibly scaled for shipwide employment given the burdensome construc-

tion, operation, maintenance, and cost considerations. Indeed, it was not intended for

replication within every compartment on the ship and instead provided a compelling

proof-of-concept case that this cooling approach was a viable one. The lessons learned

from this previous exploration were used as the basis for expanding to a full ship ap-

plication. In order to properly expand the scope, the entire ship and its electrical load

had to be taken into account to better understand the potential total power demand,

how the NiPEC architecture could be configured to accommodate that demand, and

how a larger-scale cooling system could be designed to accommodate the heat load

across multiple compartments and multiple corridors.

3.1 Nominal Ship Electrical Load

The previous single-compartment analysis assumed an overall four-corridor NiPEC

layout, wherein each corridor consisted of twelve of these nominal compartments. The

choice to fit four PEBBs per stack was based primarily on vertical clearance restric-

tions within the compartment, whereas the decision to incorporate five stacks per

compartment was chosen for initial analysis based on reasonable yet general thermal
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load assumptions. In reality, there is no one "nominal" compartment which can suit-

ably represent the power and thermal load conditions of all the ship’s compartments.

Given the variability in load size, type, and location, individual compartment power

requirements may vary greatly. A more thorough analysis of an entire ship’s expected

load, and the distribution of this load, was therefore required before determining how

to best scale up the proposed single-compartment cooling system into one suitable

for shipwide employment.

3.1.1 Electric Power Load Analysis

Building off previous research and estimates, a notional all-electric destroyer-type

warship was modeled to provide the framework for subsequent analysis. Anticipated

electrical loads were reviewed, assessed, and accounted for in order to construct an

allocation and breakdown strategy for the ship’s power demand. These loads included

major combat weapons systems (𝑖.𝑒. dual-band radars, sonar suite equipment, Vertical

Launch System (VLS), laser, railgun), major propulsion and engineering equipment

(𝑖.𝑒 Permanent Magnet Motors (PMM), all required generator sets, chillers), and

various allowances for miscellaneous AC and DC loads.

Of note, the ship was assumed to be outfitted with one railgun, one port and one

starboard PMM, three LM2500 gas turbine generator sets (two port, one starboard),

and two LM500 gas turbine generator sets (one port, one starboard). Nearly all loads

were initially considered "vital" and were given at least two sources of power, i.e.

accounted for by twice the number of PEBBs than what the power rating would

otherwise dictate. Assuming this level of redundancy provides improved system re-

liability, and also aligns with previous work done by del Águila Ferrandis et al. [20]

which assumed that 𝑁 − 1 corridors must supply the total load, where 𝑁 is the total

number of corridors.

Each load or source was initially assigned a three-dimensional spatial location, a

watertight compartment based on that location, rated electrical power (𝑘𝑊 ), current

type, and rated voltage (𝑉 ). Although one could conservatively design for the total

connected load (all loads operating at all times at 100% rated capacity), this approach
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would overdesign the system and dictate unnecessary demands on other system com-

ponents. Instead, a more detailed treatment of the electrical load list was required in

order to get a more accurate model of the resulting demand profile.

To this end, every listed load was assigned a load factor, which refers to the ratio

of the operating load to the connected load, and provides a representation of how

often (i.e. duty cycle) and to what extent a load is actually operating and drawing

power [19]. The NAVSEA Design Data Sheet 310, EPLA for Surface Ships (DDS-310)

provides load factors for various ship platforms, as depicted in Figure 3-1, and was

consulted in order to establish valid values for the model all-electric destroyer warship.

Load factors vary based on the ship’s operating condition, the most demanding of

which is its functional condition, i.e. the condition in which it is performing its design

function. For a destroyer, the primary functional condition is battle during wartime,

and was chosen as the condition for load factor assignment. In choosing this operating

condition, it ensured that subsequent cooling system design decisions would be scaled

to meet the most limiting scenario available.

Figure 3-1: Load Factor calculation example [19].
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The complete load factor lists are provided in Appendix B. In the cases where no

data existed, sound engineering judgment was used to predict reasonable duty cycle

times, power demand profiles, and the resulting load factor assignment. For example,

a traditional gun mount is assigned a 0.6 load factor, but the model destroyer is

assumed to be outfitted with a railgun instead, which is not included in DDS-310 [19].

Given the pulse-type characteristics and attendant short duty cycle of the imagined

rail gun, a lower but still conservative load factor of 0.4 was considered reasonable.

Additionally, DDS-310 [19] provides specificity with regard to the number and

types of electrical loads included, but the model nominal destroyer did not possess that

same level of granularity. Many loads were bundled into the "Miscellaneous AC/DC"

categories, whose constituents’ individual load factors could vary considerably. A

comparison was made between the loads expected to fall in these categories and

those specified in DDS-310 [19]. Average load factors were determined across SWBS

groups, and modified as necessary in order to account for mutually exclusive loads,

i.e. redundant components such as an operational pump and its standby unit. In

order to ameliorate the uncertainty underlying these calculations, an additional 15%

safety margin was applied, resulting in a 0.7 load factor assigned to all miscellaneous

AC and DC loads.

3.1.2 PEBB Conversion Requirements and Functionality

Figure 3-2 represents a generic half-zone layout of the proposed PEPDS bus with a

sampling of the expected conversion requirements, which are described below.

The power train and electrical distribution processes begin at the installed LM2500

and LM500 generator sets, which produce 29 𝑀𝑊 and 3.7 𝑀𝑊 of power, respectively,

at an output voltage of 6900 𝑉𝐴𝐶 . This output is converted to 12000 𝑉𝐷𝐶 for trans-

mission and distribution across the main MVDC bus. Certain large mission loads tap

directly off the MVDC bus, such as Integrated Topside (InTop), a multi-functional

system of electronic warfare, radar, and communications capabilities, depicted in the

bottom right corner of Figure 3-2. The propulsion PMMs require conversion to a

15-phase MVAC operating voltage but also tap off the MVDC bus.
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Figure 3-2: Proposed half-zone layout of the PEPDS bus.

Power from the MVDC bus is transferred to the LVDC bus via power conversion

"stations" which perform a step-down transformation process to convert the 12000

𝑉𝐷𝐶 main bus voltage to 1000 𝑉𝐷𝐶 . This specific conversion capacity is required

throughout the ship, and so these stations are strategically located within offset port

and starboard compartments, envisioned to be evenly distributed between the second-

deck and fourth-deck corridors. Power carried through the LVDC bus can then be

conveyed to an in-zone DC or Low Voltage Alternating Current (LVAC) load center,

the latter of which requires conversion from 1000 𝑉𝐷𝐶 to 450 𝑉𝐴𝐶 .

Each of these conversion or distribution processes requires a minimum number

of PEBBs, which is dependent on the type of PEBB being employed. These values

are summarized in Table 3.1. Thus, the total amount of required PEBBs for a given

compartment is jointly dependent on these minimum thresholds and the actual power

demand from the compartment loads.

Each component’s rated voltage corresponded to one of four load types, described

in Table 3.2. This categorization of load type informed which conversion process

would be required to convey power to that load, and was necessary in order to correctly

allocate PEBBs at the compartment level. It also proved useful in order to ascertain

which load types were driving power demand, and where that demand was being

generated within the ship. Loads were then grouped according to voltage requirements
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Table 3.1: Minimum Number of PEBBs Required By Conversion Type

Conversion Type iPEBBs Required Power Converted
(𝑘𝑊 )

PEBB 6000s
Required

Power Converted
(𝑘𝑊 )

LVDC-LVAC 3 750 3 3000
LVDC-LVDC 1 250 1 1000
MVDC-LVDC 12 3000 2 2000
MVAC-MVDC 36 9000 12 12000
MVDC-MVAC 180 45000 30 30000

and summed to determine the total power by rated voltage within the compartment.

Finally, this power requirement was correlated to the associated number of required

PEBBs to meet that demand within each compartment.

Table 3.2: Load Type by Rated Voltage

Rated Voltage (𝑉 ) Load Type
450 (AC) LVAC
1000 (DC) LVDC
12000 (DC) MVDC
6900(AC) MVAC

3.1.3 iPEBB-only Deployment

In the first iteration, only the 250 𝑘𝑊 -rated Navy iPEBBs were utilized within the

NiPEC. In keeping with the previous assumptions made by del Águila Ferrandis

et al. [20], partially-filled stacks were not permitted in the design and allocation

scheme. For example, if a compartment’s power demand necessitated six iPEBBs,

this would, in turn, necessitate the dedication of two stacks and eight iPEBBs to this

compartment since the model assumed each stack contains four iPEBBs. The excess

iPEBB capacity is envisioned to be utilized for energy storage.

Table 3.3 provides the number of iPEBBs required per compartment for each side

of the ship, as well as the total allocation requirements. A more thorough allocation

breakdown specified by load type is provided in Appendix C.

These initial estimations made clear that a "nominal" compartment cannot ac-
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Table 3.3: Number of iPEBBs Required Per Compartment

Compartment Port Starboard Total
1 4 4 8
2 4 16 20
3 16 4 20
4 8 8 16
5 32 20 52
6 36 24 60
7 164 164 328
8 12 148 160
9 156 60 216
10 144 8 152
11 20 8 28
12 4 16 20
13 20 44 64
14 4 4 8

Total 624 528 1152

curately capture the load demand and distribution of an entire ship. Only three of

the proposed compartment sections exactly required the 20 iPEBBs which were as-

sumed in all previous single-compartment analyses. There also exists high variability

in the number of iPEBBs required for each compartment. Overall, there is a standard

deviation of approximately 55 iPEBB units per compartment. Power demand and

corresponding iPEBB allocation are comparatively very low in the forward-most and

aft-most compartments and increase significantly in a few mid-ship compartments,

which makes sense given the major equipment location but again weakens the utility

of the "nominal" compartment approach. Some of the major pieces of equipment

driving power demand are listed below:

• 27 iPEBBs designated for MVDC usage due to the 16600 𝑘𝑊 -rated (6640 𝑘𝑊

operating load) railgun in Compartment 4.

• 144 iPEBBs designated for generator usage due to the 29000 𝑘𝑊 -rated LM2500

generator sets, one for each side of Compartment 6, and one additional set in

Compartment 8.
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• 135 iPEBBs designated for MVDC usage due to the 37500 𝑘𝑊 -rated (33750

𝑘𝑊 operating load) PMMs, one in Compartment 7 (starboard) and one in

Compartment 9 (port).

Rendering a more accurate depiction of the power demand and load distribution

also illustrated the capacity challenges at hand. These figures estimate that 1152

iPEBBs would be required to meet the functional operating condition scenario, com-

pared to the 960 iPEBB total resulting from taking the load assumptions used by

Reyes [39] and extrapolating to a shipwide configuration. This represents a 19.6%

increase in predicted iPEBB allocation, which not only exacerbates the thermal man-

agement situation but could also pose significant arrangement challenges to incor-

porate the required number of iPEBBs into the overall NiPEC and PEPDS system

architecture.

3.1.4 iPEBB and PEBB 6000 Joint Deployment

In an effort to reduce the overall PEBB footprint, a second model was constructed

which utilized a combination of iPEBBs and the PEBB 6000, the latter of which is

assumed to convert up to 1000 𝑘𝑊 at 6000 𝑉 . The higher capacity PEBB 6000 was

targeted to handle the largest loads, such as the aforementioned railgun, generators,

and PMMs.

The same process as before was followed to determine the total power demand

in each watertight compartment within the ship, and the corresponding number of

PEBBs and stacks required in each compartment to fulfill said demand. The full

results are provided in Appendix C.

Incorporating the higher-capacity PEBB 6000 into the NiPEC infrastructure sig-

nificantly reduced the total number of PEBBs from 1152 to 604, a 47.4% unit reduc-

tion. It is also significantly limited the variation in number of PEBBs required per

watertight division, lowering the standard deviation of units per compartment to ap-

proximately 20. Importantly, however, the current PEBB 6000 design is considerably

bigger than the iPEBB and requires the addition of support drawers and components
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which will contribute to each unit’s spatial and weight footprint. Therefore, the ben-

efits of eliminating approximately 660 iPEBBs will not be fully realized due to these

added constraints imposed by PEBB 6000 installation.

Nonetheless, the joint iPEBB-PEBB 6000 deployment offers a more reasonable

total PEBB allotment, while also providing flexibility for additional PEBB installment

to address energy storage needs.

3.2 Spatial Analysis

One of the major design philosophies of the NiPEC is its customization at the water-

tight subdivision level, that it is tailored to the sources and loads in that section [10].

In other words, all the power inputs and outputs ideally occur within each section

individually; every load physically located in a watertight division is fully supplied

from the corridors within that division [20]. What this practically means is that

all the PEBB stacks assigned to a given compartment must actually fit within that

compartment.

To assess the initial viability of the proposed PEBB allocations, bulkhead loca-

tions and compartment lengths were taken from the nominal destroyer model and are

provided in Table 3.4. Cabinet sizing for the iPEBB stacks was determined using

the dimensions proposed by Reyes [39] for the idealized iPEBB cabinet but also in-

cluded an additional 6 𝑖𝑛 on each side of the stack to account for structural support

components and cooling piping. This estimate was based on a comparison to simi-

lar commercial equipment, such as ABB’s OMD880LC Onboard Microdrive cabinet

pictured in Figure 3-3 [9]. The dimensions of the PEBB 6000 and its stack were

unknown at the time of analysis and were assumed to be 1.5 times that of the Navy

iPEBB. It was assumed that three PEBB 6000s could fit in a stack.

Given these assumptions and the above PEBB arrangements, the total stack

length for each portion of each corridor was determined on a compartment-by-compartment

basis. The initial results were promising, as only two corridor sections featured a stack

length that exceeded its compartment length. Compartment 9, port side, required a
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Figure 3-3: Industry example of shipboard power conversion cabinet [9].

Table 3.4: Bulkhead Locations and Compartment Lengths

Bulkhead Distance from FP (m) Compartment Length (m)
1 8.41 1 8.41
2 19.31 2 10.90
3 35.06 3 15.75
4 42.05 4 6.99
5 52.18 5 10.13
6 60.12 6 7.94
7 76.63 7 16.51
8 84.57 8 7.94
9 101.02 9 16.45
10 109.02 10 8.00
11 120.77 11 11.75
12 132.39 12 11.62
13 144.07 13 11.68
- - 14 9.93
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stack length of 10.13 𝑚 on each deck; Compartment 9 is only 8.00 𝑚 long. Similarly,

Compartment 7, starboard side, also required a stack length of 10.13 𝑚 on each deck;

Compartment 7 is only 7.94 𝑚 long. The principal driver of these mismatches is

the presence of the PMMs, each of which requires 60 PEBB 6000 units, and thus

20 PEBB 6000 stacks. All other required corridor lengths are shorter than their re-

spective compartment lengths, which indicates that the remaining NiPEC equipment

and infrastructure required for each compartment could comfortably fit within the

remaining space.

3.3 Thermal Analysis

Given the encouraging ongoing progress of the PEBB 6000 development, and the

spatial and power distribution advantages it offers within the larger NiPEC system

architecture, the subsequent thermal analysis assumed a joint Navy iPEBB-PEBB

6000 deployment approach. Tables C.3 and C.4 provide the total PEBB footprint

for an entire side of the ship, so each corridor was initially allocated half of the total

PEBB units listed.

3.3.1 Heat Loss Reassessment

All previous calculations had assumed that each Navy iPEBB dissipates 10 𝑘𝑊 of heat

when operating at maximum capacity, but this was an overly conservative estimate,

made more onerous by the additional 20% safety margin applied to the overall heat

load. As such, the iPEBB heat loss term was reassessed to determine a more accurate,

and less demanding, value. Based on research conducted at the Virginia Tech Center

for Power Electronics System (CPES), where the Navy iPEBB is being built, the

inner half of the iPEBB and its transformer exhibit the loss characteristics provided

in Figure 3-4. These losses sum to 5.91 𝑘𝑊 , and the full iPEBB is not expected

to double these losses. As such, the maximum heat loss term was reduced to 8 𝑘𝑊

(corresponding to a 96.8% operating efficiency at full capacity). The PEBB 6000

was assumed to dissipate 10 𝑘𝑊 of heat at full load, in light of its assumed 1 𝑀𝑊𝑒

57



Figure 3-4: Navy iPEBB heat loss characteristics [21].

maximum capacity and 99% operating efficiency.

Given these updated heat loss terms, the worst-case corridor heat load, based on

the PEBBs’ maximum capacities, was determined to be 1515.8 𝑘𝑊 .

3.3.2 Chilled Water Flow Reassessment

Reyes [39] assumed that the nominal ship’s Air Conditioning system would provide

chilled water to each of the four power corridors via four chilled water pumps. Each

pump, which was assumed rated at 600 𝑔𝑝𝑚, would be assigned to one of the four

corridors, and after apportioning 60 𝑔𝑝𝑚 to non-NiPEC loads, would provide 540

𝑔𝑝𝑚 to service all the corridor’s compartments. The chilled water flow rate to the

system’s heat exchanger was thus initially assumed at 540 𝑔𝑝𝑚, since the intent was

to dissipate many compartments’ heat loads at a single heat sink. This increased flow

rate required increasing the size of the chilled water inlet and outlet piping, previously

assumed to both have a 1.5 𝑖𝑛 outer diameter, in order to ensure conformance to

relevant military standards.

NSTM 505, which governs piping systems onboard U.S. Navy vessels, places lim-

itations on the allowable pipe velocities in order to minimize excessive pipe wear and

promote system longevity. In the case of seawater systems, erosion corrosion is of

particular concern, and the manual provides specific limits which are provided in
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Table 3.5: NSTM 505 Fluid Velocity Limits

Nominal Pipe Size Pipe OD (in) Velocity (fps) Flow (gpm)
1/2 0.840 4.2 5.2
3/4 1.050 4.8 9.9
1 1.315 5.4 18.6

1-1/4 1.660 6.2 34.9
1-1/2 1.900 6.6 49.8

2 2.375 7.4 88.4
2-1/2 2.875 8.2 147

3 3.500 9.1 244
3-1/2 4.000 9.8 348

4 4.500 10.3 462
5 5.563 11.5 794

6 and larger 6.625 12.0 1187

Table 3.5. Although the proposed NiPEC cooling system utilizes chilled water and

demineralized water, the NSTM 505 limits provide conservative upper bounds and

served to orient follow-on design decisions concerning pipe sizing and fluid velocity.

As Table 3.5 indicates, a chilled water flow rate of 540 𝑔𝑝𝑚 requires a considerably

larger piping diameter than the currently assumed 1.5 𝑖𝑛 piping. This flow rate falls

between the limits of the Nominal Pipe Size (NPS) 4 and 5 systems, and so NPS

5, Schedule 80 piping was assumed for the chilled water inlet and outlet piping,

corresponding to a pipe outer diameter of 5.563 𝑖𝑛, and a pipe wall thickness of

0.375 𝑖𝑛.

3.3.3 Demineralized Water Flow Reassessment

The proposed demineralized water flow was initially modified in accordance with MIL-

STD-1399 [31], which stipulates that cooling flow shall be adjusted to a maximum

of 1.4 𝑔𝑝𝑚 for every additional 𝑘𝑊 of load in order to maintain a maximum 2°C

temperature rise in the water. In previous analyses, the assumed heat load of 240 𝑘𝑊

correlated to a demineralized water flow of 336 𝑔𝑝𝑚 when servicing just a portion of a

single compartment. By following this same process to account for an entire corridor’s

heat load based on the EPLA, the required cooling flow values increased to 2990 𝑔𝑝𝑚
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and 2554 𝑔𝑝𝑚 for each of the port and starboard corridors, respectively. These

values are not only unreasonably large in terms of required pump sizing they invoke

but would also violate the velocity limits listed in Table 3.5 and recommendations

governing shell-side fluid dynamics.

Section RCB-4.62 of the TEMA manual states that "in no case shall the shell or

bundle entrance or exit area produce a value of 𝜌𝑉 2 in excess of 5953 where 𝑉 is the

linear velocity of the fluid (𝑚/𝑠) and 𝜌 is its density (𝑘𝑔/𝑚3)" [43]. The exit area of

the tube bundle represents the more limiting region since the demineralized water is

assumed to be at 40°C there versus 42°C at the entrance area, resulting in a slightly

higher water density and slightly lower allowable velocity. Given a density of 992.22

𝑘𝑔/𝑚3 at 40°C, this results in an allowable entrance and exit velocity of 2.45 𝑚/𝑠

(8.04 𝑓𝑝𝑠). Prior to considering additional changes to the system heat exchanger,

the shell-side inlet and outlet piping diameter of 2 𝑖𝑛 from the original model was

assumed. This pipe sizing, in conjunction with the limiting 2990 𝑔𝑝𝑚 volumetric flow

rate derived from the MIL-STD-1399 [31] heuristic, resulted in an entrance and exit

velocity of 93.1 𝑚/𝑠, far exceeding the upper limit. Although the inlet and outlet

piping was not constrained to the diameter assumed in these calculations, the results

illustrate how far beyond the allowable limits this calculated flow rate would bring

the current design. As such, further interrogation of acceptable and feasible shell-side

flow rate was required.

To this end, consideration was given to reducing the demineralized water inlet

temperature in order to permit a reduced flow rate. However, doing so would result

in a lower LMTD between the demineralized water and chilled water, which would

directly result in a larger required heat transfer surface area as given by Equation 2.1.

Alternatively, the LMTD could be increased, and the required demineralized water

mass flow rate thereby decreased, by lowering the chilled water inlet temperature, but

this was deemed infeasible given that the chilled water system was already assumed

to be operating very near its minimum header temperature.

Instead, a sensitivity analysis was conducted by adjusting demineralized water

flow across a range of values spanning from the originally proposed 336 𝑔𝑝𝑚 to the
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2290 𝑔𝑝𝑚 derived from MIL-STD-1399 [31] in order to determine values for the fol-

lowing key parameters: minimum allowable inlet and outlet piping diameter (to meet

the prescribed velocity limits), required heat exchanger tube area, and overall heat

exchanger length. In this analysis, the shell diameter was fixed at 36 𝑖𝑛, which was

chosen as a reasonable initial estimate given the single compartment heat exchanger’s

10 𝑖𝑛 diameter, and the need to appropriately scale up the design to manage the much

larger heat load of an entire corridor. The results of this analysis are provided in Table

3.6.

Table 3.6: Demineralized Water Flow Sensitivity Analysis

Flow Rate (𝑔𝑝𝑚) Pipe Diameter (𝑖𝑛) Required Tube Area (𝑚2) Overall Length (𝑓𝑡)
336 4.20 57.07 6.32
500 5.10 46.13 5.72
750 6.20 37.81 5.26
1000 7.20 32.02 4.94
2000 10.15 25.78 4.60
2990 11.40 23.19 4.46

In light of these results, and in correlating them with the NSTM 505 velocity

limits, NPS 5 size pipe was chosen as a reasonable redesign starting point for the

demineralized water inlet and outlet piping. This permitted a flow rate up to 794

𝑔𝑝𝑚, but a lower target flow rate of 460 𝑔𝑝𝑚 was initially selected to provide margin to

the relevant limits and mitigate anticipated increases in pressure drop with increased

flow rates.

3.3.4 Corridor Heat Exchanger Design

Following the reassessment of the iPEBB heat loss term and flow rate parameters, the

heat exchanger redesign tradespace was reevaluated. As before, priority was placed

on minimizing the overall length of the exchanger, both for spatial considerations and

pressure drop concerns. A sensitivity analysis was conducted, iterated on the shell’s

outer diameter. By adequately increasing the shell diameter, a sufficient number of

additional tubes could be included such that each tube’s length, and thus the overall
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heat exchanger length, would not become prohibitively long. The results of this

sensitivity analysis are presented for the limiting heat load scenario in Table 3.7.

Table 3.7: Shell Outer Diameter Sensitivity Analysis

Shell Diameter (𝑖𝑛) Required Tube Area (𝑚2) Number of Tubes Overall Length (𝑓𝑡)
10 27.23 111 21.19
18 34.47 377 9.21
26 40.87 805 6.53
34 46.76 1369 5.83
36 48.17 1500 5.83
40 50.93 1739 5.93

There are diminishing returns and eventual trend reversal with respect to overall

heat exchanger length as shell diameter increases. This is because, as shell diameter

increases above 36 𝑖𝑛, the mass flux of the shell side fluid is lowered so much that

despite the increased number of tubes available, they must still be lengthened in order

to achieve the new required tube heat transfer area. This was a valuable finding in

that it effectively established an upper limit on viable shell diameters.

Competing against the intended course of action was that the number of tubes

accommodated by a larger shell diameter scales more rapidly than the shell diameter

itself, such that the shell-side pressure drop could worsen due to the sheer number

of tubes that the demineralized water has to flow over and past. To address this

possible outcome, the model was fine-tuned by increasing the shell diameter but

only increasing the tube surface area necessary to overcome the shell-side fluid mass

flux reduction. In this way, the number of tubes was not necessarily maximized for

the given tubesheet surface area, but the increased tube spacing would improve the

shell-side fluid flow environment. These concessions resulted in a slightly longer heat

exchanger than what could otherwise be optimized, a potentially necessary tradeoff

to address all aspects of heat exchanger performance.

It was determined that all corridors would have identical heat exchangers, param-

eterized by the most limiting heat load. This decision will improve the manufactura-

bility and maintainability of the heat exchangers since they will all be constructed

identically and have identical maintenance schedules. As such, the 26 𝑖𝑛 shell diame-
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ter variant, resulting in an overall length of approximately 6.53 𝑓𝑡, was the first option

chosen for modeling, simulation, and analysis. All relevant heat transfer parameters

and heat exchanger geometry characteristics are summarized in Tables 3.8 and 3.9.

Table 3.8: Initial one corridor heat exchanger thermal-hydraulic parameters

Heat Transfer 𝑄̇ 𝑘𝑊 1515.8
Logarithmic Mean Temperature Difference ∆𝑇 𝐾 28.46
Tube Outer Diameter 𝐷𝑂𝐷 𝑖𝑛 1/2
Tube Thickness 𝐿 𝑖𝑛 0.049
Thermal Conductivity of Tube 𝑘 𝑊/𝑚−𝐾 40
Chilled Water Heat Transfer Coefficient ℎ𝐶𝑊 𝑊/𝑚2 −𝐾 8806.32
Corrected DI Water Heat Transfer Coefficient ℎ𝐷𝐼𝑐𝑜𝑟𝑟 𝑊/𝑚2 −𝐾 2214.75
Overall Heat Transfer Coefficient 𝑈 𝑊/𝑚2 −𝐾 1461.34
Tube Surface Area 𝐴 𝑚2 36.44

Table 3.9: Initial one corridor heat exchanger model geometries and arrangement

Value Unit
Waterbox head depth 13 𝑖𝑛 each
Exposed tube length 50 𝑖𝑛
Tube sheet thickness 1.125 𝑖𝑛 each
Overall heat exchanger length 78.25 / 6.52 𝑖𝑛 / 𝑓𝑡
Heat exchanger internal shell diameter 26 𝑖𝑛
Tube spacing (centerline-to-centerline) 0.656 𝑖𝑛
Total number of tubes 805 non-dim
Number of inlet tubes 403 non-dim
Baffle thickness 0.0625 𝑖𝑛
Baffle spacing 6 𝑖𝑛
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Chapter 4

Heat Exchanger Evaluation for One

Corridor

4.1 First Design

The heat exchanger developed in Chapter 3 was modeled and simulated using the

SOLIDWORKS Flow Simulation CFD package. The tube-side, chilled water flow

was analyzed first. The predicted velocities were within the prescribed limit, and are

illustrated in Figure 4-1. The maximum entrance and exit velocity of 4.2 𝑓𝑡/𝑠 was

observed near the outlet nozzle and is well below the 11 𝑓𝑡/𝑠 limit. Moreover, none of

the observed velocities through any of the tubes exceeded the 9 𝑓𝑡/𝑠 limit. However,

the global pressure drop was calculated at 80.15 𝑝𝑠𝑖, which grossly exceeded the 6 𝑝𝑠𝑖

limit, as seen in Figure 4-2. Moreover, the flow and pressure profiles did not indicate

fully developed flow from the inlet region through the tubes to the outlet nozzle. It is

unclear whether there was some underlying discrepancy with the CFD solver itself, or

whether there existed such turbulent buildup in the inlet region that the flow could

not develop and distribute evenly as expected, especially throughout the second pass

tube as Figures 4-1 and 4-2 seem to indicate.

The shell-side, demineralized water flow was then analyzed. The highest velocity

of 9.65 𝑓𝑡/𝑠 was observed at the outlet nozzle, within the allowable 11 𝑓𝑡/𝑠 limit.

The global pressure drop was 10.22 𝑝𝑠𝑖, which exceeded the 6 𝑝𝑠𝑖 limit but was at
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Figure 4-1: Design 1 chilled water velocity flow.

Figure 4-2: Design 1 chilled water pressure gradient.
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least within a reasonable range of the desired goal, unlike the chilled water result.

However, the observed flow profile suggested inadequate flow of the demineralized

water over and across the tubes. There appeared to be a ducting effect wherein a

majority of the flow only traveled near the cross-sectional openings between baffles,

rather than traveling fully throughout the heat exchanger. It was assessed that this

was likely a combined result of too closely spaced baffles and too large of a shell

diameter given the relatively short overall length. Figures 4-3 and 4-4 illustrate the

described flow and pressure discrepancies.

Figure 4-3: Design 1 demineralized water velocity flow.

Figure 4-4: Design 1 demineralized water pressure gradient.
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4.2 Second Design

4.2.1 Design Approach

A second design iteration was modeled which incorporated the same 5:1 length-to-

diameter aspect ratio of the single-compartment heat exchanger. Despite newfound

concerns for additional pressure drop across a longer body, the intention was to achieve

a more uniform and developed flow across the entire heat exchanger, especially on the

shell side. The relevant heat transfer equations were revisited in order to determine

that a 16 𝑖𝑛 shell diameter coupled with 80 𝑖𝑛 length tubes would simultaneously

provide the necessary heat transfer surface area (with approximately 3 𝑚2 excess

area to serve as future cooling margin) and the desired aspect ratio.

In order to mitigate the corresponding expected rise in pressure drop due to the

lengthened body, the number of baffles was reduced to nearly the minimum per-

missible as dictated by TEMA [43], which stipulates that the maximum span of

unsupported 1/2 𝑖𝑛 tubes is 38 𝑖𝑛.

All relevant heat exchanger geometry characteristics for this second iteration de-

sign are summarized in Table 4.1.

Table 4.1: Second corridor heat exchanger model geometries and arrangement

Value Unit
Waterbox head depth 8 𝑖𝑛 each
Exposed tube length 80 𝑖𝑛
Tube sheet thickness 1.125 𝑖𝑛 each
Overall heat exchanger length 102.25 / 8.52 𝑖𝑛 / 𝑓𝑡
Heat exchanger internal shell diameter 16 𝑖𝑛
Tube spacing (centerline-to-centerline) 0.656 𝑖𝑛
Total number of tubes 410 non-dim
Number of inlet tubes 205 non-dim
Baffle thickness 0.0625 𝑖𝑛
Baffle spacing 14 𝑖𝑛
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4.2.2 Simulation Results and Analysis

The tube-side, chilled water flow was analyzed first. Despite the improved flow profiles

demonstrated by this model, the key performance metrics were not met. Under the

originally assumed volumetric flow rate of 540 𝑔𝑝𝑚 (34.0 𝑘𝑔/𝑠 mass flow rate), the

outlet velocity limit was slightly exceeded (11.54 𝑓𝑡/𝑠) and the pressure drop limit

across the tubes was grossly exceeded. The full velocity and pressure profiles are

provided in Figures 4-5 and 4-6, respectively.

Figure 4-5: Design 2 chilled water velocity flow.

Figure 4-6: Design 2 chilled water pressure gradient.

A set of simulations was conducted in order to better assess the impact of mass flow

rate on the pressure drop. Lowering the mass flow rate during these trials effectively

invalidated the heat exchanger from a thermal management performance perspective,

since the reduced mass flow rate would require additional heat transfer surface area
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which was not accommodated during this analysis. Nevertheless, the simulations

demonstrated that the mass flow rate was driving the global pressure drop. As an

example, reducing the mass flow rate from 17 𝑘𝑔/𝑠 to the single-compartment value

of 2.83 𝑘𝑔/𝑠 reduced the global pressure drop from over 45 𝑝𝑠𝑖 to 2.76 𝑝𝑠𝑖.

Although this iteration of the heat exchanger was ultimately inadequate, it pro-

vided crucial insight as to the viable range of chilled water mass flow rates given

the constraints of the design, particularly the allowable tube diameter size. [30] only

allows for three sizes of tube diameters (3/8, 1/2, and 5/8 𝑖𝑛) in heat exchanger

designs, so there is limited latitude for pressure drop mitigation within that design

parameter. It must be addressed by other key parameters such as the mass flow rate.

The simulation environment was reestablished to analyze the demineralized water

flow. The same boundary conditions were imposed as in the previous two models,

setting an inlet temperature of 42°C, an inlet pressure of 100 𝑝𝑠𝑖, and a volumetric

flow rate of 460 𝑔𝑝𝑚 (corresponding to a mass flow rate of 28.8 𝑘𝑔/𝑠). As previously

discussed, this design iteration featured relatively widely spaced baffles in order to

offset pressure drop concerns, yet the pressure drop remained excessive. Although

the maximum inlet and outlet velocities were predicted to be within the relevant

limits at 9.35 𝑓𝑡/𝑠 (2.85 𝑚/𝑠), the global pressure drop across the heat exchanger

was calculated at 28.13 𝑝𝑠𝑖, exceeding the 6 𝑝𝑠𝑖 threshold. Full velocity and pressure

profiles are provided in Figures 4-7 and 4-8, respectively.

Multiple simulations were run to better understand the competing effects of baffle

arrangement and mass flow rate on the resultant pressure drop. The general trend

was that reducing the number of baffles reduced the pressure drop somewhat, but

that the driving factor was the mass flow rate, as was the case for the chilled water

flow.
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Figure 4-7: Design 2 demineralized water velocity flow.

Figure 4-8: Design 2 demineralized water pressure gradient.
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4.3 Final Design

4.3.1 Design Approach

The final design required a detailed iterative approach to balance the ensuing, com-

peting constraints: (1) reducing the pressure drop, (2) addressing the emergent ad-

ditional required heat transfer surface area by creating a larger heat exchanger, (3)

mitigating potential new pressure drop sources from a larger heat exchanger, and (4)

ensuring that the final design size was not infeasibly large to preclude installation into

a compartment or engine room space onboard the ship. Based on the previous results,

it was clear that both fluids’ flow rates would have to be considerably reduced in order

to achieve or get close to achieving the pressure drop goals. It was ultimately deter-

mined to re-baseline the chilled water volumetric flow rate at 260 𝑔𝑝𝑚 (corresponding

to a mass flow rate of 16.40 𝑘𝑔/𝑠) and the demineralized water volumetric flow rate

at 275 𝑔𝑝𝑚 (corresponding to a mass flow rate of 17.21 𝑘𝑔/𝑠.) This re-characterized

a number of the key heat transfer parameters governing the heat exchanger’s thermal

performance, which are provided below.

Table 4.2: Final Heat Exchanger Characteristics

Heat Transfer 𝑄̇ 𝑘𝑊 1515.8
LMTD ∆𝑇 𝐾 21.41
Tube Outer Diameter 𝐷𝑂𝐷 𝑖𝑛 1/2
Tube Thickness 𝐿 𝑖𝑛 0.049
Thermal Conductivity of Tube 𝑘 𝑊/𝑚−𝐾 40
Chilled Water Heat Transfer Coefficient ℎ𝐶𝑊 𝑊/𝑚2 −𝐾 8806.32
Corrected DI Water Heat Transfer Coefficient ℎ𝐷𝐼𝑐𝑜𝑟𝑟 𝑊/𝑚2 −𝐾 1270.05
Overall Heat Transfer Coefficient 𝑈 𝑊/𝑚2 −𝐾 980.24
Tube Surface Area 𝐴 𝑚2 72.24

In order to provide all the newly required heat transfer surface area, the shell

diameter was increased to 20 𝑖𝑛 and the tubes were lengthened to 100 𝑖𝑛, again

retaining the desired 5:1 length-to-diameter aspect ratio in order to promote more

favorable flow conditions. A full description of the major heat exchanger geometry

characteristics is provided in Table 4.3.
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Table 4.3: Final heat exchanger model geometries and arrangement

Value Unit
Waterbox head depth 20 𝑖𝑛 each
Exposed tube length 100 𝑖𝑛
Tube sheet thickness 1.125 𝑖𝑛 each
Overall heat exchanger length 122.25 /10.18 𝑖𝑛 / 𝑓𝑡
Heat exchanger internal shell diameter 20 𝑖𝑛
Tube spacing (centerline-to-centerline) 0.656 𝑖𝑛
Total number of tubes 710 non-dim
Number of inlet tubes 355 non-dim
Baffle thickness 0.0625 𝑖𝑛
Baffle spacing 12.85 𝑖𝑛

4.3.2 Simulation Results and Analysis

The chilled water flow was assessed first. By considerably reducing the mass flow rate

while maintaining the previous inlet and outlet piping sizes, the resulting velocities

were projected to be comfortably within the allowable limits. Specifically, the max-

imum velocity at the inlet and outlet regions was 5.51 𝑓𝑡/𝑠, well below the 11 𝑓𝑡/𝑠

limit, while the tube velocities did not exceed 6.10 𝑓𝑡/𝑠. The full velocity profile is

provided in Figure 4-9.

Additionally, the pressure drop results showed marked improvement from the pre-

vious designs, as seen in Figure 4-10. The final calculated pressure drop was 7.36 𝑝𝑠𝑖.

Although this is still technically above the 6 𝑝𝑠𝑖 limit, minor future design changes

could reduce the pressure drop below the prescribed threshold. The most effective

and direct means to reach the pressure drop goal of 6 𝑝𝑠𝑖 would be to slightly increase

the heat exchanger size, providing excess heat transfer capacity which could be offset

by again lowering the mass flow rate.
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Figure 4-9: Final design chilled water velocity flow profile.

Figure 4-10: Final design chilled water pressure gradient.

Next, the shell-side flow was reanalyzed. All velocities were expected to be within

their respective limits; the maximum inlet and outlet velocity was 5.68 𝑓𝑡/𝑠, and all

flow throughout the shell was predicted to be below the 9 𝑓𝑡/𝑠 limit. The full velocity

profile is provided in Figure 4-11. The pressure drop across the shell was reduced by

nearly half from the previous design iteration but still exceeded the 6 𝑝𝑠𝑖 limit at

16.16 𝑝𝑠𝑖. The full pressure profile is depicted in Figure 4-12.

Although this design offers the flexibility to slightly increase the baffle spacing

(by approximately 2 inches) to possibly reduce the pressure drop, that increased

spacing would also increase the shell-side cross-sectional flow area and thus increase

the required heat transfer surface area. Absent changing any other parameters, the

only direct method of subsequently decreasing the heat transfer area would be to

increase one or both of the mass flow rates, thereby negating the improvements yielded

by establishing lower flow rates initially. As with the chilled water pressure drop
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mitigation recommendation, the most effective method to lower the pressure drop is

to increase the heat transfer surface area to enable lower mass flow rates.

Figure 4-11: Final design demineralized water velocity profile.

Figure 4-12: Final design demineralized water pressure gradient.

4.4 Heat Exchanger Redesign Conclusions

The initial design philosophy which sought to minimize the lengthening of the corridor

heat exchanger did not produce a viable model. The first-pass models predicted

substandard hydraulic performance and did not lend confidence that adequate flow

would fully develop. Subsequent simulations illustrated the dominant influence of the

fluids’ mass flow rates on the key performance metrics (velocity and pressure drop).

This insight drove subsequent design choices. The iterative design process progressed

from an initial model which technically met the thermal management requirements

but performed poorly against key operating parameters, to an improved design which

met the heat transfer requirements but still requires some design changes to achieve

all performance standards. Beyond that, given its projected dimensions–2’x 10.18’ x
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3’– it presents a feasible size and volume footprint to accommodate multiple units

spaced smartly throughout the ship.

4.5 Alternative Heat Exchanger Solutions

Although the STHE has been assumed for the purposes of this study, it is just one

among many heat exchanger designs. The remainder of this chapter provides an

overview of other thermal management solutions which could be incorporated into

the NiPEC cooling system, presenting both the benefits and challenges associated

with each approach.

4.5.1 Plate Heat Exchangers

Along with STHE, PHE are the most common design for marine applications. Figure

4-13 provides a representative schematic used in naval systems. Flanged nozzles

connect to passages through tightly-arranged plates, each of which is fitted with a

gasket arrangement to enable separate flow streams for the cooling and cooled fluids.

This prevents the internal mixing of the two liquids, which are directed to alternate

sides of the plates in a counter-current flow strategy in order to optimally provide

the required heat transfer, as depicted in Figure 4-14. The plates are corrugated to

ensure turbulent flow throughout the entire process, which improves the effective heat

transfer coefficient but also requires greater pumping power compared to other heat

exchanger designs.
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Figure 4-13: Flat PHE for ECWS [33].

One of the biggest advantages PHEs offer is the much larger surface area to which

the fluids are exposed, which facilitates faster heat transfer. The temperature ap-

proach (i.e. the smallest temperature difference between the cooling and cooled

fluids) in a PHE can be as low as 1°C, which allows for a smaller heat exchanger

for the same amount of heat exchanged, as illustrated in Figure 4-15 [15]. Moreover,

PHEs can be adjusted to increase capacity by adding more plates while retaining

the existing frame, offering the ability to scale against future system demands and

needs. This represents a distinct advantage over STHEs, whose capacity is fixed at

the time of installation [7]. In a shipboard environment where space is limited and

scale flexibility is coveted, PHEs provide benefits on both fronts which outperform

comparable STHEs designs.
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Figure 4-14: Illustration of counter-current flow path in a PHE using chevron-
corrugated plates [3].

Figure 4-15: Space savings incurred by using PHEs [7].
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PHEs are more prone to fouling than other types of heat exchangers due to the

exposed flat plates creating stagnant areas for particulates to accumulate and the

narrow gaps between plates reducing the space for particulates to move freely. This

can lead to reduced heat transfer efficiency and more frequent maintenance require-

ments, though the overall maintenance costs are generally still lower than other heat

exchanger types of similar capacity due to the relative ease of maintenance and less

complex system design [3].

4.5.2 Printed Circuit Heat Exchangers

A PCHEis a type of compact heat exchanger that consists of a stack of thin metal

plates that are either brazed or diffusion-bonded together to form a single unit. The

plates are typically made of materials such as stainless steel or titanium and are ar-

ranged in a way that creates a network of small, chemically etched channels through

which the fluid flows, as illustrated in Figure 4-16. The fluid flows through these

channels in a highly turbulent manner, which increases the rate of heat transfer be-

tween the two fluids. Figure 4-17 shows all the principal components of a commercial

PCHE design produced by Heatric, a UK-based manufacturer that is considered the

world leader in diffusion-bonded heat exchangers.

PCHEs are highly efficient heat exchangers due to their compact design, which

provides a large surface area for heat transfer in a relatively small volume. This makes

them particularly useful in applications where space and weight are at a premium,

such as the future all-electric destroyer warship. Additionally, PCHEs offer other

benefits such as high thermal performance and reliability, low fouling, and the ability

to withstand pressures up to 15,000 𝑝𝑠𝑖 and temperatures up to 600°C.

However, PCHEs can be more expensive to manufacture than traditional heat

exchangers due to generally requiring all stainless steel construction [17]. Addition-

ally, pressure drop development is a significant known limitation in PCHE designs,

specifically for high volumetric flow rate and moderate pressure applications, such as

the NiPEC cooling system. The small flow channels are often arranged in a zigzag

formation, each of which acts as a relatively very small pipe with numerous bends and
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Figure 4-16: PCHE model developed by MIT’s Atomistic Simulation and Energy
Research Group [4].

Figure 4-17: Exploded view of Heatric PCHE internals [44].
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resulting swirl and eddy flows. These features can collectively introduce unacceptably

high pressure drop conditions which would not conform to the standards set forth in

[30] and [31]. PCHEs can alternatively be manufactured with S-shaped flow pat-

terns in lieu of the zigzag formation to decrease expected pressure drops by 25-35%,

but this requires a much more expensive etching process and introduces challenges

in the diffusion bonding process [17]. Additionally, PCHEs are highly susceptible to

blockage due to very small flow channels, necessitating the installation of extremely

fine filters and strainers which require frequent and thorough cleaning, which in turn

increases operating and maintenance costs.

Despite their commercial deployment dating back to the 1980s, PCHE usage still

dwarfs in comparison to the more traditional STHE and PHE designs. PCHEs were

explored as potential replacements for the U.S. Navy’s Littoral Combat Ships (LCS),

but still represent a significant risk for the Navy to invest in for future warships. The

naval and military standards governing cooler design and performance, specifically

for electronic cooling purposes, do not address PCHEs as a potential thermal man-

agement solution. Thus, there would need to be a considerable investment on the

organization’s part to better understand the technology and codify requirements for

warship use.

4.5.3 Spiral Heat Exchangers

SHE transfer heat from one fluid to another through a large surface area provided by

the spiral channels. Figure 4-18 depicts the flow and heat transfer processes: two fluids

are separated by the spiral walls, and heat is transferred from the warmer fluid to the

cooler fluid through the walls. The counter-flow configuration ensures efficient heat

transfer, with the maximum temperature difference between the two fluids occurring

at the start of the channels. Like the other alternative heat exchangers discussed thus

far, SHEs offer a more compact and flexible design for similar capacity compared to

an STHE. Fouling is drastically reduced due to the single-channel design and self-

cleaning effect promoted by the spiral flow path [5]. Although most SHEs cannot

handle as wide a range of fluid types and operating conditions as STHEs in general,
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the most popular current commercial options offer solutions well within the expected

temperatures and pressures of the NiPEC cooling system. Figure 4-19 depicts a

commercial SHE model manufactured by Alfa Laval.

Figure 4-18: Illustration of the hot and cold fluid flow paths within a SHE [5].

Figure 4-19: Alfa Laval SHE external view [5].
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Although their installation and operational costs are cost-competitive, SHEs are

usually much more expensive to manufacture than STHEs. The spiral shape is more

difficult to produce than a straight tube, and its intricate welding procedures and

quality control requirements are particularly demanding.

Similar to PCHEs, SHEs are a relatively newer technology with which the U.S.

Navy has very little familiarity, as opposed to the multiple decades-long operation

and proven track record of STHEs in the fleet. Although SHEs have been a viable

and high-performing option commercially, there are currently no industry standards

for SHEs that the Navy could adopt or adapt to establish its own standards. Pivoting

to this technology would introduce greater uncertainty and higher initial investment

for the organization that may ultimately not prove worthy of the cost or technical

risk.
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Chapter 5

Overall Cooling System Architecture

5.1 Separation and Redundancy

Among the key design considerations governing system survivability and vulnerability

are the coupled concepts of redundancy and separation. Achieving these concepts

in design normally involves a three-pronged approach: (1) provide vital functions

redundantly, (2), separate redundant instances of each vital function, and (3), co-

locate components of one instance of a redundant function. Broadly speaking, the

first objective ensures that no single failure will render the system inoperative, the

second objective aims to preclude a common cause event from causing multiple failures

which could then render the system inoperative, and the last objective attempts to

mitigate the possibility of unrelated events eliminating system redundancy.

The first objective will be achieved in the NiPEC cooling system by ensuring that

any section of the NiPEC has access to at least two sources of cooling. A "source of

cooling" describes the availability and proper operation of the minimum number of

components required to get cooling water to the header piping of a given portion of the

corridor. This wording specifically accounts for the case where an initiating event such

as significant battle damage incapacitates a given section of the system piping itself.

The piping damage is assumed such that the cooling water cannot physically reach

the associated PEBB stacks and cold plates, up to and including an entire corridor.

In this limiting casualty scenario, redundancy is achieved by considering the entire
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affected corridor in an offline status, and relying on the corridor N-1 condition, which

stipulates that all loads can be carried with one corridor unavailable.

Within a given corridor, redundancy will also be provided by having two pumps

installed in parallel, such that only one pump is online at any given time, but that the

offline pump remains in a standby condition in case the other pump fails. Specifically,

the pumps shall be electrically interlocked such that if the pump in use stops, the

standby pump will start automatically [33]. Pump failure is anticipated to be a likelier

occurrence than other components’ failure, given it has both electrical and mechan-

ical failure modes. Introducing this additional local level of redundancy is therefore

deemed mandatory to mitigate individual pump malfunction while still retaining full

use of that portion of the cooling system.

NAVSEA-532 [33] notes that at least two heat exchangers shall be provided in

parallel, with one unit in operation and one unit in standby during normal operations.

Although this requirement does not technically improve the system’s survivability–

both units are located in the same space and would be assumed inoperative if that

space took significant battle damage–it serves to enhance the system’s reliability in

case of miscellaneous equipment malfunction. Therefore, in keeping with naval ECWS

conventions and standards, two heat exchangers in parallel will be incorporated into

each "source of cooling."

The pair of pumps, in conjunction with the dual heat exchangers and other ma-

jor components constituting a "source of cooling" (i.e. expansion tank, demineral-

izer loop, and associated controls) will be considered a singular, functionally non-

redundant instance of cooling to a given portion of the corridor.

The second and third design objectives will broadly be achieved by separating

the location of these instances of cooling, but co-locating the required components

of each vital instance within the same compartment, as dictated by relevant military

standards [33]. This will effectively create multiple cooling source spaces strategically

located throughout the ship, arranged to enable the first objective of dual-sourced

cooling for any portion of the corridor. It is further assumed that if a cooling source

space were to take damage, all the components constituting that source would be
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considered lost, and a backup cooling source would be required.

5.1.1 Improved Redundancy

In order to achieve a heightened degree of redundancy and survivability with respect

to PEBB arrangement, a more deliberate PEBB allocation assignment strategy was

pursued. Previously, the number of PEBBs required for each compartment was just

evenly divided amongst the four corridor quadrants within that compartment (Port

2nd/4th Decks, Starboard 2nd/4th Decks). However, this relatively coarse approach

increased the possibility of losing a given load’s primary and backup PEBB sources

simultaneously in the case of battle damage or some other casualty scenario. Instead,

a diagonal dual-sourcing strategy was implemented. In this approach, a given load’s

primary PEBB sources are assigned to the corridor region nearest that load, based

on that load’s physical location within the notional destroyer. The load’s backup

PEBBs were then assigned to the cross-diagonal region of the corridor within that

same compartment.

For example, the Compartment 3 Air Conditioning Chiller has the following lon-

gitudinal, transverse, and vertical coordinates: (34.18 m, -2.78 m, 2.8 m), where a

negative transverse coordinate indicates a location port of centerline. Therefore, this

chiller’s primary PEBBs were assigned to the Port 4th Deck quadrant of the Com-

partment 3 corridor, and its backup PEBBs were assigned to the Starboard 2nd Deck

quadrant of the Compartment 3 corridor. The vertical assignment boundary was cho-

sen to be four (4) meters above the keel, which allowed for an equitable distribution

of PEBBs between the decks in order to properly account for those select loads which

would not have redundant power sources, as detailed below. This assignment policy

was otherwise repeated for all the ship’s loads.

Non-Redundant Loads

• PMMs. The propulsion motors require such a significant number of PEBBs

that it was deemed infeasible to duplicate their requirement. The PMMs are
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designed to have dedicated watertight compartments with minimal additional

equipment or space and thus are two of the shortest compartments within the

notional destroyer. Accommodating just the minimum number of PEBB stacks

necessary for PMM operation may require a bespoke arrangement distinct from

the rest of the corridor which could not be feasibly duplicated in the cross-

diagonal compartment quadrant. Moreover, it is expected that these PEBBs

will be installed very close to the PMMs given the compartment restrictions,

and thus any significant damage incurred by the PEBBs would be incurred by

the motors themselves, rendering backup PEBBs unnecessary.

• Generator Sets. Likewise, each of the generator sets requires a significant

number of PEBBs to handle all the conversion and transformation processes to

provide power to the MVDC bus. And like the PMM arrangement, it is proposed

that the generators’ PEBBs would be very closely located to the equipment

itself. Therefore, duplication of these PEBBs was deemed both infeasible and

unnecessary.

• Conversion Stations. The proposed electrical distribution system was de-

signed to have five MVDC-LVDC conversion stations each on the port side and

starboard side. The 12 PEBBs required for these stations do not need to be

duplicated to the cross-diagonal quadrant, as they are already interconnected

via the distribution bus to provide backup to one another.

5.2 Zonal Strategy and Arrangement

5.2.1 First Design: One System Per Corridor

The initial rendering of the NiPEC cooling system architecture proposed individual

cooling systems for each of the four corridors. Cross-connect piping would enable

dual-source cooling, likely from the other cooling skid on that side of the ship. How-

ever, this approach introduced certain undesirable features which worsened system

susceptibility and reliability. If an individual cooling system were to service an en-
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tire corridor, its cooling skid would ideally be centrally located, in order to minimize

the longest run of piping, which would reduce system headloss, and in turn, reduce

pump sizing and cost. This would result in the cooling skids on one side of the ship

being closely located to one another and failing to achieve the second system perfor-

mance objective of separating redundant instances of vital functions. Battle damage

taken near midships could more easily impair both sets of cooling piping servicing

their respective decks, potentially rendering two corridors inoperative and resulting

in unacceptable load loss.

5.2.2 Second Design: Forward and Aft Quadrants

Instead, a more zonal approach was proposed as an alternative solution, whereby a

cooling zone (quadrant) is provided separately for the forward and aft portions of

both corridors on each side of the ship. In other words, the "Forward Port" cooling

quadrant provides cooling to the forward portions of the 2nd Deck and 4th Deck

port corridors. Riser piping from the heat exchanger splits to distribute or receive

coolant, either to the main supply header or from the main return header, located on

each deck. The NPS 5 main supply and return headers run in parallel with a slight

vertical offset within the cooling conduit, located underneath the power corridor base.

Two-inch branch piping at the side of each stack taps off of these headers to supply

coolant to, and receive heated coolant from, each individual cold plate via one-inch

inlet piping.

In this arrangement, there are still four normal cooling zones provided, but each

one only services approximately half of each corridor on that side of the ship. This

will reduce the total dynamic head requirements of the system’s pumps, which will

no longer be required to pump coolant through piping spanning the entire corridor

length. This design decision also better facilitates cooling skid separation. Two

cooling skids will be located forward on opposite sides of the ship, two cooling skids

will be located aft on opposite ends of the ship, and the backup cooling skids will be

approximately centrally located, in order to more easily facilitate alignment to either

the forward or aft quadrant in the event of a casualty. Each skid will be separated
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by at least one watertight bulkhead, as detailed in Table 5.2.

Figure 5-1: Main header piping of NiPEC cooling system. The basic architecture is
adaptable to a variety of cooling zone strategies and layouts.

Figure 5-2: Topdown view of cooling skid locations. The white heat exchanger figures
are representative of a singular cooling skid, i.e. a non-redundant source of cooling.

This modified approach required that none of the four quadrant heat loads ex-

ceeded that which was previously assumed of an entire corridor (1515.8 𝑘𝑊 ). To

accomplish this objective, PEBB allocation was optimized for equitable distribution,

and none of the expected quadrant heat loads exceeded the design basis assumption.

Full details of PEBB allocation and expected quadrant head load are provided in

Table 5.1.
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Table 5.1: Quadrant Cooling PEBB Allocation and Heat Load

Quadrant iPEBBs PEBB 6000s Total PEBBs Total Assumed Heat Load (𝑘𝑊 )

Forward Port 88 42 130 1292.6

Aft Port 60 78 138 1449.0

Forward Starboard 80 48 128 1288.0

Aft Starboard 68 60 128 1315.6

5.2.3 Inadequate Mass Flow Rate at Cold Plates

In order to mitigate the excessive pressure drops incurred at the heat exchanger, the

system mass flow rate was reduced below the recommended value given by MIL-STD-

1399 [31], as described in Chapter 4. The heat exchanger itself was designed in light

of this concession, by increasing its diameter and accommodating more tubes than

would otherwise be required. Additional system modeling was performed to analyze

the extent to which the quadrant cooling system flow rate–which is seen at each

heat exchanger before being split between the two main headers–would be divided

amongst the PEBB stacks in its zone. This analysis determined that the actual mass

flow rate would be inadequate to provide the necessary heat transfer locally at each

cold plate. There were too many stacks and cold plates allocated to each cooling

quadrant, forcing the overall system flow to be divided amongst too many individual

supply paths. Thus, assigning roughly a quarter of the entire system heat load to

each cooling skid proved too taxing, particularly in light of the competing system

performance requirements.

5.3 Final Design: Six Cooling Zones

In order to distribute the system heat load to more sources of cooling, a six-cooling

zone design was pursued. Many of the existing system architecture decisions were

retained. The principal change was to reassign the centrally located cooling skids as

primary cooling sources for the "middle" portion of the NiPEC. In turn, this created
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three cooling zones on each side of the ship, each with primary duties during normal

operations and the capacity to handle additional heat load during casualty situations.

Table 5.2: Cooling Skid Locations (all are located on 3rd Deck)

Cooling Skid Identifier Compartment Longitudinal Location (Aft
of FP, 𝑚)

Transverse
Location (𝑚)

Forward Port 3 33.1 -5.50
Forward Starboard 4 46.2 5.50

Mid Port 6 73.2 -5.50
Mid Starboard 8 87.7 5.50

Aft Port 10 118.0 -5.50
Aft Starboard 11 128.0 5.50

5.3.1 Heat Loss Dependency on Operational Load

Although previous PEBB allocation estimates had been based on operational load vice

connected load (i.e. assigning load factors as detailed in Chapter 3), the design basis

heat load estimates had still conservatively assumed that every PEBB was operating

at 100% capacity, i.e. 250 𝑘𝑊 for the Navy iPEBB and 1000 𝑘𝑊 for the PEBB

6000, such that every PEBB dissipated its maximum heat loss (i.e. 8 𝑘𝑊 and 10

𝑘𝑊 , respectively).

This approach was deemed to be overly conservative. For example, a relatively

small LVAC component with an operating load of 60 𝑘𝑊 must be allocated three Navy

iPEBBs to effect the necessary DC-AC conversion. In the previous assessment scheme,

this correlated to three Navy iPEBBs operating at full capacity, each contributing 8

𝑘𝑊 of heat loss for a total of 24 𝑘𝑊 . Although this was addressed to some extent by

assigning multiple same-type loads to a singular PEBB until it reached capacity, this

mitigation was not robust enough to prevent excessive heat load estimates across all

load types and compartments.

Heat load values were recalculated by applying the PEBB efficiencies to the actual

operational load values, not the maximum PEBB capacities. Thus, instead of pre-

dicting a 24 𝑘𝑊 heat loss contribution from the aforementioned 60 𝑘𝑊 LVAC load,

the new model more accurately predicted just a 1.92 𝑘𝑊 heat loss term.
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5.3.2 Heat Loss Distribution Across Cooling Zones

Normal Operating Conditions

In order to determine the optimal heat load distribution across the new cooling zones

under normal operating conditions, two approaches were considered. In the first

method, the heat load would be distributed as equitably as possible in order to avoid

one excessively limiting zone. However, actually achieving this goal would have re-

quired splitting up the zone assignments between load types, i.e. loads which were

using Navy iPEBBs versus loads using PEBB 6000s. As a result, different PEBB

stacks in a compartment would potentially have different cooling zone assignments.

Considering the piping arrangements, valve placements, and overall increased com-

plexity this approach would require, it was deemed infeasible.

Instead, the cooling zones were principally designed to provide coverage for the

same compartments across both load types, and then the zones were partitioned to

achieve as equitable a heat load distribution as possible. A full breakdown of the

resulting cooling zones, compartment assignments, and heat load contributions are

provided in Appendix D and summarized in Table 5.3.

Table 5.3: Six-Zone Cooling: Normal Operating Conditions

Cooling Zone Compartments Total Assumed Heat Load (𝑘𝑊 )
Forward Port 1-6 595.2
Mid Port 7-8 339.9
Aft Port 9-13 477.7
Forward Starboard 1-6 420.9
Mid Starboard 7-8 375.8
Aft Starboard 9-13 144.4

Under normal operating conditions, the Forward Port is the most limiting cooling

zone, based on its highest estimated heat load of 595.2 kW.

N-1 Scenario: Loss of Power Corridor

The PEBB allocation redundancy strategy provides a solution to the N-1 corridor

condition, where an entire quadrant of the power corridor is assumed lost. If the
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entire Starboard 4th deck corridor is lost, there are already backup PEBBs allocated

and installed along the Port 2nd deck corridor to assume the loads and the attendant

heat loss will be shared and carried by all three cooling zones along the port side.

This scenario was carried out for all the cooling zones in order to evaluate the impact

this casualty has on each zone’s assumed heat load. The Forward Port cooling zone

remains the most limiting condition, with an estimated heat load of 644.8 kW.

N-1 Scenario: Loss of Cooling Source

The other primary casualty scenario requiring evaluation is the loss of a cooling source.

This scenario entails either battle damage or a general casualty rendering an entire

cooling skid inoperative. Per the previously described design requirements, all PEBB

stacks and cold plates must have two sources of cooling to meet relevant military

standards. Although some of the major loads do not have two sources of power, all

sources of power shall still have two sources of cooling.

Each cooling zone is designed such that it can be aligned to the main header

and provide cooling to the entire length of the system on that side of the ship. For

example, if the Mid Port cooling skid were lost, the Forward and Aft Port cooling

skids would be aligned through the main header in order to share the emergent heat

load while still carrying their own zone’s term. This type of scenario was analyzed

across all the cooling zones, in order to determine the most limiting operational

scenario. In this casualty, the Forward Port remains the limiting cooling zone and

incurs an estimated heat load of 834.1 kW. An additional 20 percent cooling margin

was added to this term, as is typical during the early stages of system design and to

accommodate anticipated increased loads in the future. Therefore, the most limiting

heat loss estimate was updated to 1000.92 kW.
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5.3.3 Final System Design Decisions

Temperature Rise

Adopting this improved method of heat loss estimation meant that the system heat

exchanger model was retroactively imbued with considerable cooling margin. This

excess capacity was leveraged to modify other system parameters that would have

otherwise required redesigning the heat exchanger.

Even in light of the benefits incurred by the lower assumed heat load, remaining

strictly tethered to the 2°C water temperature rise limit delineated in MIL-STD-

1399 [31] would still require an overall system flow rate of 1635 𝑔𝑝𝑚. Although this

value is also significantly lower than the previous 2990 𝑔𝑝𝑚 value first determined

in Chapter 3, it would still flagrantly exceed pressure drop limits, and would also

violate the safe piping velocity limits adopted from NSTM-505 [34]. The riser piping

from the heat exchanger is assumed to have a hydraulic diameter of 5.5", which has

a corresponding velocity limit of 11.5 𝑓𝑝𝑠, whereas the suggested flow rate would

result in a pipe velocity of 26.7 𝑓𝑝𝑠. Although larger diameter piping would increase

the velocity limit and decrease the actual pipe velocity, this was deemed spatially

infeasible to incorporate into the overall NiPEC system architecture when all the

other non-cooling system components were considered.

Therefore, it was deemed necessary to deviate from the 2°C limit. The Naval Sea

Service Command (NAVSEA) In-Service Engineering Agents (ISEA) holding tech-

nical cognizance over this requirement confirmed that justifiable deviations are per-

missible and would be approved. In fact, no current ECWS in the U.S. naval fleet

currently operates at that low of a temperature rise; most naval systems operate

at about 5-6°C. Table 5.4 illustrates the beneficial predicted effects on system flow

rates and velocities incurred by increasing the allowable temperature rise. The pipe

velocities listed reference the riser piping discussed above.

In light of the subject matter expert guidance and in consideration of the flow

rates and velocities listed in Table 5.4, the objective ∆𝑇 was increased to 6°C, which

resulted in a maximum predicted system flow rate of 545 𝑔𝑝𝑚, and a maximum
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Table 5.4: ∆𝑇 Effect on Predicted Flow Rates and Velocities

∆𝑇 (°C) Predicted System Flow Rate (𝑔𝑝𝑚) Pipe Velocity (𝑓𝑝𝑠)
2 1635 26.7
3 1090 17.8
4 817 13.4
5 654 10.7
6 545 8.9
7 467 7.6
8 409 6.7
9 363 5.9
10 327 5.3

predicted riser pipe velocity of 8.9 𝑓𝑝𝑠. These parameter changes offered a valid

compromise between limiting the maximum temperature rise of the cooling water

while striving to meet all major performance benchmarks.

Temperature Range

The thermal resistance network and 80/20 semiconductor load analysis presented

in Chapter 2 had predicted acceptable heat transfer performance and component

temperatures at a cold plate inlet temperature (𝑇𝑝𝑙𝑎𝑡𝑒,𝑖𝑛) of 40°C. However, additional

cold plate CFD analysis revealed that for a PEBB operating at full capacity (i.e. heat

loss of 10 𝑘𝑊 total, or 5 𝑘𝑊 per cold plate), the 150°C MOSFET temperature limit

was exceeded when 𝑇𝑝𝑙𝑎𝑡𝑒,𝑖𝑛 = 35°C. The maximum simulated MOSFET temperature

under these conditions was 160.36°C [23].

Therefore, the system design had to be iterated to permit a lower operating tem-

perature range and lower 𝑇𝑝𝑙𝑎𝑡𝑒,𝑖𝑛. To this end, the heat exchanger’s reserve cooling

capacity was again leveraged to lower the demineralized water’s outlet temperature,

which is assumed to be equal to 𝑇𝑝𝑙𝑎𝑡𝑒,𝑖𝑛 given the adiabatic piping assumptions at

this design stage. This updated value for 𝑇𝑝𝑙𝑎𝑡𝑒,𝑖𝑛 could then be validated through

further CFD analysis.

By lowering the demineralized water outlet temperature from 40°C to 22°C, and

maintaining the chilled water inlet temperature at 7°C, the LMTD was decreased

from 29.8°C to 14.6°C. This significant reduction in LMTD would normally require
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increased heat transfer surface area, but the cooling margins provided in the proposed

model supported these systematic changes without requiring any sizing modifications

to the heat exchanger. In fact, the design still provides over a 20% cooling mar-

gin at an improved operating efficiency of nearly 70%, compared to 43% previously.

Therefore, 𝑇𝑝𝑙𝑎𝑡𝑒,𝑖𝑛 was set at 22°C.

Cold Plate and System Flow Rate Assessment and Validation

As a first pass, the 545 𝑔𝑝𝑚 total cooling zone flow rate derived from Table 5.4

was assumed to be evenly distributed amongst all the cold plates in the N-1 Loss

of Cooling scenario, which correlated to a cold plate mass flow rate (𝑚̇𝑝𝑙𝑎𝑡𝑒) of 0.115

kg/s. However, MOSFET temperatures still far exceeded the 150°C limit, reaching a

maximum of 188.69°C, as seen in Figure 5-3.

Figure 5-3: Cold plate conditions for a fully loaded PEBB, assuming an inlet temper-
ature of 22°C and 𝑚̇𝑝𝑙𝑎𝑡𝑒 of 0.115 kg/s. MOSFET temperature limits are exceeded.

A parametric study within Flow Simulation was conducted to determine the lowest

𝑚̇𝑝𝑙𝑎𝑡𝑒 which maintained MOSFET temperatures less than 150°C. This analysis con-

cluded that the lowest achievable 𝑚̇𝑝𝑙𝑎𝑡𝑒 was 0.370 kg/s, corresponding to a maximum

MOSFET temperature of 149.52°C. Under these conditions, ∆𝑇𝑝𝑙𝑎𝑡𝑒 does not reach

6°C; it approaches 4°C. Given the specific topological arrangements of the MOSFETs

on the PEBB, a higher mass flow rate than predicted is necessary through certain

channels to curtail junction "hot spots" and prevent MOSFET temperature limit
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violations.

Figure 5-4: Cold plate conditions for a fully loaded PEBB, assuming an inlet tem-
perature of 22°C and 𝑚̇𝑝𝑙𝑎𝑡𝑒 of 0.370 kg/s.

Since this model reflected a PEBB at full capacity, the number of PEBBs operating

at full capacity under the reference N-1 condition was calculated to determine the

required flow for these cold plates. Analysis of this loading scenario determined that

54 PEBBs are expected to be at full capacity, so the corresponding 108 cold plates,

each receiving 0.370 kg/s of cooling water, require a cumulative flow of 633 𝑔𝑝𝑚.

These fully-loaded PEBBs account for 540 𝑘𝑊 of the 834.1 𝑘𝑊 heat load, so the

remaining 294.1 𝑘𝑊 was assumed to be evenly distributed amongst the remaining 95

PEBBs and 190 cold plates. This averages to 1548 𝑘𝑊 carried by each cold plate.

Because the fully-loaded PEBBs’ cold plates could not achieve the objective

∆𝑇𝑝𝑙𝑎𝑡𝑒, the remaining cold plates had to support a steeper temperature rise to result

in a global temperature rise closer to 6°C. This analysis assumed adiabatic piping,

such that any temperature losses experienced from the cold plate outlet nozzles to

the heat exchanger demineralized water inlet nozzles are considered negligible. There-

fore, so long as sufficient fluid mixing occurs within the stacks’ return branch piping

and the main return headers, a target global temperature rise can theoretically be

realized.

The cold plate model was updated to reflect the "low-load" average heat loss
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and was simulated across various flow rates to determine resultant temperature rises.

Mass flow and temperature balance calculations were then carried out to determine

the global temperature rise, considering the contributions from both the fully-loaded

PEBBs and the low-loaded PEBBs.

In order to achieve the desired 6°C global temperature rise, the low-load cold

plates’ mass flow rate had to be set at 0.008 kg/s, which corresponded to a ∆𝑇𝑝𝑙𝑎𝑡𝑒,𝑙𝑜𝑤𝑙𝑜𝑎𝑑

of 44.2°C. Although the MOSFET temperatures remain below the 150°C limit in this

scenario (see Figure 5-5), the derived temperature rise was too large to be considered

as a viable option. A temperature rise that steep over that short a distance would in-

troduce significant thermal stresses which could cause unacceptable piping expansion,

potentially instigate component damage, and threaten system reliability.

Figure 5-5: Cold plate conditions for a low-loaded PEBB, assuming an inlet temper-
ature of 22°C and 𝑚̇𝑝𝑙𝑎𝑡𝑒 of 0.008 kg/s.

In light of these results, a more reasonable ∆𝑇𝑝𝑙𝑎𝑡𝑒,𝑙𝑜𝑤𝑙𝑜𝑎𝑑 of 12°C was targeted. This

required a low-load cold plate mass flow rate of 0.03 kg/s. MOSFET temperatures

remain far below the limit, reaching a maximum of 84.86°C. Anticipated thermal

stresses from the temperature rise are predicted to be within a much more acceptable

range than the previous design. Given this flow rate and the number of remaining

cold plates, an additional 90 𝑔𝑝𝑚 of flow is required. Thus, the total required cooling

zone flow rate is 723 𝑔𝑝𝑚, and for the purposes of follow-on calculations, was assumed

to be 725 𝑔𝑝𝑚.
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Figure 5-6: Cold plate conditions for a low-loaded PEBB, assuming an inlet temper-
ature of 22°C and 𝑚̇𝑝𝑙𝑎𝑡𝑒 of 0.030 kg/s.

This total mass flow rate is higher than what was originally predicted by the more

general thermodynamic heat balance equation. Still, the maximum velocity experi-

enced by the system–at the heat exchanger inlet, outlet, and riser piping–still falls

below the corresponding limit of 11.5 𝑓𝑝𝑠, reaching a predicted maximum of 11.3 𝑓𝑝𝑠.

The velocities experienced elsewhere in the system fall well below their relevant limits

despite the smaller pipe sizes due to the division of flow between multiple headers,

branches, stacks, and plates. The major enduring concern is that the revised mass

flow rates will produce pressure drops in excess of the limits established by MIL-DTL-

15730N [30] at the heat exchanger. This remains one of the primary open questions

requiring additional investigation and analysis. Specific possible recommendations

and future courses of action are provided in Chapter 8.

The calculated global temperature rise was 5.0°C. This value iss less than the

objective 6°C, but was back-propagated into the heat exchanger model and, when

coupled with the updated demineralized water flow rate value, was determined to still

provide the required heat exchanger performance without any additional structural

or geometric redesign.
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Flow Control

This approach to system operation requires flow regulation at the individual cold

plate level. This will require Temperature Control Valves (TCV) to enable reduced

or enhanced flow based on PEBB loading. Generally, a TCV senses either inlet or

outlet temperature from the heat exchanging component (i.e the cold plate). It

automatically adjusts its position to adjust the flow to the component in order to

maintain the desired calibrated temperature.

The results yielded by the cold plate CFD analyses illustrate the additional com-

plexity of successfully implementing this level of control in the system. The loading

condition of the PEBB influences the achievable temperature rise across its cold

plates. The maximally loaded PEBBs require a 𝑚̇𝑝𝑙𝑎𝑡𝑒 which does not correspond to

a ∆𝑇𝑝𝑙𝑎𝑡𝑒 of 5°C, whereas lower-loaded PEBBs can easily support this temperature

rise. Therefore, an additional control mechanism may be necessary which, upon sens-

ing PEBB loading crossing above a certain threshold, sends a signal to the TCV to

update its calibrated temperature target, forcing a lower ∆𝑇𝑝𝑙𝑎𝑡𝑒 to permit increased

flow and ensure PEBB temperature limits are not exceeded.

Alternatively, the cooling system could be sized so that every plate receives the

maximum required flow (.37 kg/s) at all times. In this way, the system would be

designed in a ready state for any PEBB to operate at full capacity. But this would

fashion a largely inefficient design which would require a total cooling zone flow rate of

nearly 1750 𝑔𝑝𝑚, much of which would be unnecessary for a large portion of the cold

plates under most operating conditions. The current heat exchanger model would be

unable to support that amount of flow, which would need to be distributed across

multiple additional heat exchangers. This would likely incur significant space and

volume increases that would require a dedicated and detailed feasibility analysis.

As such, it is highly recommended to include TCVs at each cold plate. Although

this design increases the manufacturing and operational complexity, it is likely a

necessary inclusion to ensure proper system response to the dynamic and variable

loading conditions of the PEBBs.
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5.3.4 System Parameter Summary and Concept of Operations

The heat exchanger model’s geometry as detailed in Table 4.2 is retained while sup-

porting the final system operational design parameters provided in Table 5.5. The

listed parameters represent the requirements for one of the six cooling zones.

Table 5.5: Final System Operational Parameters

Heat Load 𝑄̇ 𝑘𝑊 1000.92
Cold Plate Inlet Temperature 𝑇𝑝𝑙𝑎𝑡𝑒,𝑖𝑛 °𝐶 22
Global Temperature Rise ∆𝑇 °𝐶 5
Chilled Water Flow ˙𝑚𝐶𝑊 𝑔𝑝𝑚 260
Cold Plate Mass Flow: Full Load ˙𝑚𝑝𝑙𝑎𝑡𝑒,𝐹𝐿 𝑘𝑔/𝑠 0.370
Cold Plate Mass Flow: Low Load ˙𝑚𝑝𝑙𝑎𝑡𝑒,𝐿𝐿 𝑘𝑔/𝑠 0.030
Normal System Operating Pressure 𝑃𝑠𝑦𝑠 𝑝𝑠𝑖 100
Maximum Demineralized Water Flow ˙𝑚𝐷𝐼 𝑔𝑝𝑚 725

All six cooling zones are in use during normal operating conditions. There is

no designated backup cooling skid on each side of the ship, which forfeits some of

the flexibility offered in the quadrant cooling strategy, which allowed all the cooling

skids to rotate through two-to-three week operational windows. However, system

longevity and equitable equipment runtime are provided for by the standby pumps

and alternate heat exchangers included in each cooling skid. It is recommended that

these components swap operational status on a weekly basis as established by the

proposed periodic maintenance schedule for the system.

The loss of cooling source scenario assumes that both remaining cooling zones

on the affected side will split the resulting heat load from the lost cooling zone.

Therefore, the forward cooling zone would have to provide cooling to the aft cooling

zone and vice-versa. This requires that each skid’s pumps have the capacity to provide

sufficient flow through the entire length of the corridor. Although this aspect of the

design is not ideal–and was avoided in the quadrant zonal approach–it is ultimately

a necessary concession to make in order to better distribute the heat loss and best

enable the six-zone approach.
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Chapter 6

Other System Component Evaluation

6.1 Pump

In order to appropriately size the NiPEC cooling system coolant circulating pumps,

two key parameters were required: (1) the flow rate of liquid the pump is required

to deliver, and (2) the total differential head the pump must generate to deliver the

required flow rate.

6.1.1 Flow Rate

The iterative design approach documented in the previous chapters addressed the

recommendations and requirements governing electronic cooling water flow for naval

systems, evaluated against the second and third-order effects that a change in cooling

flow had on the system’s heat transfer characteristics. The volumetric flow rate was

balanced against the competing influences of limiting the pressure drop across the heat

exchanger, providing the adequate mass flow rate to all cold plates under both normal

and casualty scenarios, and ensuring safe piping velocities throughout all portions of

the system. Ultimately, a cooling zone system flow rate of 725 𝑔𝑝𝑚 was determined.

The NiPEC cooling system is envisioned such that the coolant circulating pumps

draw suction from the return header, are placed before the heat exchangers, and are

located closely to the expansion tank in order to accrue the maximum Net Positive
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Suction Head (NPSH) benefits. As such, the pumps will receive the system’s dem-

ineralized water prior to it being cooled, which under normal operating conditions

is assumed to be 27°C. Based on this temperature assumption, the corresponding

principal water characteristics were determined for use in subsequent pumping power

calculations, and are provided in Table 6.1,

Table 6.1: System Coolant Properties

Volumetric Flow 𝑉̇ 𝑚3/𝑠 0.0457
Coolant Temperature 𝑇 °𝐶 27
Density 𝜌 𝑘𝑔/𝑚3 996.53
Dynamic Viscosity 𝜇 𝑁 − 𝑠/𝑚2 0.000850
Vapor Pressure 𝑃𝑣𝑎𝑝 𝑘𝑃𝑎 3.569

where dynamic viscosity, 𝜇, measures the force required to overcome internal fric-

tion in a fluid, and the vapor pressure, 𝑃𝑣𝑎𝑝, refers to the equilibrium pressure of a

vapor above its liquid in a closed system.

6.1.2 Total Differential Head

The Total Differential Head (TDH) that a system must generate is dictated by the

system flow rate, and the system through which the liquid flows [26]. This, in turn, is

primarily dictated by two components: the system static head difference and system

frictional losses. The static head difference across a pump is the difference in head

between the discharge static head and the suction static head. However, in a closed

loop system such as this, the static head difference will be zero since the fluid on one

side of the system pushes up the fluid on the other side of the system, and so the

pump does not need to overcome any elevation differences.

System frictional losses account for all the pressure losses experienced by the

system fluid as it flows through the system piping, fittings, and equipment which the

system pumping will ultimately have to overcome. Each category was individually

assessed and evaluated in terms of suction or discharge losses in order to determine

the final TDH. The calculations in the ensuing sections follow the process outlined

in Menon [29].
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6.1.3 Piping Frictional Pressure Losses

First, the piping frictional losses were calculated using the Darcy-Weisbach equation,

∆𝑝 = 𝑓𝐷
𝐿

𝐷𝐼𝐷

𝜌

2
(𝑣)2 (6.1)

where 𝑓𝐷 is the Darcy friction factor, 𝐿 is the length of the pipe (m), 𝐷𝐼𝐷 is the

internal diameter of the pipe (𝑚), 𝜌 is the density of the fluid (𝑘𝑔/𝑚3) and 𝑣 is the

mean flow velocity (𝑚/𝑠).

The Darcy Friction Factor, 𝑓𝐷, is calculated using the Petukhov approximation

for smooth pipes and Reynolds values between 104 ≤ 𝑅𝑒 ≤ 5𝑒106:

𝑓𝐷 = (0.79 ln(𝑅𝑒)− 1.64)−2 (6.2)

where 𝑅𝑒 is the Reynolds number, which categorizes the ratio of inertial forces to

viscous forces for a system fluid. The Reynolds is given by the following equation,

𝑅𝑒 =
𝜌𝑣𝐷𝐼𝐷

𝜇
(6.3)

where 𝜌 is the density of the fluid (𝑘𝑔/𝑚3), 𝑣 is the mean flow velocity (𝑚/𝑠), 𝐷𝐼𝐷

is the internal diameter of the pipe (𝑚) and 𝜇 is the dynamic viscosity.

The suction piping is assumed to have an internal diameter of 5.3 𝑖𝑛 (Schedule 40

pipe wall thickness); the discharge piping is assumed to have an internal diameter of

5.1 𝑖𝑛 (Schedule 80 pipe wall thickness). The suction piping is sized slightly larger

than the discharge piping in order to reduce the friction losses realized prior to the

pump and ensure it remains above the fluid vapor pressure to avoid cavitation and

subsequent pump damage.

The longest anticipated runs of suction and discharge piping were assumed for

these calculations since this approach yields the most conservative (i.e. largest) fric-

tion loss estimates. In the limiting N-1 Loss of Cooling scenario described in Chapter

5, a forward or aft cooling zone is lost, and the remaining two cooling zones on that

side of the ship are realigned to provide continued cooling to the affected power corri-
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dor sections. Therefore, a forward cooling zone pump must be able to pump coolant

to the aft-most PEBB stack on that side of the ship, or vice-versa. This pipe length

was determined using the 3D CAD model of the NiPEC cooling system created in

Rhino3D.

Suction and discharge velocity values were calculated based on the assumed system

volumetric flow rate, the internal pipe diameters, and the application of the continu-

ity of mass equation. The key parameters and resulting piping frictional losses are

provided in Table 6.2.

Table 6.2: Suction & Discharge Piping Frictional Losses

Suction Discharge
Volumetric Flow Rate 𝑉̇ 𝑚3/𝑠 0.0457 0.0457
Pipe Internal Diameter 𝐷𝐼𝐷 𝑖𝑛 5.3 5.1
Pipe Length 𝐿 𝑚 99.74 104.16
Fluid Velocity 𝑣 𝑚/𝑠 3.21 3.47
Piping Pressure Loss 𝑃𝑃𝑖𝑝𝑒 𝑝𝑠𝑖 7.21 9.07

6.1.4 Equipment Frictional Pressure Losses

For a given closed circuit within the overall cooling system, the main sources of

equipment pressure losses are the heat exchanger, an individual PEBB stack, and

the mechanical Y-type strainer located on the suction side of the pump. The heat

exchanger and stack pressure drops were conservatively assumed to be at their highest

permissible values, 6 𝑝𝑠𝑖𝑑 and 10 𝑝𝑠𝑖𝑑 respectively, in accordance with MIL-DTL-

15730N [30] and MIL-STD-1399 [31]. Pressure drop correlations based on strainer size

and system flow rate were used to determine an appropriate pressure drop estimate

of 5 𝑝𝑠𝑖𝑑 for the main installed strainer [12].

6.1.5 Fitting Frictional Pressure Losses

Fittings–which include valves, pipe bends, tees, reducers, and other functional components–

often induce the most significant pressure losses in a system [11]. There are a variety
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of methods available to calculate these pressure losses depending on the complexity of

the system under analysis, the granularity of system detail available, and the desired

level of pressure loss accuracy. For the purposes of this analysis, the "K-Value" or

"Resistance Coefficient" method was employed. The K-value of a fitting indicates the

number of velocity heads that will be lost by the fluid passing through that fitting

[11]. The headloss is given by,

ℎ𝐿 = 𝐾
𝑣2

2𝑔
(6.4)

where 𝐾 is the fitting resistance coefficient, 𝑣 is the mean flow velocity (𝑚/𝑠),

and 𝑔 is the gravitational acceleration constant. Through this method, the headloss

incurred by a single fitting is calculated and then multiplied by the number of same-

type fittings in the overall system. All fitting contribution losses are then summed to

determine the overall fitting frictional losses.

The expected fitting arrangements and allocations within the cooling skids spaces

are expected to largely mirror the system schematic as seen in Figure 1-5, which was

used as the basis for the initial fitting determination. The 3D cooling system model

was then referenced to determine additional fitting placements and pipe arrangements

primarily along the risers and main headers. The distributed shipwide piping intro-

duces 90°bends due to the riser piping from the heat exchanger branching to the 2nd

and 4th deck main headers, and additional tee junctions to account for coolant flow

splitting to both the forward and aft directions for a given main header.

Four major isolation gate valves are included in each main header to isolate each

of the three cooling zones per side during normal operations and allow their alignment

in a loss of cooling zone casualty scenario.

An automatic TCV was included at each PEBB cold plate inlet, following the

analysis and recommendations set forth in Chapter 5. Although this design decision

increases the manufacturing and operational complexity of the PEBB stacks, it was

deemed necessary in order to account for the potential dynamic loading profiles of

each PEBB and the attendant need to appropriately adjust flow at the cold plate.
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The inclusion of this globe valve is disadvantageous from a pumping perspective, as

this type of valve induces relatively significant pressure losses, but was a necessary

concession to make.

Once all major fittings were accounted for, the cumulative suction and discharge

fitting headloss values were determined.

6.1.6 Total Losses and Pumping Power Determination

The aforementioned pressure loss contributions are summarized in Table 6.3. The

discharge losses are added to the system pressure requirement (100 𝑝𝑠𝑖), while the

suction losses are subtracted from the system pressure requirement, which effectively

calculates the TDH to ensure the required system pressure is seen at the load (i.e.

cold plates).

Table 6.3: System Pressure Losses

Suction Discharge
Equipment Pressure Loss 𝑃𝐸𝑞𝑢𝑖𝑝 𝑝𝑠𝑖 5 16
Piping Pressure Loss 𝑃𝑃𝑖𝑝𝑒 𝑝𝑠𝑖 7.22 9.07
Fitting Pressure Loss 𝑃𝐹𝑖𝑡𝑡𝑖𝑛𝑔 𝑝𝑠𝑖 25.95 42.77
Total Pressure Loss 𝑃𝑇𝑜𝑡 𝑝𝑠𝑖 61.83 167.83
Total Dynamic Head 𝑇𝐷𝐻 𝑝𝑠𝑖 106.0

The TDH was then used to determine pump sizing by using the pump power

equation,

𝑃𝑝𝑢𝑚𝑝 =
𝑉̇ 𝜌𝑔(𝑇𝐷𝐻)

𝜂
(6.5)

where 𝑃𝑝𝑢𝑚𝑝 is the pump power (𝑘𝑊 ), 𝑉̇ is the volumetric flow rate (𝑚3/𝑠), TDH

is the total differential head (𝑚), and 𝜂 is the pump efficiency. Large-size industrial

centrifugal pumps typically operate at approximately 70% efficiency, and this was the

value assumed for 𝜂 [14]. As such, the required pump power was determined to be

47.66 𝑘𝑊 , or 63.92 𝐻𝑃 .
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6.2 Expansion Tank

A closed-loop pressurized water system like the NiPEC cooling system requires an ap-

propriately sized expansion tank to serve the following functions: (1) to accommodate

thermal expansion of the system coolant, (2) to maintain positive pressure at points

in the system at all times and under all conditions, and (3) to maintain adequate

NPSH to the system’s cooling pumps [24]. The most common type of expansion tank

is a closed tank fitted with a bladder or diaphragm, which serves to separate the air

and water within the tank to minimize oxygen entrainment within the coolant and

avoid associated corrosion and cavitation concerns. This was assumed as the expan-

sion tank type and served as the basis for the enusing sizing calculations, which follow

the process outlined by Kauwale [24].

6.2.1 Volume and Pressure Requirements

The minimum required expansion tank volume is given by the following equation,

𝑉𝑇 = 𝑉𝑠

[(𝑣2
𝑣1
)− 1]− 3𝛼∆𝑇

(𝑃𝑝𝑟𝑒

𝑃1
)− (𝑃𝑝𝑟𝑒

𝑃2
)

(6.6)

where 𝑉𝑇 (𝑔𝑎𝑙) is the minimum required expansion tank volume, 𝑉𝑆 (𝑔𝑎𝑙) is the

total cooling system volume, 𝑣1 (𝑚3/𝑘𝑔) is the specific volume at the lowest assumed

coolant temperature, 𝑣2 (𝑚3/𝑘𝑔) is the specific volume at the highest assumed coolant

temperature, 𝛼 (1/ °𝐶) is the linear coefficient of thermal expansion for the piping

material, 𝑃𝑝𝑟𝑒 (𝑝𝑠𝑖𝑎) is the pre-charged pressure of the expansion tank, 𝑃1 (𝑝𝑠𝑖𝑎) is

the minimum allowed tank pressure, and 𝑃2 (𝑝𝑠𝑖𝑎) is the maximum pressure which

can occur at the expansion tank to avoid pressure relief valve operation or system

equipment failure. The pre-charged pressure is conservatively set to 𝑃1, which allows

Equation 6.6 to be recast in the form provided by Equation 6.7.

𝑉𝑇 = 𝑉𝑠

[(𝑣2
𝑣1
)− 1]− 3𝛼∆𝑇

1− (𝑃1

𝑃2
)

(6.7)

The total system volume was obtained through volumetric analysis of the 3D
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CAD model, which included the various runs of major piping, the inlet and outlet

piping associated with all the PEBB stacks in the most PEBB-heavy corridor, the

cold plate piping for these PEBB stacks, two heat exchangers, and two cooling pumps.

Additional volume contributions were included to account for recirculation piping and

other equipment not directly included in the model at the time of analysis. The total

system volume was determined to be 1100 gallons.

In the extreme scenario where all the PEBBs in a corridor are turned off and the

demineralized water conveys no heat load, the demineralized water temperature will

decrease as it loses heat to the chilled water at the heat exchanger. This heat transfer

process will continue until the temperatures equalize. The chilled water servicing

the demineralized water at the system heat exchanger is assumed to operate at an

inlet temperature of 7°C. Therefore, the estimated lower bound demineralized water

temperature is 7°C.

In a complete loss of cooling flow scenario, the demineralized water will be unable

to convey the heat produced by the PEBBs to the system heat exchanger and will

begin to heat up and expand. Reyes [39] determined that based on the worst-case

semiconductor load conditions, the assumed total thermal network resistance for a

PEBB semiconductor switch, and the upper bound semiconductor temperature limit

of 180°C to avoid catastrophic equipment damage, the highest demineralized water

temperature realized is 79°C. Specific volume and vapor pressure values associated

with these water temperatures were retrieved using standard look-up tables.

The minimum system pressure must be no less than 10 𝑝𝑠𝑖 in accordance with

MIL-STD-1399 [31]. This pressure threshold must be achieved at the highest point in

the system, i.e. the upper-most rung of inlet and outlet piping on a given PEBB stack

located on the 2nd deck. Assuming the system fill line is located at the same elevation

as the top of the expansion tank, then the expansion tank must overcome approxi-

mately 13.6 feet of head (5.89 𝑝𝑠𝑖). Thus, the minimum expansion tank pressure was

set at 15.89 𝑝𝑠𝑖𝑔.

The limiting maximum pressure scenario assumes that the cooling pump is on-

line and that the demineralized water is at its highest temperature [24]. The upper
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design pressure of 110 𝑝𝑠𝑖 given by MIL-STD-1399 [31] is assumed as the system’s

Maximum Allowable Working Pressure (MAWP). The expansion tank relief valve

setpoint should be at least 10% or 15 psig above the MAWP, whichever is greater

[22]. Therefore, the relief valve setpoint is assumed to be 125 𝑝𝑠𝑖. If this pressure is

assumed present at the cold plates, and given the pump provides 100 𝑝𝑠𝑖, the pump

suction will be at 25 𝑝𝑠𝑖𝑔. The piping losses between the expansion tank and pump

suction are estimated to be 3.5 𝑝𝑠𝑖𝑔, which results in an expansion tank high-pressure

condition of 28.5 𝑝𝑠𝑖𝑔.

The 3𝛼∆𝑇 term represents the volumetric expansion of the system piping, which

in turn is able to accommodate a portion of the coolant expansion and thus reduce

the required expansion tank volume. In keeping with the material selection decisions

proposed by Reyes [39], the piping is assumed to be CuNi 90-10 alloy, which has a

linear thermal expansion coefficient of 16.2× 10−6 1/°C.

Using these values in Equation 6.7 yielded a minimum required expansion tank

volume of 93.4 gallons. In order to provide sufficient margin for both low tank and

high tank level conditions where operator action may be required, an additional 20%

volume margin was included. Therefore, the required expansion tank volume is 115

gallons.
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Chapter 7

Dynamic Modeling

Many of the NiPEC cooling system design decisions were predicated on assumptions

of component sizing and spacing that have yet to be finalized. Therefore, concurrent

work was performed to develop a dynamic PEPDS/NiPEC model which is responsive

to a host of design parameters subject to future variation. This includes the prin-

cipal dimensions of both the Navy iPEBB and the PEBB 6000, their corresponding

stack dimensions, the associated power density of each configuration (i.e. how many

PEBBs can fit within one stack), the necessary spacing required between each stack

to accommodate cooling piping, cooling piping dimensions, and space within each

compartment allocated for personnel walkthrough access.

Electrical load pre-processing calculations were carried out to determine the num-

ber of each type of PEBB stack required in each portion of each compartment of each

corridor. These values are then fed into the modeler using the parametric model-

ing tool Grasshopper, which offers dynamic programming capability as a plug-in for

Rhino3D. Using the interface shown in Figure 7-1, the inputs generate PEBB stack

array layouts, which are influenced by all the design parameters as described above.
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Figure 7-1: Modeler user interface allows direct input of stack needs for each com-
partment, which are then automatically generated.
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7.1 Use Cases

7.1.1 Nominal Destroyer Corridor Arrangement

The dynamic modeler was first employed to render a full PEBB stack layout of the

nominal destroyer, shown in Figure 7-2. Of particular concern were the potential

stacklength issues in the compartments housing the generators and PMMs, each of

which requires many PEBB 6000s to enable proper power conversion and distribu-

tion. Based on the first set of design choices–which assumed 12" of horizontal inlet

and outlet piping on each side of a PEBB stack (wingspan), and an additional 12"

of spacing between two adjacent stacks–stacklength limitations occurred in each por-

tion of a corridor servicing either a generator or PMM. This illustrated that the

initial assumptions made about the piping wingspan would have to be reassessed. In

conjunction with efforts to reduce the overall system’s construction and operational

complexity, this insight led to the determination that each PEBB plate did not re-

quire its own set of isolation valves. Without the need to incorporate isolation valves

within the inlet and outlet piping, the piping wingspan could be reduced considerably.

Within this redefined design space, the dynamic modeler was used to adjust the

piping wingspan to 6", by reducing the inlet and outlet piping span to 4" and main-

taining the branch piping diameter at 2". The PEBB stack spacing was also decreased

to 6", which shortened the overall stack footprint while ensuring that the minimum 3"

valve clearance requirements dictated by MIL-STD-1472 [32] were still met to permit

the operation and maintenance of the TCV) for each cold plate. These combined spac-

ing reduction efforts relieved the stacklength issues in the generator compartments,

improving the overall design’s feasibility. The modeler permitted rapid rendering of

a potential NiPEC layout solution and provided immediate feedback as to whether

certain design choices were viable or not. Of note, these specific described changes

did not fully resolve the stacklength issue in the PMM compartments, which remains

an open problem.
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Figure 7-2: Model of six-zone NiPEC cooling system with PEBB arrangements spec-
ified by compartment, corridor, and deck.

7.1.2 Single Power Train Arrangements

There are ongoing efforts at the University of Wisconsin-Milwaukee’s Center for Sus-

tainable Electrical Energy Systems (UWM-CSEES) to develop a power converter

sizing tool that estimates the dimensions of a PEBB drawer based on various inputs,

such as voltage, frequency, coolant mass flow rate, and coolant inlet temperature.

This work was leveraged to provide an example application of the modeler, and its

ability to interface with parallel NiPEC research efforts to evaluate the shipboard

arrangement impact of potential power converter solutions.

The ship’s primary power train is from one of the onboard generators to the

main distribution bus, i.e. the conversion of AC power generated at 6900 𝑘𝑉 𝑎𝑐 to

distributed DC power at 12 𝑘𝑉 𝑑𝑐. Main bus power is then conveyed to an in-zone

load via the LVDC 1 𝑘𝑉 𝑑𝑐 distribution bus. Based on UWM-CSEES’ proposed

converter architecture, the first leg of this power conversion process would require 12

power converter drawers which are analogous (but not identical) to the PEBB 6000

converter thus far described in this study. The second leg of conversion retains the
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use of 12 Navy iPEBBs.

Figure 7-3: NiPEC power train footprint to enable MVAC-MVDC-LVDC conversion.

The sizing tool determined the drawer dimensions as follows: 0.841 𝑚 (length) x

0.978 𝑚 (width) x 0.328 𝑚 (height). These values were directly fed into the modeler,

along with the assumption of 2" vertical spacing between PEBB drawers and 2" of

padding around each drawer to dictate stack enclosure sizing. Based on these derived

drawer dimensions, and the dimensions of the iPEBB and iPEBB stack assumed thus

far, this two-step power train process results in a PEBB stack footprint as seen in

Figure 7-3. Figure 7-4 shows the internal PEBB arrangements within their respective

stacks. The volume of a single PEBB 6000-like stack is 8.67 𝑚3; the volume of a single

iPEBB stack is 1.53 𝑚3. In this rendering, four of the larger drawers can fit within a

single stack, which compares favorably to the previous assumption in which only three

PEBB 6000 drawers were allotted per stack based on projected sizing restrictions.

Of note, this particular conversion solution yielded a total useful power output

of approximately 3 𝑀𝑊 . Given the 29 𝑀𝑊 -rated output of the LM2500 generator

sets, nine additional instances of the three larger stack groupings would be required

to fully convert the generator’s power output to the MVDC bus. The total volumetric

and spatial footprints are therefore greater than what was previously estimated and

would result in stacklength issues in the generator compartments.

Ultimately, the power converter drawers and stack dimensions illustrated here

are just one of many potential solutions, dependent on a variety of input parameters,

produced by the UWM-CSEES sizing tool. More broadly, this example illustrates the
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Figure 7-4: Power train stack array displaying internal arrangement and spacing of
PEBBs.

modeler’s compatibility with other efforts to advance the NiPEC concept. By taking

potential power converter solutions and evaluating them in a simulated NiPEC 3D

environment, the modeler provides an integrative tool to assess the initial viability of

a given PEBB design and the impacts it has on the power corridor arrangement writ

large.
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Chapter 8

Future Work and Conclusions

This thesis proposed a NiPEC cooling system designed and suitable for shipwide

deployment. Building off of previous research in this space, an indirect liquid cool-

ing thermal management strategy was implemented via a closed-loop, pressurized,

distributed cooling circuit serviced by the warship’s chilled water system. A compre-

hensive electrical load list developed for this notional all-electric destroyer served as

the design basis to assess the total required power, the allocation of PEBBs (tailored

to the watertight compartment level) to meet this power demand, and the resultant

heat loss from the PEBBs which necessitates the candidate cooling system. Ma-

jor system components were designed, modeled, and tested against key performance

benchmarks and relevant military standards. Various shipwide system architectures

were evaluated for feasibility, survivability, and robustness against casualty and op-

erationally limiting scenarios. Initial work was performed to develop a modeler tool

that can rapidly evaluate a range of power corridor layout solutions, which either

influence or are influenced by design decisions specific to the NiPEC cooling system

itself.

8.1 Future Work

Many of the lines of effort summarized above warrant additional research to answer

unresolved technical issues, to specify the mechanisms by which to actually build and
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implement this concept, or to generally improve the overall feasibility and performance

of the design.

8.1.1 Detailed Electrical Plant Operational Analysis

This research’s treatment of the nominal ship load relied on a relatively simplistic load

factor analysis based on the most limiting operating condition as defined and provided

in [19]. However, future efforts should employ a more detailed and rigorous stochastic

load analysis. This method models loads as a Probability Density Function (PDF) in

order to conduct Monte Carlo simulations to generate loading factor expected values

and standard deviations across any number of ship operating profiles and ambient

conditions [19]. Using PDFs to represent loads accounts for many sources of uncer-

tainty that are otherwise ignored during load analysis and normally just buttressed

by service life margin in a later design stage. Specific load-limiting conditions, such

as a battle-heavy wartime scenario requiring the continued use of the ship’s railgun

and VLS weapons systems, could be closely analyzed to confirm whether previous

loading assumptions had been valid, or if the design basis must be reassessed, which

would have cascading implications on the rest of the cooling system’s design.

8.1.2 Heat Exchanger Pressure Drop Mitigation

If the STHE approach is retained, future design analysis should simultaneously seek

novel solutions to reduce the pressure drop across the heat exchanger while also

exploring the possibility of deviating from MIL-DTL-15730N [30] requirements, as is

permissible with valid justification. Possible solution paths to improving this aspect

of heat exchanger performance include:

• Increasing the baffle cut. This increases the window flow area, reduces the

window velocity, and therefore reduces the pressure drop.

• Using No-Tubes-in-Window (NTIW) baffles. In this design approach,

the tubesheet does not contain any tubes within the baffle window. This per-

mits baffle spacing to be increased beyond nominal TEMA limits, which will
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decrease the cross-flow velocity and decrease the pressure drop [42]. It can also

significantly reduce the pressure drop in the window zones.

• Simultaneous Operation of Parallel Heat Exchangers. The current cool-

ing skid designs could be modified such that two or more heat exchangers are in

operation at all times for each cooling zone. Flow from each of the main headers

would join at the shared return line within the cooling skid space as currently

proposed, but would then be evenly distributed amongst the heat exchangers in

order to reduce the mass flow rate at each unit. Once cooled, the demineralized

water from each unit would be rejoined at the common supply riser to then

be distributed to each of the main headers. As the CFD analysis confirmed,

reducing the required mass flow rate is the most direct method to lower the

pressure drop. This approach would introduce additional concerns regarding

space and volume requirements and would increase construction, maintenance,

and operational costs long-term, but could address one of the primary technical

shortcomings in the current design.

More broadly, overall heat exchanger performance should be more precisely defined

using a multi-objective optimization approach, not only to better tailor the design

of future STHE iterations but also to explore the utility and viability of alternative

heat exchanger types.

8.1.3 PEBB Arrangement Solution in PMM Compartments

Despite concerted efforts to improve the PEBB stack power density, and reduce the

PEBB stack spacing and cooling piping wingspans, stacklength issues persist in the

PMM compartments. The PMMs are the largest loads on the nominal destroyer, and

under current assumptions require 45 PEBB 6000 drawers to enable their operation

at maximum capacity. Absent a significant compartment resizing, a novel approach

will have to be pursued to allocate all the necessary PEBBs in these spaces. The

stack layout may have to depart from the baseline corridor approach, such as having

two rows of power corridors or an even more bespoke arrangement of PEBB stacks
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located adjacent to the PMMs. Whatever approach is pursued will affect the current

cooling system design, which will have to be modified to reflect the unique piping and

fitting arrangements leading into and out of these compartments.

8.1.4 Expansion of Dynamic Modeler Capabilities

Additional functionality should be built into the dynamic modeler to enhance its

utility in system design decision-making and evaluation. Areas to focus on include:

• Adjusting the sizing of all the system’s piping, to include automatic adjustment

of header piping, as necessary, based on changes in heat load assumptions.

• Complete rendering of the cooling skid space arrangements to better specify

piping and equipment layout in order to either justify or revise current pumping

and expansion tank calculations.

• Automatic calculation of excess corridor space in each compartment to allocate

and generate energy storage representations. This work should be merged with

concurrent energy storage sizing research to improve the model’s accuracy.

• Determine a viable method to export the model to a suitable software domain

to conduct in-depth CFD analysis of the overall cooling system.

8.2 Conclusions

This thesis demonstrated both the benefits and challenges associated with addressing

the NiPEC’s thermal management problem with the proposed indirect liquid cooling

strategy.

Electrical load and PEBB allotment calculations indicated the clear benefits ac-

crued by incorporating a joint Navy iPEBB and PEBB 6000 approach. The significant

reduction in LRU component requirements in turn provided a more power-dense solu-

tion compared to the iPEBB-only approach. The resulting power corridor stacklength

requirements proved feasible in all but the PMM compartments, as discussed above.
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This joint approach introduces additional complexity to the system design which will

have to be addressed in greater detail. Cold plate, stack, and cooling piping designs

specific to the PEBB 6000 will have to be further developed, validated, and incor-

porated to prove the overall design’s feasibility. The findings presented in this study

can serve as the initial groundwork for these future efforts.

The six-cooling zone system architecture offers a promising balance between lim-

iting the number of required components for full-ship operation while ensuring that

no singular zone’s demand is overly taxing. Certain technical issues persist, such

as the pressure drop concerns at the heat exchanger detailed above, as well as the

mismatch between the amount of redundancy provided for the PEBBs versus the

amount of redundancy provided for their cooling. PEBB redundancy is allocated at

the watertight compartment level, whereas backup cooling for any given PEBB is

provided by two other cooling sources located elsewhere in the ship. Although this

satisfies the baseline military requirement, it may not be adequately robust against

future organizational and programmatic goals considering the NiPEC’s essential role

in providing power to all of the ship’s loads. Losing NiPEC functionality will not just

affect one component, system, or mission area, but has the potential to incapacitate

major portions of shipboard operation and warfighting capability. This represents a

paradigm shift of sorts in considering how to design a ECWS with first-rate reliability.

This may manifest itself in a requirement to provide either primary or backup cooling

in a more localized manner, up to and including at the watertight compartment level.

Moreover, ongoing NiPEC and PEPDS research aims to improve the overall sys-

tem power density, and the cooling system design directly influences this measure.

Future development of the NiPEC cooling system must continue to bear in mind

this central objective and seek solutions that positively contribute to that goal. The

base system design presented in this study can continue to be evaluated and modified

to produce better-performing components and zonal strategies which contribute to

the goal of improved power density while continuing to meet or exceed all thermal

management requirements. This work can also serve as a comparative study against

which to benchmark other cooling system proposals which may incorporate different
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heat exchanger designs or coolant distribution strategies.
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Appendix A

List of Acronyms

AC Alternating Current

AMDR Air and Missile Defense Radar

ASSET Advanced Ship and Submarine Evaluation

CAD Computer Aided Design

CFD Computational Fluid Dynamics

CPES Center for Power Electronics System

CuNi Copper-Nickel

DC Direct Current

DI demineralized water

ECWS Electronic Cooling Water Systems

EPLA Electric Power Load Analysis
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ESM Energy Storage Module

EW Electronic Warfare

HES-C High Efficiency Super Capacity

InTop Integrated Topside

iPEBB integrated Power Electronics Building Block

IPES Integrated Power and Energy System

IPS Integrated Power System

ISEA In-Service Engineering Agents

LCS Littoral Combat Ships

LMTD Logarithmic Mean Temperature Difference

LRU Least Replaceable Unit

LVAC Low Voltage Alternating Current

LVDC Low Voltage Direct Current

MAWP Maximum Allowable Working Pressure

MIT Massachusetts Institute of Technology

MOSFET Metal-Oxide-Semiconductor Field-Effect Transistor

MVAC Medium Voltage Alternating Current
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MVDC Medium Voltage Direct Current

NAVSEA Naval Sea Service Command

NiPEC Navy integrated Power and Energy Corridor

NPES Naval Power and Energy Systems

NPS Nominal Pipe Size

NPSH Net Positive Suction Head

NSTM Naval Ship’s Technical Manual

NTIW No-Tubes-in-Window

ONR Office of Naval Research

PCHE Printed Circuit Heat Exchanger

PCM Power Conversion Module

PDF Probability Density Function

PEBB Power Electronics Building Block

PEPDS Power Electronics Power Distribution System

PHE Plate Heat Exchangers

PMM Permanent Magnet Motors

SiC Silicon-Carbide
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SHE Spiral Heat Exchangers

STHE shell-and-tube heat exchangers

SWBS Ship Work Breakdown Structure

TCV Temperature Control Valves

TDH Total Differential Head

TDR Technology Development Roadmap

TEM Tactical Energy Management

TEMA Tubular Exchangers’ Manufacturers Association

TIM Thermal Interface Material

UWM-CSEES University of Wisconsin-Milwaukee’s Center for Sustainable Electri-
cal Energy Systems

VLS Vertical Launch System
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Appendix B

Load Factor Analysis and Values

Figure B-1: Inter-relationship of DDS 310-1 tasks [19].
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Figure B-2: SWBS Group 2 Load Factors [19].
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Figure B-3: SWBS Group 3 Load Factors [19].
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Figure B-4: SWBS Group 4 Load Factors [19].
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Figure B-5: SWBS Group 5 Load Factors [19].
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Figure B-6: SWBS Group 5 Load Factors (cont’d) [19].
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Figure B-7: SWBS Group 5 Load Factors (cont’d) [19].
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Figure B-8: SWBS Group 5 and 6 Load Factors [19].
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Figure B-9: SWBS Group 6 Load Factors (cont’d) [19].
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Figure B-10: SWBS Group 7 Load Factors [19].
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Appendix C

PEBB Allocation Breakdown

Table C.1: iPEBB-only: Breakdown Per Compartment (Port)

Compartment LVDC-LVAC MVAC-
MVDC LVAC-LVDC MVDC-

MVDC
MVDC-
LVDC

Compartment
Total

1 3 0 1 0 0 4
2 3 0 1 0 0 4
3 3 0 1 0 12 16
4 6 0 2 0 0 8
5 3 0 2 27 0 32
6 9 0 3 10 12 36
7 3 144 2 15 0 164
8 3 0 4 3 0 12
9 3 144 2 5 0 156
10 6 0 2 135 0 144
11 3 0 2 1 12 20
12 3 0 1 0 0 4
13 6 0 2 0 12 20
14 3 0 1 0 0 4

Type Total 57 288 26 196 48 624

143



Table C.2: iPEBB-only: Breakdown Per Compartment (Starboard)

Compartment LVDC-LVAC MVAC-
MVDC LVAC-LVDC MVDC-

MVDC
MVDC-
LVDC

Compartment
Total

1 3 0 1 0 0 4
2 3 0 1 0 12 16
3 3 0 1 0 0 4
4 6 0 2 0 0 8
5 3 0 2 0 12 20
6 9 0 3 10 0 24
7 3 144 2 15 0 164
8 3 0 4 138 0 148
9 3 36 2 5 12 60
10 6 0 2 0 0 8
11 3 0 2 1 0 8
12 3 0 1 0 12 16
13 6 36 2 0 0 44
14 3 0 1 0 0 4

Type Total 57 216 26 169 48 524

Table C.3: Joint Deployment: Breakdown Per Compartment (Port)

Compartment iPEBB Stacks PEBB 6000 Stacks Compartment PEBB Total
0 1 0 4
1 1 0 4
2 4 0 16
3 2 0 8
4 2 4 20
5 9 0 36
6 5 10 50
7 3 0 12
8 3 12 48
9 2 20 68
10 5 0 20
11 1 0 4
12 5 0 20
13 1 0 4

Type Total 43 46 172/138/310 (total)
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Table C.4: Joint Deployment: Breakdown Per Compartment (Starboard)

Compartment iPEBB Stacks PEBB 6000 Stacks Compartment PEBB Total
0 1 0 4
1 4 0 16
2 1 0 4
3 2 0 8
4 5 0 20
5 6 0 24
6 5 10 50
7 3 20 72
8 6 4 36
9 2 0 8
10 2 0 8
11 4 0 16
12 2 4 20
13 1 0 4

Type Total 44 38 176/114/290 (total)
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Appendix D

Cooling Zone Heat Load Breakdown

Table D.1: Six-Zone Cooling: Compartment Assignments and Heat Loads By Type

Cooling Zone Compartments Navy iPEBB Heat Loss
(𝑘𝑊 )

PEBB 6000
Heat Loss

(𝑘𝑊 )
Total (𝑘𝑊 )

Forward Port 1-6 210.9 384.3 595.2
Mid Port 7-8 49.3 290.6 339.9
Aft Port 9-13 140.2 337.5 477.7

Forward Starboard 1-6 119.0 301.9 420.9
Mid Starboard 7-8 0.67 375.1 375.8
Aft Starboard 9-13 93.5 50.9 144.4

Table D.2: Six-Zone Cooling: Heat Loads Following Loss of Corridor

Cooling Zone Before N-1
(𝑘𝑊 )

Loss of Port
2nd (𝑘𝑊 )

Loss of Port
4th (𝑘𝑊 )

Loss of
Starboard
2nd (𝑘𝑊 )

Loss of
Starboard 4th

(𝑘𝑊 )
Forward Port 595.2 — — 617.0 644.8

Mid Port 339.9 — — 340.8 339.9
Aft Port 477.7 — — 493.5 491.7

Forward Starboard 420.9 529.1 512.4 — —
Mid Starboard 375.8 376.4 400.4 — —
Aft Starboard 144.4 205.5 153.3 — —
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Table D.3: Six Zone Cooling: Heat Loads Following Loss of Cooling Zone (Port)

Cooling Zone Before N-1 (𝑘𝑊 ) Loss of Forward Port
(𝑘𝑊 )

Loss of Mid
Port (𝑘𝑊 )

Loss of Aft
Port (𝑘𝑊 )

Forward Port 595.2 — 765.2 834.1
Mid Port 339.9 637.5 — 578.7
Aft Port 477.7 775.3 647.6 —

Table D.4: Six Zone Cooling: Heat Loads Following Loss of Cooling Zone (Starboard)

Cooling Zone Before N-1 (𝑘𝑊 ) Loss of Forward
Starboard (𝑘𝑊 )

Loss of Mid
Starboard

(𝑘𝑊 )

Loss of Aft
Starboard

(𝑘𝑊 )
Forward Starboard 420.9 — 608.8 493.1

Mid Starboard 375.8 586.2 — 448.0
Aft Starboard 144.4 354.9 332.3 —
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Appendix E

Air Conditioning Plant and Chilled

Water System Impacts

Although the primary focus of this research effort is on the design and development

of the NiPEC cooling system, its proposed reliance on, and large demands of, the

ship’s chilled water system warrants closer analysis.

U.S. Navy Flight III destroyers (DDGs) will upgrade the current platform Air

Conditioning plant from a 5 x 200-ton refrigerant (𝑅𝑇 ) chiller lineup to a 5 x 350

𝑅𝑇 chiller lineup using the HES-C water chiller (see E-1). This cutting-edge system,

developed by York, Johnson Controls Navy Systems, and Calnetix in conjunction

with NAVSEA, offers a significantly higher cooling capacity within the same space as

the legacy cooling system through improved cooling density and operating efficiency

[8] [25]. Although exact dimension and weight specifications for the HES-C system

were not publicly available, comparable commercial chiller data published by York

was used to approximate these values. The assumed footprint for each HES-C chiller

is 3.7’ x 2.1’ x 2.5’, resulting in a unit volume of 19.4 𝑚3, and a unit weight of 9.23

𝑀𝑇 . For the five units, this yields a total space requirement of 97 𝑚3 and a total

weight addition of 46.15 𝑀𝑇 .

However, even this markedly improved and advanced HES-C plant configuration

does not provide the capacity required for the notional all-electric destroyer. For

reference, one 𝑅𝑇 corresponds to 3.516 𝑘𝑊 , which means that each chiller has a heat
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Figure E-1: The higher capacity HES-C units are slated to replace the 200-ton units
for Flight III DDGs and other future U.S. Navy platforms [2].

load capacity of 1230.6 𝑘𝑊 . Therefore, the future fleet plant will have a capacity of

6153 𝑘𝑊 .

The notional destroyer, assumed to be outfitted with a payload and equipment

suite which mirrors the electrical load list presented in this study, was synthesized for

convergence using the Advanced Ship and Submarine Evaluation (ASSET) analysis

tool. The model’s initial estimated Air Conditioning plant load was 23803.9 𝑘𝑊 ,

which included a 20% service life cooling margin but which did not account for the

additional heat load imposed on the chilled water system by the NiPEC heat losses.

The NiPEC cooling zone heat loads under normal operating conditions (provided in

Appendix D) cumulatively add 2013.9 𝑘𝑊 to the plant load, raising the total assumed

AC plant load to 25817.8 𝑘𝑊 . This, in turn, would require a 21-unit HES-C plant,

which likely represents an infeasible solution based primarily on space constraints.

In order for the proposed ship design to actually converge, a revised Air Condition-

ing plant configuration was implemented. A valid solution–strictly from a capacity

perspective–was achieved by designing an 8-unit plant each with a capacity of 1100

𝑅𝑇 (3868.7 𝑘𝑊 ), with the expectation that seven units would be required for nor-

mal operations. Based on the ASSET data provided, each of these units has the
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principal dimensions of 5.64’ x 2.84’ x 2.29’, resulting in a unit volume of 36.68 𝑚3

and a weight of 38.4 metric tons (𝑀𝑇 ). For the 8 units, this yields a total space

requirement of 293.44 𝑚3 and a total weight addition of 310.4 𝑀𝑇 . This results in

a threefold increase in space requirements and a nearly sevenfold increase in weight

addition compared to the anticipated 5-unit HES-C AC plant footprint.

Figure E-2: York YZ Magnetic Bearing Centrifugal Chiller, Style A [6].

Alternatively, in order to retain the five-chiller plant design with some amount

of redundancy requires the implementation of 1840 𝑅𝑇 -capacity (6469.4 𝑘𝑊 ) units,

wherein four units would be required for normal operations. A unit with this large a

capacity was not an available option within the ASSET module, but there exist many

commercial options which do offer this type of capacity. This includes the York YZ

Magnetic Bearing Centrifugal Chiller (see Figure E-2) which, like the Navy HES-C,

was developed in partnership with Johnson Controls, and has models available to

handle up to 7104 𝑘𝑊 [6]. The chiller’s official engineering brochure was referenced
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to determine the following principal dimensions and weight of an approximately 1840

𝑅𝑇 chiller: 3.9’ x 3.5’ x 5.5’ and a maximum shipping weight of 33.3 𝑀𝑇 [6]. This

yields a total space requirement of 375.38 𝑚3 and a total weight addition of 167.5

𝑀𝑇 , which represent a nearly fourfold increase in both space requirements and weight

addition compared to the 5-unit HES-C plant footprint.

These initial capacity estimates illustrate the gaps which exist between current

shipboard Air Conditioning plant capability, planned upgrades to address the imme-

diate future needs of the Navy, and a yet undetermined solution to address the much

greater needs for the future all-electric warship. The predicted increases in space and

weight requirements could have significant implications for engineering space design,

intact stability, and hydrostatic performance, and could prove to be a principal driver

in overall ship design. Although the Air Conditioning plant burden could be allevi-

ated if the NiPEC cooling system did not use chilled water as its cooling medium,

cold plate simulation and testing conducted thus far indicate that seawater will not

be a viable cooling medium given the required system temperatures.
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