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Abstract

As part of an ongoing U.S. Navy research consortium for next-generation warships,
the Design Laboratory of the MIT Sea Grant Program is developing the Navy In-
tegrated Power and Energy Corridor (NiPEC) to underpin the vessel’s power dis-
tribution 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. The power conversion process
is carried out by the corridor’s integrated Power Electronics Building Block (iPEBB)
based architecture. The iPEBB is a comprehensive and self-contained converter con-
figured to provide power-dense solutions to the ship’s stochastic and dynamic loads.
A key challenge with the iPEBB’s advanced semiconductor technology is the mit-
igation of its thermal management, constrained by the provision of indirect liquid
cooling methods and the objective of a sailor-centric design.

This thesis used numerical analysis and modeling to design an indirect liquid-
cooling system aboard U.S. Navy Surface Vessels. Guided by Department of Defense
and industry requirements, a new cooling paradigm was developed, promoting human-
and intra-system operations, a comprehensive component design, and a robust cool-
ing system architecture within the NiPEC compartment footprint. Documented are
the initial investigation, equipment analysis, concept selection, and proof-of-concept
testing that set the foundation for future prototyping and NiPEC cooling system
development.
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Chapter 1

Introduction

1.1 Background

The Office of Naval Research (ONR) established the Electric Ship Research and De-
velopment Consortium (ESRDC) in 2002 to develop unprecedented integrated electric
power system technologies. The ESRDC is an entity comprised of collaborating in-
stitutions and research centers working to advance electric ship concepts. The Power
Electronic Power Distribution Systems (PEPDS) program seeks to build off these
concepts to provide new power, energy, and control technologies to Navy shipboard
electrical systems. The program focuses on five areas of study: Navy integrated Power
Electronics Building Block (iPEBB), Power Corridor, Model is the Specification, con-
trol, and system simulation. In development by the Design Laboratory of the MIT
Sea Grant Program, the Navy integrated Power and Energy Corridor (NiPEC) is
a modular entity that houses and interfaces the ship’s main-bus power distribution
equipment via an iPEBB-based architecture. The iPEBB is a compact, plug-and-play,
sailor-practical universal converter. The synthesis of these two technologies provides
energy storage, conversion, protection, control, isolation, and transfer functions to

system components and loads [33].
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1.1.1 Navy Integrated Power and Energy Corridor

The NiPEC constitutes a paradigm shift in energy and power handling technologies
for naval applications. It is capable of coordinating the singular or simultaneous
utilization of alternating-current (AC) and direct-current (DC) inputs to deliver power
to AC and DC loads. Legacy systems, e.g. Integrated Power and Energy System,
lack the fidelity and synchronization to provide comparable power output to the
ship’s dynamic and static electrical functions. They are limited in their capability
of employing dual-source, AC and DC, parallel-power operations in support of the
ship’s power grid. Whereas, NiPEC is capable of receiving and applying AC and DC
power simultaneously from various sources, e.g. batteries, turbine generators, diesel

engines, fly-wheels, capacitor banks, uninterruptible power supplies [33].

The NiPEC is designed to the reserved space concept. Early in the ship’s design,
relevant system components are co-located into predetermined compartment modules.
Cables, circuit breakers, converters, and such complementary system components
work in concert within these compartments to provide primary and back-up power
to ship loads. del Aguila Ferrandis et al. [4] explored the concept of source-to-load
power delivery and provided a model and algorithm to ensure system flexibility and
redundancy. The model used a four-corridor layout for a notional destroyer-sized
vessel as seen in Fig. 1-1. Each of the corridors lies in a separate quadrant of a
transverse cross-sectional view. Two of the corridors are positioned on the 2"¢ Deck,
and the other two corridors are on the 4*® Deck. The corridors closely mirror each
other port-to-starboard across the ship’s longitudinal center-line. Each corridor is
separated into twelve modular compartments by the ship’s watertight bulkheads,
enabling each compartment to provide zonal power to the equipment within in its
boundaries. Each load is connected in such a way that it is able to receive power from
alternate compartments if its primary zonal compartment is disabled, thus providing
a robust system architecture that increases the ship’s survivability. This model serves

as the ship-wide basis for assumptions made in this thesis.

A study by Cooke et al. 3| provided the design case for the NiPEC and compart-
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Figure 1-1: General view of the NiPEC in the notional ship [4].

ment modules. Each NiPEC is positioned and sized accordingly to avoid interference
with the ship’s girders and stiffeners. An example of such transverse placement is

seen in Fig. 1-2.

Figure 1-2: Sample power corridor and stiffener positioning; not to scale [3].

Each NiPEC is comprised of modular compartments that are longitudinally con-
nected and run parallel to the ship’s center-line. The dimensions and equipment
layout of a notional NiPEC compartment module are seen in Fig. 1-3. All dimen-
sions are displayed in inches, and an overview of the represented major components

includes:

e Bus cable and conduit (magenta)

e Power converter stack (dark blue and brown)
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Interface junction box (orange)

Energy storage (salmon)

Circuit breaker or disconnect (teal)

Bulkhead penetration (gray)

Figure 1-3: Notional NiPEC compartment module [3].

The compartment topography and assumptions made by Cooke et al. [3] serve as

the baseline for the design iteration covered in this thesis.

1.1.2 Navy integrated Power Electronics Building Block

The iPEBB uses Silicon-Carbide (SiC) semi-conductor technology to deliver efficient,
power-dense solutions tailored to end-use needs. It possesses the inherent electrical
inertia to provide stable and reliable energy to a wide array of dynamic loads. It
surpasses the capabilities of traditional Silicon-based devices by achieving a higher
breakdown voltage, faster switching speed, lower switching losses, and higher operat-
ing temperatures [35].

The iPEBB is designed as the least replaceable unit and the most common de-
nominator. For example, instead of replacing individual components that make-up
the converter, the entire unit would be removed and replaced. It streamlines main-
tenance and repair operations and minimizes system downtime. Its self-contained

modular framework facilitates unit replacement through its physical construction and
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software control. The commonality between units mitigates the need to procure and
store different parts while enabling and simplifying user training and familiarity. The
current design iteration measures 500 mm long, 300 mm wide, and 100 mm tall and
weighs approximately 35 lbs. The unit’s dimensions and general internal layout are

depicted in Fig. 1-4 and serve as the basis for designs covered in this thesis.

Figure 1-4: (a) iPEBB design with a top view of the primary side, (b) iPEBB topology,
(c) switching-cell portion of the SiC H-bridges [35].

1.2 Problem Statement

Electrical losses from the internals of the iPEBB generate heat that must be removed
to prevent component damage and system degradation. The current design and anal-
ysis of the iPEBB assumes a heat load of approximately 10 I/ and serves as the base
assumption for this study. The heat is transmitted and spread through component
substrates and the unit’s baseplate to the top and bottom faces of the iPEBB. The
amount of heat requiring removal is not extreme by current industry standards, but
it is complicated by imposed design constraints. First, the iPEBB is prohibited from
having any liquid cooling connections. This eliminates the possibility of direct cool-
ing methods, which functionally have a greater thermal capacity. Second, the iPEBB
must be compact, light-weight, and resilient to physical damage. This prevents the

use of casing fins to dissipate heat to the air and surrounding environment. Third, the
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unit’s anchoring mechanism must interface with the casing’s outer surface to secure
the unit from static and dynamic forces. The cooling method and anchoring inter-
face must develop an integrated design approach to prevent interference and promote
synergistic operations. Lastly, the thermal management solution must conform to

industry and military design standards.

1.3 Base Assumptions

A four-corridor NiPEC system serves as the base model for assumptions made in
this study. Each corridor is comprised of 12 compartments, with each compartment
housing 20 iPEBBs. The 20 iPEBBS are distributed into five cabinets which are
termed iPEBB stacks. Each iPEBB stack contains four iPEBBs stacked in vertical
alignment.

The iPEBB mainly operates in two different load conditions. The first condition
assumes an equal heat load distribution across all semi-conductor switches. The
second condition assumes that half the switches produce 80% of the heat load and the
other half 20% (80/20 condition). Assuming the iPEBB produces 10kW of heat and
is designed with 96 switches, the maximum heat load per switch in each condition is
104W at even load and 167W for the 80/20 condition. Therefore, the 80/20 condition
is the most thermally limiting situation and serves as the basis for cooling system

assumptions and requirements [31].

1.4 Exploration of Cooling Methods

An exploration of shipboard PEBB cooling strategies conducted by Yang et al. [40]
discussed the limitations and requirements of traditional and emerging cooling meth-
ods for the PEBB 6000. The PEBB 6000 and iPEBB are of similar purpose and
design, with the PEBB 6000 providing more robust power capabilities. Both PEBBs
produce an approximate 10 kW of heat and share a similar topography, allowing

parallel arguments to be made for the iPEBB based on the PEBB 6000 study. Fur-

22



thermore, the constraints and assumptions from the study are consistent with those
made for the iPEBB. Therefore, the following assessment of cooling strategies is heav-

ily influenced by Yang et al. [40].

1.4.1 Air Cooling

Air cooling methods require no additional provisions after PEBB installation. No
auxiliary pipes, connections, or other interface requires attachment for system oper-
ation. Notionally, heat would be removed by the convection of forced air over the
top and/or bottom surfaces of the PEBB. Analysis was performed and showed that
the number of cooling fins and PEBB casing material were significant factors that
affected the thermal interface. Increasing the number of cooling fins and thermal
conductivity of the cover material resulted in improved thermal diffusivity and heat
transfer capacity. These conditions allowed the PEBB to achieve lower operating
maximum temperatures.

The drawback to the effective use of this method requires a large mass flow rate of
air and a substantial PEBB surface area. The air flow rate would necessitate a large
fan, which in turn demands a large power requirement. Additionally, a larger fan, or
system of fans, would increase the noise of the compartment and presents personnel
safety concerns with regards to the produced decibel level. If the air were cooled prior
to use, then the mass flow rate and surface area could correspondingly be reduced.
This trade-off would require the use of a localized cooling system.

The mission area or operating theater of naval warships can vary along with the at-
mospheric conditions it experiences. The humidity and dew point of the surrounding
environment risks compromising the PEBB if condensation is enabled or introduced
via the air intake of the cooling system. The use of protective coatings to mitigate
the issue could potentially reduce the PEBB’s thermal performance. The use of an
atmospheric conditioning system introduces complexity to a cooling strategy with
simple design objectives.

The PEBB’s cooling fins augment the size and increase the vulnerability of the

unit, both of which infringe upon the goals of the PEBB’s design basis. The in-
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creased size, weight, and external surface would make transportation and handling
difficult and likely exceed the desired limits of the design. Traditionally, cooling fins
are constructed to maximize the effective surface area while occupying minimal vol-
ume. The design makes the cooling fins susceptible to physical damage due to their
structural fragility. If damage occurs to the cooling fins, it introduces the possibility
of reduced thermal performance. Given the operational commitments and environ-
ment of a naval warship, a more rugged design is better suited for PEBB life-cycle
performance. Furthermore, the PEBB’s larger volumetric footprint would effectively
reduce the unit’s power density and occupy more space within the NiPEC. More space
occupied by fewer PEBBs reduces the electrical power capacity of the NiIPEC and

diminishes the available domain for other NiPEC system components.

1.4.2 Direct Liquid Cooling

Direct cooling methods deliver liquid to each PEBB by connecting pipes or tubing
from a source to individual units. Operationally this functions by inserting the PEBB
into its location and then having an operator or system make-up the liquid connec-
tions. The strategy uses demineralized water or dielectric liquid to mitigate electrical
conductivity between components. Non-conductive connectors provide electrical iso-
lation to the remainder of the cooling system, and the use of no-leak disconnects
protects components from potential liquid damage. This method was determined
by [40] to be more effective at removing heat from the PEBB than the air cooling
method. It had a higher heat transfer coefficient by an entire order of magnitude and
utilized a significantly smaller heat transfer area.

The issues with this strategy are that it negates the constraint of direct cooling
connections and places liquid in close proximity to electrical components. A leak,
fluid contamination, or internal malfunction could result in catastrophic component
or system damage. Corrosion and wear present significant risk factors requiring fur-
ther consideration and analysis, and likely reduce the operational life-cycle of the
PEBB. The PEBB’s swapability is compromised by the direct connections, which re-

quires considerable interaction by the user to manipulate. For example, if the liquid
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connection is a threaded union, then the operation required for removal or installation
of the PEBB is relatively more time-intensive and physically intricate than the ide-
alized plug-and-play capability. Such operator dependencies deviate from the design
goals and constraints of the iPEBB.

1.4.3 Cold Plate Cooling

Cold plates are heat sinks with internal fluid channels that transfer heat away from
the source. This cooling strategy is achieved by the conduction of heat through the
in-contact, dry and solid surfaces of the PEBB and cold plate. This method requires
no cooling connection to the PEBB, prevents liquid contact of electrical components,
and is capable of providing some measure of electrical isolation from the PEBB. The
drawback is the considerable contact resistance at the PEBB-to-cold plate interface.
Debris, surface roughness, and contact pressure are significant factors that affect the
interface conductance. [40] postulated the use of a thermally conductive interface
pad to improve surface contact and promote the effective utilization of this cooling
strategy. The thermal pad would be dependent on a secondary mechanical support
system to provide adequate and uniform contact pressure across the interface surface
area.

The heat capacitance of liquid-based cooling strategies surpasses air cooling meth-
ods. Although air cooling methods could provide the immediate thermal solution,
they risk providing insufficient cooling to future iPEBB design iterations. Further
justification in pursuing liquid-based cooling strategies is provided by the require-
ment in DOD-STD-1399 [6] that states when the temperature difference between the
inlet and outlet of the cooling air exceeds 14 °C, liquid cooling methods shall be em-
ployed. Current convective air cooling performance estimations conducted by CPES
show air cooling strategies exceeding this limit which necessitates the investigation
of liquid-based cooling strategies. In their examination of PEBB cooling strategies,
[40] concluded that direct liquid cooling slightly outperformed the cold plate cooling
method from a purely thermal standpoint. However, as discussed, the direct liquid

cooling strategy violates iPEBB design goals and presents the need to further examine

25



cold plate cooling strategies as a viable thermal solution.

1.4.4 Advanced Methods

Other cooling strategies such as solid-state cooling, impinging jet, immersion cooling,
electro-wetting, and liquid-metal heat exchangers could provide improved capabilities
required of higher heat flux applications. However, these methods are typically more
complex and can introduce greater vulnerability. [40] concluded that given the esti-
mated heat output of the PEBB and capabilities of liquid-cooled strategies, further

analysis of advanced methods would be unnecessary.

1.5 Cooling System Architecture

The notional NiPEC cooling system is a closed-loop, pressurized, demineralized water
cooling system. It is comprised of components required to ensure continuous flow
and adequate cooling of the iPEBB architecture within the NiPEC compartment.
Heat exchangers, pumps, water chemistry control instruments, pipes and fittings,
expansion tanks, cold plates, and water filters are the major components to be assessed
in meeting this goal. Cooling water flow, temperature, system pressure, and water
purity monitoring and alarm equipment are support systems required for the safe and
proper operation of the system.

Design standards and assumptions are based on DOD-STD-1399 [6], which pro-
vides the requirements for water cooling of shipboard electronic equipment. Deminer-
alized water is the chosen NiPEC cooling system medium as it eliminates or lessens
the risk of electrical conductivity between components and corrosion of equipment.
The system water pressure must be within the operating range of 10 to 110 lbs/in?
and be capable of withstanding a hydrostatic test pressure of 150 Ibs/in*. Analysis
and modeling assume an 100 lbs/in? system operating pressure to mitigate the risk
of water contamination from support system leakage. The likely source of potential
contamination would be from the secondary water of the heat exchanger. The heat

exchanger’s cooling water is required to be sourced from the ship’s seawater or chilled
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water systems. Therefore, the NIPEC cooling water system pressure must be greater
than those systems to prevent the introduction of water in the event of a leak across
the heat exchanger’s fluid-to-fluid interface. If a leak were to occur, the secondary
water would not meet NiPEC cooling water purity specifications and increase the
conductivity and corrosive properties of the demineralized water. Additionally, the
NiPEC cooling water system is a closed-loop design to aid in maintaining water chem-
istry, making effective use of system resources, and minimizing head losses incurred

by an open system design.

1.5.1 Heat Exchanger

The heat exchanger transfers heat between fluids via an interface that prevents direct
contact and intermixing. The fluid being cooled in the heat exchanger is demineralized
water, which provides cooling to the iPEBBs by means of a cold plate. Based on
assumptions made by [31], 15 °C cold plate inlet water is required to provide adequate
cooling to the iPEBB. Military design standards mandate that cooling water at or
below 40 °C be cooled by the ship’s chilled water system [6]. Therefore, the secondary
fluid in the heat exchanger is chilled water. Chilled water passes through the heat
exchanger, cooling the demineralized water, and deposits heat energy into the ship’s
surrounding water via the refrigerant system.

Heat exchangers used in Navy shipboard electronic cooling water systems are
either plate-type or shell-and-tube coolers. Plate-type heat exchangers (PHE) are
constructed of stacked and gasketed titanium sheets supported by a fixed chassis.
[lustrated in Fig. 1-5, cold cooling water enters the heat exchanger at the bottom
left inlet. As the cooling water flows towards the back of the heat exchanger, some
flow is diverted up between the plates, alternating between plates. The cooling water
flows up and returns to the outlet at the front face of the heat exchanger. The liquid
being cooled follows a similar, but opposite flow path; its alternating intra-plate path
is offset from the cooling liquid. Heat from the cooled liquid is transferred across the
thin plates to the cooling liquid by convection and conduction.

Shell-and-tube heat exchangers are shell vessels that house numerous small tubes
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Figure 1-5: Plate Heat Exchanger [1].

oriented along the length of the structure and patterned symmetrically at the vessel’s
circular cross-section. Fluid flow relations exist between the fluid inside the tubes and
the fluid outside the tubes. Different design flow arrangements exist depending on the
equipment’s application. The example of a two-pass parallel flow heat exchanger is
shown in Fig. 1-6. Cooling water flows into the top half of tubes via the inlet plenum,
accumulates at the end-bell, and exits the outlet plenum via the bottom set of tubes.
The cooling water flow is referred to as tube-side flow. The water to be cooled enters
the shell at one end of the heat exchanger, flows around the tubes and exits at the
heat exchanger’s other end. The cooled water flow is referred to as shell-side flow.
Baffles typically exist on the shell-side of the heat exchanger so that a serpentine path

exists to minimize stagnant flow and maximize heat transfer.

Shell-and-tube heat exchangers are considered for further analysis as they tra-
ditionally are capable of operating with higher system temperatures and pressures,
produce a smaller pressure loss across the heat exchanger, enable easier leak identifi-
cation and repair, require less complicated maintenance, and are less prone to physical

damage.
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Figure 1-6: Straight-tube two-pass shell-and-tube heat exchanger [32].

1.5.2 Pump

The pump component of the NiPEC cooling system provides the motive force for
the cooling fluid to ensure continuous flow to the electronic components and through
the system. Pumps used in Navy shipboard electronic cooling water systems are
centrifugal pumps as they are more efficient at providing large amounts of flow to
fluids at lower viscosities. They are typically simpler in design, more compact, and less
difficult to maintain than positive displacement pumps. The centrifugal pump’s design
enables the operator to more readily adjust system flow and pressure characteristics.
Therefore, further analysis of the NiPEC cooling system assumes the use of centrifugal

pumps for system operations.

1.5.3 Other System Components

The expansion tank is a closed-shell water reservoir that provides net positive suction
head for the pump, supplies make-up water for system losses, and mitigates the
thermal expansion and contraction of the cooling liquid.

The water chemistry control instruments maintain or enhance the cooling medium’s

purity by circulating the demineralized water through resin beds to extract corrosion
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Figure 1-7: Centrifugal Pump [7]

inducing compounds and wear products. The demineralized water has all inorganic
salts removed by ion exchange. A mixed-bed resin uses cations to convert dissolved
salts within in the water into acid, which is subsequently removed and retained by

the resin’s anions.

Mechanical filters are used to extract particulate matter from the coolant to pro-
tect downstream components. Pump bearings and valve seats can be damaged from
particulates due to impingement or interstitial friction between surfaces. Flow re-
strictions and system degradation can occur from particulates accumulating in bends,

elbows, and fine passages of equipment.

Pipes, tubing, and fittings utilized in the NiPEC cooling system are made of
copper alloy or stainless steel materials and use Normal Pipe Size (NPS) and Pipe
Schedule (SCH) standards to define their dimensions. SCH 40 piping is assumed for
all piping analyses conducted within this study. Flexible hoses utilized in the cooling

system are made of rigid rubber to enable freedom of movement between components
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and some measure electrical isolation protection.

The cold plate provides the interface by which heat is removed from the iPEBB
and transferred to the demineralized cooling water. Each iPEBB is designed with
top and bottom cold plates, as those surfaces are internally mounted with the heat-

producing components and provide the greatest heat transfer area.
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Chapter 2

Heat Exchanger

To develop a baseline assessment for the design characteristics of each cooling system
component, direct calculations were performed and iterated to achieve the desired
results. The design characteristics are based on the specifications of the iPEBBs,

spatial constraints of the NiPEC, and governance set forth by technical authority.

2.1 Heat Exchanger Theory

Determining the appropriate design criteria and geometries for the cooling system
heat exchanger requires the calculation and iteration of heat transfer variables and
their conformance to standards. The subsequent calculations follow the derivations of
Serth [36] and Lienhard IV and Lienhard V [15]. A derivation of Fourier’s Law, Eqn.
2.1, for multi-composite structures is the fundamental equation used to characterize
the heat exchanger design.

Individual material heat transfer coefficients were calculated ahead of determin-
ing the overall heat transfer coefficient. The heat transfer coefficient for the heat
exchanger cooling medium (i.e. chilled water) was determined by the following means

at a temperature of 7°C:

Q = UAAT (2.1)
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where ) is the rate of heat transfer (W), U is the overall heat transfer coefficient
(=2"%), A is the external surface area for the tube bundle (m?), and AT is the log
mean temperature difference (K).

Based on cold plate cooling assumptions for the NiPEC corridor system by Padilla
et al. [31] and the requirements of DOD-STD-1399 [6], the fluid inside the heat ex-
changer tubes is assumed to be ship’s chilled water at 7°C with the characteristics

listed in Table 2.1. The Reynolds number determines the flow pattern of the fluid

inside the heat exchanger tubes and is calculated using

_ pvDip
L

Re

(2.2)

where p is the density of the fluid (kg/m?), v is the mean flow velocity (m/s), D;p is
the internal diameter of the pipe (m) and u is the dynamic viscosity. In calculating
the convective heat transfer of the chilled water flowing through the pipe, the Nusselt
number was determined. The Gnielinski Correlation was used to calculate the Nusselt
number. It is valid for the turbulent flow of liquid and forced convection in pipes

within the following ranges:

0.5 < Pr < 2000
3000 < Re < 5E6

o (Re —1000) Pr
u =
14+ 12.7(2)2 (Prs — 1)

(2.3)

where fp is the Darcy Friction Factor and Pr is the Prandtl number. The Prandtl

number, which is the ratio of dynamic viscosity to thermal diffusivity, is defined as

Pr=—"- (2.4)

where ¢, is the specific heat capacity of water, y is the dynamic viscosity of water and
k is the thermal conductivity of water. The Darcy Friction Factor, fp, is calculated

using the Petukhov approximation for smooth pipes and Reynolds values between
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10* < Re < 105.
fo = (0.791n(Re) — 1.64)72 (2.5)

The Nusselt number, the ratio of the convective to conductive heat transfer across a

boundary, is defined as

hew
Nu = 2.6
/{:/D]D ( )

where Nu is the Nusselt number, Aoy is the heat transfer coefficient for the chilled
water (W/m?K), and D;p is the internal diameter of the tube (m). Using Eqn. 2.6,
the convective heat transfer for the chilled water inside the heat exchanger tubes was

determined. The results for the calculated parameters are shown in Table 2.1.

Table 2.1: Chilled Water and Heat Exchanger Properties

Density p kg/m? 999.86
Fluid Velocity v m/s 2.5
Internal Diameter Dip mn 0.305
Dynamic Viscosity u | N—s/m? 1.43-3
Reynolds number Re non-dim | 13541.81
Specific Heat Capacity [on J/kg— K 4200
Thermal Conductivity k| Wim—-K 0.574
Prandtl number Pr non-dim 10.46
Darcy Friction Factor fp non-dim 0.029
Nusselt number Nu non-dim 122.09
Chilled Water Heat Transfer Coefficient | how | W/m? — K | 9046.37

In determining the convective heat transfer of the demineralized water flowing over
the tubes, the Bell-Delaware method was utilized. It uses empirical correlations for
shell-and-tube heat exchangers to calculate the heat transfer coefficient and friction
factor for the flow on the shell-side of the heat exchanger passing perpendicular to
the tubes. Perpendicular flow is achieved when the shell side fluid passes through
the region between baffle tips. Deviations from the ideal tube bank condition are
integrated using heat transfer and pressure drop correction factors. Bypass streams
and leakage, such as parallel flow across baffle tips, are accounted for by flow area
correlations. The following calculations use a version of the Bell-Delaware method for

a one-pass shell (TEMA Type E), single-cut segmented baffles, and un-finned tubes
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Serth [36].

The Colburn Factor for heat transfer, j, is a dimensionless number that relates

heat transfer, mass transfer, and friction factors, and can be expressed as

 hpiPré

= G 27)

where hpy is the ideal heat transfer coefficient for the demineralized water (W/m? —
K), Pr is the Prandtl number, cp is the specific heat capacity (J/kg — K), G is
the mass flux on the cross-flow area (kg/m? — s), and ¢ is the viscosity correction
factor. The mass flux on the cross-flow area was determined using Eqn. 2.8 and
expected chilled water system conditions. Assuming a NiPEC system with four ship
corridors, as discussed in Section 1.1.1, each corridor would be provided chilled water
by a dedicated chilled water pump. With four designed corridors, it would require the
ship to maintain 4 online chilled water pumps. Each pump was assumed to provide
600 gpm at 100 Ibf /in? to each quadrant of the ship. 60 gpm of the 600 gpm would
be used for loads not associated with the NiPEC cooling system, and the remaining
540 gpm would be divided equally among the 12 compartments of their respective
corridor. At 45 gpm, each compartment’s heat exchanger would receive a chilled
water mass flow rate of 2.839 kg/s.
m

G=g- (2.8)

where G is the mass flux of the cross-flow area (kg/m? — s), 1 is the mass flow rate
(kg/s), and Sm is the cross-flow area of the region between baffle tips. The viscosity

correction factor was calculated by the following means:

where 1 is the dynamic viscosity of the demineralized water (N — s/m?) and puyy is

the dynamic viscosity at the average temperature of the tube wall (N — s/m?). The
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average tube wall temperature is calculated using the following equation:

_ hprtave + hew (Dip/Dop)Tave

Ty
hpr + hew(Dip/Dop)

(2.10)

where T, is the average tube wall temperature (C'), ¢4 is the average temperature of
the chilled water (C'), T4y g is the average temperature of the demineralized water (C),
and Dop is the outside diameter of the tube (m). Initial calculations for ¢ assume
a value of 1 until values for conductive heat transfer are determined by follow-on
calculations.

The Colburn Factor, j, is calculated using

1.33 \*
i~ g ea2 2.11
J 1 <PT/DOD> OD ( )

where Pr is the tube pitch (m) assumed to be 0.5 in from MIL-DTL-15730 [17] and

Reop is the Reynolds number for flow on the outside of the tubes calculated by

DopG

Reop = (2.12)
KDI
All a constants are listed in Table 2.2 and are derived from Fig. 2-1.
as
= 2.13
¢ (1 n 0.14(Re)a4> (2:13)

Table 2.2: Specific constants for ideal tube bank correlations

Tube Layout Angle Reop a as as a4
90° 10° — 10* | 0.370 | -0.395 | 1.187 | 0.370

A square tube pitch formation was selected based on the criteria from MIL-DTL-
15730 [17]. An alternative method for deriving ideal tube bank correlations, such as
the Colburn factor, is by using the charts found in Appendix E for various tube pitch
formations.

After calculating the ideal shell side heat transfer coefficient heyy, flow correction

factors are incorporated by
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Figure 2-1: Constants for ideal tube bank correlations

hDIcorr = hDIJCJLJBJRJS (214>

where hpreorr 18 the corrected heat transfer coeflicient for the demineralized water
(W/m? — K), Jc is the correction factor for baffle window flow, J, is the correction
factor for baffle leakage effects, Jp is the correction factor for bundle bypass effects,
Jg is the laminar flow correction factor, and Jg is the correction factor for unequal

baffle spacing. Practical estimates provided by [36] were used for calculating hpreopr-

Using the methodology of [31], expected demineralized water temperatures were
derived and the 80/20 condition, discussed in Section 1.1.1, was determined to be
the most thermally limiting situation. The follow-on calculations differ in that the
number of semi-conductors internal to the iPEBB has increased in the latest design
iteration from 72 to 96. Using the following equation, the temperature rise from

semi-conductor to cooling liquid is determined:
Q = ATvet/Rrot (2.15)

where ATy, is the temperature difference between the semi-conductor switch and

cooling water (K) and Rr, is the total thermal resistance from the semi-conductor
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switch to cooling water (K/W).

Using the Ry calculated by [31] of 0.6064 K/W and a Q of 167 W per semi-
conductor, the AT is 101.3 °C. The maximum component temperature to prevent
damage to the iPEBB semi-conductors is 180 °C. Using a 30 °C safety margin criteria
established by [31], a 150 °C upper-temperature limit is defined. Using the calcu-
lated ATy and 150 °C limit, the maximum permissible coolant temperature passing
through the cold plate is 48 °C. Furthermore, the expected coolant temperature dif-
ference across the cold plate is assumed to be 2 °C based on the requirements of
DOD-STD-1399 [6]. Therefore, a maximum cold plate coolant inlet temperature of
46 °C is assumed for the heat exchanger’s demineralized coolant outlet temperature.

The demineralized water’s thermal properties at 46 °C are used in the following
calculations and are listed in Table 2.3. A heat exchanger with an internal shell
diameter of 8 in and a baffle spacing of 4 in was assumed for initial calculations

based on commercially comparable geometries for capable thermal loads.

Table 2.3: Demineralized Water and Heat Exchanger Properties

Dynamic Viscosity W N — s/m? | 5.866E-4
Specific Heat Capacity p Jlkg— K 4180
Thermal Conductivity k W/m— K 0.639
Prandt]l number Pr non-dim 5.22
Mass Flow m kg/s 20.98
Cross-Flow Area Sm m? 0.0206
Mass Flux G kg/m? — s 137.5
Colburn Factor J non-dim 0.01758
DI Water Heat Transfer Coefficient hpr | W/m? — K | 4122.58
Corrected Heat Transfer Coefficient | hpreorr | W/m? — K | 1681.70

Applying the definition of the Overall Heat Transfer Coefficient from [15], Eqn.

2.1 is rewritten:

Q 1
AAT L4 % + —hl ( )
CW DI

where U is the overall heat transfer coefficient (%), A is the external surface

area for the tube bundle (m?), AT is the log mean temperature difference (K), L
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is the thickness of the tube (m), k is the thermal conductivity of the tube material
(W/m — K). Per [17], the tubes are assumed to have an outside diameter of 0.375 in,
a wall thickness of 0.035 in, and a thermal conductivity for CuNi 90/10. A fouling
resistance is incorporated into the calculation as required by [36]. Q@ is determined to
be 240 kW based on the heat load of the 20 iPEBBs in the NiIPEC compartment with

a 20-percent margin of safety. The log mean temperature difference is calculated by

Thin - Tcout) - (Thout - Tczn)

ln ( Thin—Tcout )
Thout _Tcin

AT:(

(2.17)

where T},;,, is the demineralized water temperature entering the heat exchanger (°C),
Thout is the demineralized water temperature leaving the heat exchanger (°C'), T,
is the chilled water temperature entering the heat exchanger (°C), and T,,,; is the
chilled water temperature leaving the heat exchanger (°C'). Tjou is 46 °C based on
maximum semi-conductor temperatures, T};, is 44 °C based on a maximum 2 °C
AT, T., is 7 °C based on expected chilled water system temperatures, and T,,,; is
27 °C. T, was calculated using the expected thermal heat load of the 20 iPEBBs,
a 45 gpm flow rate, and the thermal properties of the chilled water. Assuming that
each of the 20 iPEBBS is emitting 10 kW of heat, and incorporating a 20% safety
margin, the total heat load for the cooling system is 240 kW . Utilizing Eqn. 2.1 and
previously derived factors, the required heat exchanger shell-side tube surface area is

7.42 m?, as shown in Table 2.4.

Table 2.4: Heat Exchanger Characteristics

Heat Transfer Q EW 240
Log Mean Temperature Difference AT C 26.93
Tube Thickness L m 0.035
Thermal Conductivity of Tube k W/m— K 40
Chilled Water Heat Transfer Coefficient hew W/m? — K | 9046.37
Corrected DI Water Heat Transfer Coefficient | hpreorr | W/m* — K | 1681.70
Fouling Resistance Coefficient Ry hr ft*F/Btu | 0.0005
Overall Heat Transfer coefficient heweorr | W/m* — K | 1226.22
Tube Surface Area A m? 7.42
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2.2 Heat Exchanger Design Criteria and Modeling

Heat exchanger construction must abide by the design constraints set forth by [17]
and the industry specifications (i.e. ASTM, ASME, SAE) it incorporates. Any speci-
fications or restrictions described in this section are derived from [17]| unless otherwise
stated. Given the heat exchanger’s purpose and defined fluid, it is classified as a Type
I Class 5 cooler. Type I is a shell-and-tube design, with the cooling water circulated
through the tubes and the cooled water passing through the shell region. Class 5 is

the designation for fresh water cooled surface ship applications.

During material procurement, mercury, cadmium, magnesium, asbestos, and car-
cinogenic materials shall not be selected for use in the manufacturing, testing, or
servicing of the heat exchanger. The restrictions apply to the listed material’s com-
pounds and alloys as well. Personnel and equipment may suffer deleterious effects if
the listed materials are implemented into the heat exchanger’s design or processing.
The primary materials permitted for use in the heat exchanger’s design and construc-
tion are copper alloys, nickel alloys, aluminum alloys, bronze, and tin. A tabulated
list of materials and applicable documentation are listed in Fig. 2-2. Alternative con-
struction materials specifically permitted for Type I Class 5 heat exchangers are listed
in Fig. 2-3. Material selection should consider the compatibility of interfacing com-
ponents 28] and the structural properties to meet the requirements of shock testing
[22] and ships motion [5] not covered by this study. Copper-nickel and bronze alloys
are recommended based on their compatibility and material properties discussed in

later chapters.

Two-pass and Four-pass demineralized water heat exchangers were modeled using
SOLIDWORKS and its supplemental Flow Simulation software. Cooler geometry
and arrangement are based on the assumptions and calculations performed in Section
2.1. The two-pass heat exchanger’s length was determined to be 76 ¢n based on the
calculated tube surface area, assumed tube circumference, and heat exchanger water-
box heads having the same radius of curvature as the main body. The requirement

for waterbox head depth is that it shall not be less than 0.5D for a single-pass heat
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Figure 2-2: Heat Exchanger Construction Materials
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Figure 2-3: Alternative Heat Exchanger Construction Materials

exchanger, 0.345D for a two-pass heat exchanger, and 0.25D pass for a four-pass heat
exchanger; where D is the shell diameter for the heat exchanger. A summary of the

heat exchanger geometries are listed in Table 2.5.

Table 2.5: Two-pass heat exchanger model geometries and arrangement

Geometry Value | Unit
Waterbox head depth 4 | in each
Exposed tube length 66 | in

Tube sheet thickness 1 | in each
Overall heat exchanger length 76 | in

Heat exchanger internal shell radius 8 |in

Tube spacing (centerline-to-centerline) 0.5 | in

Tube sheet thickness 1|in

Total number of tubes 148 | non-dim
Number of inlet tubes 74 | non-dim
Baffle thickness 0.125 | n
Baffle spacing 4 | in

The exposed tube length of 66 in was calculated based on the required surface area
of 7.42 m?, the number of first-pass tubes that could be accommodated on the tube
sheet face, and the outside circumference of the 3/8 in tube. Tube outside diameters
and wall thickness are limited to those listed in Table 2.6. The tube size restriction
is based on preventing tube cracking, erosion-corrosion, flow-induced vibrations, and
damage from external vibrations and shock. The tube sheet design assumed the use
of inlet-end flared tubes. The tube sheet thickness was not to be less than the depth
of expansion, plus the depth of flare, plus 1/8 in; 0.5 in and 0.376 in respectively
for a 3/8 in tube. The tube sheet wall thickness calculation is less limiting when

using non-flared tubes or for the inner tube sheets of double tube sheet design heat
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exchangers. Values for other diameter tubes are found in Table 2.7. A U-tube design
heat exchanger was not chosen due to the complexity of maintenance. A U-tube
design requires the tube bundle to be removable and have a floating tube sheet for its
back-end support. A straight tube design can have a fixed tube sheet and perform
maintenance without the removal of the tube sheet. In regards to the heat exchanger’s
baffles, alternating top and bottom semi-circle baffles rising up to the heat exchanger’s
centerline were used in the design. The baffles must have a thickness not less than
1/8 in and a spacing in accordance with Table 2.8. If the maximum unsupported
tube span for 3/8 in tubes is 30 in then the spacing between baffles shall not be more
than 15 in. Lastly, a difference between the tube hole diameter in the baffles and the

outside diameter of the tube must be greater than 1/64 in.

Table 2.6: Required tube outside diameter and thickness

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

Table 2.7: Tube Design Criteria

Tube outside diameter (in) | Minimum depth of tube expansion (in) | Depth of flare (in) | Tube spacing (in)
5/8 5/8 12 13/16
12 5/8 3/8 21/32
3/8 12 5/16 12

Table 2.8: Maximum Unsupported Tube Spans

Outside Diameter (in) | Maximum Unsupported Tube Spans (in)
5/8 45
1/2 38
3/8 30

The heat exchanger must meet the following flow and heat transfer characteristics.
The allowable pressure drops across the heat exchanger for both the cooling and
cooled fluid must not exceed 6 Ibf /in?. Cooling water velocities for the chilled water

shall not exceed 9 ft/s through the heat exchanger tubes and 11 ft/s through the
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heat exchanger inlet piping. Assuming a 45 gpm chilled water flow rate, a limit of
11 ft/s, and the continuity equation for mass, a 1.5 in pipe diameter was chosen
for the chilled water inlet and outlet piping. Using the same equation and similar
assumptions, an expected tube velocity of 2.67 ft/s for 3/8 in tubes. Cooling water
inlet temperatures for large surface ship heat exchangers utilizing fresh water shall not
exceed 95°F. The 95°F criteria is met using the assumptions derived in the previous
section for calculating the log mean temperature difference. Heat transfer surfaces for
fresh water coolers shall incorporate a fouling coefficient of 0.0005 (hr ft F'/BTU) into
the design heat transfer coefficient. The factor was incorporated into the calculation

for the overall heat transfer coefficient.

2.2.1 Two-pass Heat Exchanger Model

A model was constructed, and a fluid simulation was performed on the two-pass heat
exchanger. The simulation assumed a chilled water inlet pressure of 100 Ibf /in® and

a mass flow rate of 2.893 kg/s, or 45 gpm at 27 °C'. Fig. 2-4 and 2-5 show the flow

trajectories and pressure and velocity ranges across the model.

Figure 2-4: Two-pass heat exchanger chilled water flow velocities

Neither the 11 ft/s (3.3528 m/s) for the chilled water inlet piping or the 9 ft/s
(2.7432 m/s) for the tubes is expected to be exceeded. Additionally, flow trajectories
do not create vortices that impede the flow path.

A pressure drop of approximately (11.7371 [bf/in?) is calculated and does not

meet the required design criteria of (6 [bf/in?). Follow-on designs that optimize the
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Figure 2-5: Two-pass heat exchanger chilled water flow pressures

heat exchanger’s performance should investigate increasing the tube diameter and
minimizing the number of passes to resolve the pressure drop issue.

A second simulation was performed for the demineralized water portion of the
heat exchanger. The simulation assumed an inlet pressure of 100 Ibf /in? and a mass
flow rate of 20.9829 kg/s, or 336 gpm at 46 °C. Fig. 2-6 and 2-7 show the flow

trajectories and pressure and velocity ranges across the model.

Figure 2-6: Two-pass heat exchanger demineralized water flow velocities

The flow velocities are projected to marginally be within the safe limits for the
heat exchanger’s internal components. A limit of 3.5 m/s is derived given the heat
exchanger’s diameter and material selection of copper-nickel. Increasing the heat
exchanger’s diameter can provide an additional buffer to operate safely within the
velocity limits.

A pressure drop of approximately (29.5810 [bf/in?) is calculated and does not
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Figure 2-7: Two-pass heat exchanger demineralized water flow pressures

meet the required design criteria of (6 [bf/in?). Follow-on designs that optimize
the heat exchanger’s performance should investigate increasing the baffle spacing,
reducing the baffle cross-sectional area, and increasing the tube spacing to resolve the

pressure drop issue.

2.2.2 Four-pass Heat Exchanger Model

The four-pass heat exchanger was modeled with the characteristics in Table 2.9. The
internal shell diameter, number of tubes, tube diameter, and effective tube length
remained consistent to achieve the required tube surface area. The tube and baffle
spacing were increased to lower the demineralized water pressure drop across the heat

exchanger.

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

Geometry Value | Unit
Waterbox head depth 7 | in each
Exposed tube length 50 | in

Tube sheet thickness 1 | in each
Overall heat exchanger length 66 | in

Heat exchanger internal shell radius 7 1in

Tube spacing (centerline-to-centerline) | 0.65 | in

Tube sheet thickness 1|in

Total number of tubes 296 | non-dim
Number of inlet tubes 74 | non-dim
Baffle thickness 0.125 | in
Baffle spacing 6 | in
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The fluid simulation was performed on the four-pass heat exchanger using the
same chilled water flow assumptions as the two-pass simulation. Fig. 2-8 and 2-9

show the flow trajectories and pressure and velocity ranges across the model.

Figure 2-8: Four-pass heat exchanger chilled water flow velocities

Neither the 11 ft/s (3.3528 m/s) for the chilled water inlet piping or the 9 ft/s
(2.7432 m/s) for the tubes is expected to be exceeded. Additionally, flow trajectories

do not create vortices that impede the flow path.

Figure 2-9: Four-pass heat exchanger chilled water flow pressures

A pressure drop of approximately (27.39 Ibf /in?) is calculated and does not meet
the required design criteria of (6 Ibf/in?). A larger chilled water pressure drop across

the heat exchanger was expected due to increasing the number of passes, but was
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explored to observe the magnitude of change. The pressure drop increased by a
factor of 2.33 from the two-pass model given that the number of passes doubled.

A second fluid simulation was performed on the four-pass heat exchanger using
the same chilled water flow assumptions as the two-pass simulation. Fig. 2-10 and

2-11 show the flow trajectories and pressure and velocity ranges across the model.

Figure 2-10: Four-pass heat exchanger demineralized water flow velocities

The flow velocities are projected to be well within the safe limits for the heat
exchanger’s internal components, but of sufficient magnitude to minimize the proba-

bility of biological surface fouling.

Figure 2-11: Four-pass heat exchanger demineralized water flow pressures

A global pressure drop of approximately (5.5323 Ibf/in?) is calculated and meets
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the required design criteria of (6 Ibf /in?).

2.2.3 Heat Exchanger Modeling Conclusions

The two-pass heat exchanger model resulted in lower chilled water pressure losses.
The smaller pressure drop was primarily due to having fewer passes for the same
number of inlet tubes as compared to the four-pass heat exchanger. A disadvantage
to this model was the pressure drop on the shell-side of the heat exchanger for the
demineralized water. The larger pressure drop is attributed to having a smaller
internal shell diameter and more closely spaced baffles. However, a more compact
baffle arrangement provides greater heat transfer capability to the heat exchanger.
The two-pass heat exchanger is 10 in longer than the four-pass model in order to
maintain sufficient exposed tube surface area for heat transfer. Both heat exchangers
have approximately the same heat load capability of 240 kW given the differences in
their design.

Based on the simulation results, all flow requirements were met by the four-pass
heat exchanger, with the exception of the chilled water pressure drop. It is rec-
ommended that further heat exchanger optimization is performed to determine the
solution that meets all requirements. Modifying the four-pass heat exchanger to a
two-pass design with 1/2 in or 5/8 in diameter tubes should be pursued. The number
of inlet tubes should scale with the tube diameter in order to maintain a safe but

sufficient fluid flow velocity.
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Chapter 3

Pump

3.1 Pump Power & Sizing

Choosing the appropriate pump design boundaries was based on the requirements of
military standards, conventional factors of safety, and industry standards.

Based on the assumptions made by [3] for equipment allocation and vertical spa-
tial allowances, five iPEBB stacks, each consisting of four iPEBBs would optimally
fit within the footprint of the model NiPEC. Ongoing development by the ESRDC
Virginia Tech project team characterized 96 semi-conductors and one transformer
as the main heat-producing elements within the iPEBB [35]. Each MOSFET was
determined to emit 7T0W of heat, and each transformer 1158W. Therefore, with ap-
plied conservatism and data margin, each iPEBB is considered to produce 10 kW of
heat. Applying a 20% safety factor, the 20 iPEBBs within the NiPEC compartment
produce 240 kW of heat.

The maximum volumetric flow rate for a shipboard cooling water system must be
adjusted to 1.4 gallons per minute per kilowatt load and a maximum rise in water
temperature of 2 °C' as stated in DOD-STD-1399 [6]. Therefore, for a 240 kW load,
the required maximum volumetric flow rate is 336 gpm. As the pump takes suction
directly from the system’s heat exchanger and expansion tank, it is assumed that the
demineralized water enters the pump at a maximum temperature of 44 °C based on the

assumptions in Chapter 2.1. Table 3.1 provides the characteristic water properties.
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Table 3.1: 15 °C Water Properties

Density p kg/m? 990.66
Dynamic Viscosity | u | N —s/m?* | 6.078E-4
Vapor Pressure Pyap kPa 9.112

In determining the total dynamic head of the cooling system, frictional losses
from system equipment, fittings, and piping were considered. The piping run with
the greatest anticipated pump head was used for calculations as it presented the most
conservative approach. Estimated equipment head losses are tabulated in Table 3.2.
The chemical resin bed and micron filter components are not in-line with the main
cooling path and were therefore not incorporated into the total dynamic head calcu-
lation. The pump suction filter is y-strainer with expected pressure losses equivalent
to commercial products. The iPEBB stack and heat exchanger losses were assumed

to be the maximum permissible design standards from [17].

Table 3.2: Equipment Pressure Losses

Suction | Discharge
(psi) (psi)
iPEBB Stack 0 10
Heat Exchanger 0 6
Mechanical Filter 6 0

Piping frictional losses were calculated using the Darcy-Weisbach equation,

Lp
Ap = fo il (w)?
P fDDQ(U)

(3.1)
where fp is the Darcy friction factor, L is the length of the pipe (m), D is the internal
diameter of the pipe (m), p is the density of the fluid (kg/m?) and v is the mean flow
velocity (m/s).

The diameter for the suction and discharge piping of the pump were assumed to
be 4 in and 3.5 in, respectively. Smaller branches of piping along the main cooling
path were determined to be 2 in leading into and out of the iPEBB stack and 1 in
for the cold plate inlet and outlet piping. The piping sizes were derived by the safe

flow velocities determined in Chapter 5, the thermal properties of the demineralized
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water, a total volumetric flow rate of 336 gpm, and the continuity of mass equation.
8 m of piping were estimated for each of the main cooling water headers and 2.5 m
for each branch of the iPEBB stack. The pipe lengths were derived from NiPEC
cooling system CAD modeling. The Darcy Friction Factor was calculated using Eqn.

2.5 and Reynolds values based on the selected piping diameter. The resulting values

are shown in Table 3.3.

Table 3.3: Suction & Discharge Piping Frictional Losses

Suction | Discharge
Volumetric Flow Rate 1% m?/s 0.0212 0212
Pipe Internal Diameter | D;p mn 4.029 3.948
Pipe Length L m 10.5 10.5
Fluid Velocity v m/s 2.577 3.323
Reynolds Number Re | non-dim | 429,877 488,155
Darcy Friction Factor fp | non-dim | 0.01350 0.01319
Piping Pressure Loss Ppipe Ppst 0.7157 1.142

Fitting frictional losses were calculated using the resistance coefficient fitting as-
sumption and a derivation of Eqn. 3.1 for dimensional analysis. A table of pertinent
resistance coefficients for various fittings can be found in Appendix A. The values
were used in calculating the cumulative fitting system head loss as follows:

2

v
hy = K—
L 29

(3.2)
where K is the resistance coefficient, v is the mean flow velocity (m/s), and g is
the gravitational acceleration (m/s?). Fitting quantity and header allocation was
determined from the initial system design layout of Fig. 3-1.

A summarized table of pressure losses and the total dynamic head is found in
Table 3.4.

Typical pump efficiencies for small AC-powered centrifugal pumps range between
55% and 71%. Centrifugal pumps operate with higher efficiencies when supplying

maximum volumetric flow against a relatively benign pump head. Therefore, a 70%

pump efficiency was chosen. The power required by the pump was calculated using
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Figure 3-1: Cooling System Diagram
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Table 3.4: Summarized Pressure Losses

Suction | Discharge
Equipment Pressure Loss | Pgguip | pSt 6 16
Piping Pressure Loss Ppiye | pst | 0.7157 1.1411
Fitting Pressure Loss Pritting | DSt 8.26 23.30
Total Pressure Loss Proi | pst 14.98 40.44
Total Dynamic Head TDH | psi 55.42

the pump power equation '
B Vpg(TDH)

n

P (3.3)

where P is the pump power (kW), V is the volumetric flow rate (m3/s), TDH is the
total dynamic head (m), and 7 is the pump efficiency. The required pump power is

calculated to be 16.21 kW or 21.87 hp.
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Chapter 4

Expansion Tank

4.1 Expansion Tank Volume

The expansion tank shall be sized to accommodate the thermal expansion of the
system coolant, a conservative operating volume, and sufficient safety margins. The
thermal expansion volume is based on a cooling water temperature range from 0
to 79 °C, where 0 °C is the minimum phase temperature, and 79 °C is based on
the maximum possible temperature seen by the liquid. The maximum temperature
assumes that the main heat-producing components within the iPEBB are the semi-
conductor switches. Based on the assumptions and methodology of Padilla et al. [31],
Table 4.1 provides the one-dimensional thermal resistance values per semi-conductor

switch for the thermal network of interfacing materials.

Table 4.1: One-Dimensional Thermal Resistance Values Per Semiconductor Switch

Semiconductor | Rse | K/W 0.4
iPEBB Casing | Rcase | K/W | 0.0188
Thermal Pad Rrp | K/W | 0.1103
Piping Wall Rpw | K/W | 0.0773
Total Rrot | K/W | 0.6064

If iPEBB operates in the 80/20 load condition described in 2.1, a 167 kW heat
load per semi-conductor is expected. Assuming a 180 °C maximum functional tem-

perature for the semi-conductor, and a loss of flow casualty to the cooling system,
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maximum cooling water temperature of 79 °C is reached utilizing Eqn. 2.15. This
worst-case scenario is how the perceivable temperature range for the cooling liquid

was determined.

The volume required for expansion of the liquid in the system considers only the
cooling water in the piping and components. Based on the assumed piping and com-
ponent volumes, a total estimated system volume of 200 gallons is derived. The 200
gallons assumes two heat exchangers, two pumps, two demineralizers, approximately
25 meters of varying pipe sizes, and 40 cold plates (5 iPEBB stacks, each with 4
iPEBBs and two cold plates per iPEBB). The volume required to accommodate the

thermal expansion of the demineralized water was calculated using

A‘/E - ‘/GBATRange (41)

where AV% is the change in cooling volume due to thermal effects (gal), Vjp is the initial
volume of cooling water within the system (gal), S is the volumetric temperature
expansion coefficient of water (1/K), and AT gypge is the possible difference of cooling
water temperature range (K). Assuming the value of § is 6.21 - 107 at its most

limiting temperature, the required expansion volume is 9.81 gallons.

Typically, the operational volume allowance Vi used in determining the total
expansion tank volume is based on the need to fill portions of the system from a
shutdown condition. The criteria prevents having to refill and check the chemistry
of the added water multiple times to fill the system’s limiting component (i.e. the
heat exchanger). As the NiPEC compartment cooling system is not expected to be
shut down on a frequent basis, the heat exchanger does not serve as the basis for this
volume. Vp is assumed to be 4 gallons and is based on having to fill and restore a

single iPEBB stack from a maintenance condition.

A low-level tank margin of 20% total volume is applied to ensure that operators
can take timely action to diagnose and restore expansion tank pressure and level
conditions. If tank level and pressure were not promptly restored, cavitation and/or

air-binding of the pump could occur, leading to loss of flow and cooling to the iPEBBs.
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A high-level tank margin of 10% total volume is applied as a buffer to prevent the
inadvertent wetting of equipment at the top of the tank not intended to come in
contact with water.

The total liquid volume of the expansion tank is therefore
VTot =0.1x% VTot + VE + VO + 0.2 % VTot (42)

where Vr,; is the total liquid volume of the expansion tank (gal), Vg is the thermal
expansion volume (gal), and Vp is the operating volume (gal). Using the previously

determined values for Vg and Vp, Vr is calculated to be 19.71 gallons.

4.2 Expansion Tank Pressures

To calculate the normal operating expansion tank pressure, a minimum system pres-
sure of 10 psi, P, is maintained [6]. The criteria ensures the system can operate
under normal conditions and provides a minimum positive pressure to prevent the
introduction of oxygenated air into the system. The pressure is assumed to occur
for the limiting case of an expansion tank level at the low-level margin. The total

pressure at the tank level is therefore given by the following equation:

PLow = Fmin + ngTank (43)

where Pp,, is the pressure in the tank at the low-level margin and Hygy, is the
vertical distance between the tank level and the highest point in the remaining cooling
system. Assuming an available compartment height of 102 in, a 60 in tall iPEBB
stack that sits 9 in off the deck, and a 18in tall expansion tank that is anchored
6 in from the overhead, Hrpu,, ~ 9 Ibf/in?. Equipment spacing and size are based
on assumptions discussed in Chapter 8 and criteria from [24| and [25]. Therefore,
Prow = 10.32 Ibf /in?.

The volume of air at the low-level margin is V; = 0.8Vp,, and the absolute

pressure is P, = P, + Prow. The volume of air at the normal operating level is
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Vo = 0.8Vre — Vo, and the absolute pressure is P = Py + Pnorm, Where Py, 1S
the normal operating pressure of the expansion tank. Using Boyle’s law for fluids at
constant temperature, the expansion tank’s normal charge pressure was determined

by

(Patm + PLow)(O-SVTot> = (O-SVTot - VO)(Patm + PNorm) (44)

The minimum expansion tank pressure must be greater than 18.82 Ibf/in* to

maintain the system low-pressure criteria.
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Chapter 5

Pipes, Hoses, and Fittings

5.1 Pipes and Flow Devices

The piping and tubing of the demineralized cooling circuit must functionally compli-
ment the equipment and materials it supports. Surface ship electronic cooling water
systems which use distilled or fresh water as the cooling medium must fabricate the
cooling circuit from copper or copper-alloy materials. However, for demineralized
water systems, copper-alloy, bronze, or corrosion-resistant steel (CRES) materials are
required. The specific alloys permitted for use in the construction of the demineralized

cooling circuit are listed in Table 5.1.

Table 5.1: U.S. Navy surface ship alloys for construction of electronic cooling water
systems

Material Alloy Designation | Trade Name
Copper-Nickel Alloy | C70600 CuNi 90/10
Copper-Nickel Alloy | C71500 CuNi 70/30

Bronze 92200 Navy M Bronze

Bronze C90300 Tin Bronze

Stainless Steel SAE 304 CRES, 0.08% Carbon
Stainless Steel SAE 316 CRES, 0.03% Carbon
Stainless Steel SAE 316L CRES, 3% Molybdenum

The materials must be electrochemically compatible with other construction sub-
stances and contain limited carbon content [6]. This restriction minimizes the pos-

sibility and severity of the system’s degradation from various corrosion mechanisms.
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Copper or lightly-alloyed copper stock is not used in demineralized systems due to its
production of copper carbonate fouling and ion contamination of the cooling water’s
purity. The following is a list of copper-composed alloys that may be used in distilled

or fresh water applications but not for use with high-purity water as in this design.

e Copper, C10100 (Oxygen-Free-Electronic)

Copper, C10200 (Oxygen-Free)

Copper, C10300 (Oxygen-Free Extra Low Phosphorous)

Copper, C10800 (Oxygen-Free Extra Low Phosphorous)

Copper, C12000 (Phosphorus-Deoxidized, Low Residual Phosphorus)

Copper, C12200 (Phosphorus-Deoxidized, High Residual Phosphorus)

Copper, C14200 (Phosphorus-Deoxidized, Arsenica)

An analysis of the properties and capabilities of the materials in Table 5.1 deter-
mined that Copper-Nickel is the most suitable material for the construction of the

demineralized water cooling circuit.

5.1.1 Corrosion

As the application of this cooling system exists in a marine environment, the likeli-
hood for an electrolytic fluid, such as seawater or chloride-contaminated liquids, to
interact with cooling circuit materials increases. The liquid contaminant can originate
from various sources such as atmospheric condensation, heat exchanger tube failure,
external system leakage, and piping insulation. It creates an environment that fosters
and accelerates corrosion. Therefore, the following assessments assume that seawater
or a chloride-contaminated liquid interacts with the cooling circuit’s components, as

is the case with most marine applications.
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Figure 5-1: Galvanic series of some metals in ambient seawater [38|
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Galvanic Corrosion

Galvanic corrosion is an issue when dissimilar metals or alloys, having different surface
potentials, are in electrical contact with each other and a common electrolyte. As the
proposed heat exchanger design requires the use of predominantly copper-nickel alloy
construction materials, the corrosion potential between these metals and those listed
in Table 5.1 were assessed. The heat exchanger was chosen for comparison as it is the
most limiting component due to its likelihood and severity for failure. Fig. 5-1 shows
the steady-state electrode material potential (volts) referenced to a saturated calomel
half-cell. The different shaded ranges for specific materials are for when the metal is in
an active or passive state. The dark-shaded range represents the metal’s active state,
which can occur in acidic water conditions. These conditions may exist in localized
cervices, stagnation or low-flow points, or in poorly aerated systems. The lightly-
shaded range represents the metal’s passive state, when the surface of the metal is
covered by a protective corrosion layer. The stainless steel alloys from Table 5.1 have
a 0.1 to 0.3 volt difference in potential with the copper-nickel alloys and a 0.2 to 0.4
volt difference with the bronze alloys. A 0.05 to 0.15 volt difference in potential exists
between the bronze alloys and copper-nickel alloys. An even smaller difference in po-
tentials exists when comparing the various copper-nickel alloys. The greater potential
between materials increases the likelihood and severity of galvanic corrosion, causing
the less noble material to corrode. Since the copper-nickel or bronze alloys are less
noble than stainless steel, the materials they comprise would deteriorate. Based on
the construction materials of the heat exchanger and galvanic compatibility, copper-
nickel alloys are the preferred materials to avoid degraded component performance or

premature failure.

In a study by the European Stainless Steel Development Association [12], it was
found that a galvanic cell between an equivalent grade of stainless steel from Table 5.1
and CuNi 90/10 enabled a corrosion rate of 0.07 mm/yr for a 4:1 anode-to-cathode
area ratio (A/C). The maximum compatibility corrosion rate defined by MIL-STD-
889D is 0.009 mm/yr for a 1:1 A/C. Using the following equation from MIL-STD-889
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[28], a comparison of corrosion rates can be made:

CR

AIC = T
/C 0.009mm /yr

(5.1)

where A/C' is the anode-to-cathode area ratio and CR is the corrosion rate between
the galvanic couple (mm/yr). Normalized to a 1:1 A/C, the stainless steel and CuNi
90/10 corrosion rate of 0.0175 mm/yr exceeds the 0.009 mm/yr limit. Exceeding
the limit requires the component or system to have a form of corrosion protection
installed. Such protection methods include, but are not limited to, sacrificial metal
coatings, seals between faying surfaces, painting of surfaces, and barrier installation
between faying surfaces. Therefore, to limit the possibility of galvanic corrosion and
system constraints, copper-nickel or bronze alloys are the preferred construction ma-
terials. The corrosion rate between stainless steel and bronze is captured in Fig.
5-2. SEA 304 and 316 (passivated) have a compatibility rank of 0 (<0.009 mm/yr).
However, when the stainless steels are active, as is possible with corrosion or a water
chemistry disruption, the corrosion cell is galvanically incompatible with a rank of 3
(1-4.99 mm/yr).

Overall, the need for a cathodic protection system in copper-nickel or bronze alloy
systems is limited or unnecessary. Galvanic corrosion is not a concern when copper-
nickel is used with other copper-based components, such as bronze. Specifically, CuNi

90/10 can be safely coupled to tin bronze, CuNi 70/30, and nickel-aluminum bronze.

General Corrosion

Other types of corrosion considered were general corrosion, impingement attack, pit-
ting corrosion, crevice corrosion, erosion-corrosion, and stress corrosion cracking. A
comparison of the general corrosion rates by the Copper Development Association in
Fig. 5-3 shows that SAE 304 and 316 typically have higher general corrosion rates
compared to CuNi 90/10 and CuNi 70/30. Copper-Nickel alloys have excellent cor-
rosion resistance in low flow or stagnant fluid system conditions, the ideal material

for systems in overhaul or commissioning status.
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Figure 5-2: Galvanic compatibility of bare conductive materials in a 1:1 A/C in
immersed artificial seawater [28]
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Figure 5-3: Comparison of the general corrosion rates for various alloys in quiet
seawater, millimeters per year [11]
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Impingement Attack

Impingement attack can be caused by excessive piping velocities, bubble or particulate
entertainment, and internal surface roughness can be reduced by the use of Copper-
Nickel alloys. Particulates suspended in the cooling fluid can develop from fouling or
contamination. CuNi 90/10 and Cu-Ni 70/30 have excellent resistance to fouling when
compared to stainless steel, with CuNi 90/10 having the superior characteristic. The
CuNi alloys perform better in this metric due to copper ions creating an inhospitable
environment for biological organisms. Maintaining fluid velocities >1 m/s will remove
bio-fouling from materials with relatively good fouling resistance. Alloys lacking this
capability enable biological organisms to grow and thrive. In the case of equipment or
systems that are offline, alternating components, periodic cycling, or lay-up conditions
should be executed in accordance with existing navy procedures.

A ranking of the fouling resistance of several comparable alloys, including those
from table Table 5.1, was conducted by the Nickel Institute and is shown in Fig. 5-5.
Bubble impingement can develop from dissolved gasses coming out of the bulk solution
due to reaching saturation conditions, such as with pump cavitation. To combat this
issue, water chemistry is strictly adhered to, and designed pump operations provide
sufficient net positive suction head. Of note, copper-nickel alloys are more susceptible
to cavitation damage than stainless steel. Fig. 5-4 shows the volume loss rate of
alloys in a cavitation tunnel at 40 m/s. Typical values of piping roughness depend
on the material and method of fabrication. Generally, stainless steels have larger
absolute roughness coefficients than CuNi and Bronze alloys, which translates to a
smoother internal piping surface for the latter. Furthermore, as stainless steel is more
susceptible to corrosion, its internal surface roughness increases along its life cycle and

enables more corrosion [34].

Pitting Corrosion

Pitting corrosion occurs when small holes develop in the alloy’s protective oxide layer

and create a corrosion cell between the anodic region of the hole and the surrounding
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Figure 5-4: Crevice corrosion comparison of for various alloys in a cavitation tunnel
at 40 m/s [10]

Figure 5-5: Comparison of fouling resistance for various alloys [11]
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cathodic material. The Copper-Nickel and Bronze alloys are not notably susceptible
to pitting corrosion, whereas stainless steel alloys 304 and 316 are. This can be seen

in Figures 5-6 and 5-7 developed by the Copper Development Association and [39].

Figure 5-6: FErosion corrosion and pitting comparison for various alloys, (mi-
crons/year) [13]

Crevice Corrosion

The mechanism for crevice corrosion is similar to pitting corrosion, with the general
distinction being that pitting occurs on the surface of the material. Crevice corro-
sion occurs in areas such as the interfaces of joints and fasteners, preexisting flaws,

under bio-fouling, sharp corner low-flow areas, and oxygen-deprived regions. Fig. 5-8
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Figure 5-7: Crevice corrosion comparison of for various alloys [3§]

provides a summary of localized corrosion comparisons for various alloys.

Erosion-Corrosion

Erosion corrosion occurs when flow velocities cause the removal or dissolution of the
alloy’s protective oxide layer and exceed the layer’s ability to regenerate. The flow ve-
locity at which this mechanism occurs is called the critical velocity. Fig. 5-6 shows the
correlation of erosion-corrosion to piping velocity for various alloys. Stainless steels
have a higher resistance to erosion-corrosion than copper-nickel or bronze alloys but
exceed the necessary range of the NiPEC cooling design velocities. Therefore, CuNi
alloys are more appropriate given the design parameters. Recommended maximum
safe flow velocities by the Copper Development Association are provided in Fig. 5-
9 and incorporate undisclosed safety factors. Additionally, Fig. 5-9 considers local

speed increases due to changes in direction and points of divergence.

Stress Corrosion Cracking

Copper-Nickel alloys are susceptible to stress corrosion cracking (SCC) from aqueous
solutions of ammonium ion, nitrites, mercury compounds, and moist atmospheres
containing sulfur dioxide. Conversely, stainless steels are susceptible to SCC from
chloride ions and no other known chemicals.

Copper-nickel is more thermally conductive than stainless steel and therefore re-
quires additional considerations in mitigating this issue. The installation of pipe
lagging and other insulators are recommended to prevent heat losses to ambient of
the cooling water and deter condensation build-up from atmospheric conditions. A
recommended list of insulation and lagging components is listed in Appendix E. Stain-

less steel alloys achieve higher material strength characteristics, but the low-pressure
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Figure 5-8: Localized corrosion comparison for various alloys [13]

Figure 5-9: Recommended safe maximum flow velocities [9]
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applications of the design are well-conforming to the abilities of copper-nickel and do

not require the added strength provided by stainless steel.

5.1.2 Material Selection Conclusion

Considering the alloys from Table 5.1, copper-nickel alloys are the superior choice in
cooling circuit material due to their flow performance characteristics and corrosion
resistance. While CuNi should be used for most applications, Tin bronze is recom-
mended for bearings and pump impellers due to its good wear resistance. Using the
list of permitted piping component materials in Appendix C, material selection should
proceed in the following prioritized order: CuNi 90/10, CuNi 70/30, Bronze.
Further design considerations are that fluid distribution is primarily controlled via
the cross-sectional area of piping, tubing, and hoses and augmented by flow control
devices such as orifice plates, flow regulators, and valves. When flow control devices
are used, they are chosen based on their necessity while minimizing their flow dis-
rupting characteristics. The cooling circuit is designed with a limited the number
of bends, fitting, valves, and branches to minimize head loss and corrosion, as seen
in Fig. 3-1. Lastly, the recommended model is designed to dissipate heat using flow

paths that are short, direct, and have feasibly low thermal resistances.

5.2 Flexible Hoses

Flexible hose requirements are in accordance with naval technical directives and stan-
dards. The variations of hoses used in naval applications use rubber, polymer-based,
or metal materials. For use in the demineralized water cooling circuit, rubber or
polytetrafluoroethylene (PTFE) hoses shall be used. The rubber hose is constructed
of synthetic rubber reinforced by metal or synthetic fibers. The PTFE hose is con-
structed of a PTFE tube reinforced by braided stainless steel wire. As the flexible
hose design would be used in electronic cooling applications, electrical conductance
through the hose materials is a risk. Electrical conductance could cause damage to the

flexible hose and downstream components. There are documented cases of pin-hole
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leaks developing in the PTFE hoses due to arcing across the metal braiding [20]. Fur-
thermore, hose end fittings are to be made of copper-nickel, bronze, or nickel-copper
alloys in accordance with [21]. Therefore, To minimize the probability of galvanic cor-
rosion and electrical conductance, a rubber hose reinforced by synthetic fibers should
be used.

For application in the cooling circuit, the flexible hose would be used in piping
segments that direct water to the PEBB stack. The hoses would accommodate move-
ment between components and provide some measure of electrical isolation. These
segments correspond to the military standard for synthetic rubber hoses reinforced
with synthetic fiber in low-pressure applications and nominal inside diameters of 1/4
in to 2 in. The required specifications are listed in Figures 5-10 and 5-11. The dash

number represents the nominal inside diameter of the hose in sixteenths.

Figure 5-10: Hose dimensions and pressures [20]

Figure 5-11: Hose construction and minimum bend radius [20]
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The following designs for hose end fittings are listed below and detailed in Ap-
pendix C:

e Flange to Hose

37-degree Flare Swivel

O-ring Seal Union

Split Clamp

Tailpiece

90-degree Elbow

The principal limitations of using flexible hoses are the permitted configurations,
minimum hose lengths, temperature ratings, and life-cycle specifications. The per-

mitted acceptable hose configurations for the cooling circuit are listed below:

e 90-degree dog leg hose assembly - two straight hose lengths connected by a
90-degree elbow fitting.

e U or 180-degree return bend hose assembly - two straight hose lengths connected

by a 180-degree elbow fitting.

e Single hose assembly - one straight hose with a fittings at each end.

Of note, Single hose assemblies require specific NAVSEA approval and are not rec-
ommended for installation on new construction ships due to their sound attenuating
characteristics.

The minimum free hose length, or visible length between fittings, is 9 in for hose
sizes -4 (1/4 in) through -64 (4 in), and 24 in for hoses larger than -64 (4 in). The hose
length requirement also applies to each hose length for the 90-degree and 180-degree
assemblies. This constraint increases the cooling circuit’s size and likely increases the

effective cooling system’s footprint within the compartment.
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The maximum allowed temperature is 200 °F for rubber hoses, 380 °F for PTFE
hoses, and 600 °F for metal hoses. For the NiPEC cooling system, temperatures are
not expected to exceed 200 °F.

Life-cycle specifications include shelf life, service life, logistics, and maintenance
requirements. Shelf life is defined as the period from manufacture to approximately
the installation time frame. Service life is defined as the period from installation to
end-of-life and accounts for periods when removed from the system. The shelf life and
service life for metal and polymer-based hoses are unlimited as they do not degrade
from atmospheric conditions. However, the shelf life and service life for rubber hoses,
if used in a NiPEC cooling capacity, are 12 years each. The increased use of flexible
hoses in shipboard applications requires a linear increase in the amount of onboard
spare parts. All hoses require at least an annual inspection, with some rubber hoses
requiring a more frequent periodicity. The inspection criteria for rubber hoses is
more involved and potentially disrupting to system operations than the inspection
required of other flexible hoses. Hydrostatic tests of rubber hoses are more intrusive
and frequent than those required of other flexible hoses. However, rubber hoses are
less prone to kinking during installation.

Naval administration strongly recommends the use of PTFE hoses on new con-
struction ships when a flexible hose is required. The life-cycle specifications and
costs nominally support the recommendation with some exceptions. As the design
stands, the current NiPEC cooling system does not necessitate or benefit from the
use of flexible hoses though future design iterations may choose to incorporate this

component.
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Chapter 6

Water Chemistry Components

6.1 Corrosion Analysis

Consideration is given to the effect corrosion has on cooling system components and its
possible curtailment of the overall system lifespan. Design choices, enabled by military
and commercial standards, mitigate the negative effects of corrosion mechanisms.
However, they rely on robust administrative programs and technician follow-through
to ensure that proper operation and maintenance are conducted.

In all states of operation, the cooling system is vulnerable to general corrosion. The
process thins the affected metal by the oxidation of the exposed surface. Specifically,
the oxygen interacts with the metal ions to create a thin passive-oxide layer on the
material’s surface. If the passive-oxide layer is removed by physical or chemical means,
the process repeats and the metal continues to thin. Alternatively, if the passive layer
is maintained, studies have shown that the general rate of corrosion can be reduced.
Adherence to the chemistry standards set forth and the design recommendations of
piping design reduce the vulnerability of the protective passive-oxide layer to chemical
attack and dissolution. Although oxidation of alloy surfaces is generally considered
detrimental, passivation of system components and maintenance of the oxide layer
enhance the cooling system’s longevity and reduce life-cycle costs [14].

Galvanic corrosion, as previously discussed, preferentially corrodes the anode in a

galvanic cell. The mechanisms that enable this reaction should be removed or reduced.
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The installation of an electrically resistant material at the junction of components can
accomplish this. Specific to the design, the use of a gasket or o-ring should be used
when interfacing piping or piping components. If SAE 304, 304L, or 316L is the build
material, flat rubber gasket material shall be used. Cu-Ni or bronze components shall
use fluorocarbon o-rings and gasket materials from Table 6.1 [27]. When considering
the use of other non-metallic insulating materials, the following guidance is provided

by MIL-STD-889 [28] for selection:

Free of corrosive agents (salts)

Free of acid or alkaline materials (leachant must be neutral pH)

Free of carbon or metallic particles

Are not electrically conductive (>104 ohm-cm resistivity)

Are not subject to significant bio-deterioration

Will not support fungal growth

Do not absorb or wick water in amounts that make them electrically conductive

The recommended design utilizes demineralized water as the cooling medium for
the iPEBB. This choice reduces the electrolytic content of the fluid, therefore less-
ening the effects and severity of corrosion. Faying surfaces should be water-tight
sealed to prevent introducing fluid, with inherent or acquired electrolytes, into areas
vulnerable to galvanic corrosion. One reason is that the performance requirements
for the pipe insulation require that it not exceed 250 ppm water-leachable chlorine,
fluorine, and bromine. If the fluid inside the piping were to leak past joints and con-
tact the insulation, it could cause substantial amounts of corrosion due to the leached
chemicals. The leakage or corrosion beneath the insulation and lagging would not be
readily visible to operators and maintainers. Special care and attentiveness should
be taken to detect and prevent such occurrences.

When differential surfaces must be connected without an electrical insulator, the

anode to cathode area ratio (A/C) should be minimized as reasonably achievable. As

78



seen in Eqn. 5.1, the A/C has an approximately linear relationship with the corrosion
rate for galvanic cells [28]. An example of this approach can be seen with the use of
bolts made of a different material than the flanges it connects. The use of a less noble
metal for the joining materials without an electrical insulator prevents corrosion of
the high-value component and preferentially corrodes the more expendable parts. If
the bolts were made of the same material as the flanges, the possibility exists of the
flange material becoming a more active metal and corroding in submission to the
bolts.

The following components or processes were not adopted for the proposed design

but should be considered and investigated for future use:

e Sacrificial coatings or components such as zinc anodes

e Coatings or additive manufacturing which increase the material’s electrical re-

sistance

e Active corrosion protection such as an impressed current cathodic system

Electrolytic corrosion uses a similar mechanism to galvanic corrosion, but the re-
action is amplified by a sustained electrical current. The electrical current can result
from coolant contacting electrical components or surfaces at high potential. A specific
caution, "piping systems should never be used as a ground return [23]." Furthermore,
non-metallic piping sections are recommended for use between the electronic equip-
ment being cooled and the rest of the cooling system.

Most metal alloys used for construction and build applications have a higher corro-
sion rate in acidic solutions. Furthermore, some metals such as iron, zinc, aluminum,
and magnesium react poorly in acidic solutions. However, if the solution becomes ex-
cessively alkaline, it may cause dissolution or rapid corrosion of soluble metal oxides.
Therefore, a cooling fluid with a neutral to slightly alkaline pH is recommended.

The Pourbaix diagrams for copper and nickel are superimposed in Fig. 6-1. The
diagrams allow for an evaluation of the general corrosion resistance of metals in aque-

ous solutions. They can provide a basis of expectation for the passivity of metals
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in various conditions. The diagram shows the relationship between the metals’ po-
tential and the pH of the liquid. pH can be adjusted by increasing or decreasing
the liquid’s alkalinity. Similarly, the potential can change based on the metal’s fabri-
cation, inherent qualities, or imposed current, such as that from cathodic protection
systems. Pourbaix diagrams assume that the metal is at equilibrium at approximately
25 °C. The diagram gives no information on the actual corrosion rate, nor does it give

consideration to localized corrosion.

Figure 6-1: Superposition of the Pourbaix diagrams for copper (dotted lines) and
nickel (solid lines) at 25 °C. E in V vs. SHE is the metal’s potential when measured
by a standard hydrogen reference electrode [16]

Fig. 6-1 shows that Cuy,O and CuO, the predominant oxide layers for Cu-Ni 90/10
and 70/30, provide passivity at neutral to mildly alkaline values of pH. For a similar
range, the oxidation of SAE 304 and 316 alloys also show passivity. Fig. 6-2 shows
this by superimposing the Pourbaix diagrams for chrome and Iron. SAE 316 develops
a CryO3 and FeyO3 oxide bi-layer, with the latter being the outermost layer. Alloy
304 develops a FeCry04 oxide layer with more restricting passivity limits than SAE
316.

From this analysis, the water chemistry for the demineralized water should be

maintained within pH range for the selected alloy to enhance the corrosion resistance
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properties of the system. The pH can be achieved and maintained with chemical
additions or installed filters. However, chemical additions should minimize changes
in conductivity, total dissolved solids, and chemicals deleterious to the construction
materials. Challenging this effort is the ionization of carbon dioxide to carbonic acid,
and subsequently to bicarbonate and hydronium ions. The increased concentration of
hydronium ions lowers the pH of the liquid, which makes it more acidic and prone to
corrosion. Though the demineralized water may start out at a pH of 7 when freshly
produced or demineralized, exposure to the carbon dioxide in the air can reduce pH
to about 4.8 and should therefore be mitigated.

Humidity and condensation increase the likelihood of corrosion. Therefore, the
proposed design counters this challenge by encasing critical components in a con-
trolled environment cabinet. The cabinet seeks to reduce the moisture vapor content
to preclude the formation of condensation at the lowest expected service tempera-
ture. Corrosion protective strategies against humidity and condensation must con-
sider whether the cabinet is hermetically sealed. If the cabinet cannot guarantee an
air-tight atmosphere, then corrosion strategies shall be designed to expect the worst

potential environment [28].

Table 6.1: Cu-Ni piping component gasket material

Material Applicable Documents Remarks

Non-Asbestos MIL-DTL-24696, Type II | Preferred gasket for butterfly valves

Nylon inserted rubber | 804-5284201, Type 1 UNAFLEX@®) SBR CI-Type #96

Nylon inserted rubber | 804-5284201, Type 2 UNAFLEX@®) Neoprene CI Sheet-Type #87
Nylon inserted rubber | 804-5284201, Type 4 UNAFLEX@®) Buna-N CI

EPDM MIL-DTL-22050 Ethylene propylene diene monomer rubber

High purity reverse osmosis (HPRO) water, 0.065 equivalents per million (elm)
chlorides maximum, is normally used for filling electronic cooling water systems.
However, the proposed design requires the use of demineralized water when filling
or augmenting the cooling system. This can be achieved by passing water from
a desalination plant through a demineralizer, or transferring water from a ship or
shore established demineralized water source. Furthermore, chemistry tests should be

performed in accordance with naval administration to ensure that the incoming water
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is sufficiently pure prior to admitting it to the cooling system. The following are the
minimum water chemistry standards required for the cooling system’s demineralized

water:

Table 6.2: Demineralized Water Purity Requirements

Total Dissolved Solids < 10 parts per million (ppm)
Chloride Concentration | <0.065 equivalents per million (elm)
.. micromhos per cm (pmho/cm)

<
Conductivity <2 corrected to 25 °C
Oxygen Concentration <0.5 ppm by weight
Particulate Size <0.5 micrometers (pm)

The total dissolved solids (TDS) specification refers to the amount of organic or
inorganic material dissolved in the cooling liquid. Examples of dissolved material
include, but are not limited to metals, salts, biomass, and chemical pollutants. An
increase in TDS accelerates impingement attack, erosion-corrosion, and pitting di-
rectly; it could also indicate the presence of deleterious constituents such as mercury,
chlorides, and such.

The chloride specification of 0.065 elm is equal to 0.25 grains of sea salt per gallon,
or 4.3 ppm TDS. Chlorides for stainless steel and copper-nickel alloys induce local-
ized breakdown and dissolution of the protective oxide layer. Furthermore, chlorides
migrate to the newly exposed pits and crevices to maintain their charge neutrality.
The concentration of chlorides in these localized regions form a highly corrosive and
acidic internal electrolyte.

An increase in oxygen concentration, external or internal to the cooling system
components, exacerbates various corrosion mechanisms. As little can be done to
change the oxygen concentration in the surrounding environment, the design focuses
on minimizing the oxygen concentration within the bulk cooling solution. Oxygen
is the catalyst for general corrosion. It creates a potential difference in crevice and
pitting corrosion, and increases the susceptibility of some metals to stress corrosion
cracking. Abidance to the chemistry specification listed in Table 6.2 greatly reduces

the system’s susceptibility to corrosion.
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The cooling circuit is designed to minimize the effects of oxygen and carbon diox-
ide, from air absorption, on water chemistry. Vent valves are strategically installed on
components and piping to allow the venting of trapped air and the release of liquid-
entrained gasses. The first method uses high-point manual vent valves on components
such as the pumps and heat exchangers to vent the components during various opera-
tions or as required. The second method is by using an air eliminator near the suction
of the pump, to which the return header and expansion tank piping are attached. The
device is located near the pump suction as it is nominally the system’s lowest point of
pressure. At this location, the solubility of non-condensing gasses is the lowest, which
facilitates gasses coming out of the solution. Fig. 6-3 shows an example of a typical
air eliminator. Other means of preventing air absorption that were not incorporated
into the design, but should be further investigated, are the use of a neutral gas to
pressurize the expansion tank, a membrane or diaphragm style expansion tank, and
the use of automatic high-point vent valves to supplement or replace manual means.

Conductivity measures the ion content of the bulk fluid. The analysis provides
an insight into what other contaminants may be in the fluid aside from chlorides.
For example, if an unintentional air addition was suspected, an increase in conduc-
tivity would be expected from the ionization of carbon dioxide to bicarbonate and
hydronium ions. A pH analysis could also aid in detecting an air addition, as pH is
expected to lower with the formation of carbonic acid. The conductivity analysis is
not limited to this example but demonstrates how it can be used to detect a change in
ion content from the baseline concentration and determine if hazardous constituents

are present.

6.2 Chemistry Station and Filters

Filters and demineralizers mitigate the severity of water chemistry casualties and
promote the health and longevity of the cooling system against corrosion. Filters
remove the particulate content from the bulk fluid to protect pump bearings and

valve seats, and prevent the build-up of matter in flow-restricting passages. Two
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filters are designed for use in the cooling system. One filter is installed on the return
header, upstream of the pump’s suction. Its purpose is to remove particulates from
the return header or expansion tank prior to directing it to vulnerable downstream
components. The second filter is installed in-line and upstream of the demineralizer
as seen in Fig. 3-1. Its purpose is to prevent the early exhaustion or damage of the
resin bed, as a filter in this location is more readily replaced and maintained than the
demineralizer.

The demineralizer is designed as a recirculation loop about the pumps. It draws
its suction at the discharge of the pumps, and its return is connected near the pump’s
suction. The demineralizer shall be capable of filtering the entire contents of the liquid
cooling system within a 24-hour period with a 20% margin. A flow regulating device
shall be used to maintain the required rate of coolant flow to the demineralizer. The
consequences of excessive flow could damage the demineralizer components, whereas
insufficient flow may not provide adequate filtering needs. An oxygen cartridge is the
first component in the demineralizer. It houses an anion resin designed to remove
oxygen from the bulk fluid. The second cartridge is a mixed-bed resin, made up
of anions and cations, designed in-line and downstream of the first cartridge. The
mixed-bed resin is designed to remove metallic particles, hard water ions, and carbon
dioxide. The filter and demineralizer shall be selected to maintain the chemistry

specifications listed in Table 6.2.
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Chapter 7

Cold Plate

7.1 Initial Design

Initial cold plate designs were based on the work done by Padilla et al. [31]. The
study identified that the limiting operational iPEBB heat load occurs when half
the semi-conductors operate at 80% load and the remaining at 20% load, vice an
equal distribution of load. The study considered two cold plate designs, a single-
pass serpentine arrangement and a counter-flow-style heat exchanger. The designs
are depicted below in Figures 7-1 and 7-2. The heat removal performance of the
counter-flow design enabled a lower maximum temperature per semi-conductor. This
was in part due to each semi-conductor being exposed to multiple loops with lower
maximum water temperatures. Other notable discussions are that the counter-flow
heat exchanger required less pumping power due to less flow resistance from shorter
pipe lengths with fewer bends. Additionally, diminishing returns in semi-conductor
temperature decrease were observed at water velocities greater than 2.5 m/s for the
finalized piping diameter of 3/8".

Four design iterations were assessed to optimize flow performance and operational
synergy with interfacing systems. The first design iteration, Fig. 7-7, continued the
design basis from [31] for a counter-flow arrangement, with slight modifications. Flow
from the inlet piping, attached to the side of the cold plate, is directed into a 17

diameter inlet plenum. In the inlet plenum, water is directed through 3/8” diameter
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Figure 7-1: Cold plate arranged as a single-pass heat exchanger Padilla et al. [31]

Figure 7-2: Cold plate arranged as a counter-flow heat exchanger Padilla et al. [31]
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channels to the opposing side. Flow is directed back in the opposite direction via a
180° loop (u-tube). Water continues along the 3/8" channels and reintegrates in a 1"
diameter outlet plenum. Water exits the plenum via the outlet piping attached on the
same side of the cold plate as the inlet piping. Flow from the 3/8" cooling u-tubes
were rotated 45° along the z-axis, so that the return piping sat in a lateral plane
adjacent to the supply piping. The arrangement allowed for more cooling tubes to be
designed adjacent to the iPEBB interface, therefore increasing the cooling capacity
of the cold plate. The 3/8" return piping with the relatively warm return water lays
away from the cooling interface so as to provide maximum cooling to the iPEBB. The
design reduces the amount of piping needed for this configuration, which reduces the
amount of head loss from pipe and valve fluid friction. The arrangement of both the
inlet and outlet piping on one side of the iPEBB facilitates inspection and minimizes
the iPEBB stack’s spacial footprint, as seen in Fig. 7-4. At the time of design, the
securing mechanism that moved the cold plate against and away from the iPEBB was
unknown. This iteration maximized the interface surface availability for a potential

securing mechanism design.

Figure 7-3: First iteration - single inlet, single outlet offset u-tube cold plate design

Non-uniform cooling distribution across the cold plate risked uneven thermal ex-
pansion and contraction of the cold plate and iPEBB materials. The potential distor-
tion would likely cause a non-uniform compression of the thermal pad. The thermal
pad is the component designed to lay between the iPEBB and cold plate and provide
even heat transference between components. It performed its function when under

proper compression between surfaces. Therefore, if uneven stresses compress the ther-
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Figure 7-4: iPEBB stack design for first design iteration cold plates
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mal pad it could fail to provide an adequate medium to remove heat from the iPEBB.
The subsequent design sought to mitigate the issue by providing even cooling from

both sides of the cold plate.

7.2 Second Design

The second design iteration, Fig. 7-5, was a double inlet, double outlet, opposing
parallel flow design. Flow from each inlet piping, attached to the sides of the cold
plate, and directed water into a 1”7 diameter plenum. In the inlet plenum, Water was
directed through 3/8” alternating channels. Water continued along the 3/8" channels
to the opposing sides’ 1" outlet plenums. Water from the 3/8" channels reintegrated
at the outlet plenums and exited the cold plate from their respective outlet pipe
connected at the front of the cold plate. The design provided a more uniform cooling
distribution at the expense of increasing pump head and the iPEBB stack’s spatial
footprint, as seen in Fig. 7-6. At the time of design, it was determined that the
electrical connecting interface for the iPEBB would be situated on its back-facing
surface. Placement of the inlet and outlet piping was such that if a cooling leak
developed, it would involve less risk and increase the chances of early detection if the
piping were located near the iPEBB’s frontal areas. Additionally, placement of inlet

and outlet piping near the front would facilitate maintenance and repair.

7.3 Third Design

The third design iteration, Fig. 7-7, was a single inlet, single outlet, opposing parallel
flow design. It was of a similar design to the previous iteration, except that it utilized a
plenum bridging segment to reduce the amount of required piping. Flow from the inlet
piping, attached to the side of the cold plate, directs water into a 1”7 diameter plenum.
In the inlet plenum, some of the flow is directed into 3/8” alternating channels, while
the remainder continues to flow along the plenum to the back of the cold plate. The

water reaching the back of the cold plate is directed along the back-side to a secondary
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Figure 7-5: Second iteration - double inlet, double outlet, opposing flow cold plate
design

Figure 7-6: iPEBB stack design for second design iteration cold plates
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inlet plenum on the right side of the cold plate. Water in this second inlet plenum
is directed into its respective 3/8” alternating channels. Water continues along the
3/8" channels to their opposing sides’ 1" diameter outlet plenums. Flow from the
3/8" channels originating from the first inlet plenum is directed to the back of the
cold plate via the outlet plenum. The water reaching the back of the cold plate is
directed along the back-side to an outlet plenum that reintegrates water from both
inlet plenums. Water then exits the cold plate via the outlet piping on the same side
and laterally adjacent to the inlet piping. The advantage of this design is that it allows
for even cooling of the iPEBB, while reducing the piping head loss and minimizing the
iPEBB’s spatial footprint. Additionally, the design meets the military specification
requiring each cold plate to have a single supply and return water connection [6]. The

cold plate utilizes the iPEBB stack design from Fig. 7-6.

Figure 7-7: Third iteration - single inlet, single outlet, opposing flow cold plate design

7.4 Final Design

The final design iteration, Fig. 7-8, utilizes a similar design to the previous iteration,
except with a different placement of the inlet and outlet piping. Internal flow remains
the same, while the inlet and outlet piping are located near the back end of the

iPEBB and in concentric alignment with the axis of a hinge mechanism. Previous
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design iterations assumed that if the cold plate moved for removal or installation of
the iPEBB, a system of rigid hoses would permit a 1" lateral movement of the cold
plates. The cold plate securing mechanism was finalized to a hinge-style design that
would pivot along the back edges of the iPEBB. Placement of the inlet and outlet
piping at the center of rotation removed the need for the lateral movement of the cold

plate and the flexible hose system.

Figure 7-8: Cold plate arranged as a counter-flow heat exchanger

A fluid simulation was performed on the final cold plate design. The simulation
assumed a demineralized water inlet pressure of 100 Ibf/in® and a mass flow rate
of 0.5245 kg/s, or 336 gpm divided equally among the 40 cold pates at 46 °C. Fig.
7-9 and 7-10 show the flow trajectories and pressure and velocity ranges across the
model.

The flow velocities are projected to be well within the safe limits for the heat
exchanger’s internal components, but of sufficient magnitude to minimize the proba-
bility of biological surface fouling.

A pressure drop of approximately 0.2159 Ibf/in? is calculated and meets the

required design criteria of not exceeding a 10 [bf /in® pressure drop [6].
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Figure 7-9: Cold plate demineralized water flow velocities
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Figure 7-10: Cold plate demineralized water flow pressures
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Chapter 8

Overall NiPEC Cooling System

Architecture

8.1 1iPEBB, iPEBB Assembly, and iPEBB Stack

The iPEBB is installed manually into the electrical distribution system by an oper-
ator. It interfaces with the ship’s system via connection ports on the rear face of
the iPEBB. The connection ports from the iPEBB mate with their corresponding
terminals, which are mounted on a rigidly affixed back-plate. The terminals are at-
tached to cabling that networks the iPEBBs within the NIPEC compartment to the
ship’s loads, power sources, control systems, and other electrical system subsystems.
The iPEBB is guided and aligned into position by a rail system attached to its side
faces. It slides along the track until the connection is made at the rear, as seen in
Figures 8-1 and 8-2. The number of electrical connectors has varied through different
iPEBB design iterations. The most recent design features four rear-facing electrical
connectors required for AC operations. However, the iPEBB figures displayed in this
thesis represent a two-connector model limited to DC operations. It is assumed that
the iPEBB’s rear surface and electrical connections are maintained in position by an
external force and securing mechanism.

Following the assumptions of Cooke et al. [3] with regards to geometry and ar-

rangement, groups of iPEBBs are stacked in vertical alignment. The configuration
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Figure 8-1: iPEBB being inserted into the operational position with cold plates in
the stowed position.

Figure 8-2: iPEBB inserted into the operational position with electrical connections
made and cold plates positioned to provide cooling

98



makes effective use of spacial allowance and facilitates support system interfaces. The
grouping of iPEBBs, termed iPEBB stack, is 69" tall. The width and depth of an
iPEBB stack are, at a minimum, 15.811" and 21.685" respectively.

This study proposes that no electrical components be contained within the bot-
tom 9 inches of the iPEBB stack due to the requirements of MIL-SPEC-3045. All
transformers, controllers, and motors with electrical terminals or energized parts shall
not be lower than the bottom sill of the compartment’s main access door. The com-
partment is expected to be outfitted with a quick-acting watertight door (QAWTD)
for damage control purposes. The minimum distance from the door’s bottom sill
to the ship’s deck is 9 inches, which serves as a design basis for the iPEBB stack
MIL-PRF-32482A. The exception to this requirement is for equipment located in ma-
chinery room levels, which should be considered for future system design iterations.
The 9-inch specification is meant to prevent damage or loss to electrical equipment
from compartment flooding. If flooding were to occur within the compartment, the
QAWTD could be opened to direct the flooding out of the compartment before reach-

ing vital electrical components.

The remaining 60" of reserved iPEBB stack height is equally distributed to four
iPEBB assemblies. An iPEBB assembly is considered a grouping of one iPEBB, two
thermal pads, and two cold plates, as seen in Fig. 8-2. Each iPEBB assembly requires
a minimum of 12" of vertical space to accommodate the height of the assembly and
the operating travel range of the cold plates. Though five iPEBB and cold plate
assemblies could marginally fit within the budgeted space, the uncertainty of the
securing mechanism’s design and the final iPEBB design height conservatively suggest

that four assemblies is a more feasible design approach.

When the iPEBB is situated in the iPEBB stack and makes the proper electrical
connection at the back plate, the cold plates rotate down onto the thermal pad and
iPEBB. Rotation occurs via a hinge system, which attaches each cold plate to the
back plate at the rear of the iPEBB assembly. The axis of rotation is horizontal
and perpendicular to the cold plate, as seen in Fig. 8-3 and 8-4. Each cold plate

compresses its respective thermal pad against the iPEBB so that each component’s
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main heat transfer surface lays flush against the other. The thermal pad serves to
promote even heat transference between the iPEBB and coldplate, which is challenged
by surface imperfections, potential contaminants, and component alignment. The
cold plates are pressed against the thermal pad and iPEBB by a securing mechanism,
currently in design by Tomlinson [37|, to maintain sufficient mating pressure and
functionality. When the iPEBB is not installed, the cold plates are rotated away and
maintained in a position to allow sufficient clearance for iPEBB installation. The
securing mechanism is designed to provide a minimum of 1" of vertical clearance
between the front edge of the cold plate and the top and bottom surfaces of the
iPEBB, as seen in Fig. 8-5. 2 to 3 millimeters of clearance are provided at the rear
of the assembly between the cold plates and the iPEBB as seen in Fig. 8-6. The
clearances permit the unhindered travel of the iPEBB, with attached thermal pad,

when it is inserted or removed from the installed position.

Figure 8-3: Unobstructed view of back-plate hinge mechanism and connection termi-
nals

Cold plate inlet and outlet tailpipes are attached to the sides and near the rear of
each cold plate. The tailpipes are in concentric alignment with the cold plate hinge
mechanism. The configuration permits a straight or angled swivel fitting to connect
the cold plate with the rest of the NiPEC cooling system. Swivel fittings, as seen in
Fig. 8-7, allow the attached pipes or hoses to rotate while providing leak-free joint
functionality. The cold plate tailpipe design arrangement minimizes the dynamic

motion required of the piping system by using the swivel fitting’s rotating movement.

100



Figure 8-4: View of hinge mechanism connecting the cold plates to the back-plate

Figure 8-5: iPEBB and cold plate front edge vertical clearances during iPEBB inser-
tion or removal

Figure 8-6: iPEBB and cold plate back edge vertical clearances during iPEBB inser-
tion or removal
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A different cold plate surface mating approach would require the vertical travel of
the cold plate towards and away from the iPEBB. If vertical travel of the cold plates
was implemented, a flexible hose would have to be used to permit such motion. The
minimum hose lengths, sans fittings, that are required for a flexible hose to permit
vertical motion via an S-bend, as seen in Fig. 8-8, are calculated in Table 8.1. The
values are calculated based on the minimum bend radii, hose diameters, and geometric
arc length equations. Implementing the vertical motion design would require the
installation of thousands of hoses though-out the ship solely for NiPEC cooling. Given
the limitations and drawbacks of flexible hoses discussed in previous chapters, a hinge
design with a swivel connection is the optimal solution as it negates the need for
flexible hoses. Swivel joints are permitted for use in NiPEC cooling applications and
are able to meet the system design limits such as pressure, temperature, and material
MIL-DTL-18866K. The tailpipes are integrated into the cold plate by welding or
machined processes to minimize the probability of joints leaking cooling fluid onto
electrical components. Of note, MIL-HDBK-251 [23] recommends the use of a non-
conductive coupling for connecting the cold plate to the cooling system. A non-
conductive coupling mitigates the risk of electrical potential being transmitted from
the iPEBB to the cooling system. The electrical potential could cause personnel
injury, damage equipment, accelerate corrosion, and even cause the electrolysis of the
cooling fluid. Further study and analysis and investigation is required for component

implementation.

T ADJUSTABLE FITTING
\

\ INTERNAL STRAIGHT THREAD BOSS

Figure 8-7: Straight and angled swivel fittings [18]
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Table 8.1: Rubber flexible hose minimum lengths without fittings

Hose Size (in) 1/4[5/16] 3/8 | 1/2 ] 5/8 | 3/4] 1 |L1/4[1-1/2] 2
Minimum Hose Legnth (in) | 3.51 | 3.72 | 4.04 | 4.34 | 4.73 | 5.13 | 5.46 | 6.03 | 6.51 | 7.30

Figure 8-8: Example of an S-bend required for cold plate lateral movement [30]

8.1.1 Condensation Mitigation

Since the demineralized cooling system is cooled by the ship’s chilled water system, it
is assumed that cold plate temperatures are capable of reaching 5-7 °C under various
load conditions. Thus, condensation in marine environments can develop and pose
issues of corrosion and electrical damage. iPEBB stack design must consider the risk
of condensation as dew point temperatures are reached. The dew point temperature
is calculated using dry bulb atmosphere temperatures, relative humidity, and psycho-
metric charts, as seen in Fig. 8-9. The relative humidity within the compartment
is assumed to be the same as the environment surrounding the ship, which is 80%
relative humidity near the water’s surface for most ocean environments. The com-
partment’s dry-bulb temperature is assumed to be maintained at 70 °F. Therefore,
at 80% relative humidity and a dry-bulb temperature of 70 °F, the dew point tem-
perature is approximately 64 °F. Therefore, condensation is can be expected to form

on exposed cold plate surfaces under the assumed thermal and cooling conditions.
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Figure 8-9: Psychometric chart at sea-level atmospheric pressures [2]

Fluid Flow Control

The following methods to prevent condensation were investigated based on their direct
performance and minimal contribution to system complexity. Increasing the temper-
ature of the chilled water system is limited in temperature range and operationally
discouraged by DOD-STD-1399 [6]. Increasing the chilled water temperature risks
cascading secondary effects to other chilled water-cooled systems and is therefore not

a viable strategy.

Controlling chilled water or demineralized water flow through the NiPEC cool-
ing system heat exchanger can increase the demineralized cooling water temperature
above the dew point temperature and mitigate condensation risks. Using manual
valve throttling or automatic flow regulating valves to control the chilled water flow
through the heat exchanger could effectively maintain demineralized water tempera-

tures above the dew point.

From a chilled water system perspective, regulating the chilled water flow to the
several NiPEC cooling heat exchangers throughout the ship poses little risk under
steady-state conditions or from minor changes in electrical heat loads. However, dy-
namic heat load conditions could risk causing ship-wide chilled water flow imbalances

with other dependent systems. It is assumed that future chilled water system flow
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capability shall be investigated and designed to support dynamic NiPEC heat loads.

Controlling demineralized cooling water flow through the heat exchanger or to the
heat load components is a similarly feasible method to prevent condensation. How-
ever, demineralized water cooling flow to each component branch or supply header is
achievable in a more discrete capability than the chilled water method. The draw-
back of regulating demineralized water flow is that using a two-way control valve
could cause excessive pump head during periods of low heat load. Low heat loads
would require throttling shut the control valve, restricting flow, and causing the pump
to work harder and less efficiently. Using a three-way control valve to bypass the heat
exchangers alleviates some of the added pump head. Regardless, regulating dem-
ineralized cooling water flow does not align with the design philosophy of providing
efficient cooling flow with pipe diameter as the primary means of flow control. There-
fore, chilled water flow control is the preferred method of mitigating condensation

formation.

Regulating the chilled water flow manually to several compartments is cumber-
some and infeasible based on varying system loads and operator capability. Thus, au-
tomatic means of flow control are more appropriate for the design scope and ship-wide
implementation. However, automatic means still require local or remote monitoring
to ensure proper system operation. The implementation of an automatic temperature
regulating valve assumes it is installed on the chilled water inlet pipe of the NiPEC
cooling heat exchanger. The valve uses a temperature sensing instrument to detect
the demineralized water temperature in the supply header to the iPEBB stacks and
adjust its position as needed. The use of a two-way temperature regulating valve is
preferred, as using a three-way valve to bypass the heat exchangers inefficiently di-
rects cooling water that could be used by other heat loads of the chilled water system.
As temperature in the demineralized water header lowers, the temperature regulating
valve will throttle shut to restore temperature to the preset temperature range. Sim-
ilarly, the temperature regulating valve will throttle open to cool the demineralized
water temperature. The motive force to position the valve could use electric, pneu-

matic, or hydraulic control mechanisms. The control mechanism should be designed
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in such a manner that its failure causes the valve to fully open until automatic or
manual control is restored. In a casualty scenario, this feature would allow adequate
cooling flow to be provided to the heat exchanger, which is not guaranteed if the valve
were to fail in the shut or as-is position.

In determining the appropriate operating temperature range for the demineralized
cooling water, assumptions from Section 2.1 and Padilla et al. [31] were utilized. The
maximum heat load per semi-conductor switch is 167 W, and the total thermal resis-
tance from the semi-conductor to the demineralized cooling water is approximately
0.6064 K/W. Thus, a temperature rise of 101.3 °C across the thermal interface is
calculated using Eqn. 2.15. To maintain the semi-conductors within a safe oper-
ating temperature, a maximum threshold of 150 °C is assumed. The 150 °C takes
into account a 30 °C safety margin at which semi-conductor damage is expected to
occur. To provide the minimum cooling capability to the iPEBB, the demineralized
water temperature must not exceed 48 °C (118.4 °F). Considering the calculated dew
point temperature from before and the maximum demineralized water temperature,
a supply header operating temperature band of 75-85 °F is recommended for the
demineralized cooling system. The operating range provides an 11 °F buffer from
condensation formation and a 33.5 °F margin for minimum cooling during peak heat
load conditions.

The iPEBB stack design proposes the use of a controlled atmosphere cabinet as
a secondary means to mitigate the risk of condensation with electronic components.
The use of a cabinet to house the iPEBB stack provides significant advantages against

the following challenges:

e Incidental contact with enclosed equipment

Contamination by dust or foreign particulates

Damage from liquid spray or splash

Hydraulic fluid seepage

e (Corrosive substances
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e Arc flash or blast containment

The cabinet shall be 60 inches tall and sit 9 inches above the compartment’s deck.
Its width and depth shall be at a minimum 18 and 30 inches respectively to accommo-
date the size and operation of the iPEBB assembly. Each iPEBB and cold assembly
shall be evenly spaced to occupy 15-inch high operating volumes. At the time of this
research, there is no design requirement to physically partition the iPEBB assemblies.
Thus, to facilitate atmospheric circulation within the cabinet, no partitions are imple-
ment in the design. Future design iterations may choose to incorporate partitions for
structural anchoring or robustness but should consider the effects of internal air flow
during design and modification. Perforated or partial partitions permit the passage
of air flow but at the expense of incomplete iPEBB and cold plate encapsulation.
Perforated partitions could promote arcing across the bores or cavities if exposed to
electrical current and would therefore necessitate a non-conductive construction ma-
terial or liner. The iPEBB rail alignment system is supported by triangular beams
that span the depth of the cabinet and permit the passage of air flow. The inlet and
outlet tailpipes would penetrate the cabinet at its side faces to allow connection to
the demineralized cooling loop. A stuffing tube made of flexible gasketed material,
such as rubber, would allow the cabinet to maintain atmosphere while permitting
penetration. A flexible material would also allow for small misalignments as a result
of hinge assembly yields from the applied stresses of the securing mechanism. Ac-
cess to the cabinet shall be via a front panel door that extends the entire height of
the cabinet. The door is secured in place by helical thumb screws along the door’s
perimeter that mate into the cabinet’s front face perimeter edge. The design allows
for complete door removal to facilitate access to all portions of the cabinet without
obstruction. Multiple cabinets are able to be accessed simultaneously to facilitate
maintenance without the obstruction of the door’s swing from an adjacent cabinet.
Naval electrical safety requirements for energized gear and initial voltage verification
operations are eased in this configuration. The cabinet considers the constraints and
requirements of possible iPEBB assembly securing mechanism designs. Further, de-

tailed cabinet design features and requirements shall conform with MIL-DTL-2026E
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and MIL-DTL-108. An idealized model for an iPEBB stack cabinet is shown in Fig.
8-10.

Figure 8-10: Idealized iPEBB cabinet

The cabinet’s atmosphere, predominantly humidity, is controlled by a positive
pressure unit (PPU). Commercial systems, similar to the EXAIR NEMA 4X [8],
use compressed air and a vortex tube to supply cool, dry filtered air to enclosed
cabinets. It is capable of lowering and maintaining the enclosure’s atmosphere to

<45% relative humidity and can provide up to 5,600 Btu/hr of cooling. Each iPEBB

108



stack is expected to emit approximately 137,000 Btu/hr at full load, which allows
the PPU the potential to supplement the removal of approximately 4% of the heat
load. The PPU has no moving parts, which facilitates maintenance and operations.
100 psi compressed air, supplied by the ship’s system or auxiliary compressor, passes
through a micron filter and enters the vortex tube. The compressed air is cooled as
it travels through the tube and enters the cabinet via a gasketed punch-through pen-
etration. Non-conductive tubing is used to distribute cool, dry air to the components
of concern. Air is expelled via exhaust ports on the vortex tube and released to atmo-
sphere. The decibel rating of the devices range from 59 to 85 dBA, which is unlikely
to cause hearing damage for prolonged exposure. The in-line micron filter removes
dirt, moisture, and particulates before entering the vortex tube. The system can
be constructed of corrosion-resistant materials suitable for marine environments. No
hazardous refrigerants are used for operation as in other types of systems, minimizing
the risk of personnel exposure and overall maintenance requirements. Compared to
heat exchangers and heat pipes, no fans are required for circulation nor condensate
collection system for operation. The vortex tube can be mounted on the cabinet’s
top or side faces. Application for the proposed cabinet design mounts the vortex tube
on the cabinet’s side face near the top. The placement provides a greater physical
overhead margin for electrical cabling or additional iPEBB assemblies. An example
of a PPU is shown in Fig. 8-11. Of note, the PPU is not meant to supplement the
NiPEC cooling system but can provide cooling capable of negating the heating effects

of warm air surrounding the cabinet.

The PPU air consumption is model dependent and ranges from 4 cfm to 80 cfm
when in operation. It is capable of continuous or intermittent operations and uses
a solenoid valve with an electronic control system to maintain the internal cabinet
atmosphere. The intermittent model provides 1 cfm of air flow when the solenoid
valve is shut, which prevents contaminants from entering the cabinet by maintaining
it at pressures slightly higher than atmosphere. Assuming the proposed ship has 4
NiPEC corridors with about 12 compartments in each corridor and 5 cabinets in each

compartment, the continuous air load when all solenoid valves were shut would be

109



240 cfm. A typical low-pressure air compressor onboard a ship is rated from 100 to
150 c¢fm, model dependent. Ships typically have several low-pressure air compressors,
with some systems having dedicated compressors for special tasks capable of 2000 cfm.
The PPU assumes the 100 psi air is drawn from humid atmospheric air conditions.
Utilizing the ship’s air dehydrators in combination with the compressors can yield

even lower relative humidity controls.

Figure 8-11: Positive Pressure Unit Example [8]

8.2 NiPEC System and Compartment Layout

The arrangement of NiPEC cooling system components and electrical distribution
equipment within the reserved space is addressed to determine the feasibility of system
implementation and determine the requirements for future system designs. Base
assumptions are derived from [3] with regards to NiPEC compartment equipment
layout and geometries. Modification of equipment characteristics and arrangement

discussed in this section is based on [25] and [24] requirements.
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As the primary focus of this study is the NiPEC cooling system, it is modeled
to facilitate the operation and performance of its individual components and the
collective framework. Maintenance and repair requirements are considered in the
construction and allocation of system elements. Component builds, interfaces, and
sub-components are designed, selected, or oriented to minimize the possibility of
fluid leakage, and its severity when in proximity to electronic components. The
arrangement of other components within the NiPEC compartment is driven by the
optimization of the cooling system, as the designs of those systems have not been

proposed or remain in design.

The NiPEC compartment and the systems it encompasses are categorized as ’vital’
due to their critical function in providing continual operational ship capabilities. The
compartment is required to provide protection from fumes, fire, and flooding to the
personnel and equipment within. Furthermore, the compartment shall not sit adja-
cent to ship storerooms that contain hazardous materials. Given the expected corridor
arrangement in the idealized ship model, the compartments will most likely be located
below the ship’s V-lines and are therefore required to have water-tight boundaries. If
a compartment is located above the ship’s V-lines, its boundaries shall be air-tight
unless required to have a higher degree of protection. Aside from the compartment’s
normal access door, it is required to have an emergency egress/ingress route to a
deck other than its own. For compartmental spatial coordination, emergency access
is assumed to be via a raised quick-acting spring-balanced hatch of circular circum-
ference that measures 30" in diameter with a dogging mechanism that protrudes
12" downward. The hatch shall be located in the overhead for compartments below
the bulkhead deck and is assumed to reside in the corner of the compartment. The
hatch will be accessed by a bulkhead-mounted ladder that spans the height of the

compartment.

Component spacing permits access to equipment in accordance with Fig. 8-12,
which considers human engineering criteria and anthropometric data from ASTM
F1166 [24]. The spacing considers the movement and positioning of personnel and

tools for maintenance and operations. The access path within the compartment shall
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be free of obstruction and measure at least 36" in width along the path’s length. The
width provides sufficient space for two-way traffic, emergency egress, or passage of
personnel during operations or maintenance within the iPEBB cabinet by another
individual. Unobstructed headroom along the access path shall permit at least 77"
of vertical clearance. The current compartment design achieves the requirement with
a planned clearance of 84" plus an additional 18" of overhead space considered for
light fixtures, wire runs, and ventilation ducts. Equipment shall be sized to allow
for removal or installation via a path through the compartment’s main access. The
compartment shall be designed with an infrequent access panel or planned bulkhead
removal footprint for equipment that cannot pass through the main access and shall
be designed depending on the equipment’s frequency of repair. The current NiPEC

compartment design permits all components to transit via the main access.

Figure 8-12: Minimum machinery space working clearances [25]

Electrical distribution and control equipment shall not have their respective en-
closure tops sit higher than 84" above the deck. A minimum of 42" of front operating
space shall be required for the equipment’s enclosure. 24" of clearance is required
between the enclosure’s back wall and the adjacent rear bulkhead to permit servicing
of individual components or support equipment. On one side of the enclosure cabinet,
or at the end of a row of cabinets, 24" of clearance is required. The other side of
the enclosure cabinet, or row of cabinets, shall have a minimum clearance of 6" to

the ship’s structure. The compartment’s arrangement was modified to meet the cri-
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teria. A watertight barrier shall provide protection to the lower portion of enclosures
containing electrical conditioning components. If the barrier is not integral to the
enclosure, then it shall be provided with quick-opening drains. The iPEBB cabinet
will provide the necessary watertight boundary to protect its internal components.
Non-conductive and non-skid rubber matting shall be installed over the deck in front
of and behind the electrical enclosures. The matting is expected to be no more than

0.5" in thickness and provide no significant change in vertical clearance.

The NiPEC cooling system design layout assumes that the components are not
integrated into a single cooling unit architecture (i.e. cooling skids) for the purpose
of maintenance and life-cycle growth. Liquid carrying pipes within the compartment
shall best be within 36" of the most outward bulkhead which acts as a boundary
between the heated portion of the ship and the unheated portion of the ship. A
majority of the piping meets the 36" criteria with the exception of piping routed
to and from the cooling system pumps, which have their own spatial requirements.
Non-redundant pipes and cabling between vital components shall run in the most
direct and orthogonal path as practical. Piping and cabling shall not be located
behind deck-mounted front-serviced electronic equipment, such as iPEBB cabinets,
if they are inaccessible. 30" of operating space shall be provided along the sides of
the cooling pumps, with 36" of clearance provided at one end of the pump. For
systems with more than one pump, 48" of operating space shell be provided between
pumps unless a cooling skid arrangement is utilized. Interference removal for accessing
pipes, cabling, and other components shall be kept to a minimum. When interference
removal is required, it shall not be in such a manner that affects the ship’s propulsion
capability when underway. Electric cabling shall not be located above or adjacent
to heat-generating components as practically possible. The wire runway connecting
the iPEBB cabinets to the ship’s electrical system is not located directly above the
iPEBB cabinets. The wire runway is adjacent to the bulkhead that runs along the
back side of the iPEBB cabinets.

Electrical components are oriented in such a manner that if an arc flash were to

occur, it would minimize the chance of propelling front covers into watch stander

113



positions or areas containing flammable or combustible materials. The iPEBB cabi-
nets are oriented such that front covers would be propelled across the compartment’s
main access path and against the bulkhead. As the NiPEC compartment will not
be a continuously manned space the risk is abated. In relation to other machinery,
electrical switchgear components, such as transformers, capacitors, and harmonic fil-
ters shall be located in their own compartment when practical; currently met by
the NiPEC reserved space design basis. Electrical components are maintained at a
distance from major NiPEC cooling system components to minimize the risk and
severity from system leaks or ruptures. All major cooling components are located at
one end of the compartment and within a 3"’ tall basin with an installed deck drain.
As no bilges are implemented or required of the compartment’s design, the likelihood
of compartment flooding is reduced. Compartment equipment shall be mounted to
prevent accidental injury to personnel from mechanical systems. As mitigation, a
majority of NiPEC cooling system components are located away from the compart-
ment’s main access path and rotating equipment within the compartment will have
installed safety guards. Safety guards should be considered for installation around
shafting, couplings, gears, a similar equipment with design considerations for main-
tenance access. Additional guidance for rotating machinery requires that the cooling
pump’s axis of rotation be aligned and horizontal to the ship’s centerline when fea-
sible. The current NiPEC cooling system arrangement does not meet this criteria,
given the spatial requirements of the pumps and the spatial limitations of the ideal-
ized compartment. Future design iterations may choose to meet the requirement as
ship compartment design is finalized.

Lastly, ship-wide electrical distributive system arrangement requires separating
longitudinal runs by at least two vertical decks if possible, but at a minimum one
deck of separation. The current design case for the four longitudinal corridors meets

the requirement with one deck of vertical separation.
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Chapter 9

Final System Design Summary

Taking all the research presented above into account, the following summarizes deci-
sions made for the recommended NiPEC cooling system. A detailed and comprehen-

sive explanation of the designs can be found in their respective chapters.

9.1 Heat Exchanger

Initial designs and simulations determined the requisite heat exchanger characteris-
tics to robustly meet the needs of the NiPEC cooling system and collective design
criteria. A two-pass heat exchanger utilizing cooling tube diameters sizes 1/2 in or
5/8 in should be pursued for further development and final system design. The heat
exchanger’s internal shell diameter should be sized to accommodate a cooling tube
external surface area for a heat load of 240 kW at a logarithmic mean temperature
difference of 27 °C'. The estimated internal shell diameter and number of first pass
cooling tubes should be approximately 10 to 14 in and 70 to 80, respectively. These
values are ranged to meet the flow velocity and pressure drop criteria required of the
heat exchanger. The heat exchanger’s exposed tube length should be proportionally
tailored to meet the required tube surface area and is estimated to be 50to70 in.
Single-segmented baffle sizing requires further investigation to determine the optimal
cross-sectional area to promote heat transfer while minimizing the component’s pres-

sure drop. Optimizing the baffle geometry and arrangement will allow for a smaller
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and more efficient heat exchanger. Serth [36] provides an in-depth methodology to
determine the appropriate baffle characteristics and calculable pressure drops across
the heat exchanger. The correction factors applied to the ideal heat transfer coeffi-
cient for demineralized water were conservative estimates. More refined values can
be calculated during design optimization utilizing follow-on Bell-Delaware methods.
The chilled water volumetric flow assumption requires a more capable and dedicated
system than exists on current naval ships. A risk assessment should be conducted on
the value of using a seawater-cooled heat exchanger for one of the two coolers, as am-
bient sea temperatures could provide sufficient cooling during non-peak conditions.
If seawater cooling is not a viable solution, then a more robust chilled water infras-
tructure must be developed on future NiPEC ships. The thermal resistance from an
internal iPEBB semi-conductor to the cold plate cooling liquid Rz, developed by
[31] served as a basis for initial system development. As iPEBB and cold plate de-
signs are refined, and material thicknesses and heat transfer properties change, Ry
must be considered for updated cooling system capacities. The heat exchanger de-
sign does not address the requirements for equipment shock testing and ship’s motion
resiliency. Investigation is required for on-ship implementation in accordance with

MIL-DTL-901 [22] and DOD-STD-1399 [5].

9.2 Pump

The determination and analysis of the pump characteristics fall in line with expected
estimates and comparable industry applications. A 23hp centrifugal pump with a
3.5tn nominal outlet and 4 in nominal inlet could provide sufficient cooling flow to
the NiPEC compartment’s iPEBBs at the most limiting heat load condition. Al-
though the assumptions for equipment and piping head losses were conservative es-
timates, a continued analysis should be conducted as design iterations are refined.
The equipment head loss assumptions used the maximum permissible values per mili-
tary design requirements, and the piping estimates used 20% more than the expected

lengths of piping. Of note, piping internal surface roughness was not implemented
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into the analysis based on the variation amongst the selected materials and manufac-
turing techniques. Investigation into military piping specifications can provide initial
estimates after determining the construction material [27]. The pump characteris-
tics were based on the fluid thermal properties at the high end of the demineralized
water temperature band. The basis for this assumption was to assess the effects of
the available net positive suction head for the pump when vapor pressure was at its
most limiting condition. Calculations and analysis were reperformed at feasible low-
end temperatures for the demineralized water to assess the effects of water density on
pumping power. The results showed that an increase of 1 hp (23 hp total) was required
for low-temperature conditions at full low. Lastly, a pump efficiency comparable to
industry standards at full flow was utilized for calculations. As centrifugal pump
efficiencies are normally better at the higher end of the pump’s rated flow capacity,
the range of lower operational efficiencies requires further investigation. However,
until vendor-specific models are analyzed, cursory estimates are used. Pump motor,
volute, and shafting characteristics can vary greatly between pump models, and the
effects on mechanical, volumetric, and hydraulic efficiencies would be challenging to

scope without vendor data.

9.3 Expansion Tank

The expansion tank volume and minimum charge pressure were determined for the
NiPEC cooling system. A reevaluation of component parameters should be per-
formed as component sizes, geometries, and arrangement become more defined. No
significant change in volume or pressure is expected based on maintaining one cool-
ing system per NiPEC compartment. Small changes to the aforementioned cooling
system parameters would maintain the total expansion tank volume in the range of

15t030gal.
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9.4 Pipes, Hoses, and Fittings

The marine atmosphere and ship’s engineering environment strongly promote the se-
lection of a corrosion-resistant material for the construction of NiPEC cooling system
piping, fittings, and similar components. The performance of copper-nickel alloys
in cooling system applications and their resiliency to various corrosion mechanisms
make them the primary candidate in material selection among the permissible stain-
less steel and bronze alloys. Although stainless steel outperforms copper-nickel in
the maximum safe piping flow velocities, 3 — 4 m/s vs 13 — 15 m/s, the current
heat load and required volumetric flow rate of the compartment do not necessitate
higher velocities. However, if one cooling system were to support multiple NiPEC
compartments, then material selection should be reevaluated due to the limitations
of shipboard piping diameters. Flexible hoses are not recommended for implementa-
tion in the current design. The cold plate to cooling system interface does not require
the use of a flexible connection, and the drawbacks of flexible hose requirements are
significant. Detailed piping, hose, and fitting criteria were summarized and referenced

to facilitate immediate prototype material procurement and construction.

9.5 Water Chemistry Components

The cooling system requires the implementation of a two-phase resin bed to maintain
the demineralized water particulate and ion free. A micron filter and y-strainer are
employed for fine (< 0.5um) and coarse (> 0.5um) debris removal. Water chemistry
specifications are delineated for the demineralized water and provide insight on how
various criteria can be used to detect equipment casualties and troubleshoot issues.
Cathodic protection is not required, provided material selection is as discussed. The
premise of using high purity demineralized water is to mitigate the risk of electrical
conduction through the cooling fluid. By reducing the ion content of the demineralized
water, the chance of transmitting current from an iPEBB with an external shell

potential can be minimized. Several design considerations are contingent on the
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requirement to have high-purity water was the cooling medium for the cold plate. If
the iPEBB design and safety margins can ensure the electrical potential is maintained
within the iPEBB internals, then a risk assessment should reevaluate the possibility

of using other cold plate cooling mediums currently limited by this constraint.

9.6 Cold Plate

Initial cold plate designs were explored and a final recommendation was made based
on the interfacing requirements with the iPEBB securing mechanism and the desire to
minimize the likelihood of water contacting electronic components. The final design
rotates about a hinge mechanism to apply pressure to the thermal pad and iPEBB
for optimizing heat transfer between components. The cold plate aligns the inlet and
outlet piping along the axis of rotation to avoid the use of flexible couplings capable
of leaking water onto or near the iPEBB. The inlet and outlet piping are welded or
machined into the cold plate and have a seamless design that greatly reduces the
chance of leakage. Further analysis is required to determine the structural tolerance

of the cold plate to static and dynamic loads.

9.7 Overall NiPEC Cooling System Architecture

The arrangement and specific operating geometries navigated the process by which
the cold plates, iPEBB, and cooling system integrated with the iPEBB anchoring sys-
tem. At the fluid temperatures achievable by the cooling system, condensation is a
challenge at low load conditions if not managed properly. Condensation prevention is
achievable through chilled water heat exchanger flow control and proper temperature
control. The implementation of an iPEBB cabinet could protect each iPEBB stack
from debris and condensation, and provide structural availability for sub-systems and
components. A positive pressure atmosphere within the cabinet is capable of provid-
ing additional protection from penetrating fluids and fumes. Further investigation

into iPEBB cabinet capabilities and requirements should be pursued for prototype
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implementation. The NiPEC cooling system arrangement assumes that the pumps
and heat exchangers are not assembled into a single cooling unit (i.e. cooling skid).
An analysis of the requirements for all-inclusive cooling skids can address the space

limitations encountered in the current NiPEC compartment model.
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Chapter 10

Future Work and Conclusions

This thesis presents a first-pass design of a NiPEC liquid cooling system. Each element
of the cooling system has been investigated, relevant standards and requirements have
been documented, and recommendations have been made for the candidate problem.
The proposed system is tailored to the shipboard environment for use by the sailors
and technicians that operate and maintain the equipment. Deviation from the cited

requirements risks the implementation of the system in the U.S. Navy’s surface fleet.

10.1 Future Work

There were three significant topics discovered in the process of this research which
require further study. The topics discussed are not all-inclusive, but pose a significant
challenge to the component and system architecture.

Variations in ship-wide NiPEC cooling system architectures should be evaluated.
The number of cooling components required to support four corridors, with 12 com-
partments per corridor, denotes unwieldy operational and maintenance aspects under
the current assumptions. This study developed a fully feasible system for a sin-
gle NiPEC compartment. However, ship-wide implementation requires investigation
into zonal cooling, super-loop, or other distributive cooling methods. The method
could take advantage of the economies of scale while meeting the technical criteria

addressed in this study. Additionally, this study did not address cooling system sur-
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vivability, monitoring, safety, and control systems but are required for shipboard use
and operator manageability.

iPEBB electrical isolation should be addressed and contained within the bound-
aries of the iPEBB. Given the large voltage capabilities of the iPEBB, electrical po-
tentials permitted to travel outside the iPEBB shell could cause significant damage
to equipment or personnel. Arcing across components, the electrolysis of the cool-
ing liquid, accelerated corrosion, and other challenges multiply outside the bounds
of the iPEBB. Electrical isolation can be equally, if not more difficult, to manage
outside the iPEBB. Furthermore, MIL-HDBK-251 [23] states that electrical isolation
and grounding should not be achieved via piping systems.

A thermal design criterion required of the iPEBB, and not currently addressed, is
that it must be able to operate at full power within its temperature parameters for
at least 8 hours at an ambient temperature of 35 °C with no new supply of cooling
water [6]. iPEBB cabinet cooling could provide a back-up means of addressing this

requirement and should be considered in accordance with specifications of MIL-DTL-

2036 [19].

10.2 Conclusion

Theoretical calculations and computer simulations presented in this thesis validate
the concept that indirect liquid cooling of the iPEBB is possible and can be used for
heat loads not capable of being managed by convective air cooling. The groundwork
has been set for initial and comprehensive NiIPEC cooling system design possibilities.
Various flow conditions can be explored and simulated by building upon the provided
CAD models and worksheets. The accumulated literature in this study can guide
and further on-going and future NiPEC cooling research. Prototyping and advanced
modeling can develop more sophisticated means of cooling and can now be pursued.
Prototyping of the system and equipment to confirm the research presented herein is

the next logical next step.
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Appendix A

Pipe Fittings Flow Friction Values

Table A.1 shows the resistance coefficient values for various fittings. It is used in
conjunction with Eqn. 3.2 to calculate the head loss produced by the respective fittings
[29].
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Table A.1: Resistance Coefficient Fitting Values [29].

Fitting Type K
45° Elbow Standard (R/D = 1) 0.35
Long Radius (R/D = 1.5) | 0.2
90° Elbow Curved Standard (R/D = 1) 0.75
Long Radius (R/D = 1.5) | 0.45
90° Elbow Square or Mitred 1.3
180° Bend Close Return 1.5
Tee, Run Through Branch Blanked 0.4
Tee, as Elbow Entering in run 1
Tee, as Elbow Entering in branch 1
Tee, Branching Flow 1
Coupling 0.04
Union 0.04
Gate valve Fully Open 0.17
3/4 Open 0.9
1/2 Open 4.5
1/4 Open 24
Diaphragm valve Fully Open 2.3
3/4 Open 2.6
1/2 Open 4.3
1/4 Open 21
Globe valve, Bevel Seat Fully Open 6
1/2 Open 9.5
Globe Valve, Composition seat | Fully Open 6
1/2 Open 8.5
Angle valve Fully Open 2
Butterfly valve 0 =5° 0.24
0 =10° 0.52
0 =20° 1.54
0 = 40° 10.8
0 = 60° 118
Check valve Swing 2
Disk 10
Ball 70
Foot valve 15
Water meter Disk 7
Piston 15
Rotary (star-shaped disk) 10
Turbine-wheel 6
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Appendix B

Flexible Hose End Fittings

1t

I

This is for -32 hose dash size only.

End fitting specification End fitting type per . s
sheet number specification sheet End fitting description
24787/1 L F, FL. FFL Flange to hose (straight, 90-degree elbow,
or 45-degree elbow)
24787/2 A 37-degree flare swivel
24787/3 2 C,CL O-ring seal union (straight or 90-degree
elbow)
24787/4 % E,EL. SC, TF, TM Split clamp (straight, 90-degree elbow, or
assembly), Tailpiece (female or male)
24787/5 4 D 90-degree elbow
NOTES:

Y This is for -16, -20, -24, and -32 hose dash sizes only.

This does not include -4 or -5 hose dash sizes.

Figure B-1: End fittings for use with flexible hoses [21]
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Figure B-2: Flange to hose - straight (F) and 90-degree elbow (FL) [21]
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Figure B-3: 37-degree flare swivel (A) [21]
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Figure B-4: O-ring seal union - straight (C) or 90-degree elbow (CL) [21]

Figure B-5: Split clamp end fitting - straight (E) and 90-degree elbow (EL) [21]
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Figure B-6: Split clamp adapter assembly (SC) [21]
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Figure B-7: Tailpiece female adapter (TF) [21]
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Figure B-8: Tailpiece male adapter (TM) [21]
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Figure B-9: 90-degree elbow [21]
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Appendix C

Piping Construction Materials

The following tables list the pre-approved piping component materials aboard Navy
surface ships. The information is from Table XVI in MIL-STD-777 [27] for Category
C-1 and C-2 fluids, which is directed by note L-1-2 from Table XLVIII for -1 fluids.
The use of ethylene glycol /water solutions is required when piping systems impose
anti-freeze protection, such as when piping is exposed to weather or outside the skin
of the ship. C-1 and C-2 category fluids are freshwater, including feed, chilled wa-
ter, condensate, electronic freshwater cooling, potable, freshwater firefighting, and
gas turbine washdown, 200 psig/250 °F. L-1 category fluids are cooling, (electronic
equipment, diesel equipment, diesel engine, and so forth) — ethylene glycol, freshwater
solution, distilled water solution, 150 psig/200 °F. Not all metal alloys listed below
are permitted for use when using demineralized water. A list of permissible metal

alloys can be found in Table 5.1 and should be cross-referenced with the tables below.
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Figure C-1: Category C-1 and C-2, Freshwater, including feed, chilled water, conden-
sate, electronic freshwater cooling, potable, freshwater firefighting, and gas turbine
washdown, 200 psig/250 °F [27]

Figure C-2: Category C-1 and C-2, Freshwater, including feed, chilled water, conden-
sate, electronic freshwater cooling, potable, freshwater firefighting, and gas turbine
washdown, 200 psig/250 °F - Continued [27]
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Figure C-3: Category C-1 and C-2, Freshwater, including feed, chilled water, conden-
sate, electronic freshwater cooling, potable, freshwater firefighting, and gas turbine
washdown, 200 psig/250 °F - Continued [27]
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Appendix D

Piping Insulation Materials

The following tables list the pre-approved insulation and lagging materials, specific to
the NiPEC cooling system, for use aboard Navy surface ships. Concerning insulation
selection and D-1, The 41 to 125 °F temperature range is the appropriate criteria for
the design application. The air conditioning criteria are yet to be determined, but
the space design is not expected to be open to the weatherdeck. The insulation is
to be lagged with fibrous-glass cloth in accordance with MIL-C-20079. Removable
and reusable insulation shall be installed on flexible hoses without lagging. Painting,

splash guards, and metal sheathing shall be installed or applied in accordance with

Figure D-1: Thickness of anti-sweat and refrigerant insulation for piping [26]
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Figure D-2: Thickness of anti-sweat and refrigerant insulation for machinery and
equipment [26]

Figure D-3: Dimensional tolerance of form 1 — tubular insulation and form 2 — sheet
insulation [26|
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Appendix E

Ideal Tube Bank Correlation Graphs

An alternative method for deriving ideal tube bank correlations, such as the Colburn

Factor, is by using the charts below for various tube pitch formations [36].

Figure E-1: Ideal tube bank correlation for triangular pitch [36]
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Figure E-2: Ideal tube bank correlation for square pitch [36]
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Figure E-3: Ideal tube bank correlation for diamond pitch [36]
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