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Executive Summary

This executive summary describes a long term program to design and build a Heat Pipe - Bleed Air
Cooler (HP-BAC) which will greatly reduce the saltwater scaling and calcareous deposits as compared to
existing shell and tube heat exchangers. This involves power levels and environments far removed from
those typically associated with heat pipe applications. The summary and highlights the concept and
benefits, and the progress and setbacks encountered over its ten year life. The final report provides the
details with various pictures showing the developments. The full scale pre-production HP-BAC was
completed and successfully tested at a land base site. At the writing of this report no Navy proposals to
transition or re-test have been funded to re-demonstrate this TRL-8 technology, in its real world
performance in sea trials back aboard the DDG-68-USS RAMAGE or other DDG-51 Class ship under
SCD 291.

The Problem: Bleed air is designed for 925°F but is typically extracted from the ship’s generator or
propulsion gas turbines at 550 to 700°F (288-371 °C) and is cooled using seawater, for use throughout the
ship. The existing Bleed Air Cooler (BAC) is a simple two pass shell and tube heat exchanger, ambient
temperature seawater circulating inside the tubes and the hot bleed air flowing over them. At the air inlet,
the 550°F (288 °C) air heats the inside surface of the tubes far above the 150°F (65°C) temperature at
which salt will scale out of the seawater and produce calcareous deposits. The deposits insulate the tubes,
so the overall heat transfer is reduced, and the high temperature region of the tubes moves towards the air
outlet, eventually fouling the entire heat exchanger. Once formed, the deposits require an acid bath to
remove them. Removing the BAC’s from the sip and cleaning them is extremely labor intensive and
produce environmentally unfriendly waste streams. Reducing or eliminating the periodic cleanings would
have both economic and environmental benefit

FIRST PHASE HEAT PIPE HEAT EXCHANGER CONCEPT DEVELOPMENT:

The Basic Design Concept:

The basic concept was to separate the bulk flow of hot bleed air and the cool seawater, and make a
thermal connection using heat pipes. The isothermal properties of heat pipes meant that the entire
condenser (water) side of the heat pipe would be at the same temperature, and that temperature could then
be controlled by adjusting the heat transfer surface area on the evaporator (air) side of the heat pipe. At
the air inlet side, where the delta-T between the bleed air and the cooling water is at its maximum, using
minimal number of fins reduces heat transfer to a level that will keep the surface temperature at which
scaling becomes a problem. Note that the delta-T from the air to the heat pipe wall is more than 300 °F
while the delta-T from the heat pipe to the water is less than 50 °F. The heat transfer is limited by the air
side, so only the air side fin density is manipulated. By having fewer fins at the air inlet and a high fin
density at the air outlet, the power per heat pipe can be kept relatively constant as the bleed air cools
down, while also maintaining the heat pipe wall temperature below the scaling temperature throughout.
The one drawback of this approach is that it deliberately introduces thermal resistance, reducing the
volumetric thermal efficiency and necessitating a larger heat capacity.

Other Design Considerations:

The present bleed air coolers are rated for maximum transport of 425 kilowatts. The maximum heat
transport per heat pipe is in excess of 3000 watts. The bleed air can reach 925 °F (496 °C at 75 psig). The
seawater coolant is corrosive.
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Materials:

The operating temperatures and the seawater coolant necessitated the use of copper nickel heat pipes to
withstand the internal pressures and the corrosive coolant. Since that material had not been used before,
four life test pipes were fabricated. Two were 90-10 CuNi, and two of 70-30. Three were placed on life
test starting in may, 1999, and eleven years show no signs of gassing.

Preliminary Thermal Design:

The preliminary thermal design examined both thermal-mechanical stress and thermal performance. The
design employed three different fin spacing’s to produce three different heat transfer regimes to keep
temperatures reasonably constant. The model results for this initial design consisted of 36 rows with 5
heat pipes per row. The initial design utilized fin sheets which ran the length and width of each module.
This concentrated all the bending stress at the tube sheet interface where it exceeded the yield stress of the
heat pipe tubes. Subsequent designs utilized individual fins for this reason.

SECOND PHASE DESIGN BUILD AND TEST FULL SCALE PROTOTYPE:

Design:

For the full size prototype, the design used three modules. The air side had 2 fins per inch (fpi) at the air
inlet module, 3fpi on the middle module and 5 fpi on the outlet module. Each module had 13 rows of
heat pipes with 5 heat pipes per row. The water side used 2fpi spacing for all modules. The structural
analysis indicated that the tube sheet would have to be made thicker to conform to ASME Section VIII
limits. The thicker plate was implemented, but at this time the heat pipes had already been cut to length
and rather than throw away the relatively expensive material, it was used as is. While the reduction in
length is only % inch the reduction in the number of fins that could be fitted was almost 20%. The
thermal design point was for bleed air at 925 °F (496 °F). As designed it was to transfer 416.9 kW. With
a reduction of the number of fins to resolve some issues that arose during construction, it was calculated
to transfer 336 kW in its as-built condition.

Hardware:
The HP-BAC was delivered for the Second Phase sea trials. The HP-BAC was installed aboard the
DDG-61 USS Ramage in June 2005

Second Phase Shipboard Test results:

The HP-BAC was installed in parallel with an existing shell and tube heat exchanger where both could be
in operation at the same time permitting a real time comparison. The test results were disappointing.
Bleed air entered the BACs at 550°F (288°C), and the seawater entered at 70°F (21°C). For the shell and
tube BACs, the air exited near 140°F (60°C). For the Heat Pipe BAC the air exited near 360°F (180°C).
The heat pipe BAC was removing roughly 42% as much heat as the shell and tube BAC. Part of this
discrepancy was due to bypass flow, where the air did not pass over the fins and heat pipes because of
excess clearances to the shell. After baffle plates were installed to somewhat alleviate this bypass flow,
the HP-BAC performance improved to almost 60% of the shell and tube.

It should be noted that the objective in going to the HP-BAC was to maintain the water side wall
temperature below the 150°F (65°C) scaling temperature. Meeting this objective entailed the deliberate
introduction of additional thermal resistance into the heat pipe thermal circuit, so its performance will be
inherently less efficient that the shell and tube. In any event, the HP-BAC was significantly below its
calculated performance level and the testing was terminated.



THIRD PHASE NEW PROTOTYPE PRE-PRODUCTION HP-BAC WITH LESSONS
LEARNED:

A number of issues with the second phase design had already been identified and would be directly
addressed in the third phase. The heat pipes themselves, which had been subcontracted, seemed to be
operating at about one-third of their expected conductance on average. The third phase would identify
and resolve all issues and produce a test article to verify solutions. The following sections discuss the
identified issues and the steps taken to remedy them.

Bypass Flow:

The design models assume that the available water and air flow travel over the heat pipes and fins. There
were excessive spaces between the heat pipes/fins and the shell that allowed fluid to bypass the heat
transfer area. These spaces were left to accommodate the large tolerances on the shell and to provide
some leeway during installation.

The obvious solution was to channel the flow to the heat pipes with a structure that was part of the tube
sheet-heat pipe assembly rather than by adding baffles to the shell. Ducts were also added that could be
moved out of harm’s way when the shell was being attached to the tube sheet. This was relatively straight
forward inn the case of the part-scale test article.

Fin Form Attachment:

Fins attached to heat pipes are generally stamped from aluminum or copper. For the BAC, the fins were
made from thick Cu-Ni. Stamping was not an adequate process for this material and resulted in large gaps
between the fin and the heat pipe wall. While tight connection between fin and pipe is desirable for
thermal performance, the stamping results in spaces that are filled with relatively low conductance braze
material, or in the worst case leave a void which is essentially nonconductive.

A new method of casting fins of Cu-Ni was employed. This was developed in the Copper Based Casting
Technology Program between the Advanced Technology Institute (ATI) in Charleston SC and the US
Army Research Laboratory with fins supplied by VForge Corporation of Lakewood CO.

With this new process, fins were produced to tight tolerances resulting in excellent braes. The fin-to-wall
delta-T was reduced from >60 K on Second phase pipes to less than 10 K for the Third phase.

Heat Pipe Design and Process:

When the second phase HP-BAC was returned to Thermacore, the heat pipes were individually tested
with the results identified as follows: Only 10% were operating at design level, 55% partial degraded,
17% significantly degraded, and 18% non —operational. As designed and built in the second phase, these
heat pipes were simple thermosyphons with no wick, and they were fabricated using the processes and
procedures employed for mass produced copper-water heat pipes. This was clearly inadequate. Going
forward the processes and procedures employed for high temperature liquid metal heat pipes were
implemented, and a hydraulically actuated pinch —off tool, was used to provide a vapor tight pinch. The
tool accommodates multiple dies to reduce stress in the pinched region. A test program showed that the
heat pipes performed better with a wick to aid evaporation and to protect returning condensate from
entrainment. A felt wick had attunement issues and a sintered metal powder wick was used for all the
heat pipes.

Land-Based Test on “Part-Scale” HP-BAC to confirm Corrections and Calibrate Model:

A Land-based test was conducted to confirm that the ducting, new fins and attachments, and the improved
heat pipes all performed as expected. The part scale prototype which incorporated multiple length heat
pipes to fully utilize the available volume. It is “part scale” in that it included only the first 25 of the 195
heat pipes that would populate a “full scale” unit. Testing was conducted at Wyle Laboratories in El
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Segundo California. The test conditions included air flow of 2450 SCFM (70 m’/min) at 75 psig (6.2 bar
abs.) and 700°F (371°C). Water flow was 90 gpm (0.35 m*/min), 35 psig (2.4 bar abs.) and 85 °F (30°C).
The analytic model calculated that the part-scale test unit would transport 54.9 kW. The actual transport
per the Wyle data was 65.7 kW. The actual transport for this test was 65.7 kW. The actual transport
phase test unit performed at only 80% of calculated performance using the same model, so the
improvements were shown to be highly effective. Note that heat exchanger models are based on
correlations rather than calculating from first principles. Since the HP-BAC is radically different form the
heat exchangers upon which these correlations are based, a variation of 20% is not unreasonable.

Full Scale Improved Prototype:

To raise the transport capacity within the existing shell, multiple length pipes were used to more fully
utilize the available volume within the circular shell. The multiple length pipes required a complex
“wedding cake” baffle. This was a large contrast the multiple length heat pipes and the complex baftle
in comparison to the uniform length mono height pipes rectangular baffle in the coupon. The calibrated
model was used to optimize the total heat transport capacity of the HPBAC within the existing shell,
while maintaining the maximum water-side heat pipe wall temperature below the seawater scaling
threshold temperature during normal operation. Expanding the part-scale design to a fully populated full
scale test configuration would have transferred 366.2 kW at the test condition of 740°F (393°C) inlet air.
The maximum heat pipe wall temperature under these conditions would be 186.6°F (85.9°C). The full
scale test article with multiple length pipes and optimized fins would transport 386.7 kW at test
conditions with a maximum heat pipe wall temperature of 170.10F (76.7°C). At its normal operating
condition with inlet air at 550°F (288°C) the optimized design will maintain the maximum heat pipe wall
temperature at 148.6°F (64.8°C), just below the salt scaling limit of 150°F (65°C). The full scale
prototype is schedule for ground testing May 11, 2010 to confirm these calculated performance
parameters, before being re-installed on the DDG-68 USS RAMAGE for subsequent sea trials.

CONCLUSION:

Land based testing of a part scale prototype 2009 confirmed the solutions to identified problems, and
calibrated the analytical model. Shipboard testing of an expanded full scale prototype will hopefully
demonstrate that the HP-BAC will significantly reduce the salt water scaling and its associated
maintenance and environmental costs. To date all technology transition programs have rated very well
however no funds were ever made available to complete final technology demonstration. Efforts are
being explored to demonstrate the technology on hot geothermal plants or other foreign military ships
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Chapter 1 - Introduction
1-1 Background
1-1.1 About the Masker and Prairie - Bleed Air Systems (BAS)

The Masker and Prairie Air Systems comprise most of the BAS that are used on U.S. Navy ships for Anti-
Submarine Warfare (ASW) operations as well as turbine start and anti-icing. These systems use salt
water to cool high temperature air off the gas turbines, for these ASW operations. These systems
generate an air bubble screen to reduce the transmission of noise to the surrounding waters. The Masker
Air System specifically reduces noise produced from the hull by discharging air though emitter belts
located around the underwater girth of the ship while the Prairie Air system reduces propeller noise by
discharging air from the leading edges of the propeller. Bleed air from Gas Turbine Engines (GTE)
compressors, whether they are main propulsion model LM2500’s or Ship Service Turbine Generators
(SSTG) model 501K’s, passes through a BAS reducing valve and then through a Masker & Prairie
seawater cooler that is designed to reduce the bleed air temperature below 400°F. Prairie/ Masker system
is used during both active and passive undersea warfare operations. Gas turbine ships routinely operate
systems in port and at-sea, to avoid marine growth from plugging holes in blade tips and masker belts.
An improper Prairie/Masker airflow rate is an ASW mission degrades.

The Masker and Prairie air coolers are shell and tube type coolers that are designed to cool bleed air with
a temperature greater than 900°F using seawater passed around thin cooler tubes at a design temperature
of 85°F. Table 1-1 provides a summary of the Masker cooler design parameters. The calcium carbonate
scale build’s-up within the cooler at elevated temperatures over 150°F. Due to the scale’s low thermal
conductivity relative to the tubes this causes a reduction in cooler effectiveness. If the bleed air exiting
the cooler reaches 435°F, the bleed Air-reducing valve closes and prevents further operation of the
Masker and Prairie air systems for ASW operations.

The technology application of heat pipes in the masker cooler was selected to demonstrate the elimination
of acid cleaning of these high temperature saltwater heat exchangers. The masker cooler was selected
since it is 3 times the BTU capacity of prairie coolers in addition to being the most problematic of the
high temperature salt water cooler heat exchangers. Main condensers another good application was not
selected due to the difficulties in demonstrating new technologies in nuclear applications.

As planned in the ESTCP program, WP-200302, “Elimination of Acid Cleaning of High Temperature
Salt Water Heat Exchangers” a full-scale demonstration prototype Heat Pipe - Bleed Air Cooler (HP-
BAC) was constructed, delivered, and testing was done on the DDG-61, USS Ramage in MER-1 Masker
cooler.

Note: DDG-51 class ships have a total of 5 shell & tube coolers:
e 2 in Main Engine Room No.1 (MER-1) (1 prairie and 1 masker)
e 2 in Main Engine Room No.2 (MER-2 (1 prairie and 1 masker)
e 1 in Auxiliary Room No.1 (AUX-1) (1 start air).

1-1.2 Masker Cooler Problems

The BAS coolers on U.S. Navy surface combatants which support the Masker and Prairie air systems are
unreliable, a maintenance burden, and costly to repair. This poor reliability significantly undermines the
performance and reliability of other major components in the BAS. To highlight this problem, INSURV
has identified the BAS as a poor performer in allowing ships to meet their ASW requirements. The basic
problem is that scale builds up in the tubes of the tube bundle in the coolers, resulting in a severe loss of
heat transfer capacity due to insufficient cooling of the bleed air. This phenomenon is due to the
precipitation of calcareous deposits on the seawater side (in the tubes) of the shell and tube cooler.
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In order to minimize the effects of the calcareous deposits in the coolers, a common maintenance practice
is to perform an acid flushing either in-situ or after removal to a shore facility. The acid flushing creates a
hazardous waste due to high concentrations of metal ions in the effluent and also because the waste
generated has a pH lower than the minimum limit as specified under the Resource Conservation and
Recovery Act (RCRA) [1]. Sailors and shore support personnel are often in direct contact with hazardous

chemicals during and after the flushing procedure.

Table 1- 1 DDG-51 Masker Cooler Technical Data

PERFORMANCE DATA MASKER AIR
CHARACTERISTICS SHELL SIDE TUBE SIDE

FLUID CIRCULATED AIR (1950 SCFM) | SEAWATER
FLOW RATE (LB/HR) 8,960 66,950
INLET TEMPERATURE (°F) 925 85
OUTLET TEMPERATURE (°F) 350 104.7
PRESSURE DROP (ALLOW/CALC) (PSI) 1.500/1.010 3.000/2.805
VELOCITY AT INLET FLANGE FACE (FT/SEC) 158.7 5.998
VELOCITY INTERNAL (FT/SEC) 19 5.998
NUMBER OF PASSES 1 2
DESIGN PRESSURE (PSIG) 100 50
TEST PRESSURE (PSIG) 150 100
DESIGN TEMPERATURE (°F) 925 300
LOG MEAN TEMPERATURE DIFFERENTIAL (LMTD) (°F) | 487.318
HEAT TRANSFER RATE SERVICE (BTU/HR/SQ FT./°F) 22.78
HEAT TRANSFER RATE CLEAN (BTU/HR/SQ FT./°F) 29.9
SURFACE AREA (SQ FT.) 117.9
HEAT EXCHANGE (BTU/HR) (APPROX) 1,308,600
WEIGHT DRY/FULL OF WATER (LBS) 485/550
Air cooler -Masker Type E Class 2
Part Number Part Number D2671
Manufacturer Wiegmann & Rose
FSCM 78730

1-2 Objectives of the Demonstration
1-2.1 Problem

High-temperature heat exchangers on ships generate scaling which results from the reduced solubility of

calcareous salts at wall temperatures above 150 °F.

1-2.2 Solution

By using Heat Pipes (HP) to control the saltwater side wall temperature to below 150 °F, scaling and
cleaning with hazardous materials is avoided and system reliability improved.
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1-2.3 Objective

The objective of this Environmental Security Technology Certification Program (ESTCP) project is to
validate the elimination of acid cleaning of high temperature salt water heat exchangers, by applying heat
pipe technologies to a masker cooler onboard a DDG-51 class ship. High temperature heat exchangers
scale heavily as a result of operating at wall temperatures above 150°F. Scaling is a physical
phenomenon resulting from the reduced solubility of calcareous salts at wall temperatures above 150°F.
The problem is more acute in bleed air and main condenser heat exchangers due to hot-side operating
temperatures as high as 925°F and 525°F respectively. Since the hot inlet gas can cause a large excursion
in the tube-wall temperature on the seawater side of the heat exchanger, precipitation of dissolved solids
in the seawater coolant occurs forming calcareous deposits on the tube walls. These deposits corrode and
erode the walls causing cracks and holes. The corrosion and erosion resulting from scaling usually cause
the heat exchanger failure. As a result, in-situ and shore-based depot chemical cleaning, both are costly
and man-power intensive, and are required to help prevent corrosion and erosion, which lead to cooler
failure. These processes use various cleaning chemicals, such as tri-sodium phosphate, sulfamic acid, and
sodium carbonate. To support these cleaning procedures, the shore-based activities are required to carry
excess hazardous materials, which can create up to 10,000 gallons of hazardous waste per application,
with a disposal cost of $2.58/gallon. Since the start of the program cost have tripled for hazaradous waste

1-3 Regulatory Drivers
1. Mandate by OPNAVINST 5090.1C, to reduce eliminate hazardous waste
2. Resource Conservation and Recovery Act (RCRA)

In selected applications, the implementation of Heat Pipe (HP) heat exchangers, as a replacement for
traditional shell-and-tube type heat exchangers will obviate the need for cleaning chemicals, through
elimination of scaling under high temperature conditions. By reducing or eliminating the use of
hazardous materials aboard ship and in shore activities for heat exchanger cleaning, the need for the
disposal of hazardous materials, as mandated by OPNAVINST 5090.1C [2], is also reduced or
eliminated. This implementation will demonstrate advanced technologies and forward the technology
development in the thrust areas of Pollution Prevention. The acid flushing creates a hazardous waste due
to high concentrations of metal ions in the effluent and also because the waste generated has a pH lower
than the minimum limit as specified under the Resource Conservation and Recovery Act (RCRA).
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Chapter 2 - Technology Description
2-1 Technology Development and Application

To eliminate scaling and the use of hazardous chemicals in bleed air system heat exchangers it is
proposed that, a HP heat exchanger configuration be substituted for an existing shell-and-tube
configuration. Within shell-and-tube bleed air heat exchangers (or other high temperature salt water heat
exchangers) localized areas of the tube wall on the seawater side (i.e., tube side) experience very large
escalations in temperature, see Figure 2-1. As mentioned previously, escalation in temperature allows the
seawater wall to reach temperatures above 150°F and consequently, scaling occurs.

HP’s provide a controlled intermediate fluid of water for the transfer of heat between a high temperature
heat source (bleed air) and a low temperature heat sink (salt water), see Figure 2-2. Figures 2-3 and 3-1
show the proposed and as built prototype HP-BAC, respectively. The ability to closely control the
temperature of this intermediate heat transfer fluid (water), contained in a hermetically sealed pipe, makes
it possible to maintain the wall temperature at the cold end of the heat pipe below 150°F. Within the HP
pipe water evaporates at the bottom of the pipe that is heated by the hot air and condenses at the top of the
pipe that is cooled by the seawater. The heat transfer surface temperature on the condensation side is
controlled by the ratio of the surface areas on the hot and cold sides of the pipe. The application of HP
technology to this heat exchanger was identified as a potential solution to both the reliability problems
and hazardous chemical reduction efforts. The reliability of this technology in marine applications has not
been determined yet. However, it is anticipated that the HP heat exchanger will have a reliability far
exceeding that of the existing shell-and-tube heat exchangers since HP technology have a mean time
between failures (MTBF) of over 100,000 hours and have proven their reliability in various NRL and
NASA space programs.

By reducing or eliminating the use of hazardous materials aboard ship for heat exchanger cleaning, the
need for the disposal of hazardous materials, as mandated by OPNAVINST 5090.1C [2], is also reduced
or eliminated. This implementation will also demonstrate advanced technologies and forward the
technology development in the thrust areas of Pollution Prevention.

LOCAL TEMPERATURE AT INTERFACES
CAN APPROACH THAT OF
INLET AIR TEMPERATURE NAVY GAS TURBIME

925'F AR

COOLED AIR TO BLEED AIR
SYSTEM (<300°F)
HEATED

=1 4%

140°F FK .}

SEAWATER b
B5'F-90°F

-

Figure 2- 1 Current Bleed Air System Shell & Tube Heat Exchanger Design

Shows current design and how localized wall temperature will approach inlet gas temperatures.
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NOTE

150 °F is the temperature were saltwater precipitates out calcareous deposits on the tube walls
causing fouling and leakage on the tube walls
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Figure 2- 2 Heat Pipe Technology

Heat Causes Pressure gradient — forces vapor to cooler side (Condenser) — gives up latent heat of
vaporization to seawater, condensate returns to hot side (Evaporator). Pipe geometry and fin densities
control quantity of heat input to heat pipe there by controlling wall temperatures on the seawater side.
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Figure 2- 3 Proposed Full Scale “Heat Pipe” Heat Exchanger
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Chapter 3 - Technology Development as of November 2011
3-1 Program History

An abbreviated design study under a small R&D contract funded by NAVSEA-05R starting in 1999
showed the feasibility of using a HP-BAC to maintain the seawater side of the heat exchanger below the
150°F salt scaling temperature, thus greatly reducing fouling and the $2.3 million per year maintenance
costs and $3 million in system support costs associated with the present shell-and-tube Bleed Air Cooler
designs. The Phase I presented several workable designs and identified several technology development
and modeling issues requiring further work prior to the fabrication of a prototype full-scale HP-BAC i.e.
heat exchanger.

An advanced study in 2000 based on further modeling and technology development successfully
validated the feasibility of the concept and provided the data needed to confidently proceed with the
design and fabrication of a full-scale cooler with a shell enclosure.

In 2003 under contract N65540-03-C-0065 a full scale prototype HP-BAC was fabricated and delivered to
NSWC. The design developments are documented in Appendix A. “Final —Design and Fabrication of a
Prototype Full Scale Heat Pipe Bleed Air Cooler Heat Exchanger of Nov 17, 2005 by Thermacore.

The proposed demonstration HP-BAC Figure 3-1 was installed into the masker cooler location in MER-1
on board the USS Ramage DDG-61, see figure 3-2. The Temporary Alteration (TEMPALT), TEMPALT
Number: DDG-51034, replaced the masker shell and tube cooler along with some system piping,
foundation changes, and added an automated instrumentation package. Since the normal operation
procedure is to operate both masker coolers in parallel the test plan was to do a comparison between the
masker HP-BAC in MER-1 and the masker Shell & Tube — BAC in MER-2. A detailed demonstration
test plan was developed for this shipboard testing, [3]. In short an effectiveness comparison would be
made between the HP-BAC and the Shell &Tube -BAC. [4]

The installation of the prototype HP-BAC TEMPALT started on 2 June 2005 and was completed on 22
June 2005 onboard the DDG-61 USS Ramage The automated data acquisition system recorded
temperatures and flow data for the HP-BAC in MER-1 and a similar system recorded temperature only
data on the Shell &Tube -BAC in MER-2.
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Figure 3- 1 Original Proposed heat pipe cooler before assembly and USS Ramage Install

The performance of the full scale prototype HP-BAC as installed Figure 3-2 between June and Nov 2005
fell considerably short of predictions, reducing bleed air temperature by only 179°F, which was 125°F
less than the expected reduction of 305°F. The bypass flow was known to be significantly worse than
design conditions, so baffles were added and the unit reinstalled and tested again in July, 2005. The
baffles improved heat transfer considerably; the unit reduced bleed air temperature by 220°F but this was
still some 40°F less than the expected reduction of 260°F. The testing was terminated in Nov 2005
without obtaining any data on fouling performance. In addition to the bypass of much of the airflow
around (rather than through) the heap pipe fins, see Figure 3-3 a number of other parameters fell short of
the conditions used for the design calculations. Two other main contributors were fin attachment, see
Figure 3-5 (pulled from Appendix A-D, EWI joining report) and the fact that only 10% of the heat pipes
were operating as designed, with the remaining pipes operating at varying degrees of performance, see
Figure 3-4. Note if a heat pipe is made correctly it would be operating at a 100% of its designed abilities.
In Figure 3-4 the percentages represent the percentage at which the heat they were operating do to out
gassing issues in the heat pipe. A full analysis can be seen in the “Post Analysis Report of the HP-BAC
of March 30, 2007 by Thermacore and NSWC, Appendix — B.
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Figure 3- 3 Original Prototype Full Scale HPBAC with Blow by Areas
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Figure 3-4 Showing Post Analysis of Heat Pipe Capabilities in Original HPBAC



Figure 25 - Assembly #1 Braze Joint Figure 28 - Assembly #4 Braze Joint
Voids with Bowed Fin Leg Voids with Porosity in Adjacent Weld

Figure 26 - Assembly #2 Braze Joint Figure 29 - Assembly #5 Braze Joint
Voids with Bowed Fin Leg Voids with Porosity in Adjacent Weld
The results indicate that the brazed fin-
to-tube assemblies have moderate
braze quality. Voids were found in all
five of the examined assemblies.

Figure 25 and Figure 26 are the
micrographs of brazed joint assemblies
#1 and #2. The likely cause of voids in
these joints is the bowed shape of the
fin legs. Bowed legs create a joint gap
too large to retain the liquid alloy during
brazing, thus causing voids or
incomplete fill. The legs should be
straight to provide a uniform joint gap

Figure 27 - Assembly #3 Braze Joint prior to brazing. The voids may also be
Voids with Porosity in Adjacent Weld

Page 20

Figure 3-5 Various Figures From Page 20 of EWI Report Showing The Silver Brazing of Fins to
The Heat Pipes (In Appendix A of this report A full report by EWI on joining is located in
Appendix A-D)
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The second contract with Option N65540-06-C-0022, Redesign of Pre-Production full scale HP-BAC
was instituted to analyze the work under the previous contract N65540-03-C-0065, determine the causes
of the performance shortfall, implement plans, and designs to correct those problems, build a test unit, and
confirm that the designs corrected the problems so that the HP-BAC was worth going forward. Theses
efforts are fully reported in the “Final report — Redesign of FS-HPBAC of August 29, 2008 by
Thermacore, Appendix - C. Changes were incorporated into a partial scale test unit consisting of 25 heat
pipes. With the interest of cost in mind, a new tube section was purchase, milled and drilled for only 25
pipes, then installed into the original full scale HP-BAC shell sections. The 25 heat pipes remained a
single length (mono-height) pipe that began ground testing at Wyle Laboratories in April 2008. With
some facility problems, testing continued through June 2008. Test results showed that the test unit
achieved all its design objectives and exceeded its expected performance by 15%. The reason for a 25
heat pipe coupon test was to validate that the heat pipe redesign could meet design goals. There was a
high degree of confidence it would meet the performance requirements , however both NSWC and the
ESTCP offices needed to document before moving forward with the full scale redesign. The base
contract of N65540-06-C-0022 validated this. The Option 1 on the contract N65540-06-C-0022 would
move the fabrication to the full scale redesign which had a lot of addition challenges which were
overcome to complete the final design and test successfully.

Figure 3-6 Fabrication of 25 Pipe Coupon At Thermacore
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Figure 3-7 Testing Small coupon at Wyle Labs

Figure 3- 8 Original Fin Braze
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Figure 3- 9 Redesign Fin Braze

These two figures also show the significant change from making the Heat Pipes with class 700 pipes vice
Class 3300, CuNi 70/30 pipes. Note class 700 and 3300 are the psi ratings the tube
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With the cooler redesign, all flow-by
areas have been eliminated ﬂ
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Figure 3- 10 Elimination of Blow-By Areas in 25 Pipe Coupon

With the base contract successful results, NSWC exercised Option 1 of the base contract N65540-06-C-
0022 in February 2009, to proceed with a Pre Production Full Scale HP-BAC for shipboard testing. The
contract option was amended to fully utilize the available envelope by using multiple length heat pipes,
and to perform another ground-based test before installing the unit for shipboard tests. This report
describes the work accomplished under the entire project with most of the early work coved in tne various
appendices.

3-2 Summary of Previously Reported Work under base contract N65540-06-C-0022

The following list the major accomplishments of the base contract with the reference in parentheses
providing a reference to the section of the Final Report- Redesign of Full Scale HP-BAC of August 29,
2008 by Thermacore, Appendix - C that describes them in detail.

3-2.1 Test and Diagnosis

The old HP-BAC was extensively tested. Only 10% of the heat pipes were operating at fully rated
performance. The problems with fins and bypass flow were confirmed. This work was reported in Section
3 of Appendix - C.

3-2.2 Redesign of HP-BAC

The heat pipe processing was changed so the copper-nickel heat pipes were processed the same as liquid
metal heat pipes rather than the simpler procedures followed for commercial copper water heat pipes.
Instead of simple thermosyphons, a number of improvements were tried and sintered copper wicks were
added to the design. (The heat pipe improvements were reported in Section 4.1 of Appendix — C)
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The formed fins could not be efficiently brazed to the tube walls, resulting in large thermal resistance.
Cast fins were used from Vforge with support from Advanced Technology Institute and US Army
Research Lab. Delta-T was reduced from 62°C to less than 10°C with the new fins and brazing. (The fin
improvements was reported in Section 4.2 of Appendix C and Appendix-D Improved Fin Attachment and
Fin Count of Sept-28, 2007)

3-2.3 Fabricate and Test Heat Pipes

More than forty heat pipes of various configurations were fabricated and tested. Potential problems with
gassing and weld cracking were identified, solved, and design changes were implemented to preclude
them in the future. (This work was reported in Section 5 of Appendix-C). Other significant design
change was the class of pipe used to make the pipes went from a class 3300 to a class 700.

3-2.4 Design and Fabricate HP-BAC Engineering Test Unit. (25 Pipe Coupon)

A system of ducts and baffles were designed built and installed to resolve the bypass flow issues. Heat
pipe processing was upgraded to preclude the degradation observed on the shipboard test unit. A full
scale, but not fully loaded (25 HP only), Engineering Test Unit BAC was fabricated and delivered for full
scale testing at Wyle Labs. (This work was reported in Section 6 of Appendix - C)

3-2.5 Testing

Testing was conducted at rated temperatures and flow in the Wyle facility in El Segundo CA from April
15 through June 12, 2008. The Engineering Test Unit HP-BAC carried more power at a lower delta-T
than predicted by the design models. (This work was reported in Section 3 of Appendix -C)

3-2.6 Results

Based on the official test data from Wyle Laboratories, the HP-BAC transported 15% more power than
predicted by the design model. The testing conclusively confirmed that all the corrections/improvements
that were made following the unsatisfactory tests aboard the USS Rampage in 2005 resulted in the HP-
BAC not only meeting, but far surpassing the original design objectives.

3-3 Major Tasks Under the Option 1/Amendment Work of N65540-06-C-0022

Contractually, the work consisted of the following tasks:
a. 001 Refine Mathematical Model and verified calculations for full scale HP-BAC
b. 002 Refine Structural and Thermal Analysis for full scale HP-BAC
c. 003 Final Redesigned Preproduction full scale HP-BAC
d. 004 Deliver one full scale HP-BAC for shipboard evaluation along with testing.
e. 005 Final Report

These contractual tasks were performed in the following functional tasks.
3-3.1 Re-correlate Analytic Model and perform Trade Study

This task adjusted the model so its output matched the Wyle test data. The adjusted model was then used
to maximize heat transport while minimizing water side temperature.

3-3.2 Extend Pipes to Fully Utilize Existing Shells

This task fit the maximum area of fins, the maximum length of heat pipes within the existing shells.
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3-3.3 Design New Ducts and Baffles

With the new heat pipe geometry, this task designed, fabricated and fit new ducts and baffles to best
direct air and water flows thru the extended heat pipes without allowing any bypass flow.

3-3.4 Fabricate Full Scale HP-BAC
The full scale, fully loaded, instrumented Heat Pipe Bleed Air Cooler was fabricated and instrumented.
3-3.5 Land Based Test of Full Scale HP-BAC

The HP-BAC was then tested at Stork East-West Technology Corp under operating temperature and flow
conditions to verify its performance before considering shipboard testing.



Chapter 4 - Re-correlate Analytic Model and Perform Trade Study
4-1 Re-correlate Analytic Model
4-1.1 The Wyle Labs Test and Data

The “test coupon” or “subscale test unit” was subscale only in that it consisted of the first 5 rows out of
the 39 rows of heat pipes that would be installed on a fully loaded unit. It had the short heat pipes used in
the original shipboard tests, but included ducts and baffles to direct all air and water flow over the fins
and heat pipes and eliminate the bypass flow. Figure 4-1 shows the test unit. The purpose of the test was
to show that the changes in fins, processing, ducts and baffles, etc, worked, and to use the test data to
verify and re-calibrate the analytic model.

WATERDUCT

AIRBAFFLES

“\AIRINLET FLANGE b 4
(a) Solid Model ‘ (b) Photo

Figure 4- 1 Part Scale” Test Unit for Ground Based Testing at Wyle in 2008

The test was set up in April, 2008 and first data was obtained on April 19. A number of problems and
anomalies were evident, and the definitive test was run on June 12, 2008. Details of the testing were
reported in the Test Report of August 12, 2008 by Thermacore and Wyle Labs Appendix - D along with
analysis of the results. The testing is also reported and analyzed in the “Final Report, Redesign of Full
Scale Heat Pipe Bleed Air Cooler Heat Exchanger” of August 29, 2008, Appendix - C. The overall test
result indicated that the HPBAC was transporting 15% more heat than the analytic model (“KLW” in
figure) was predicting. As shown in Figure 4-2, the allocation of thermal resistances varied considerably
more than the overall variation between the model and the test results. The anomalously low air-side
resistance was based on the test thermocouple readings which were concluded to be reading closer to the
air temperature than to the heat pipe wall temperature they were supposed to be measuring. This error
would also make the heat pipe resistance anomalously high to balance the overall measurements. The
overall heat transport was measured using thermocouples not subject to this error and still maintained the
15% variation. The overall test result indicated that the HP-BAC was transporting 15% more heat than
the analytic model (“KLW?” in figure) was predicting.
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Figure 4- 2 Thermal Resistance - Model Comparison with Wyle Test Results

This test value was certified by Wyle and subsequently used to re-correlate the analytic model, but it
should be noted that in Section 7.5.2 of the Final Report-Redesign of Full Scale HPBAC, Aug 29, 2008
Appendix—C, the Thermacore project engineer expressed the following reservations:

Table 4- 1 Thermal Resistances

Category WYLE KLW
Parameter AVERAGE MODEL
Riirsiae (°C/W) 0.027 0.109
Ruz0side (°C/W) 0.018 0.022
Ryur (°C/W) 0.091 0.024
Reotar (°C/W) 0.135 0.155
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These coments come from Thermacore’s redesin final report, Appendix C, section 7.5:
“ Project Engineer’s Conclusions/Interpretations/Conjecture

The Thermacore project engineer had two conclusions which are based on a feel for the data and
the hardware:

1. The Wyle data for water flow and/or water power is high. The correct flow/power is
somewhat lower. This conclusion (conjecture) is based on the following indications:

a) Most of the tests run at Wyle had the water removing more energy than the air was supplying.
These corrections involved moving the water flow meter so it was not picking up cavitations on
the downstream of the throttling valve, and moving the water inlet so it was not sucking air at the
inlet. Both errors resulted in over-stating the water flow rate.

b) The water power data is layered (see Figure 28) which indicates some smoothing function is
being applied to the data collection which has not been identified.

c) The heat that is being lost to ambient air from the un-insulated Bleed Air Cooler, while not
impossibly low, is much less than would be expected for the test conditions. Reducing the water
flow/power value would raise the overall resistance and reduce the variance with the model.

2. The heat pipe resistance value used in the models is still too low. The present value is the
absolute minimum of what it could be.”

4-1.2 The Analytic Model

The thermal circuit consists of three resistance paths in series. There are the air side fins and heat pipe
wall, the heat pipe, and the water side fins and heat pipe wall.

The air side heat transfer coefficient is calculated using the lower value of the Zhukauskas (1972) [5]
correlation for plain tube banks and the Briggs and Young (1963)[6] correlation for individual circular
fins.[6] For the test conditions, these correlations differ by less than 0.7%.

The water side was based on Webb “Principles of Heat Transfer”, the Zhukauskas correlation [7] for
finned tube banks, and geometric fine-tuning discussions between Dr. Wert of Thermacore and
Dr. Donald Knauss at NSWC.

The thermal resistance of the heat pipe is simply treated as an input parameter within the HP-BAC model.
The HP-BAC design was based on heat pipe thermal resistance of 0.07 K/W. The instrumented heat pipes
in the shipboard tests averaged 0.205 K/W, a factor of three higher than design.

Note that all heat exchanger calculations are based on correlations rather than closed-form solutions from
first principles. Correlations vary depending upon exact configuration that was tested as compared to the
configuration and conditions used to generate them.

4-1.3 Preliminary Analysis
This analysis was performed in preparing the final report cited above.

4-1.3.1 Heat Loss Analysis

The Wyle data was used directly. The heat loss model calculated that 12.5 kW was being transferred to
the water thru the tube sheet (plate). Since the Wyle data indicated that the water had absorbed 78.2 kW,
this meant that the heat pipes were transferring 65.7 kW.

The heat loss program calculated that 7.86 kW was being lost through the un-insulated shell of the BAC.
This should account for the difference between the heat loss by the air (80.5 kW) and the heat gained by
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the water (78.2 kW). The measured difference of 2.3 kW is less than 1/3 of the calculated 7.86 kW. For
the 6/10/08 test the measured difference was 81% of calculated.

4-1.3.2 HP-BAC Model Analysis

The HP-BAC model could not balance the 65.7 kW that the heat pipes were apparently transporting based
on the Wyle data. If a heat pipe resistance of 0.001 °C/watt was assumed in the model, the calculated heat
pipe power was 62 kW compared to the 65.7 kW test value. At this resistance the model predicts heat
pipe wall temperatures of 97.0 and 93.1°C which are much higher than the 84.5 and 88.3°C measured
during the test.

When the model was run at a reasonable resistance of 0.020 °C/watt, it predicted heat pipe wall
temperatures of 89.8 and 86.9°C which compare well with the measured values. At this resistance the
model calculated heat pipe power of 54.9 kW which is far short of the 65.7 kW indicated by the Wyle
data.

4-1.4 The Analytic Model Recorrelation
4-1.4.1 Heat Pipe Resistance

The analytic model does not directly model the heat pipes; it simply incorporates a resistance value.
Directly measuring the resistance of the heat pipe in the Thermacore facility proved extremely difficult.
The heat pipe resistance includes the fins and their attachment. With the fins attached, the geometry made
heat input and output extremely challenging. The behavior of hot air coming thru fins is significantly
different than the behavior of a directly attached heater block over a small area.

4-1.4.1.1 Heat Pipe “D” Test

A test rig was constructed that used hot air from a heat gun as the heat input, and pumped water as the
heat removal mechanism. Since the losses on the air side were not controllable, the heat input was
assumed to match the heat being removed by the water which was measured by the temperature gain of
the water and its carefully measured flow rate. This testing is described in section 7.3.4 of the final report
Appendix-C. The Heat Pipe D testing yielded a heat pipe resistance value of 0.0175 °C/watt. To put this
into perspective, the HP-BAC tested aboard the Ramage was designed assuming a heat pipe resistance of
0.07 °C/watt, and the heat pipes in the shipboard test averaged only 0.205 °C/watt. The minimum
resistance that the heat pipe could have, calculated from first principles, was 0.024 °C/watt. It was hoped
that the Wyle land based tests would provide a definitive heat pipe resistance for use in the model.

4-1.4.1.2 Land Based Test at Wyle Labs

As shown in Table 4-1 above, the direct data from the Wyle test resulted in anomalously low air
resistance and anomalously high heat pipe resistance values. This anomaly was attributed to the
thermocouples used for these calculations measuring the air temperature directly instead of the heat pipe
wall temperature in the air stream. Table 4- 3 below shows the temperature measured by these
thermocouples in the test, and the temperatures calculated by the model for the heat pipe wall at the
thermocouple location and the temperatures actually measured during the test. It also shows the inlet and
outlet air temperatures. Clearly the t/c is dominated by the air temperature rather than the wall
temperature which is not surprising since they are immersed in a turbulent flow of extremely hot air. The
large error in air side temperature measurement precluded an accurate calibration of the heat pipe
resistance under actual operating conditions.

4-1.4.2 Overall Heat Transport

The Wyle test measured flow rate and inlet temperatures for both the air and water sides. The total heat
transferred to the water per these measurements was 78.2 kW, and the heat removed from the air was 80.5
kW. The difference between these values is the heat that was lost thru the un-insulated shell of the BAC.
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The water side transport was 15% greater than predicted by the model. The model was therefore adjusted
to match the data.

4-1.4.3 Recorrelation of the Analytic Model with Test Data

In a fully populated bleed air cooler with complete ducting, the heat transferred thru the tube sheet can be
neglected, but in this part-scale test article it must be considered. A heat loss program was written to
calculate the heat transferred to the water directly thru the tube sheet. It calculated that to be 12.5 kW,
which when subtracted from the 78.2 kW that the water was removing based on test measurements, meant
that the heat pipes were transferring 65.7 kW. The model was predicting 57.3 kW, under-predicting by
15%. A number of changes were considered and made to best match the model and the data.

4-1.4.3.1 Heat Pipe Resistance

The test did not provide good data to calculate the resistance directly. As an input parameter to the model,
rather than a direct calculation within the model, the heat pipe resistance would be a natural parameter to
change, especially since the Heat Pipe D testing would indicate that the resistance was much lower than
had been used in the model. Manipulating the value for heat pipe resistance in the model showed that
even by reducing it to zero would not increase the heat transport by 15% to match the Wyle data.

4-1.4.3.2 Heat Transfer Coefficient Correlations

As described in section 4.1.2 above, the heat transfer coefficients for both air and water side were based
on published correlations for tube bank heat exchangers. These correlations are not derived from first
principles, but depend on empirical constants determined by experiments. Since the geometry and flow
conditions within the HPBAC are quite different from those in the experiments, considerable variation in
the empirical constants would be expected for this application. Although efforts were made to account for
these differences, a variation of 15% in calculated heat transport would not be totally unexpected.

4-1.4.3.3 Water side Temperature Measurements

The waterside temperatures as measured at Wyle were much higher than calculated, but were not subject
to the error source attributed to the air side measurements. (If the t/c were in the water stream rather than
in good contact with the heat pipe wall, the measured temperatures would be lower than calculated, rather
than higher.) Taking these measurements as a boundary condition will constrain adjustments made to the
model.

4-1.4.3.4 Re-Correlation of Analytic Model:

Since there was no value for heat pipe resistance that would match the data, and since the best
independent measurement showed an anomalously low value, the heat pipe resistance was set to its
minimum theoretical resistance value of 0.024 °C/watt.

Using the new value for heat pipe resistance, empirical correction factors were added to both the air and
the water heat transfer coefficient equations in the model. These were manipulated until both the thru-the-
heat-pipes heat transport, and the water side heat pipe temperature predictions, matched the values
measured at Wyle. The best match was achieved for a value of 1.41 for both the air and water Empirical
Correction Factors. (ECF = ECF ;= 1.41)

Using these ECFs, the calculated heat transport was 65.8 vs. 65.7 kW measured, and the heat pipe wall
temperatures were 85.89°C and 82.91°C versus measured temperatures of 84.5°C and 88.3°C.
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Figure 4- 3 Temperature and Power per HP

Two boundary conditions are crucial to this trade study on the air side.

The first is that adding more fins at the inlet would raise the wall temperature above 150°F. This
effectively constrains the inlet to no more than 2 fins per inch.

The second constraint is that the manufacturing process and geometry for the 90/10 copper/nickel fins
will not allow the fins to be spaced closer than 5 fins per inch. This constrains the maximum number of
fins per heat pipe.

The results of the trade study are summarized in Table 4-2.
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Table 4- 2 Trade Study

Qutar NP Tmax HP Tryax Air Out = Air Out

(kW) (°C) (°F) dQ/dT (0C) (oF)
1  Original Normalized to Wyle 366.2 85.9 186.6 137.9 280.2
2  Original 4fpi on water 369.2 81.6 178.9 135.8 276.5
3 Original 5 fpi on water 371.8 77.8 172 134 273.2
4  REF Fully Loaded 388.7 76.7 170.1 121.8 251.2
5 4 Modules (1.5, 2, 3, 5 fpi) 373.7 73 163.3 4.02 131.4 268.5
6 4 Modules (1, 2, 3, 5 fpi) 370.4 73.5 164.3 5.76 134.8 274.6
7 5Modules (1, 1.5, 2, 3, 5fpi)  362.3 72.2 161.9 5.8 139.3 282.8
8 | REFif All air Fins were 5fpi 409.7 86.3 187.3 105.3 221.5
9  REF at550°F 270.1 64.8 148.7 96.9 206.4

The first (1) line makes the model match the Wyle data for five rows of heat pipes and then extends the
model to populate all 39 rows of heat pipes. The second (2) line changes from 3 fins per inch to 4 fpi. The
third (3) line of the table shows the effect of going to 5 fpi. During the original design, the positive but
very small change in power (0.8%) associated with a 33% increase in the number of fins was considered
to be beyond the point of diminishing returns. However, the addition of fins to the water side results in a
4°C decrease in the heat pipe wall temperature going from 3 to 4 fpi and another 4°C decrease going from
4 to 5 fpi, and this improvement was deemed to be worth the cost. All subsequent lines are based on 5 fpi
on the water side.

The fourth (4) line shows what the model achieves with the longest pipes that would fit. Subsequent lines
include the longest pipes.

The fifth, sixth, seventh (5), (6), (7) lines show the results for increasing from the three different fin
spacings to four or five different fin spacings. Adding modules reduces the heat pipe wall temperature by
3.2 - 4.5°C, but reduces heat transport by 15-26 kW. Making these changes would require two new types
of fins with two new set of dies to make them. This would affect schedule as well as cost. The trade of
reduced power for improved wall temperature was not considered worthwhile, especially in view of the
cost and schedule impact.

The eight (8) line shows the heat transport and wall temperatures that would be achieved if all the air side
fins were at 5 fpi. This was calculated to show the maximum power that could be extracted from the BAC
shell with the present fin technology. The resulting high heat pipe wall temperature of 187.3 °F defeat the
whole purpose of the program

The ninth (9) and final line in the table shows the power and wall temperatures that the reference design
would provide when operated at the normal air inlet condition of 550°F. It is seen that this design
provides a heat pipe wall temperature below the 150°F scaling temperature.
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As fabrication proceeded it became necessary to slightly reduce the number of fins in order to clear the
baffles and fit inside the existing shells. The “As Built” calculations are shown in Table 4-3. The 740°F
case corresponds to the conditions in Table 4-3. Again note that the difference between "REF" in trade

study and "AS BUILT" is the deletion of a few fins to fit baffles.

Table 4- 3 As Built

Qtot (kW) gg)Tmax gll:)Tmax dQ/dT ngi(lj')Out ngil;')Out
?SSOOBFUILT 268.7 64.8 148.6 97.8 208.0
£ DUILT 362.3 74.3 165.7 117.7 2439
o 386.7 76.7 170.1 123.0 253.4
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Chapter 5 - Extend Heat Pipes to Fully Utilize Existing Shells
5-1 Extended Heat Pipes and Fins

The left side of Figure 5-1 shows the extended heat pipes as they fit in the solid model of the shell. This
also shows the original length of the heat pipes. Note that the air side shell is considerably higher than the
water side shell. Percentage-wise the increase in length on the air side was much smaller than on the
water side.
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Figure 5- 1 Solid Model Extended Pipes & Fins as Fitted
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5-2 Baffles for Extended Heat Pipes

Baffles as designed

installed in
shell during USS
Ramage Testing

Figure 5- 2 Cross Section Showing As-Designed Baffles Fitted in Shell

Figure 5-2 shows the water-side baffles as fitted to the extended pipes and fins. It also shows the outline
of the baffles that were installed during the testing aboard the USS Ramage. This step resulted in some
reduction in fins to clear the baffles. Fitting the baffles, and the ducts, was problematic because the inside
of the shell varied from the smooth arcs and radii depicted in the solid model of the shell. This was
especially difficult at the ends where the dome of the shell required significant alteration to the as-
designed baffles. The complxity of the baffle shape required to clear the fins and fit into the shell are
clearly seen in Figure 5-3, especially when compared with the simple box shape of the baffles used in the
Part Scale test which are shown in the upper right of the figure.
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Figure 5- 3 Complexity of Baffles for Extended Heat Pipes

5-3 Ducts for Complex Baffles

Figure 4-1 in section 4 shows a side view of the air and water inlets with the simple baffles on the shorter
heat pipes tested at Wyle. Figure 5-1 shows a cross section of the current design with the water and air
inlets highlighted to show their relative area superimposed on the extended length heat pipes and fins.
With the dramatic change in flow cross section from the inlet to the baffles, ducts are required to direct
the inlet flows to the baffles, thereby effecting a reasonably uniform flow field, preventing flow from
bypassing the baffles and the heat pipes, and reducing turbulence and recirculation zones.

For the short heat pipes, the baffle cross section (upper right of Figure 5-3) was rectangular, so the design
and fabrication of the duct was straightforward. For the extended length heat pipes the baffles’ cross
section is a castellated shape (or stair step, see Figure 5-2) which is a more difficult transition.

The initial design used a curved transition piece as shown in Figure 5-4a. This was a relatively easy shape
to generate in a solid modeling program, and proved possible to form in a mockup duct made from
relatively thin, flexible styrene. The shape is a complex conic surface that proved impossible to form in
thick stainless or copper nickel without resorting to hot forging techniques and complex tooling (or wire
EDM). The design shown in Figure 5-4b, while more tedious to design in a solid model, proved easy to
assemble. The many small pieces were generated by a numerically controlled water jet cutting tool which
was programmed directly from the solid model output.
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a. Water Duct with Curved Transition b. Air Ductwith Planar Components

Figure 5- 4 Duct Designs
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Chapter 6 - Fabricate Full Scale HP-BAC

The fabrication and processing were described in detail in the Final Report of August 29, 2008,
Appendix—C. This section only reports changes or unique aspects of the extended heat pipe BAC
compared to those previously reported for the part scale 25 pipes HP-BAC.

6-1 Baffles and Ducts

As already seen in Figures 5-2, 5-3, and 5-4, and in their completed form in Figure 6-1 below, the baffles
and ducts were somewhat intricate assemblies of many parts with non-simple shapes. While not
technically challenging, the design, fabrication, assembly and fitting were extremely time consuming.

The use of numerically controlled water-jet cutting machines enabled the efficient fabrication of the many
parts that went into the ducts and baffles. The parts were designed and fitted as solid models in Solid
Works. Flat drawings were generated from these models then converted to DXF format which were
directly input to the software controlling the cutters. Figure 6-2 shows one of these drawings for the flat
plate pieces for the water side baffle. The vertical riser sections were cut in the same manner from bar
stock that was as thick as the height of the riser. Without numerically controlled water jet cutting, the cost
of fabricating the baffles would have been prohibitive.

Lift Rings {removed after installation)

Note Adjustments to
clear domed end of
BAC Shell

Figure 6- 1 Baffle Assemblies for Extended Length Heat Pipes, As-Built
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6-2 Fin Brazing

The water side fins are wired to spacers prior to and during brazing. The air side fins are self spacing and
do not require spacers. Since their integral spacer tabs would interfere with air flow if not properly
oriented, the air side fins must be constrained to prevent them from rotating due to transport vibration or
thermal effects prior to and during brazing. For the 25 pipe coupon redesign test, the fins were tack
welded to prevent unwanted movement. For the full scale assembly, a binder was used to keep them in
place. This binder has been routinely used by Thermacore for high temperature vacuum brazing on other
products and was known to decompose and be eliminated by the vacuum system before the braze melted
and not interfere in any way with the brazing process
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Figure 6- 3 Water-Side View of HP-BAC Outside the Braze Furnace

The large furnace used for brazing the HP-BAC maintained a 1 torr blanket gas rather than the very hard
vacuum that Thermacore normally employed. Evidently the gas interfered with the decomposition/venting
of the binder. Instead of being shiny, the heat pipes were visibly dirty. Figure 6-3 shows the water side of
the HP-BAC assembly going into the furnace, and Figure 6-4 shows the heat pipes with residue after the
furnace run. After learning of the 1 torr blanket gas it was assumed that the products of decomposition
had not been removed and instead left a residue that was deposited on the heat pipes and fins. This residue
interfered with the flow of the braze material, and it did not meet our standards.

A series of experiments were conducted to determine how to best clean the dirty surfaces. Tests were
conducted on a few fins that were loose or so poorly brazed that they could be removed by hand, to
ensure that the process would remove the residue. Segments of the shorter heat pipes that had been used
on the part scale tests were subjected to the cleaning procedure to show that the ultrasonic's would not
affect the sintered wick. Figure 6-5 shows these heat pipe segments that had been partly immersed in an
ultrasonic cleaning bath. The figure clearly shows that the cleaning was effective, and the segments were
then examined to verify that the ultrasonic’s did not loosen any of the sintered powder.

With the process defined, a large tank was constructed, large ultrasonic emitters were rented, and the
entire subassembly was cleaned. Figure 6-6 shows the assembly being immersed in the tank. After
cleaning the braze run was repeated without the binder and excellent brazes were obtained.
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Figure 6- 4 Water Side Heat Pipes with Residue after First Furnace Run

Figure 6- 5 Effective Cleaning
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Figure 6- 6 HP-BAC Tube Sheet Being Immersed in Ultrasonic Cleaning Tank

Figure 6- 7 Heat Pipe Processing
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6-3 Heat Pipe Processing

Heat Pipe processing followed previous practice. The pinch off tool developed for the uniform length
heat pipes had been designed so it would work with multi-length pipes, but had to be modified to do an
efficient job, and to permit even shorter pinch off tube finished lengths. The left side of Figure 6-7 shows
the hydraulic pinch off tool in position.

With commercial copper/water heat pipes, it is easy to pinch the copper fill tube with simple hand tools,
and the pinch produces a cold weld that will hold vacuum until it is convenient to solder it off. This
makes it easy to make multiple pinches while “burping” the heat pipe. The copper nickel used in the BAC
required a multistep pinch-off followed immediately by a weld-off. This necessitated that a valve be
installed for the “burping” process. In addition to being cumbersome for the process, if valves were
installed on more than one row of heat pipes, they interfered with the pinch-off tool, which limited the
number of pipes that could be pumped down at one time. A simple improvement was to replace the valve
with a length of small diameter copper tubing. The right side of in Figure 6-7 shows a pinched off copper
extension next to a bulky valve.

6-4 Instrumentation

After the Wyle test it was recommended that intrinsic thermocouples be installed on subsequent tests to
preclude the erroneous measurements discussed in Sections 4-1.1 and 4-1.4. For the temperature range,
and the need to bring thermocouple leads thru a seal in the pressure shell, it was necessary to use sheathed
thermocouples. To make an intrinsic connection it would be necessary to cut off the sheathing which
would compromise both the thermocouple insulation and the pressure seal.

Figure 6- 8 Thermocouples

To minimize the error from measuring a surface temperature when immersed in a surrounding fluid of
significantly different temperature, the installation was made more robust. A hole was drilled thru the
base of a fin where a t/c was to be attached. The depth of this hole is approximately equal to the diameter
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of the t/c sheath, so it functions as a thermocouple well. To maintain pressure against the surface, as well
as exclude fluid from the well, the thermocouples were soldered into place. The thermocouples were
further supported by being wired to an adjacent heat pipe to minimize the bending moments that can be
applied to the solder joint by hydraulic forces. Figure 6-8 shows sheathed thermocouples, wire anchors
and solder joints anchors on a water side heat pipe.
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Chapter 7 - Land Based Test of Full Scale HP-BAC
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Figure 7- 1 Thermocouple Placement and Numbering

Figure 7-1 shows the location of the instrumented heat pipes and the numbering of the thermocouples
attached to them. The figure looks down on the water side with the flow from left to right. The sketches at
the top of the figure show a schematic cross section of the heat pipe with the water side at the top. The t/c
numbering on this figure was carried thru and used on the data logging and screen shots for the land based
testing at Stork. The photo in Figure 6-8 shows t/c#3 at the top and #4 at the bottom attached to the heat
pipe that is numbered 54 in Figure 7-1. The numbers (written in magic marker on the plate) that can be
read in the photo, designate the number of heat pipe rows from the flow inlet end. The instrumented heat
pipes are generally in the first row of each sector, where the number of fins per inch on the air side

changes.

Figure 7-2 shows the water side thermocouples being pulled thru the Conax seal on the water-side
instrument port. The air side shell has already been installed in this photo. The thermocouples are
carefully worked thru the graphite pieces within the seal until the excess cable is outside the seal. Then
the finial lengths will be carefully pulled as the shell is lowered.

The photo shows one of the final steps in the HP-BAC assembly. It is already on the shipping pallet. The
shells were then bolted together, and tightened to both torque and sequence specifications. The Conax
seals were tightened. End plates were bolted to the flanges and the unit was pressure tested. Then the unit
was shipped to Stork East-West Technology Corp. in Jupiter FL for full scale land based testing.
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Figure 7- 2 Thermocouples being pulled thru Conax seal on Water Side Shell
7-2 Testing at Stork East-West Technology Corp.
7-2.1 Test Setup

Testing took place during the week of May 10, 2010. Figure 7-3 shows two views of the test setup. Note
that unlike the previous testing at Wyle, the HP-BAC was insulated for this test; it used the same fitted
insulation that was used on board the Ramage.

Air Qutlet Air Inlet Line

u : ® . y .
Water Return LI"E. Water Inlet Line

Air Return Line

Water Return Line

Figure 7- 3 HP-BAC Test Setup at Stork East-West Technology Corp.
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Table 7- 1 Test Equipment and Calibration Data
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Figure 7-4 provides a schematic diagram of the test setup while Table 7-1 defines the instruments
employed. Stork’s test report R4297, a copy of which was forwarded to NSWC on June 14, 2010
provides additional information and photos. The test setup was started on April 26. After solving a variety
of problems and replacing pumps and other components, a representative half flow test was conducted on
May 12. Full flow tests were conducted the following day.

7-2.2 Test Results

Test conditions that closely met the test parameters for Case 1 (550°F) were achieved early on the
afternoon of May 13. Figures 7-5and 7-6 are screen shots of the Stork monitoring program taken during
periods of stable, steady state operation. These data were used for further analysis.

Case 2 was supposed to be at 700°F, but the highest temperature that could be maintained with the
available equipment turned out to be 630°F. A data set was obtained at 661°F inlet air temperature, but
this higher temperature was the result of reduced air flow and was not a useful data set. Figures 7-7 and
7-8 respectively show stable data taken at 620°F and 630°F.
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Additional efforts were made to achieve higher air temperatures at rated flow, but this was beyond the
ability of the available equipment. While not reaching the desired test temperature, these data were
deemed adequate to achieve the test goals and the testing was concluded.

7-2.3 Comments about Figure 7-5 through 7-9

Figure 7-9 was assembled to try and simplify the test date sheets of Figures 7-5, 7-6, 7-7, 7-8
and some other colleted test data points these Figures are not showen in the report:

Each of the 7 data runs are separated by a gray bar. The 4 data runs shown above Figures 7-5,
7-6, 7-7, 7-8 are marked in Figure 7-9. The black lines in figure 7-9 represent the tube sheet
separating the air side from the water side. The left side shows the inlet temperature values for
both the water and air. The right side shows the temperature outlet values leaving the heat pie
heat exchanger. The temperature values under the different fins per inch sections are the
readings from the thermocouples that were attached at the beginning of the different modules.
The picture on the right shows the thermocouple locations where the Top (T) and Bottom (B) are
located. The bottom set of information in the figure with a black line is the Thermocouple
identifying nomenclature.

The Key Temperature Numbers To Look At In Figure 7-9 Are The Values Of The Water
Side Wall Temperatures. The Main Goal Of This Project Was To Have The Wall
Temperature Of The Heat Pipe To Stay Below 150°F, The Temperature Were Scaling
Begins To Form. This Was Accomplished!
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The full scale heat pipe cooler was tested at Stork East West Technology Corp the week of May 10, 2010. The data below shows that the cooler was performing at about 85% of
the modeled power. The outlet temperatures were also higher than the modeled values but with in the need performance requirements to operating in the bleed air system. The
main requirement of controlling the wall temperature of the water side pipes below 150 oF was very successful in this land based test. Based on the data below reinstalling the full
scale cooler back onto the Ramage would allow the technology to be qualified at sea validate that it is capable of significantly reducing the scaling in the bleed air coolers.

Below the data is a Summary of the instrumented heat pipe in the different modules measuring the wall temperatures of the heat pipes air evaporator section and the water
condenser section. Four thermocouples were attached to each of the 4 instrumented heat pipes 2 on the water side and 2 on the air side. One can see that the temperature were
significantly below the 150 temperature.
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Figure 7- 9 Summary Sheet of Stork test Data and Thermocouple
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7-3 Reduction and Evaluation of Test Data

The analytic model was run using the exact input temperature and flow values that were used in each test
case, and then the calculated outputs were compared with the measured outputs. The results are shown in
the comparison table presented as Figure 7-10.

The “Power Ratio” and the “Air dT Ratio” columns show that over a considerable range of test
conditions, the performance measured in the test were consistently about 85% of those predicted by the
analytic model.

It should be pointed out that the measured results were very close to what the analytic model was
predicting before the model was recalibrated to match the Wyle data. While the project Engineer
expressed reservations about the accuracy of the Wyle data (see section 7.5.2 of the Final Report
Appendix-C which has been reproduced in Section 4-1.1 of this report), both the Thermacore Project
Engineer, and the NSWC Principal Investigator (both of whom observed the Stork testing) agree that the
Stork data is rock solid. This test really confirmed the analytic model, and provided data to adjust the
empirical constants in the model.

In the initial test aboard the Ramage (June 2005), the HPBAC removed 42% as much heat as the shell-
and-tube BAC. After baffle plates were installed, the HPBAC removed 60% as much heat as the shell-
and-tube HX in tests aboard the Ramage (7/27/05). With the design improvements, the current HPBAC
achieved 80% of the performance of the shell-and-tube HX. It should be noted once again, that the design
objective of the HPBAC cooler is to maintain the seawater side surfaces below the 150°F salt scaling
temperature and thus reduce the maintenance and system support costs associated with calcareous
deposits in the shell-and-tube BAC. Lowering the temperature increases the thermal resistance, so a
HPBAC would have to be larger than a given shell-and-tube BAC in order to match its thermal
performance. The demonstrated performance, while not a one-to-one replacement for the existing BACs,
is adequate to allow their use on shipboard testing.

If shipboard testing confirms that the seawater side temperature reduction achieves the projected
reduction in scaling and its associated maintenance and system support costs, then the analytic model
would allow the design of a HPBAC that would be a direct performance replacement.

7-4 Analytic Model ReCorrelation

After the Wyle test, an empirical correction factor (ECF) was included in the heat transfer correlations as
described in Section 4.1 of this report. The best match for the Wyle data was achieved for a value of 1.41
for both the air and water Empirical Correction Factors. (ECF = ECF,= 1.41) With the Stork test data,
the ECFs were eliminated, 1.e. reset to 1.0.

The analytic model originally used a heat pipe resistance of 0.070 °C/watt. After the Wyle test this was
reset to 0.024 °C/watt, which was its minimum theoretical value. Using the Stork data, the model best
matches the test results with a value of 0.045 °C/watt. These results are summarized in Table 5.

It is of interest to note that the initial testing aboard the Ramage the HPBAC achieved 58% of its
calculated performance and after adding the baffles it achieved 83% of its calculated performance. Using
the same model adjusted for the longer heat pipes, the HPBAC tested at Stork achieved 110% of its
calculated performance. The re-correlated model is still slightly conservative, calculating about 1% less
transport than was actually achieved.



Test/Model Air in Air Out Water In Water Out Power Power Air delta-T Air dT
ID °C °F Model °C  Model °F Test °C Test °F °C °F Model °C  Model °F Test °C Test °F Model kW Test kW Ratio [Model °C Model °F Test °C Test °F Ratio
Half Flow 5/12 287.8 550 60.5 140.9 198 329 91 39.95 103.8 100 162.1 138.3 85.32% 227.3 409.1 352 86.04%
2:35 at 550°F 287.8 550 93 199.4 253.7 31.9 89.4 43.75 110.75 105.7 275.7 229.7 83.32% 194.8 350.6 296.3 84.51%
2:50 at 550°F 287.1 549 93 199.4 252.9 31.5 88.7 43.35 110.02 104.9 277.2 232 83.69% 194.1 349.6 296.1 84.70%
5:51 at 620° 326.8 620.3 101.67 215 271.6 29.9 85.8 43.77 110.8 104.2 322.7 275 85.22% 225.13 405.3 348.7 86.04%
5:59 at 630° 3323 630.1 103.16 217.7 135.6 276.1 30.11 86.2 44.22 111.6 105.2 328.4 278 84.65% 229.14 412.4 354 85.84%
AVG 84.44% AVG 85.43%
MODEL at 700°F 371.1 700 112.54 234.6 302.43 30.11 86.2 46.04 114.8 370.6 312.93 258.56 465.4 397.57
MODEL at 900°F 482.2 900 140.75 285.35 374.93 30.11 86.2 51.14 124.05 491 414.60 341.45 614.65 525.07
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Figure 7- 10 Reduction of Test Data and Comparison with Analytic Model Predictions
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Table 7- 2 Ratio of Measured to Calculated Heat Transport vs. Heat Pipe Resistance

Heat Pipe 0.024°C 0.070 °C/watt 0.045 °C/watt
Resistance /watt (Wyle) (orig Model) (recorrelated model)
kacasurcd
S — 90.9% 110.6% 101.6%
kwcalculated

7-5 Conclusions and Recommendations

1.

The performance of the HPBAC in the land based testing is adequate to proceed with shipboard
testing. The main goal of having the tube wall temperatures stay below the 150°F temperature,
see Figure 7-9, was accomplished.

The actual reduction in fouling, hazmat reductions, and the required maintenance as revealed by
shipboard testing will determine whether the HPBAC should be moved to a production phase.

The analytic model has been validated by the test results and benchmarked to the test data. It can
be used to design a (physically larger) HPBAC that will provide a one-to-one performance
replacement for the shell-and-tube BAC.

The present fabrication methods are impractical and uneconomical for a production HPBAC. A
Production Cost Analysis report of June 2, 2008 Appendix — E by Thermacore suggested
potential cost improvements which should be considered when making a production decision
following successful shipboard tests.

Since this technology was proposed the Navy struggles to afford back fit technologies so the
primary focus for transition would be new ship construction along with commercial applications
such as the hot geothermal, molasses manufacturing, and other manufacturing applications that
have a need to control condenser wall temperatures during cooling.
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APPENDIX A
11/17/2005

Program Summary

The fabrication of the full-scale prototype heat pipe bleed air cooler heat exchanger (HP-
BAC) was successfully completed. It was delivered to the Naval Surface Warfare Center,
NSWC, in January of 2005. The delivery of the HP-BAC and this final report completes
the Thermacore obligations on this contract. NSWC installed and tested the HP-BAC on
the DDG-61 USS Ramage along side the presently used Shell & Tube-Bleed Air Cooler
(S&T-BAC). The results of the NSWC testing are summarized in Appendix A.

The HP-BAC is designed to replace the existing shell and tube design. The shell and tube
BAC design is subject to damage due to corrosion and fouling which leads to high
maintenance costs to clean, repair or replace the unit. The HP-BAC design is expected to
reduce damage due to corrosion and fouling thereby reducing maintenance costs and
increasing reliability.

The key technology inside the HP-BAC 1is heat pipes. Heat pipes are high conductivity
devices that transfer heat by the evaporation and condensation of a working fluid. There
are 195 independent heat pipes inside the unit. Each heat pipe transfers heat isothermally
from the hot air side to the seawater side. Since the heat pipes operate independent of
each other, failure of one or more heat pipes, for whatever the reason, will have limited
impact on the performance of the unit. The remaining heat pipes will help pick-up the lost
thermal load. In addition, a failed heat pipe does not lead to a leak between the air and the
seawater side. Conversely, the shell and tube BAC design is a single point failure.

Analysis indicates that the HP-BAC design is capable of meeting the thermal
performance requirements for rejecting 416.7kW at the worst case operating condition of
925°F bleed air condition. The nominal operating condition is expected to be 700°F.
Structural analysis was conducted on the HP-BAC design. This analysis guided the
material thickness selections to meet the structural and pressure containment
requirements. The prototype HP-BAC was pressure tested to confirm the results.
Budgetary pricing for 10, 25 and 50 units is summarized in this report.
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1.0 Background Information

Bleed air is extracted from the main propulsion and ship service turbines for use in a
variety of functions including ASW Prairie/Masker systems and turbine start functions.
Bleed air extracted from the turbine can be as hot as 925°F and must be cooled to as low
as 190°F to perform these other functions. Bleed air coolers provide this temperature
reduction using seawater as the heat sink.

Current bleed air coolers (BAC) use shell and tube heat exchangers (HX) in which hot
bleed air is fed to the shell side and seawater is feed to the tube side. The high
temperature air readily heats the seawater side of much of the tube surfaces to
temperatures in excess of the 150°F temperature at which fouling occurs. This fouling
precipitates dissolved solids in the seawater, which forms scaling (calcareous deposits) on
the tube walls. Scaling reduces heat transfer capacity which directly affects air
temperature and down stream applications. Scaling results in local temperatures which
approach the inlet air temperatures; elevated temperatures accelerate corrosion and wear,
leading to leakage and catastrophic failure. A NAVSEA study concluded that the cost of
maintenance and repair of BACs and related component was approximately $2.3 million
per year based on 3M data from 1996 for gas-turbine powered ships. Further work by
NSWC showed that the use of hazardous material usage and waste disposal contributed
an additional $3 million in annual system support costs. The high maintenance costs lead
NSWC to look at an alternative heat exchanger design that uses heat pipes.

A heat pipe version of the BAC, eliminates the direct contact of hot air and seawater
across a thin tube wall. Heat is transported from the airside to the seawater side through
numerous heat pipes. Heat pipes use the evaporation and condensation of a working fluid
to transport the heat. A unique feature of saturated two-phase heat transfer is its
isothermal properties. The inside surfaces of the heat pipe are very nearly the same
temperature. Despite more then 800°F difference in temperature between the hot air and
the seawater sides, the calculated temperature difference inside the heat pipe is less then
2°F. The heat pipe operating temperature is determined by the relative heat transfer from
the airside and the waterside. Since water is much better then air at transferring heat, the
heat pipe temperature can be much closer to the water temperature. By directly
manipulating the relative heat transfer surfaces (i.e. the relative number and size of the
fins on the air and water sides of the heat pipe), the surface of the temperature of the
waterside can be maintained below the fouling temperature. Reduced fouling will save on
the BAC reliability and maintenance costs.

There were essentially three phases to the HP-BAC development:

Phase 1: The first phase addressed heat pipe and heat exchanger fabrication development
issues to confirm that a heat pipe BAC was feasible. This work was performed under
Contract No. N6540-00-M-0618.

Phase 2: The second phase identified the full-scale design for the HP-BAC under
Contract No. N6540-00-M-0618 through a contract funding modification.
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Phase 3: The third phase involved taking this design and fabricating a full-scale version
of the HP-BAC (CN # N65540-03-C-0065). The heat pipe version was designed to fit
into the space occupied by the conventional shell and tube BAC heat exchanger. To aide
in installation and test, a ship survey was conducted by NSWC. The results are
documented in Appendix B. The survey was conducted to gain insight into testing the
prototype HP-BAC on the ship and to understand crew concerns as they relate to this new
HP-BAC design.

2.0 HP-BAC Design Requirements

The design requirements for the HP-BAC are listed in Table 1. These requirements
formed the basis for the design of the prototype unit. In addition, Table 2 lists the
materials to be used to fabricate the unit.

Table 1. HP-BAC Design Requirements

PERFORMANCE DATA BLEED AIR COOLER
COOLER CHARACTERISTICS AIR SIDE WATER SIDE
FLUID CIRCULATED Air (2450 SCFM) Seawater
FLOW RATE (LB/HR) 11,231 46,350
INLET TEMPERATURE (°F) 925 85
OUTLET TEMPERATURE (°F) 425 116.3
PRESSURE DROP (ALLOW/CALC) (PSI) 2.46/1.5 3.000/1.406
VELOCITY AT INLET FLANGE FACE 198.9 4.14
(FT/SEC)

MAX INTERNAL VELOCITY (FT/SEC) 85 t0 90 3.21
NUMBER OF PASSES 1 1

DESIGN PRESSURE (PSIG) 100 50

TEST PRESSURE (PSIG) 150 100
DESIGN TEMPERATURE (°F) 925 300

LOG MEAN TEMPERATURE 535.878

DIFFERENTIAL (LMTD) (°F)

HEAT TRANSFER RATE CLEAN 19.2

(BTU/HR/SQ FT/°F)

HEAT TRANSFER SURFACE AREA (SQ 140.59

FT)

HEAT EXCHANGE (BTU/HR) (APPROX) 1,423,800 (416.9kW)

WEIGHT DRY/FULL OF WATER (LBS) 2043/2143

MAX LENGTH OF COOLER Not to exceed 7.5 feet vice

MAX DIAMETER OF COOLER Not to exceed 16 inches

HEAT PIPE CHARACTERISTICS Thermosyphon (wickless) Heat Pipes
HEAT PIPE WORKING FLUID Water
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MAX HEAT LOAD/HEAT PIPE 2863
(WATTS/PIPE)
MAX WATER SIDE PIPE WALL TEMP (°F) | 172
WITH 925°F INLET AIR
MAX WATER SIDE PIPE WALL TEMP (°F) | 150
WITH 700°F INLET AIR
SINGLE PIPE THERMAL RESISTANCE 0.06
(°C/WATT)
Table 2. HP-BAC Materials
Item | Parts Materials Specification
1 Shell and Shell Side Baffles Copper-nickel alloy, MIL-T15005 or
composition 70-30 MIL-T22214
2 Stay Bolts Stainless steel (AISI ASTM A 240
grade 347 or
ASTM A 473
or
ASTM F 593
3 Water-Boxes Copper alloy C90300 | ASTM B 584
or valve bronze, alloy | o
Comttor s | S
composition 70-30 MIL-C-15726
4 Heat pipe support sheets/tube | Copper-nickel alloy, | MIL-C-15726
sheet composition 70-30
5 Tube sheet bushing Copper-nickel alloy, | MIL-C-15726
composition 70-30
6 Heat pipes Copper-nickel alloy, MIL-T-16420K
composition 70-30
7 Fins air & water side Copper-nickel alloy, | MIL-C-15726
composition 90-10
8 Threaded Fastners Nickel alloy MIL-S-1222
9 Zinc protectors Zinc MIL-A-19521
10 Plugs, zinc support Copper-nickel alloy, MIL C-15726
composition 70-30
11 Gaskets Rubber sheet, cloth HH-P-151
insert; or non-asbestos | HH-P-46
sheet, compresses MIL-G-24696
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12 Pipe plus and adapters Valve bronze, alloy ASTM B 505

92200, copper alloy | MIL-C-15726

C90300; or copper- Or

nickel alloy,

composition 70-30 MIL-C-24679
13 Zinc inspection covers Copper-nickel alloy, MIL-C-15726

composition 90-10, AST B 584

copper alloy C90300; or

or valve bronze, alloy

92200 ASTM B 61

3.0 HP-BAC Full-Scale Prototype Design

Figure 1 is a photograph of the completed prototype HP-BAC unit. A complete set of
drawings for this unit is included as Appendix C of this report. Figure 2 is an exploded
view of the prototype unit. There are essentially three component assemblies: Airside
Shell, Heat Pipe Tube Sheet and the Seawater Shell. Each component is briefly described
below.

Figure 1. Heat Pipe Bleed Air Cooler, HP-BAC

3.1 Air-Side Shell

This shell is constructed from stainless steel. Figure 3 shows the internal construction. To
help reduce flow bypass the sides of the cylindrical shell were “squared-off” to match the
rectangular shape of the heat pipe core. As you can see, in Figure 3, there is quite a lot of
unused volume within this HP BAC design.
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3.2 Heat Pipe Tube Sheet

The tube sheet is 1.5 thick 70/30 copper/nickel. There are 195 copper-nickel
thermosyphon (wickless) heat pipes welded into the tube sheet. The heat pipes are 0.836”
in diameter and 8.720” long. Water is the internal working fluid. Table 3 is a summary of
the heat pipe design. The heat pipe development effort is recorded in Appendix D. The
tube sheet is divided in three heat pipe zones as shown in Figure 4. The fin pitches on the
heat pipes were varied to evenly distribute the thermal loads. The fins on both the
seawater side and airsides were brazed to the heat pipes. The completed heat pipe tube
sheet is shown in Figure 5. There was considerable amount of welding development that
went into getting the heat pipes installed into the tube sheet. This welding development
was funded under a separate contract from NSWC to EWI. The results of this work are
documented in Reference 1. A copy of the report is included as Appendix E.

Table 3. Heat Pipe Thermosyphon Design Summary

THERMOSYPHONS (See Appendix B for Drawing Details)

Pipe Material/Class

70/30 Cu-Ni/3300

OD (in)

0.836 +.000/-.005

ID (in)

0.596 (STOCK)

Length, Minus Fill Tube (in)

8.720

Number of Heat Pipes

195

Single-pipe Thermal Resistance (°C/W)

0.060

FINS (See Appendix B for Drawing Details)

Air Side | Seawater Side

Material

90/10 Cu/Ni

Geometry

Hexagon, 1.723 in ‘ Circular, 1.220in OD

Thickness (in)

0.063 (STOCK)

Thermal Conductivity (W/m-K)

43.9

First Module (inlet) Fin Density (1/in)

Second Module (Middle) Fin Density (1/in)

Third Module (Outlet) Fin Density
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Airside Shell

Gasket(s)

uuuu

M e e

-

Seawater Side
Shell

Heat Pipe
Tube Sheet

Figure 2. Exploded View of HP-BAC.

Baffles Top and Bottom

Figure 3. Front View of HP-BAC Showing Welded Baffles to Help Prevent Flow-
Bypass.
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First Water Second Water- Third Water
Module 3 fins/in Module 3 fins/in Module 3 fins/in
Sea Water In Sea Water Out
[ I I |
Hot Gas In Hot Gas Ot

First Air Module ‘ Second Air ‘ Third Air Module ‘>l

2 finsfin Module 3 finsfin 5 fins/in

Figure 4. Side View illustrating the Three Heat Pipe Sections.

o - a

Figure 5. Heat Pipe Tube Sheet.

Thermal performance analysis was conducted to derive the fin count listed in Table 3.
However, it was based on a tube sheet thickness of 1.25”. The structural analysis
indicated that the heat pipe tube sheet needed to be 1.5” thick. However, to maintain
schedule, a decision was made prior to this structural analysis being completed on how
long to make the heat pipes. With using the real tube sheet thickness of 1.5, it makes the
heat pipes 0.25” shorter then desired, consequently, not all the fins could be applied. The
heat pipe length will need to be corrected in future efforts. The reduced heat pipe length
and fin count will have an impact on thermal performance of the HP-BAC. This impact is
accessed in Section 5.0. The actual fin count on the “as built” prototype is summarized
below.
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Airside
Air fins Specified Actual
Module 1 9 per pipe 8 per pipe (4 pipes only have 7 per pipe for
Thermocouple installation)
Module 2 14 per pipe 12 per pipe (2 pipes only have 11 per pipe)
Module 3 23 per pipe 19 per pipe (2 pipes only have 18 per pipe)
Total air fins: 2,990 2,529 fins(difference of 461)
Water Side
Water Fins Specified Actual
All modules 8 per pipe 7 per pipe (2 pipes only have 6 per pipe)
Total water fins: 1,560 1,359 fins (difference of 201)
3.3 Water Side Shell

This shell is constructed from 70/30 copper nickel alloy. To reduce flow bypass the sides
of the cylindrical shell were “squared-off” to match the rectangular shape of the heat pipe
core.

3.4 Gasket and Bolts

Two large gaskets that are 1/8”thick by % wide Garlock-Type 601 Corragraph-Monel
core with graphite facing make the seal between the heat pipe tube sheet and the airside
shell and the waterside shell. The bolts are (62) 5/8”-11 UNC by 5.25” long Monel per

QQ-N-281(a).

4.0 Structural Analysis Results

SC Solutions, Sunnyvale, CA, conducted a structural analysis of the HP-BAC. The
results of the analysis are documented in their report contained in Appendix F and cited
as Reference 2. There report indicates that the prototype design for the bleed air cooler
will remain within ASME Section VIII limits for strength. The drawings for the HP-BAC
were developed based on the results of this analysis.

5.0 HP-BAC Thermal Performance Analysis Results

A Math-Cad model of the heat exchanger was written to predict thermal performance.
This model is included in Appendix G. This model was developed based on the
following:

e This predictive model is 1-D and as such, it is not able to fully capture flow bypass
effects when the gaps around the cores are large. It is possible that a significant
amount of fluid on both sides of the exchanger will bypass the finned cores in the
“as-built” condition.
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e The model assumes perfect thermal contact between fins and thermosyphons. In
reality, there is some thermal resistance at the intervening braze joints. In addition,
the EWI welding report in Appendix D points to incomplete braze fillets at the fin to
heat pipe joint of the prototype unit. This will have an impact on the measured results
and will need to be corrected on the future production units.

There were two inlet airside temperature conditions analyzed: 700°F and 925°F. The
700°F condition is the normal operating temperature condition and the 925°F represents
the worst-case high temperature operating condition. In addition to these temperatures,
the HP-BAC thermal performance was predicted for both the clean and the fouled
conditions at these temperatures. The results are summarized in Table 4. The HP-BAC
will meet the requirement of rejecting 416kW at the 925°F un-fouled condition. The
maximum predicted heat pipe temperatures on the seawater side at the 700°F and 925°F
bleed air conditions are 155.5°F and 183.6°F, respectively. These temperatures are
slightly higher then the desired temperatures listed in Table 1.

As presented in this report, the prototype unit was not constructed as specified due to
some issues that arose during the fabrication of the prototype. This is to be expected
when fabricating an item like this for the first time. The predicted results for the “as
built” prototype are summarized in Table 5.

At the 700°F condition, the “as built” unit is expected to reject 242.1kW in the clean
condition and 230.4kW in the fouled condition. At the 925°F condition, the unit is
expected to reject 336.6kW in the clean condition and 320.3kW in the fouled condition.
This performance is 80.3kW (clean) and 96.6kW (fouled) below the requirement (see
Table 1). The cause for the reduced performance is due to:

e Flow bypass around the heat pipe fin pack. The large flow bypass was an artifact
of the fabrication process. Wiegmann and Rose felt they needed additional space
to avoid hitting and bending the heat pipe fins during assembly of the HP-BAC
unit. The thermal performance of the unit can be restored if these large gaps are
eliminated. This will need to be addressed in the future production phase of this
program.

e Reduction in the fin count. This is easily solved by using the specified heat pipe
length so that all the fins can be added to the heat pipes.

These performance reduction issues will be corrected in the production phase.
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Rev: 28 May 2004

SHELL AND TUBE SHEET (See Appendix B for Drawing Details)

AIR SIDE | SEA WATER SIDE
Baffle Separation, Width (in) 10.25
Baffle Height Above Tube Sheet Surface (in) 5.375 ‘ 3.813
MASS FLOW RATES
Air Side Flow (Ibs/hr) 11230
Sea Water Side Flow (gpm) 134
THERMAL AND HYDRODYNAMIC PERFORMANCE
Total Heat Transfer Surface Area (ft%) 107.6
CLEAN | FOULED
Inlet Air Temp. (deg-F) 700
Outlet Air Temp. (deg-F) 403 | 417.6
Inlet Sea Water Temp. (deg-F) 85
Outlet Sea Water Temp. (deg-F) 96.7 96.1
Heat Load (kW) 242.1 230.4
Log Mean Temp. Differential (LMTD, deg-F) 443.2 452.7
Overall U value (BTU/hr/ft*/deg-F) 17.33 16.14
Max Thermosyphon Heat Load (Watts) 1453 1366
Air Side Fouling Factor (deg-F-hr-ft2/BTU) 0 0.00025
Sea Water Side Fouling Factor (deg-F-hr-ft2/BTU) 0 0.0005
Max Water-Side Pipe Wall Temperature (deg-F) 155.5 182.7
Air Side Pressure Differential (psid) 1.3 1.3
Sea Water Side Pressure Differential (psid) 0.97 0.97
CLEAN FOULED
Inlet Air Temp. (deg-F) 925
Outlet Air Temp. (deg-F) 519.5 539.5
Inlet Sea Water Temp. (deg-F) 85
Outlet Sea Water Temp. (deg-F) 101.6 100.8
Heat Load (kW) 336.6 320.3
Log Mean Temp. Differential (LMTD, deg-F) 604.8 618
Overall U value (BTU/hr/ftzldeg-F) 17.65 16.44
Max Thermosyphon Heat Load (Watts) 2031 1907
Air Side Fouling Factor (deg-F-hr-ft2/BTU) 0 0.00025
Sea Water Side Fouling Factor (deg-F-hr-ft2/BTU) 0 0.0005
Max Water-Side Pipe Wall Temperature (deg-F) 183.6 221.4
Air Side Pressure Differential (psid) 1.52 1.52
Sea Water Side Pressure Differential (psid) 0.97 0.97
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Rev: 28 May 2004

SHELL AND TUBE SHEET (See Appendix B for Drawing Details)

AIR SIDE | SEA WATER SIDE
Baffle Separation, Width (in) 10.25
Baffle Height Above Tube Sheet Surface (in) 5.375 ‘ 3.813
MASS FLOW RATES
Air Side Flow (lbs/hr) 11230
Sea Water Side Flow (gpm) 134
THERMAL AND HYDRODYNAMIC PERFORMANCE
Total Heat Transfer Surface Area (ft%) 107.6
CLEAN | FOULED
Inlet Air Temp. (deg-F) 700
Outlet Air Temp. (deg-F) 403 | 417.6
Inlet Sea Water Temp. (deg-F) 85
Outlet Sea Water Temp. (deg-F) 96.7 96.1
Heat Load (kW) 242.1 230.4
Log Mean Temp. Differential (LMTD, deg-F) 443.2 452.7
Overall U value (BTU/hr/ftzldeg-F) 17.33 16.14
Max Thermosyphon Heat Load (Watts) 1453 1366
Air Side Fouling Factor (deg-F-hr-ft2/BTU) 0 0.00025
Sea Water Side Fouling Factor (deg-F-hr-ft2/BTU) 0 0.0005
Max Water-Side Pipe Wall Temperature (deg-F) 155.5 182.7
Air Side Pressure Differential (psid) 1.3 1.3
Sea Water Side Pressure Differential (psid) 0.97 0.97
CLEAN FOULED
Inlet Air Temp. (deg-F) 925
Outlet Air Temp. (deg-F) 519.5 539.5
Inlet Sea Water Temp. (deg-F) 85
Outlet Sea Water Temp. (deg-F) 101.6 100.8
Heat Load (kW) 336.6 320.3
Log Mean Temp. Differential (LMTD, deg-F) 604.8 618
Overall U value (BTU/hr/ft*/deg-F) 17.65 16.44
Max Thermosyphon Heat Load (Watts) 2031 1907
Air Side Fouling Factor (deg-F-hr-ft2/BTU) 0 0.00025
Sea Water Side Fouling Factor (deg-F-hr-ft2/BTU) 0 0.0005
Max Water-Side Pipe Wall Temperature (deg-F) 183.6 221.4
Air Side Pressure Differential (psid) 1.52 1.52
Sea Water Side Pressure Differential (psid) 0.97 0.97

6.0 Projection of Production Costs

The HP-BAC production cost projection shown in Table 6 was based on the following:

e Thermacore is the prime contractor responsible for managing the

construction of the HP-BAC production units.
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e There is a Non-Recurring Engineering, NRE, charge to complete the tasks
defined in Section 7.0.

e A local vendor will machine the tube sheet.

e Thermacore will be responsible for fabricating and welding the heat pipes
into the tube sheet.

e Thermacore will be installing the airside and waterside fins with braze
material at the interface. The assembly will then be vacuum brazed at a
local furnace vendor.

e A subcontractor (Wiegmann and Rose for example) will construct the
airside shell and the waterside shell.

e Each unit is hydrostatically tested to at 1 'z times the design pressure and
certified.

e A unit needs to be shock and vibration tested. The price for conducting
this test is unknown at this time.

e Thermacore will assemble the units and ship them to the Navy.

Table 6. HP-BAC Projected Production Costs.

Cost
Description 10 Units/year 25 Units/year 50 Units/year
Production (ROM) | $197,296 ea. $196,032 ea. $194,722 ea.
Tooling Required $24,000 $24,000 $24,000

7.0 List of Tasks to Fabricate a Production, Full-scale HP-BAC
Below is a list of tasks leading up to release of a production order.
Task 1 Analysis of HP-BAC Cost Reducing Items: This report identified several areas

to examine for cost reductions. This task will evaluate those areas to determine if they
should be implemented into the design.

Task 2 Update Drawings: Based on the results of Task 1, the drawings will be updated,
reviewed and approved.

Task 3 Heat Pipe Fin Attachment Development: Fin attachment on the prototype unit
was identified as a problem area. This task will work on the methods to demonstrate an
affective process or fin attachment.

Task 4 Fabricate Pre-Production HP-BAC Unit: An initial production HP-BAC unit
will be fabricated in accordance to the results of Tasks 2 and 3.

Task 5 Shock and Vibration Test: The HP-BAC unit fabricated in Task 4 will be shock
and vibration tested to qualify the design.

Task 6 Confirm Thermal Performance: The initial production unit will be thermal
performance tested to confirm that the design meets the required performance.
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8.0 Conclusions and Recommendations:

1. The design and fabrication of the full-scale prototype heat pipe bleed air cooler heat
exchanger (HP-BAC) was successfully completed. It was delivered to the Naval Surface
Warfare Center, NSWC, in January of 2005.

2. The predicted thermal performance of the “as-built” HP-BAC is lower then desired.
This is due to both large gaps around the perimeter of the heat pipe bundles that will
result in flow bypass around the heat pipes and to reduced fins. Fortunately, if these large
gabs are reduced and fins are added in future units, the performance of the unit can be
restored.

3. The air and seawater sides of the prototype unit were hydrostatically tested to 1-1/2
times the design pressure and shown to pass the listed criterion.

4. EWI identified that the brazed fins on the waterside of the exchanger need further
development. Many of the braze joints did not have good thermal connection to the heat
pipe. It is recommended that this be further developed in the production unit fabrication
effort.

5. The heat pipe length was shorter then desired. The heat pipe length will need to be
increased in future efforts.

6. An important design feature for the HP-BAC is the three distinct heat pipe sections.
Since the air-cools as it passes through the heat exchanger, there is a much larger delta-T
available at the inlet than out the outlet. In the absence of design mitigation, this would
produce much higher surface temperatures in this region. One of the earliest design
innovations, one that was made possible by the use of heat pipes in the heat exchanger,
was to reduce the fin area in the high temperature parts of the HX and increase the fin
area in the lower temperature regions. This allows relatively constant temperature over
the length of the BAC; it also keeps the power per heat pipe relatively constant over the
entire length.
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NSWC Heat Pipe Cooler Technology Demonstration on the DDG-61
USS Ramage

Status / update on PP-0302 Elimination of Acid Cleaning of High
Temperature Salt Water Heat Exchangers

“Heat pipe cooler technology demonstration
On the DDG-61 USS RAMAGE”

Background:

As you know, a full-scale Heat Pipe-Bleed Air Cooler (HP-BAC) was constructed
and testing began on the DDG-61 USS Ramage along side the presently used Shell &
Tube —Bleed Air Cooler (S&T-BAC). The bleed air system on a DDG-51 class ship has
a total of 5 shell & tube coolers; 2 in Main Engine Room No.1 (MER-1) (1 prairie and 1
masker); 2 in MER-2 (1 prairie and 1 masker); and 1 in Auxiliary Room No.1 (AUX-1)(1
start air). The demonstration HP-BAC was installed into the masker cooler location in
MER-1. This Temporary Alteration (TEMPALT) replaced the masker shell and tube
cooler along with some system piping, foundation changes, and added an automated
instrumentation package. Since the normal operation procedure is to operate both masker
coolers in parallel the test plan was to do a comparison between the masker HP-BAC in
MER-1 and the masker S&T-BAC in MER-2. A detailed test plan was developed for this
comparison.

The installation of the TEMPALT started on 2 June 2005 and was completed on
22 June 2005 onboard the DDG-61 USS Ramage. Over all the installation went quite
well. Since the ship had just come out of a CNO availability quite a bit of activity was
still on going during this short in port time after availability. As a result of this we never
had the opportunity to due a pier side test. A few days later the ship left port spent some
time in Maine and returned back to port in early July. During this short deployment the
automated data acquisition system recorded temperatures and flow data for the HP-BAC.
A similar system recorded temperature only data on the S&T-BAC. The ship also
recorded manual data hourly from the thermal well temperature gages. Some additional
gages were installed for this demonstration. The ships log data and system operational
information was relayed back to NSWC via email while the ship was deployed. Early
indications from the ships log data were that the HP-BAC was not meeting the same
outlet temperatures as the counter part S&T-BAC. Ship data showed a difference
between the two cooler to be approx. 200 °F. This was confirmed from the automated
system that was down loaded once the ship returned to port.

First thoughts for this temperature difference were focused on the gap areas that
were left between the heat pipe tube sheet at the top, bottom and sides between the tube
sheet bundle and shell sections. Pictures in Appendix A shows these gaps quite well.
These gaps were identified prior to the install and again during the install. It was felt that
these might give us some high discharge temperatures. However it was decided to leave
the cooler go in, as design, to see what the actual flow and temperature performance data
would be. In early July after discussion with the ship and port engineer it was decide to
install baffle plates onto the air and water shell sections of the cooler to address the blow-
by. During the period of 7-22-05 to 7-27-05 baffle plates were installed, see pictures in
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Appendix A for completed install and baffle modification. Once the install was complete
a short operation test, while pier side, was done on the modified HP-BAC to see how it
would perform. Only the masker coolers were run, which discharged air into the masker
belts under the hull. This pier side operational test was only conducted for approximately
one hour. The temperatures were starting to approach steady state and some
improvement was noticed. In comparing the two data sets it did show a 40 °F. NSWC is
currently awaiting additional at sea data to document and compare the HP-BAC flow
performance data with baffle plates installed and running at steady states.

Review of the Data

Table 1 compares the measured data from the HP-BAC to the S&T-BAC. The key
parameter to compare is the resulting inlet and outlet air temperature difference
(highlighted in yellow). The larger this difference, the better the cooler is working. For
example, the 6/24/05 data indicates that the airside difference for the S&T-BAC is 430.65
°F and the HP-BAC is 165.24 °F, a difference of 264.41 °F. This is a significant
difference.

Table 1. Measured Test Data.

Date and M30277 M30277 AT M30322 M30322 AT M3027 M30277 M30322 M30322 M30742
Time MER-1 MER-1 MER-1 MER-2 MER-2 MER-2 7 MER-1 MER-2 MER-2 MER-1
TC-2 TC-4 air TC-2 TC-4 air MER-1 TC-3 TC1 TC-3 Air Flow
AIR-IN AIR-OUT AIR-IN AIR-OUT TC-1 SW-OUT SW-IN SW-0OUT (SCFM)
(°F) (°F) (°F) (°F) SW-IN (°F) (°F) (°F)
(°F)
6/24/2005 554.59 389.35 165.24 568.85 138.20 | 430.65 70.47 75.02 70.21 77.83 1707
6:00 AM
6/29/2005 541.58 362.25 179.33 560.66 139.86 | 420.80 70.95 74.16 70.72 80.67 1287
3:30 AM
6/29/2005 544.66 364.87 179.78 564.37 140.67 | 423.70 70.70 73.99 70.48 80.67 1309
12:45 AM
7-22-05 to 7-27-05 Baffle Plates installed onto the shell sections of both the air and water
7127/2005 543.79 322.99 | 220.81 | 511.34 141.76 369.58 84.34 89.92 83.91 85.93 1749
2:00 PM

Dr. Kevin Wert from Thermacore ran the performance model to determine if the HP-
BAC is performing as expected. The measured and predicted results are compared in
Table 2.
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Table 2. Comparison of Measured versus Predicted for MER-1.
Date and Time M30277 | M30277 | AT | M30277 | M30277 | AT | M30742
MER-1 | MER-1 | MER-1 | MER-1 | MER-1 | MER-1 | MER-1
TC-2 TC-4 air TC-1 TC-3 Sw Air Flow
AIR-IN | AIR- SW-IN | SW- (SCFM)
(°F) out (°F) out
(°F) (°F)
Measured 6/24/2005 55459 | 38935 | 16524 | 7047 75.02 455 | 1707
Predicted 554.59 275.2 279.39 | 7047 77.7 7.00 1707
Measured 6/29/2005 54158 | 36225 | 17933 | 7095 74.16 320 | 1287
Predicted 541.5 23639 | 305.11 70.95 76.41 5.71 1287
Measured 6/29/2005 544.66 | 36487 | 17978 | 70.70 73.99 329 | 1309
Predicted 544.66 239.27 | 30539 | 70.70 76.29 5.59 1309
Baffle Plates Installed
Measured 7/27/2005 543.79 | 32299 | 220.81 84.34 89.92 5.58 1749
Predicted 543.79 | 279.72 | 264.07 84.34 | 90.80 6.46 1749

Again, the key parameter to compare is the airside temperature difference. The predicted
temperature difference for the 6/24/05 data is significantly higher (114 °F) then the
measured results. This is true for the other data sets too. The lack of HP-BAC measured
performance is linked to all of the following issues.
e Fin Attachment
e Fins per Inch
e Heat Pipe Operation
0 Thermal resistance
O Active pipes
0 Length of pipes
o
These technical issues will be discussed in further detail in the technical review section.
At this point one would have to ask some obvious questions.
e Were do we go from here?
e  Why are we off on the cooling performance?

Decision Based on Above Data
Were do we go from here?
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Originally it was discussed to due another modification that would address further
improvements. However, after a technical review it was felt that another modification
would not make up for this kind of difference. Over the pass few weeks’ discussions and
meetings were held, between NSWC, Thermacore, and Wiegmann & Rose to address the
cooler performance and solutions. Again, more on this in the technical review section.

In the interim of solving the coolers technical problems it was decided to reconfigure
the ship with its original shell and tube cooler. Plans are under way to pull the masker
HP-BAC in MER-1 and to reinstall the masker S&T-BAC. This reinstall won’t be an
exact reconfiguration. The structural foundation, which was extended onto the original
foundation, will remain in place. This will be done to allow for the reinstallation of the
HP-BAC in approx 12 to 18 months after a redesign and some modifications are
completed. As was done with the original inlet and outlet spool pieces of the S&T-BAC,
the HP-BAC will be removed in whole and stored. Other things that will be left in place
are the temperature and flow data loggers, which measure in and out temperatures on
both the coolers and the flow meter. Discussion and approvals are taking place that will
leave the mass flow meter in place, in MER-1. This will be beneficial to better
understanding the flow characteristics and heat loads of the masker cooler during
deployments. This flow data was never available during the heat pipe cooler
development. Plans for the changing back to the ships original reconfiguration will be
the week of November 14" during the ship’s CMAV period. Tentative reinstall date for
heat pipe redesign cooler is June 2006. The reinstall of the HP-BAC back into the ship
will be based on a successful coupon check before the new full-scale tube sheet is
fabricated. See Task to Accomplish a Redesign

Technical Review Issues with HP-BAC:

= Heat Pipe Operation: The heat pipe cooler model was run with some recently
recorded data. Which accounts for some shortcomings due to of blow-by and
missing fins, this model still indicates the cooler should be performing at
approximately 275 °F vice the 365 °F outlet temperatures. Which indicates that
there are issues with the heat pipes. The target thermal resistance for the heat
pipes established at the start of the program was 0.06°C/W. NSWC instrumented
eight heat pipes during the shipboard testing. This data was used to determine the
actual heat pipe thermal resistance. This values listed in Table 3 indicate that the
average heat pipe thermal resistance is about 0.205 C/W, 3.41 times higher then
desired. This significantly adds to reduced HP-BAC performance. Which raises
some other questions. Are all the heat pipes working? and What are the thermal
resistances of the other 187 pipes? Of the 195 pipes only 8§ are being monitored (4
in module 1, 2 in module 2, 2 in module), see Appendix A for additional details
on the instrumentation of the tube sheet. Once the cooler is pull and returned to
NSWC test will be performed on each pipe to determine its status as well as a
plan to determine the resistance of all the pipes.
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Table 3. Measured Heat Pipe Thermal Resistance, "C/W

Date/ Rowl/ | Rowl/ | Row13/ | Row13/ | Row26/ | Row26/ | Row39/ | Row39/ | Average
Time #2 #4 #2 #4 #2 #4 #2 #4

6/24/05 | 0.253 | 0.223 | 0.234 0.215 0.17 0.156 0.124 0.135 0.189
6/29/05 |1 0.309 [ 0.259 | 0.267 0.242 0.182 0.171 0.131 0.144 0.213
6/29/05 | 0.306 | 0.254 | 0.264 0.240 0.181 0.17 0.132 0.144 0.212
7/27/05 | * * * * * * * * 0.205

* Thermacore did not have heat pipe temperature data on this test.

Fin Attachment: Issues were raised concerning fin attachment to the heat pipes.
More development work in this area needs to be done in order to improve the fin
attachment method. During the fabrication Edison Welding Institute (EWI),
under the MANTECH program, participated in addressing some of the joining
issues. The joining of the fins to the pipe required a large furnace braze. A
coupon of pipes with fins was made for analysis by EWI. The EWI report
showed the metallographic work, which was done on these pieces, see Figure 1
and Figure 2. The results indicate the brazed fin-to-tube assemblies have
moderate braze quality. Voids were found in all five of the examined assemblies.
During the fabrication it was not felt that this would be that significant to the
performance. In hind site this thought may not have been a valid one. These
small voids in the braze joins could be adding significantly to the thermal
resistance of the heat pipes. Because of this EWI report and the time involved to
attach these fins a proposal was prepared to further investigate with the in FY-06
MANTECH program casting assemblies as well as better joining. It was hoped
that this effort could be integrated into the production effort as is turns out it
should be beneficial in a redesign effort if funded in FY-06

Fins per Inch: Due to fabrication issues, there were several less fins then desired.
It is possible that increasing the fins per inch on the airside is desired.
Unfortunately, there are no airside pressure drop values measured during the
shipboard testing to provide design guidance in this area. The addition of Delta P
readings will be addressed in the redesign.

0 As indicated above there are 662 fins (461air, 201 water) missing, see
Table-4 for detail breakout, this was a result of:

= The tube sheet going from 1” to 134.

= The heat pipe lengths were established before the change was
made to add the thicker tube sheet thickness based on W&R
structural analysis.

= The silver braze rings, which were inserted on top of each fin
added to gaps between the fins. This small growth became most
significant in the 5 fins per inch module of the air side.

= Attempts were made to use a tapered plug for the heat pipe
processing. However, this process did not achieve good result as a
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result the heat pipes used the standard fill pipe for processing
which shortened the pipe length

Table 4 - Tube sheet fin count CAD vs. Actual

Air fins CAD Sheet Actual
Module 1 9 per pipe 8 per pipe (2 pipe only have 7 per pipe)
Module 2 14 per pipe 12 per pipe (2 pipe only have 11 per pipe)
Module 3 23 per pipe 19 per pipe (2 pipe only have 18 per pipe)

Total air fins: 2990 2529 fins
(difference of 461)

Water Fins CAD Sheet Actual
Modules 1,2,3 8 per pipe 7 per pipe (2 pipe only have 6 per pipe)
Total water fins: 1560 1359 fins  (difference of 201)

Note: this is a reduction of 15 % in the fin stacking due to pipe length change
caused by going from a 1” tube sheet to a 1 38" tube sheet. Additionally, the
lengths of the basic pipes was established first (8.359”) and fabricated. Pipe
length compensation was not made up with this change in tube sheet thickness.

¢ Flow Patterns through the Cooler: Even though some baffle plates were
installed the air still converges and diverges into the gap area as it goes through
the modules. It’s felt that more cross flowing through the modules should be
taking place and all gaps need to be addressed and eliminated. NSWC installed
four baffle plates and showed approximately 40 °F improvement in the airside
temperature difference. The best solution, however, is to seal against the
entire heat pipe bundle.

e Hind Site With the Fabrication: During development it was thought that to
demonstrate the technology it would be more cost effective to stay with a mono
height pipe to demonstrate the abilities of the technology to control wall
temperatures and scaling on the pipes. This decision was true! However in doing
so we sacrificed a fair amount of surface area. The cooler was design with this in
mind and should be meeting the model criteria, which was re-run for blow by and
missing fins. The benefit to be achieved later was that this unused surface area
would benefit the size reduction of the cooler once it went to a production phase.
See Figure 3 for a comparison of mono to multi height pipes. In hind site the cost
impact would not have been that significant to manufacturing. In doing a
redesign a small coupon will first address the multi height pipes. A successful
small coupon fabrication and test will be followed by a final full-scale tube sheet
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fabrication that will also incorporate these multi height pipes. This will achieve a
few things, one it will maximize the heat transfer surface area for cooling, this
maximizing may still help in reducing the production size coolers, validate the
more complex modeling geometries, and better identify the heat transfer abilities
as we move closer to a production unit.

e Operation Conditions: It is important to note that the HP-BAC was designed to
be able to operate at 925 °F and to not have the heat pipe wall temperature on the
seawater side exceed 150 °F, in an attempt to minimize calcareous deposits. This
design condition resulted in building thermal resistance into this cooler, which
resulted in a much larger and heavier cooler when compared to the current BAC.
In addition, this “built-in” thermal resistance resulted in what appears to be lower
performance of the HP-BAC when they are compared.

Information identified in Figure 4 indicates the cooler rarely operates, if at all, at
this high temperature condition. In fact, the cooler operates 99% of the time at
temperatures below 700 °F. In general, optimizing a design for operation at 925
°F and 700 °F conditions, and then testing it at much lower temperature, results in
performance that is unfavorable for the HP-BAC when compared to the standard
S&T-BAC. Thermacore believes that the performance of the HP-BAC can be
significantly improved if the design point is lowered to 700 °F and normal
operation temperatures of 550 °F to 650 °F are addressed in detail.

Thermacore analysis indicates the performance of the HP-BAC can be
significantly improved if the flow bypass is significantly reduced, if the fin
attachment is improved, if the fins per inch are increased and if the heat pipe
thermal resistance is reduced. Under these conditions, the predicted thermal
performance is shown in Table 5. For comparison purposes, the predicted HP-
BAC performance is compared to the data for the S&T-BAC (MER-2) unit. The
results show that the HP-BAC can reach performance close to the BAC; however,
it will never meet the performance of the S&T-BAC because there is still “built
in” thermal resistance into the HP-BAC design in order to keep the seawater side
temperature under 150 °F to minimize/eliminate calcareous deposits.

Table 5. Projected HP BAC Performance in comparison to Shell-and Tube Unit

AIR-IN AIR- AT SW-IN SW- AT Air Flow
(°F) ouT air (°F) ouT SW (SCFM)
(°F) (°F)
Shell-&- 568.85 138.20 430.65 70.47 75.02 4.55 1707
Tube
BAC
Predicted 568.85 190 378 70.47 78.45 7.98 1707
HP BAC

The tasks to be followed to meet the predicted performance in Table 5 are listed below.
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In summary:

From the recorded date and technical discussions over that pass few weeks, it’s
felt that all of the above issues are or could be contributing to the lack of cooler
performance. No one gets the sense that it’s one thing causing this problem. However
it’s felt that the thermal resistance is the most significant. From the discussions it’s a lot
clearer that controlling the thermal resistance of the heat pipe is the key to control wall
temperatures on the seawater side of the pipes. Since we are building in this resistance its
going to narrow the rang of a coolers performance. Designing the cooler to run at 925 °F
and then to operate it at 500 °F to 600 °F is not the way we should have been designing.
Because of this, a closer look will be taken on the operational design states in the
redesigned tube sheet. In short its certain that a heat pipe cooler will never perform over
a large range of conditions as well as thin wall shell & tube exchangers. There is nothing
wrong with this as long as were solving a long time problem with scaling, which will
reduce maintenances, and hazardous material cost and improves system reliability. One
needs to clearly understand what these restrictions will be. The efforts put forth in
completing the prototype install have achieved a lot. It’s provided a good test platform,
all drawings and installation documentation are completed, we have reduced this reinstall
cost to approx a $25K or less. If it can be clearly demonstrated that the reinstall will be
successful the ships has indicated that we would be welcome back to test once we have a
ready HP-BAC

Task to Accomplish Redesign of Small Coupon and Full-Scale for
Reinstall

1. Post Evaluation of HP-BAC: Once the prototype cooler is pulled and returned to
NSWC testing will be run on the heat pipes to establish if they are all operational and to
identify pipe thermal resistances. This will determine what the characteristics of the
pipes were and help in the improvements of the redesign.

2. Review and Confirm Design Requirements: Thermacore and NSWC will review
the design requirements and select those that are the most important. Thermacore
recommends designing to 700 °F and maintaining the requirement for heat pipe wall
temperatures under 150 °F to eliminate calcareous deposits.

3. Reduce Heat Pipe Thermal Resistance: The best method to reduce heat pipe thermal
resistance is to reduce the wall thickness. Heat pipes will be made and tested to measure
and confirm the thermal resistance value. The objective is a thermal resistance value of
0.035°C/W. This value will be confirmed by testing at the intended heat load in the final
application. Fabricate 6 individual heat pipes with fins for thermal resistance testing. Run
these thermal performance tests with fins to determine performance and resistance.
Incorporate the smaller wall thickness heat pipe to reduce resistance, class 700 or class
1650 vice the class 3300 that was used for the prototype.
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= 2 pipes - with class 3300 pipes one 9” long, one 12%4” long
= 2 pipes — with class 1600 pipes one 9” long, one 12%4” long
= 2 pipes — with class 700 pipes one 9” long, one 12%4” long

4. Improved Fin Attachment and Fin Count: The brazing of the fins on the heat pipes
in the first assembly did not work very well. Brazing tests will be conducted to improve
this braze technique. NSWC and Thermacore will work on this jointly. Casting is another
option to investigate. Thermacore is also proposing to increase the fin count on the
airside to 10fins/inch. If funded incorporate the new fin casting assemblies and joining
process developed under MANTECH program into the redesign efforts. These efforts
should bear better conduction and less thermal resistance into the heat pipes.

5. Subscale Unit Fabrication and Test To confirm the design of the assembly,
Thermacore will be contracted to build a sub-scale unit (1/4 scale) and test it under
simulated flow conditions. The subscale unit will be tested at NSWC or Wyle
Laboratories. The measured performance will be compared against the predicted
performance to confirm the results. Upon successful testing, fabrication of the full-scale
unit will proceed. The fabrication of the sub-scale unit will be incorporate 30 to 50 multi
height pipes with various fin densities. This effort will also quantify through modeling
and testing what the heat pipe performance characteristics will be i.e. thermal resistance
and heat duty etc.

6. Full-Scale Tube Sheet: After successful sub-scale testing, a full-scale tube sheet will
be fabricated. The tube sheet will be integrated with the modified shell sections for
reinstallation onto the DDG-61 ship for testing. This new redesign of full scale tube sheet
will also address new flow pattern criteria.

7. Reconfigure Both Shell Sections Internals
e to provide optimum cross flow pattern through the cooler
e to accommodate the multi height pipes
e to close off an flow-by gap areas
e to accommodate delt P data monitoring across the cooler

8. Prior to Reinstall: On the completed full-scale cooler perform a hydro test and run a
30 to 40 hour thermal performance test. Evaluate the coolers performance measured vice
predicted. Define what the operational characteristics of the cooler will between 500 °F
to 700 °F with air flows between 1500 SCFM to 2500 SCFM

9. Install redesign cooler: onto DDG-61 USS Ramage and perform testing for 1 year
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Figure 1 from EWI Joining Report

Figure 20 - Braze Assembly #1 Macro Figure 23 - Braze Assembly #4 Macro

Figure 21 - Braze Assembly #2 Macro Figure 24 - Braze Assembly #5 Macro
Selected sections with voids were further
sectioned, mounted in bakelite, and
polished. The micrographs in Figure 25
through Figure 29 were taken from these
polished samples.

Figure 22 - Braze Assembly #3 Macro
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Figure 2 From EWI Joining Report

Figure 25 - Assembly #1 Braze Joint Figure 28 - Assembly #4 Braze Joint
Voids with Bowed Fin Leg Voids with Porosity in Adjacent Weld

Figure 26 - Assembly #2 Braze Joint Figure 29 - Assembly #5 Braze Joint
Voids with Bowed Fin Leg Voids with Porosity in Adjacent Weld
The results indicate that the brazed fin-
to-tube assemblies have moderate
braze quality. Voids were found in all
five of the examined assemblies.

Figure 25 and Figure 26 are the
micrographs of brazed joint assemblies
#1 and #2. The likely cause of voids in
these joints is the bowed shape of the
fin legs. Bowed legs create a joint gap
too large to retain the liquid alloy during
brazing, thus causing voids or
incomplete fill. The legs should be

. ] straight to provide a uniform joint gap
Figure 27 - Assembly #3 Braze Joint prior to brazing. The voids may also be
Voids with Porosity in Adjacent Weld
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Figure —3 Heat Exchanger Cross Sections
HEAT EXCHANGER
CROSS SECTIONAL PROFILES
Production Prototype

CONDENSER SECTION

TUBE SHEET

SECTION
MULTI-HEIGHT PIPES MONO-HEIGHT PIPES
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Figure 4 Temperature vs. Operating Time

BLEED AIR SYSTEM
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Figure 4 -. BAC Temperature versus Operating Time
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Ship Survey Report
Location: Naval Station Norfolk

Subject: Bleed Air Cooler Replacement / Demonstration of Heat Pipe Cooler
Technology being supported under

ESTCP: PP-0302, Elimination of Acid Cleaning of High Temp Salt Water Heat
Exchangers

Report Date: 01 April 2004

Event Date: 22-24 March 2004

Event Location: Naval Station Norfolk
Submitted by: Denis Colahan

Purpose of Event: Perform a ship check on USS RAMAGE (DDG 61) to assess the
design and installation considerations for replacement of the Masker Bleed Air Cooler
with a heat pipe technology cooler. For scheduled install during the ships availability in
Sept — Nov 04

Principal Personnel Involved:

Steve Verosto NSWCCD Code 632
Denis Colohan NSWCCD Code 983
John Horsley DDG 61 PE

LCDR Moriarty DDG 61 XO
LT Patrick Bennett DDG 61 CHENG

LT Philip Riggs DDG 61 MPA
GSMCS Ken Lentz  DDG 61 Eng Dept LCPO
GSMC Quillopo DDG 61 MER 1 CPO

GSM1 Wilson DDG 61 MER 1 LPO
GSM2 Mooney DDG 61 MER 1
Bob Hampton RCI Project Director

LT Bennett is departing his post on DDG 61 on 29 March 2004 and is being replaced by
LT Chris Simmons

CCS (757) 445 6045
quillopm@ramage.navy.mil
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lentzk@ramage.navy.mil

riggsp@ramage.navy.mil

Trip Summary:

An inbrief was held with ship personnel and port engineer on the morning of

3/23/04. The CHENG indicated that most of the ship’s seawater piping was 90/10 cuni

and that any upgrades should be 70/30 cuni. The ship indicated that they do not take

bleed air directly from the gas turbines but from the SSTGs. Additionally the ship

indicated that they always run both Masker systems (one in MER 1 and one in MER 2)

simultaneously and that other than during speed restrictions the ships runs both the

Prairie and Masker systems during underway periods. The ship suggested checking the

condition of the seawater strainers and repairing if necessary prior to the evaluation.

The following provides a list of concerns raised by the ship during the inbrief and

discussion of the technology and installation plans.

1y

2)

3)

4)

Ship is concerned about the constant expansion and contraction and
subsequent failure of the heat pipe fin welds and welds at the tube sheet
resulting from temperature shock and normal differentials.

Risk of a cooler failure must be addressed. Spare internals would be an option
they would consider. Another option would be to pipe the cooler such that the
inlets are flanged and can be replaced with the old shell and tube heat
exchanger if an irreparable failure does occur. The ship’s main concern is that
these coolers are needed for their starts and the back-up HP air starts are
unreliable.

The ship would like to have computational models run that determine what
happens to the cooler and pipes when the seawater temperature is 40-50°F.
The ship would like to have computational models run that determine what
happens if you remove the fins from the seawater side of the cooler.

Maintenance issues are the concern that drove this question.
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5) The port engineer does not want the ship deploying without running stateside

tests.

Inspection of the cooler arrangements in MER1 and MER2 were accomplished. These
inspections revealed that the most efficient location to accomplish the prototype
installation is MER 1. It was determined that the bleed air inlet piping was identified by
3-300-105B16-A182-F321 stainless steel (it should be noted that this data was pulled

from the Prairie cooler bleed air inlet).

The following is a list of logistic information obtained during the space evaluations.

Masker Cooler in MER 1 Wiegmann & Rose (FSCM 78730)
P/N 1203 SUN-2P Serial G00325

Type E Class 2 4420-DA0O-66-5189

Contract # N00024-90-C-2800 Manufactured 01/92

Masker System pressure and temperature gages in MER-1:

Masker Air Pressure MA-GA-1 Calibrated 11/06
Masker Inlet Pressure Seawater SW-GA-057 No cal required
Masker Outlet Pressure Seawater SW-GA-058 No cal required
Masker Orifice Pressure Seawater Diff ~ SW-GA-059 No cal required
Masker Seawater Outlet Temperature SW-TH-007 No cal required
Masker Air Outlet Temperature MA-TH-1 Calibrated 1/06

Submitted By: Denis Colahan

Signature: Date:
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HP-BAC Design Drawings
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Heat Pipe Design and Development

By orienting the heat exchanger so that
the hot side is on the bottom made it g
possible to utilize thermosyphons heat
pipes which return liquid by gravity
rather than capillary pumping. This
allowed the transport of very high heat
levels (2880 watts) through modest
sized heat pipes (1.05” or 0.84” OD).

Life Test Pipes (Materials
Compatibility)

Four heat pipes were fabricated in mid
1999 for life testing. Numbers 745 and
746 were 90-10 copper-nickel and e
Eﬁ;‘gf rslzlizniirﬂg Eeri;g 33;;:;:; Figure C1. Pipes 745 and 746 on Life Test Rack
during processing. The three remaining pipes were placed on life test. Figure C1 shows

pipes 745 and 746 on the test rack for these early “low temperature” tests. Figure C2

shows the AT test results for the first 1680 hours. The variation is within instrument drift

and thermocouple error compounded by varying ambient temperatures in the room. The
magnitudes of the AT’s show no indication of non-condensable gas generation.

26| Low Temperature Test
2.4 u

—=e— Pipe 745
Pipe 746

2.2 7 Pipe 748

2.0j
l.8j
l.6j
l.4j
l.2j
l.Oj

Thermosy phon AT (C)

0.8
0.6 [
0.4

0.2

. I . ! . I . I . ! . ! . I . I .
05/10/99 05/20/99 05/30/99 06/09/99 06/19/99 06/29/99 07/09/99 07/19/99

Date

Figure C2. Delta-T performance of Life Test Heat Pipes
(For 1680 hours of “low temperature” testing)
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By this point in the program, it was evident that the heat pipes would operate at much
higher temperatures and that 70-30 Cu-Ni would be the material of choice, so pipe 748
was placed on high temperature test. In the low temperature tests, the 75 watt heaters
were run constantly, in the high temperature test a cutoff switch was used to throttle a
250 W heater. The throttling produced larger temperature swings. Figure C3 shows this
unit under test. It was enclosed in a shield for containment purposes in case a cutoff-
switch failure should lead to a burst pipe

o .
Figure C3. HP#748 on High Temp. Life Test

Figure C4 shows the pipe’s AT performance over the first 1750 hours. These are within
normal performance measurements and indicate that the pipe is not gassing up. The pipes
were run until the life test facility was relocated in 2001. They logged 7,344 hours of
operation. Although no data were taken after the end of the program. These pipes are still
available.

Heat Pipe Characterization

Additional heat pipes more representative of BAC geometry were built and tested to
determine an empirical value for thermal resistance of the heat pipe in BAC operation.
Figure C5 shows the heat pipe being readied for testing. Figure C6 shows it under test.
Figure C7 is a graph of the measured thermal resistance. The overall thermal resistance
fell between 0.070 and 0.073 °C/W. This is slightly higher then the 0.06°C/W that is
listed in Table 1 of the main report.

Page 50 of 52



APPENDIX A-C
11/17/2005

Pipe 748 - High Temperature Test

Thermosy phon AT (C)

08/18/99 08/28/99 09/07/99 09/17/99 09/27/99 10/07/99 10/17/99 10/27/99 11/06/99

Date

Figure C4. Delta-T performance of Life Test Heat Pipes
(For 1750 hours of “high temperature” testing)

= EaRnEEa

Figure C5. Un-insulated HP

Figure C6. Heat Pipe under Test
Fixture tilted for non-vertical operation.
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Bleed Air Cooler Thermosyphon Resistance 2860Watts,
225°C
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Fiqure C7. Measured Thermal Resistance of Heat Pipe
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Abstract

During the production of a bleed air cooler (BAC) heat exchanger prototype, inadequate
tube-to-sheet weld quality due to poor joint access and excessive weld distortion, and
inadequate brazing quality were investigated. Using a consumable insert gas tungsten
arc welding (GTAW) process, a micro torch, a balanced welding sequence, and a
strong-back fixture, mock-up samples were successfully produced within the flatness
requirement of +/- 0.015-inches with acceptable weld quality. Voids were typical in the
fin-to-tube braze joints that were evaluated. Fin legs must contain a true 90° bend in
order to provide a proper joint gap and adequate joint length, or the result is increased
void formation. Porosity was also found in the welds adjacent to braze joints indicating
an interaction between brazing and welding.
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1. Summary

During the production of a bleed air
cooler (BAC) heat exchanger prototype,
inadequate tube-to-sheet weld quality
due to poor joint access and excessive
weld distortion were investigated.

Manual cold wire feed gas tungsten arc
welding (GTAW) procedure with a micro
GTAW torch was used to produce
mock-up samples that were
subsequently cross-sectioned to
determine weld quality. Manual GTAW
with a consumable insert ring was then
used to produce welded mock-up
samples in approximately half the time
with increased weld quality.

A welding sequence was designed to
balance heat input about the neutral axis
of the tube-sheet assembly. With the
welding sequence, a mock-up sample
was welded without restraint to
determine unrestrained distortion
displacements. The resultant weldment
was flat within +/- 0.010-inches, which
was well within the flatness
requirements of +/- 0.015-inches.

As a final risk-reduction measure for the
last mock-up sample, an extra
0.12-inches of thickness was left on the
tube-sheet flange area, so a post weld
machining operation could be performed
to achieve the flange flatness
requirements. Using the recommended
welding sequence, this mock-up sample
was welded in a strong back fixture
designed to restrain bowing of the tube-
sheet during welding. The resultant
weldment was well within the specified
flatness requirements and the material
stock added for a post weld machining
operation was ultimately unnecessary.

Voids were typical in the fin-to-tube
braze joints that were evaluated. Fin
legs must contain a true 90° bend in
order to provide a proper joint gap and
adequate joint length, or the result is
increased void formation. Porosity was
also found in the welds adjacent to
braze joints indicating an interaction
between brazing and welding.

There are many potential cost savings
opportunities for the heat pipe BAC
units. Automating the tube-sheet joining
process with orbital welding equipment
would reduce operator skill requirements
while improving weld quality and
productivity. Welding process
candidates for an automated orbital
system are GTAW or laser welding
(both with a consumable insert ring).
The entire tube-sheet assembly could
alternately be furnace brazed. Tube
end caps could be welded with a lathe
system. Thermionic cleaning could be
used to increase productivity of cleaning
operations and subsequent welding
operations. A fabricated, split tube-
sheet design also offers potential weight
and material cost savings opportunities
that should be evaluated.

2. Introduction

The Carderock Division of the Naval
Surface Warfare Division, Ship Systems
Engineering Station (NSWC-SSES), has
developed a design for an improved gas
turbine Bleed Air Cooler (BAC) heat
exchanger to reduce excessive
maintenance costs and improve
reliability relative to the existing design
(Figure 1). The new design offers
significant environmental advantages,
since it reduces the need for chemical
cleaning of waterside heat exchanger
precipitates produced when seawater is
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heated above 150°F. If successful, the
improved BAC may be used on both
existing and future turbine powered
surface ships.

The heat exchanger design includes a
tube bundle comprised of 195 closely
spaced, finned 70/30 copper-nickel alloy
heat pipes that penetrate a 70/30
copper-nickel tube-sheet. The design
includes both brazed and arc-welded
joints. 0.835-in. diameter 1/4-in. wall
tubes are arc welded into a 1-3/8-inch
thick tube-sheet. The design calls for
tube-to-sheet fillet welds to be produced
on both sides of the tube-sheet. Fins
are then brazed on the tubes on both
the seawater and airsides of the tube-
sheet. The heat-pipes extend 3- to
5-inches above the tube-sheet and are
spaced about 7/8-inches apart.

During the course of the project, a
prototype heat pipe BAC heat
exchanger was constructed as a proof-
of-concept (see Figure 2 through

Figure 5). The prototype is in the
process of being installed in a DDG
class ship for field testing later this year.
Thermacore (a division of Modine) had
primary responsibility for constructing
the tube bundle. Advanced Cooling
Technologies (ACT) performed the tube
bundle welding. The tube bundle was
then shipped to Weigmann-Rose (in
Oakland, CA) for assembly into the
shell.

3. Methods, Assumptions, and
Procedures

Since only one prototype is being
fabricated for field testing, NSWC asked
EWI to help minimize risk in the joining

processes. In the initial project meeting,
EWI identified the following potential
risks:

¢ Inadequate tube-to-sheet weld
quality due to poor joint access

Excessive distortion of the tube-
sheet as a consequence of welding
heat-input

e Inadequate braze quality

This section describes the methods,
assumptions, and procedures used in
this investigation.

3.1 Tube-to-Sheet Welding

Manual gas tungsten arc welding
(GTAW) was used to produce the
sample tube-to-sheet welds for this
investigation. ACT conducted weld trials
with manual cold-wire feed GTAW. EWI
and ACT then conducted weld trials
using a consumable insert ring with the
GTAW process.

The largest risk with the manual GTAW
approach was the poor access caused
by the close proximity of the tubes. The
restricted access reduced the visibility of
the joint and the welder’s ability to
maintain the proper arc length and work
angle relative to the joint. To improve
weld quality, a specialized GTAW torch
was used to allow acceptable work
angles to be achieved despite limited
joint access. The full line of Weldcraft
micro GTAW torches shown in Figure 6
were evaluated by the team.

Page 6



APPENDIC A-D

Copper Nickel
Tube-sheet with
heat-pipes

Figure 1 - Prototype BAC Design
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Figure 3 - BAC Assembly Step 1
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Figure 5 - BAC Assembly Step 3
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Figure 6 - Weldcraft Micro TIG
Torches

EWI selected the water-cooled, MT-125
torch, which features a 45° Pyrex cup
with an electrode chuck (Figure 7). This
torch model was used by both EWI and
ACT and in tube-sheet welding sample
fabrication.

Figure 7 - Weldcraft MT-125 45° Torch

For welding trials conducted at ACT,
ACT developed a custom tool to hold
the torch (Figure 8) as it was moved
around the tube. ACT used this tool to
produce sample welds; EWI

manipulated the torch manually to
produce sample welds.

Figure 8 - ACT's Custom GTAW
Torch Holder

To reduce welding-related risks, mock-
up samples were produced to develop
and validate the welding procedures.
Both EWI and ACT performed welding
trails using the mock-up sample design
shown in Figure 9 that was machined
from extra tube-sheet material.

For the first round of weld trials (without
a consumable insert), ACT used an
autogenous (i.e., no filler metal) preheat
pass, followed by manual cold-wire feed
GTAW to deposit the weld metal in
order to achieve the minimum required
weld size.

For all welding trials conducted at EWI,
EWI used a Thermal Arc 160GTS
GTAW power supply with pulsing
capabilities.
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Figure 9 - Mock-Up Sample at ACT

EWI Welding Parameters
e 75He/25Ar shielding gas using a flow
rate of 60 CFH
- 1 sec. preflow, 10 sec. postflow
e 0.0625-in diameter, 2% Ceriated
tungsten, 40° included angle and 0
0.05-in blunted point
No preheat
e 25A initial current
Pulsing parameters
- 160A peak/80A background
current
- 50/50 balanced square wave
form
- 1 Hz pulse frequency

The complete welding procedure used
by EWI is located in Appendix A.

Both EWI and ACT used a CI-0.835 ID,
IN67 0.125-in round wire consumable
insert for tests with consumable insert
welding.

3.2 Tube-Sheet Distortion Control
To ensure a leak-tight seal, the tube-
sheet bolting flange must be flat to
within +/- 0.015-inches. Shrinkage
stresses induced from arc welding can
cause the tube-sheet to distort. The
following steps were taken to minimize
the risk of failing dimensional
requirements:

Weld Sequencing. A welding
sequence was used to minimize out-of-
plane distortion by balancing the heat
input about the neutral axis of the part.
Figure 10 illustrates the welding
recommended sequence. Four tube
fillet welds are to be produced on one
side of the tube-sheet, then the tube-
sheet is flipped and the same tubes are
welded on the other side. The welding
sequence starts at opposite corners and
works around the periphery and then
toward the center.
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Figure 10 - Recommended Welding Sequence to Minimize Distortion

Page 12



APPENDIC A-D

Fixturing. Strong-back tooling was
used to restrain bowing of the tube-
sheet during welding. ACT designed
and built the fixture in Figure 11. The
frame of the fixture was built from deep

section C-channels to provide good
rigidity. Trunions were incorporated into
the fixture so that the tube-sheet could
be easily flipped for weld sequencing.

Figure 11 - ACT Strong-Back Fixture

Heat-Input Control. An important
consideration in controlling distortion is
maintaining consistency in weld size and
welding heat-input. Test mock-ups were
welded to allow the welder to develop
the procedure and to practice
maintaining consistent heat-input.

Extra Stock. As a final risk-reduction
measure, an extra 0.12-inch of material
thickness was left on the tube-sheet
flange area, so a post weld machining
operation could be performed to achieve
the flange flatness requirements.

3.3 Braze Joint Evaluation

After manual GTA welding of the tubes
to the tube-sheet, heat-transfer fins are
manually assembled on the tubes.
Furnace brazing is used to bond the fins
to the tubes. ACT and Thermacore had
previously selected a brazing alloy and
worked with a vendor to develop a
procedure. EWI was asked to provide
on-going assistance with the brazing
operations.

Ten brazed fin-to-tube assemblies were

provided to EWI. The fins were
manually assembled to the tubes, and
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then furnace brazed with a Braze 604
wire ring perform (supplied by Lucas-
Milhaupt). As shown in Figure 12, EWI
selected five brazed fin-to-tube
assemblies of various pitch lengths for
metallographic examinations.

Figure 12 - Five Evaluated Brazed
Assemblies

The Figure 12 assemblies were cross-
sectioned into quarters that were
visually examined for voids. Selected
sections containing voids were further
sectioned and mounted for microscopic
evaluation.

3.4 Cost Reduction Strategies
NSWOC indicated that a target cost for
production heat-pipe BAC units is $50K
or less, which will require substantial
fabrication productivity increases and/or
material savings as compared with the
prototype unit. NSWC asked EWI to
comment on potential opportunities for
cost savings.

4. Results and Discussion

The following section is a discussion of
the results of this investigation.

4.1 Tube-to-Sheet Weld Quality
To verify the weld quality of mock-up
samples (Figure 9), EWI performed
metallographic evaluation of the

specimens. In Figure 13, the EWI
suggested cross sectional cut line is
illustrated on a sketch of a full mock-up
sample. Figure 14 shows the cross-
sectional cut line on an actual mock-up
sample.

DN
Suggested
Cut line

Figure 13 - Suggested Cut Line
Sketch

Suggested
Cut line

Figure 14 - Suggested Cut Line on
Mock-Up

Figure 15 shows a representative weld
cross-section of a typical ACT weld
made with an autogenous preheat pass,
followed by manual cold-wire feed
GTAW weld.
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Figure 15 - Cross-Section ACT Weld with Incomplete Penetration
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These ACT welds had good profiles,
met the minimum weld size requirement,
and were free of gross defects. The
only issue observed was inconsistent
weld root penetration, as indicated in
Figure 15. Most of the cross-sectioned
welds had incomplete root penetration.
Incomplete root penetration is generally
not acceptable for fillet welding
applications1, but for tube-sheet
applications, the primary concern is
minimum weld throat?. Incomplete root
penetration should not be a significant
concern unless fatigue is a major
consideration.

To achieve greater weld consistency
and productivity as compared to the cold
wire GTAW procedure used by ACT,
EWI selected a CI-0.835 ID, IN67 0.125-
in round wire consumable insert which is
of sufficient size to produce a 1/16-inch
fillet weld,. Both ACT and EWI
performed welding trials to evaluate the
insert welding option.

ACT experienced difficulty using the
inserts. As Figure 16 shows, the ACT
procedure resulted in poor wetting (i.e.,
melt-back) of the insert.

Using the procedure in Appendix A, EWI
produced welds with excellent profiles
(Figure 17).

" MIL-STD-248, Welding and Brazing
Procedure and Performance
Qualification (Washington: Naval Sea
Systems Command, 1997), Section
54.2.2.

> MIL-STD-248, Welding and Brazing
Procedure and Performance
Qualification (Washington: Naval Sea
Systems Command, 1997), Section
4.5.2.6.

Figure 16 - ACT Consumable Insert
Weld with Melt-Back

Unlike the ACT procedure, the EWI
procedure did not use a preheat pass.
While this procedure enabled the use of
consumable inserts, it did not solve the
incomplete root penetration issue, as
shown in Figure 18.

[
! 2 AR
bl ettt i \

¥
o
7
oF Wy -

Figure 17 - EWI Consumable Insert
Weld Profile

Optimization of the consumable insert
design and welding procedure is
necessary to consistently achieve
complete penetration. As is discussed
in section 4.4, this would be best
achieved with automated orbital GTAW.
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Incomplete Penetration

Figure 18 - Cross Section of EWI Consumable Insert Weld
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4.2 Tube-Sheet Distortion Control
To ensure a leak-tight seal, the tube-
sheet bolting flange must be flat to
within +/- 0.015-inches. Shrinkage
stresses induced from arc welding can
cause the tube-sheet to distort. The
distortion remediation steps outlined in
section 3 were implemented and
produced a mock-up that met the
dimensional requirements.

Mock-up welding trials provided insight
into the expected magnitude of the out-

of-plane distortion. Figure 19 shows
distortion measurements that were
recorded by ACT during welding of an
unrestrained mock-up sample. Three
points were measured with a dial
indicator as each weld was produced.
The change in out-of-plane
displacement was less than 0.010-
inches for each point. Based on these
results, the distortion of the restrained
(i.e., fixtured) prototype tube-sheet was
expected to be well within the target
range.

0.015

0.010

0.005 -

——X1

0.000

-0.005 -

-0.010 ~

—=a—X1

-0.015

Figure 19 - Distortion Displacements on ACT Mock-Up

The extra stock of 0.12-inches that was
left on last prototype's tube-sheet flange
area was, in retrospect, found to be
unnecessary. The other distortion
reduction measures were sufficient to
maintain flatness within the
requirements, thus eliminating the need
for a final machining operation. Cost
savings could be achieved by
eliminating the post-weld machining

operation on subsequent fabrications,
as is discussed in section 4.4.

4.3 Braze Joint Evaluation

EWI selected five brazed fin-to-tube
assemblies of various pitch lengths for
metallographic examinations. Figure 12
shows the five assemblies as received.
Figure 20 through Figure 24 are macros
of the five cross-sectioned brazed
assemblies.
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Figure 20 - Braze Assembly #1 Macro Figure 23 - Braze Assembly #4 Macro

Figure 21 - Braze Assembly #2 Macro Figure 24 - Braze Assembly #5 Macro

Selected sections with voids were
further sectioned, mounted in bakelite,
and polished. The micrographs in
Figure 25 through Figure 29 were taken
from these polished samples.

Figure 22 - Braze Assembly #3 Macro
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Figure 25 - Assembly #1 Braze Joint
Voids with Bowed Fin Leg

Figure 26 - Assembly #2 Braze Joint
Voids with Bowed Fin Leg

Figure 27 - Assembly #3 Braze Joint
Voids with Porosity in Adjacent Weld

Figure 28 - Assembly #4 Braze Joint
Voids with Porosity in Adjacent Weld

Figure 29 - Assembly #5 Braze Joint
Voids with Porosity in Adjacent Weld

The results indicate that the brazed fin-
to-tube assemblies have moderate
braze quality. Voids were found in all
five of the examined assemblies.

Figure 25 and Figure 26 are the
micrographs of brazed joint assemblies
#1 and #2. The likely cause of voids in
these joints is the bowed shape of the
fin legs. Bowed legs create a joint gap
too large to retain the liquid alloy during
brazing, thus causing voids or
incomplete fill. The legs should be
straight to provide a uniform joint gap
prior to brazing. The voids may also be
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caused by the degree of bending of the
fin legs and/or the interaction between
brazing and welding.

Some joints contained very little braze
alloy, e.g., assembly #3 (Figure 22) and
#4 (Figure 23) and the second joint to
the left in assembly #5 (Figure 24). A
common characteristic of these joints is
that the fin legs do not have a 90° bend
and that they form a large angle with the
center tube. This results in very little
overlap between the leg and the tube
(i.e., inadequate joint length). An ideal
fin leg would have a 90° bend that would
allow adequate joint length. There may
also be a welding interaction effect,
which might have caused the shape of
the legs to change prior to brazing.
Since the pre- and post-weld fin
measurements are not available, this
cause cannot be quantified.

In addition to voids in the brazed joints,
porosity was observed in the welds
adjacent to the braze joints (Figure 27
through Figure 29). Although the
sequence of welding and brazing is not
known, it is obvious that there is some
degree of interaction between brazing
and welding that resulted in porosity.

4.4 Cost Reduction Strategies
NSWOC indicated that a target cost for
production heat-pipe BAC units is $50K
or less, which will require substantial
fabrication productivity increases and/or
material savings as compared with the
prototype unit. Following is a discussion
of the potential cost savings
opportunities.

4.4.1 Automated Orbital GTAW
Manual GTAW is by its nature slow and
inconsistent. Automating this process
with orbital welding equipment would

reduce operator skill requirements while
improving weld quality and productivity.
Automated orbital GTAW is a common
technique for tube-to-sheet welding.
Restricted access caused by the close
proximity of the tubes would necessitate
development of a custom orbital head.
The consumable insert welding
procedure (Appendix A) and the
mechanical torch holder (Figure 8)
would provide good starting points for
developing orbital welding techniques
suitable for the heat-pipe BAC.

4.4.2 Laser Welding

The limited access between tubes is a
major challenge for arc welding the
tube-to-sheet joints. Laser welding may
provide a flexible and more-productive
alternative to orbital GTAW. A long
focal point fiber laser and a means of
manipulating the laser beam (e.g., either
an orbital head or an articulated-arm
robot) would be required. Consumable
insert rings would provide the filler
metal. Testing would be necessary to
determine whether laser welding is a
viable alternative and to develop the
necessary equipment and procedures.

The large capital investment required for
a laser implementation may be a barrier
to this approach.

4.4.3 All-Brazed Assembly

GTAW fillet welding is a time-consuming
process. Brazing should be considered
as a possible alternative tube-to-sheet
joining method. Since the fins are
already furnace brazed, the tubes could
also be brazed without an additional
operation. The main barrier to an all-
brazed assembly is the Navy’s
reluctance to permit brazing for copper-
nickel heat exchangers, due to past
problems with corrosion of the braze
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material leading to leaks. Because the
tube-sheet is so thick, there is little
chance that corrosion would result in
leaking; therefore, brazing may be
viable for the heat-pipe BAC tube-sheet.
To implement an all-brazed design, an
appropriate brazing procedure (furnace
atmosphere and thermal-cycle) must be
developed to accommodate the large
differences in thickness between the
tube-sheet, tubes, and fins. A suitable
repair procedure would also be needed
in case some furnace braze joints fail to
meet leak requirements. Finally,
corrosion testing should be performed to
verify the performance of the all-brazed
design.

4.4.4 Automated Lathe Welding
Welding of the tube end caps could be
readily automated with lathe welding
equipment. Programmable GTAW lathe
welders automatically coordinate
process parameters, wire feed, tube
rotation, and control arc length.
Implementation of commercially
available equipment would reduce
operator skill requirements while
improving weld quality and productivity.

4.4.5 Thermionic Cleaning
Cleanliness is critical to ensure weld
consistency and braze joint quality.
Thermionic cleaning is a recently
developed technology that employs a
low power electric arc to remove oxides
and contaminants from the metal
surface. A recent EWI internal research
program3 found significant improvement
in copper-nickel weld quality (and
consistency of penetration) when

® J. Reynolds, B. Green, M. Boring, S.
Manring, G. Ritter, D. Holdren, and C.
Conrardy, "Thermionic Cleaning
Applications", EWI Report, Project No.
47421GTO (2004).

thermionic cleaning was employed. A
simple thermionic cleaning trial was
performed to demonstrate the process
on a heat-pipe tube-sheet mock-up.
Figure 30 shows an area that was
cleaned in a few seconds. The surface
oxides were removed, leaving a white
etched appearance. This technique
shows merit and should be evaluated for
the heat-pipe BAC tube-sheet
application to improve weld/braze quality
and to reduce cleaning labor.

Figure 30 - Thermionically Cleaned
Tube-Sheet Joint

4.4.6 Eliminate Post-Weld Machining
As previously discussed, extra stock
was left on the tube-sheet flange area to
allow a post-weld machining operation
to be performed to achieve flatness
requirements. During the prototype
construction, it was found that the
application of welding distortion control
techniques could result in a sufficiently
flat tube-sheet without post-weld
machining. A significant cost-avoidance
could be accrued by eliminating the
post-weld machining operation, provided
production welding techniques are
sufficiently refined and controlled.
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4.4.7 Split Tube-Sheet Design

The thick copper-nickel tube-sheet is a
major contributor to the material cost
and weight of the heat-pipe BAC. A
fabricated design may allow a significant
reduction in tube-sheet material, without
sacrificing performance. The schematic
of Figure 31 illustrates the concept.
Internal stiffeners (perhaps furnace

brazed) may provide sufficient rigidity at
much less weight. This design would
also allow a leaking tube-sheet weld to
be instantly detected by an integrated
pressure sensor. A study should be
performed to compare the benefits of a
split tube-sheet design against the extra
costs required to fabricate the tube-
sheet.

Internal Stiffeners

Flange with Bolt-Holes

Figure 31 - Split Tube-Sheet Design Concept

5. Conclusions

Using a consumable insert GTAW
process, a balanced welding sequence,
and a strong-back fixture, mock-up
samples were successfully produced
within the flatness requirement of

+/- 0.015-inches. Using these
procedures, the resultant prototype did
not need the additional 0.12-inch of
material thickness that was left on the
tube-sheet flange for a post weld
machining operation to bring the
assembly within flatness requirements.

There are many potential cost savings
opportunities for the heat pipe BAC
units. Automating the tube-sheet joining
process with orbital welding equipment
would reduce operator skill requirements
while improving weld

quality and productivity. Welding
process candidates for an automated
orbital system are GTAW or laser
welding (both with a consumable insert
ring). The entire tube-sheet assembly
could alternately be furnace brazed.
Tube end caps could also be welded
using a lathe system. Thermionic
cleaning could also be used to increase
productivity of cleaning operations. A
fabricated, split tube-sheet design also
offers potential weight and material cost
savings opportunities.

Voids were typical in the fin-to-tube
braze joints. The shape of fin legs is an
important factor affecting the formation
of voids. Porosity was found in the
welds adjacent to the braze joints.
Although the detailed procedures are
not known, interaction between brazing
and welding is apparent.
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6. Recommendations

6.1 Tube-Sheet Welding

For the tube-sheet welding operations,
EWI recommends the following welding
process suggestions to increase
productivity by more consistently
producing weldments with a first time
quality level that meet flatness
requirements and have higher quality
welds.

A micro GTAW welding torch such as
the Weldcraft MT-125 torch (Figure 7)
should be used to allow the welder to
gain necessary access to the weld joint
given the limited access inherent to the
tube-sheet design. Greater access to
the weld joint will result in fewer weld
defects.

GTAW welding with a consumable insert
such as the CI-0.835 ID, IN67 0.125-
inch round wire insert should be
considered as an alternative to manual
cold wire feed GTAW to improve weld
consistency and productivity. Additional
optimization of the consumable insert
design and welding procedure is
necessary to consistently achieve
complete penetration. Consumable
insert welding would also be beneficial
to the eventual mechanization of the
welding process preferably with
automated orbital GTAW.

Tube-sheet welding should be
performed with a carefully designed
welding sequence such as that
presented in section "3.2 Tube-Sheet
Distortion Control", as it is critical to
balance heat input about the neutral axis
of the weldment in order to reduce
welding distortion.

Tube-sheet welding should be
performed in a strong back fixture of
sufficient mass to restrain the assembly
during welding. The fixture should also
be designed such that it easy flips the
welded assembly over to allow the
welder to adhere to the requisite welding
sequence.

The application of the aforementioned
welding distortion control techniques can
result in a sufficiently flat tube-sheet
without the need for post-weld
machining. A significant cost-avoidance
could be achieved by eliminating the
post-weld machining operation, provided
production welding techniques are
sufficiently refined and controlled.

6.2 Cost Reduction Strategies
Following are potential savings
opportunities that should be investigated
prior to developing a production plan:

e Automated orbital GTAW welding
with a consumable insert ring

e Laser welding with consumable
insert ring

e Brazing tube-to-sheet joints

e Automated lathe welding of tube end
caps

e Thermionic cleaning

e Implementing a split tube-sheet
design

6.3 Brazing

To obtain a strong braze joint with
minimum voids, the fin legs should have
a 90° bend at the end section to form a
proper joint gap and to provide
adequate joint length. Proper welding
procedures are also necessary to avoid
porosity in the welds adjacent to the
brazed joints.
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Acronym Definition
ACT Advanced Cooling Technologies
BAC Bleed Air Cooler
EWI Edison Welding Institute
GTAW Gas Tungsten Arc Welding
NJC Navy Joining Center
NSWC Naval Surface Warfare Center
SSES Ship Systems Engineering Station
TIG Tungsten Inert Gas (a.k.a. GTAW)
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Appendix A - Consumable Insert Welding Procedure
Welding Procedure for Welding 70Cu/30Ni
Tube to Sheet using Consumable Insert*

Cleaning

Tube-sheet
1. Remove machining layout dye using acetone wipe
2. Remove surface oxide using silicon carbide flap sander or equivalent method
3. Wipe with isopropanol immediately prior to welding.

Tube
1. Remove surface oxide using ScotchBrite abrasive pad or equivalent method
2. Wipe with isopropanol immediately prior to welding.

Consumable Insert
1. Remove surface oxide using ScotchBrite abrasive pad or equivalent method
2. Wipe with isopropanol immediately prior to welding.

Welding
Consumables
e CI|-0.835 1D, IN67 0.125-in round wire consumable insert.

Equipment
e Thermal Arc 160GTS GTAW or equivalent power supply with pulsing capabilities

o Weldcraft MT-125 water cooled GTAW torch using a 45° Pyrex cup and electrode chuck

Welding Parameters
o Welds conducted manually with or without manipulation fixture
o 75He/25Ar shielding gas using a flow rate of 60CFH
o0 1 sec. preflow, 10 sec. postflow.
o 0.0625-in diameter, 2% Ceriated tungsten, 40° included angle and 0 0.05-in blunted
point.
No preheat
o 25A initial current
Pulsing parameters
0 160A peak/80A background current
o0 50/50 balanced square wave form
o0 1 Hz pulse frequency

* Written by Jim Reynolds, Applications Engineer, EWI. Date: August 25, 2004
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Thermionic Cleaning Applications

Abstract

Thermionic cleaning is an emerging cleaning technology that employs an electrical
arc to remove surface contaminants. Thermionic cleaning is believed to offer an
environmentally friendly alternative to conventional chemical or mechanical cleaning
techniques. The objectives of this work were to investigate the effectiveness of
thermionic cleaning for a variety of applications and to establish a procedural
specification for the process. The process was tested for removal of oxides from
stainless steel, titanium, copper-nickel, aluminum, and copper alloys. It was also
evaluated for removal of residual penetration enhancing compounds, carbon deposits,
and preconstruction primer. Thermionic cleaning was found to be an effective surface
cleaning technique on a variety of geometries, including plate, pipe, and wire. Additional
work is warranted to optimize the process and investigate the technical and financial
merits of thermionic cleaning for specific industrial applications.

1.0 Introduction

Surface cleaning is often necessary to remove organic, inorganic, and oxide contaminants
from metal surfaces prior to welding or bonding. Conventional cleaning methods often
employ chemical agents to remove surface contaminants. While effective, chemical
cleaning has become problematic due to increased scrutiny by environmental regulatory
agencies, as well as health and safety regulators. Mechanical surface cleaning is an
alternative to chemical cleaning, but mechanical cleaning is often labor intensive and
inconsistent.

Eun
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Thermionic cleaning is an emerging cleaning technology
that is believed to offer an environmentally friendly alternative
to existing conventional technigues. Thermionic cleaning
employs an electric arc to remove surface contaminants
without the use of chemical agents of any kind. In its most
basic form, thermionic cleaning is simply the utilization of a
direct-current-electrode-positive (DCEP) gas tungsten arc
welding (GTAW) arc to remove surface oxides from conductive
materials without melting of the base materials. The exact
mechanism by which the cleaning occurs is not well
understood, although several theories have been proposed.
While the technique was patented nearly 20 years ago, it
has not yet been widely applied. Work is neededto evaluate
the effectiveness of thermionic cleaning for a variety of
applications.

2.0 Objectives

The objectives of this work were to investigate the
effectiveness of thermionic cleaning for a variety of
applications and to establish a procedural specification for
the process.

3.0 Scope and Findings

Thermionic cleaning was evaluated ona range of applications.
A recommended thermionic cleaning procedure document
was also developed to aid in standardization of the cleaning
process. The following is a brief summary of the principle
findings of this work.

Pre-weld Cleaning of Stainless Steel Pipe

Thermionic cleaning was evaluated as a potential method
to increase welding speed by improving joint cleanliness.
Partial penetration autogenous GTAW welds were produced
on 2-in. diameter Schedule 40, Type 304 stainless steel
pipe in the as-received and thermionically cleaned
conditions. It was found that defect-free welds can be
produced 20% faster on thermionically cleaned samples as
compared with the as-received samples.
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Removal of Penetration Enhancing Compounds

Penetration enhancing compounds (PEC’s) are used to
provide a significant increase in weld penetration with the
GTAW process. By increasing penetration, PEC's can
improve productivity and reduce distortion. A by-product of
utilizing the compounds is a surface remnant that detracts
fromtheweld appearance. Thermionic cleaningwas explored
as a method for removal of residual surface compounds that
result fromthe use of PEC's. Thermionic cleaning was found
to be an efficient method for removal of residual PEC's.

Cleaning of Copper for Adhesive Bonding

Copper and its alloys present adhesive bonding problems
because surface oxides form readily and have low tenacity.
While adhesive bonds can be formed, their longevity is
suspect, especially in humid environments. Finding effective
surface preparation methods is therefore important for
adhesive bonding of copper.

The effect of thermionic cleaning on the bond strength of
copper lap joints was evaluated. 1/8-in. thick alloy 110 copper
sheet samples were evaluated using abrasive cleaning only,
thermionic cleaning, and abrasive cleaning with subsequent
AC Tech AC130 sol-gel pretreatment. Tensile testing was
performed to compare the bond strength achieved with each
preparation method. Samples were evaluated in both dry
and wet environments utilizing a humidity chamber to
simulate a specific level of humidity. Thermionic cleaning
was found to improve the tensile test performance compared
to mechanical cleaning alone. Thermionic cleaning produced
similar results as the combination of abrasive cleaning and
sol-gel pretreatment. Surface tension measurement testing
showed that thermionic cleaning nearly doubled the material
surface tension with respect to the as-received material.

Pre-weld Cleaning of Titanium Structural T-joints

The effectiveness of thermionic cleaning for pre-cleaning of
structural weld joints was evaluated. Cleanliness is critical
in obtaining optimal weld properties of titanium alloys.
Cleaning with conventional methods is usually conducted
prior to joint fitting because cleaning is difficult to perform
effectively after assembly. Thermionic cleaning was
investigated as a means to allow cleaning of joints after fitting.
Titanium in the as-received condition with an intact mill oxide
was evaluated. The joint configuration consisted of a T-joint
with a blind corner, which is difficult to effectively clean with
mechanical methods. Thermionic cleaning effectively
removed mill oxide from the root of the joint.

Pre-weld Cleaning of Titanium and Aluminum Pipe

The effectiveness of thermionic cleaning for reduction of
porosity in aluminum pipe (4-in. Schedule 40 alloy 6061)
and titanium tube (2-in. diameter, 0.10in. wall CP-Grade 2)
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Ti Alloy T-Joint with Blind Corner Cleaned with
Thermionic Cleaning

Thermionically Cleaned IN713 Weld Wire

welds was assessed. Aluminum and titanium welds were
produced utilizing materials in the as-received, mechanically
cleaned, and thermionically cleaned conditions. Inaddition,
chemically clean aluminum was evaluated. Welds were
evaluated with radiography using ASME Section IX
acceptance criteria.

The welds made on material in the as-received condition
contained significant porosity that rendered the welds
unacceptable. Welds utilizing mechanical cleaning exhibited
acceptable levels of porosity. Likewise, chemical cleaning
displayed acceptable amounts of porosity. Thermionic
cleaning displayed the least amount of porosity, with no
visible indications of porosity using conventional X-ray
radiography.
Pre-weld Cleaning of Copper-Nickel Pi

This task evaluated the effects of thermionic cleaning on
weld penetration for Cu-Ni alloys. Cu-Ni alloy pipes are
widely used in marine applications for both commercial and
military vessels. These pipes typically have relatively thin
wall thickness and can be difficult to clean utilizing abrasive
cleaning methods without violating the minimal wall thickness
limitations. Welds were produced on 2-in. diameter,
Schedule 5, 70%Cu-30%Ni alloy pipe in the as-received
condition and in the thermionically cleaned condition.
Thermionically cleaned samples showed significantly
improved weld penetration and bead profile consistency as
compared with as-received samples.

Cleaning of Titanium and Nickel-Based Filler Wires

Weld wire cleanliness is often difficult to maintain and is a
frequent source of weld contamination. Often, filler wire must
be maintained in inert atmospheres to avoid excessive
oxidation. The development of a non-invasive wire cleaning
technique could provide improved wire cleanliness and provide
a significant cost savings due to defect avoidance. A

feasibility study was conducted to determine if the concept
of thermionic wire cleaning was practicable. A prototype
thermionic cleaning apparatus was developed for in-line
cleaning of the welding wire during welding. The apparatus
was designed to be affixed between the wire spool and the
wire feeder for cleaning of the wire during welding. The
concept was successfully demonstrated with microscopic
examination of nickel-based alloy 713 and titanium alloy Ti-
6-4 welding wire samples before and after thermionic
cleaning.

Removal of Carbon Deposits

Carbon deposits are often removed from gas turbine engine
combustion components utilizing aggressive chemical
cleaning processes that can attack the substrate. Thermionic
cleaning was evaluated as a potential alternative method for
the removal of carbon deposits. It was found that carbon
deposits were readily removed from the surface of gas turbine
engine fuel injector assemblies using thermionic cleaning
with no apparent erosion of the base metal.

As Received

Thermionically Cleaned

Gas Turbine Engine Fuel Nozzles
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Primers are often applied to structural steels as a final
processing step to prevent corrosion after blasting. Many of
the primers currently used are considered to be “weldable”
primers, meaning acceptable welds can be produced without
removal of the primer. In practice, welding over primer can
produce porosity, particularly if the primer thickness and
welding parameters are not closely controlled. The only
method to assure that porosity is avoided is to remove the
primer prior to welding. Conventional primer removal methods
include mechanized sanding, grinding, or abrasive blasting.
Thermionic cleaning was evaluated as an alternative method
for removing primer from steel plate prior to welding.
Thermionic cleaning was shown to remove the primer with
minimal residue remaining on the surface. This result
suggests that an automatic thermionic cleaning apparatus
could potentially be used to clean weld joints prior to welding
to improve weld quality.

Thermionic Cleani m

A recommended thermionic cleaning procedure document
was developed to aid in standardization of the cleaning
process. The recommended cleaning specification for
thermionic cleaning is provided in Appendix A of the full report.

4.0 Conclusions

Thermionic cleaning was found to be a viable alternative to
chemical or mechanical cleaning methods for a number of
general applications. Additional work is warranted to optimize
the process and investigate the technical and financial merits
of thermionic cleaning for specific industrial applications.
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This report documents the structural review of the prototype design of Thermacore’s heat pipe
bleed air cooler (BAC). The scope includes the top and bottom shells (with attached nozzles
and supports) and the tube sheet to loads from gasket seating, pressure and a generalized

temperature distribution. It does not include the heat tubes.

The design performance data for the cooler is shown in Table 1 of the Appendix A. The design
has hot air of 925F, 100 psi flow through the bottom channel and 50 psi sea water through the

top channel.
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APPENDIX A-E
Thermacore Heat Pipe Bleed Air Cooler
Wiegmann & Rose

Summary

This report indicates the prototype design for the bleed air cooler design will remain within
ASME Sect VIII limits for strength.

The thermal loads will create local areas where either fatigue may limit the service life or
excessive deformations at the flanges may require additional bolt tightening to assure gasket
sealing when hot. This evaluation examines this with only a generalized thermal load. Refining
evaluations related to thermal loads requires that a detailed thermal analysis be performed.

Background

The objective of this report is to document the evaluation of a prototype cooler design. The
evaluation includes the structural response of the components for gasket seating, pressurization
and a temperature distribution loads The criteria are based on the ASME Boiler & Pressure
Vessel Code, Sect VIII Div.1. Most applicably in Div.1 are Part UHX for heat exchanger load
combinations and Appendix 2 for gasket/ bolt interaction at flanges.

The ‘split-shell’ geometry deviates from the geometries covered in Div.1. Under U-2(g), the
shell and flange of the cooler are evaluated to criteria of Sect VIII, Div.2, Appendix 4 (Design by
Analysis) using stresses from finite element analyses (FEA).

The unique aspects of this configuration are the heat separation between halves of a cylinder,
lengthwise, and the flange closure of the shell to achieve such a separation. The heat
separation makes one half hot and the other half cold and introduces internal forces from
restrained thermal growth. Orienting the flange as done produces two distinct response
tendencies of the middle and ends.

Materials

The cooler will be made of 70/30 Cu-Ni material for the tube sheet and top shell half. The
bottom half will be made of 304SS and the bolting and gasket base will be Monel. Charts of the
thermal and mechanic properties are included in Appendix C.

Component Material
Top Shell 70/30 Cu-Ni
Tube Sheet 70/30 Cu-Ni
Bottom Shell 304SS
Bolts Monel 400 5/8" diameter
Gaskets Monel based 3" wide

Graphite coated
The plate sizes used are listed below and represent minimums after forming or machining.

Shell & top heads 0.5"
Bottom heads 0.625"
Baffles 0.1875"
Shell flanges 1.0"
Tube sheet 1.375"
Water side nozzle 0.25"
Air side nozzle 0.12"

The assumption for material properties of the perforated area of the tube sheet follows the
logic of ASME Sect VIII, Div2, Appendix 4-9, Stresses in Perforated Flat Plates where the elastic
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modulus and Poisson’s ratio vary as a function of pitch and ligament ratio and thickness. For
the perforated area the effective elastic constant is set at 0.75x that off the 70/30 material.

Approach

Three load types are present; bolt up, pressurizations and thermal. These are mentioned
briefly below and in greater detail in later sections. The areas of interest are the flanges, shell,
bolting and sealing.

The bolt up check is the response to the bolt preload necessary to seat the gasket. This varies
considerably between the ends and middle, cylindrical locations as the middle is much more
flexible than the ends. It establishes the base state to which pressure and thermal loads are
added.

The pressure loads check the strength of the design and assures a basic structural integrity.

Thermal loads are created by temperature differences. The thermal membrane stresses are
limited to assure progressive distortion will not occur. The local thermal bending stresses are
generally considered only in fatigue analysis. For this prototype the number of thermal cycles is
considered to be low and the local thermal bending stresses are not examined.

Criteria

The criteria for evaluation of the cooler generally follows the rules of the ASME B&PV Code.
The Code of record is ASME Sect VIII, Div.1, U stamp. Where Div.1 does not have formula or
methods it allows ‘proper engineering methods’ in U-2(g). In this case the Design by Analysis
rules in Appendix 4 of Sect VIII, Div2 serve as guidance for characterization of stresses and
their limits. As shown below, the limit values are based on the type, source and location of
stress.

where load stress category
From Sect VIII, Part UHX
Tube sheet Pressure Shear
Bending 1.5S
Pressure, thermal Bending 3S
From Sect VIII, Divl, Appendix 3-350
Flange pressure/ bolt up membrane S
Bending 1.5S
From Sect VIII, Div2, Table 4-120.1
Junction of shell with flange Pressure Membrane 1.5S
Bending 3S
Shell, over large area Pressure/bolt up Membrane S
Bending 1.5S

From Sect VIII, Div2, 4-120.1
The thermal stresses induced by the differing expansion are considered secondary.
Any area thermal expansion =~ Membrane 3S

ASME Sect VIII, Divs 1 and 2 have different allowable stresses with Div 2 generally being higher
due to a lower margin of safety. As a measure of conservativism the Div1 allowable stresses
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are used in the Div2 criteria. One result is that expressions for stress limits usually given in
terms of Sm are denoted in terms of S.

Additionally, the allowable stress value will be taken for the design temperature, 300F for the
top side and 925F for the bottom. This is 12.0 ksi for 70/30 and 10.7 ksi for the 304SS.

Load combinations

The ASME criteria broadly breaks down to two load conditions, thermal and non-thermal. The
non-thermal cases are bolt up, pressurizing of each side and pressure on both sides. The
thermal cases simply add a temperature distribution to the non-thermal cases. The table below
describes the load combinations examined and their pressure and thermal conditions. Following
the table are the stress limits for specific areas of the design.

Pressure
LC Air side Water side Thermal
1 - - - Bolt preload only
2 - X -
3 X X - Pressure cases
4 X - -
5 X - X
6 X X X Thermal cases
7 - X X
8 - - X thermal only

The stress limits break out between those for thermal load cases (5-8) and non thermal load
cases (1-4). The criteria are summarized below.

Location stress type non thermal LCs thermal LCs
Tube sheet bending 1.5S 3S
A shear 0.8S 0.8S

For the bolted flanges, Div. 1, Appendix 2 will be used for defining gasket and bolting related
loads.

preload operating
Bolting axial S at ambient S at temperature
The criteria of Div. 2, Appendix 4 is as follows.
Location stress type non thermal LCs thermal LCs
Shell, general membrane 1.0S 3S
h memb + bending 1.5S -
Shell at discontinuity = membrane 1.5S 3S
A memb + bending 3S -
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Bolt up Loads

The bolt up load represents the tightening of the bolts connecting the shell flanges to develop
load to seat the gasket. The two halves of the cooler are sealed to the tube sheet by a set of
gaskets, one on each side. Sixty-two bolts or studs clamp the edge flanges together. The
gasket is a corrugated style with the basic components shown below.

Compressible Sealing
Element

Metal Core

Appendix C contains a hand calculation that follows the methodology of ASME Sect VIII, Div.1,
Appendix 2 with modifications for a non-circular shape. It uses properties from a Garlock
Corragraph, Style 601 gasket, 1/8” thick, 34" wide.

The calculation shows the bolt load necessary for gasket seating is 2620 Ibs per bolt. The
calculation also examines operating condition bolt loads and flange stresses for preliminary
sizing.

In the FEA model the bolt preload is developed by specifying a prestrain in the bolt elements
and observing the resulting tension load and iterating until all bolts are relatively close to the
2620 Ib value. The amount of prestrain required is the sum of the strain to produce the bolt
load plus the displacement of the flanges from that load. This quantity depends on the
flexibility of the flange and varies between bolts along the sides and at the ends. Appendix B
contains a table of bolts and their prestrains to achieve the 2620 Ib load.

The analysis indicates bolt up loads dominate the shell stresses for the pressure load cases
(which include bolt up).

Pressure Loads

Pressure loads on each half are considering by 3 load cases, each side pressurized alone and
one case with both sides pressurized. For the tube sheet the governing load case will be when
the higher pressure side is acting alone. The hand calculation in Appendix C indicates the tube
sheet to need to be between 1.25” and 1.375"” thick. These same hand calculations indicate the
general membrane stresses in the shell to be quite low, roughly 10% of allowable.

The pressure boundary is the shell with pressure loads applied to the inside surface of the shell,
heads and nozzles. The nozzles also have axial thrust loads applied that are equal to a capped
end condition. The tube sheet has pressure applied outward to the inner edge of the gasket.
The shell flanges have pressure acting on them only where the gasket prevents pressure from
existing on both faces of the flange.
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Response
Limit stresses

The bolt up and pressure load cases are examined together and evaluated to the non thermal
load stress allowables shown below. The allowable stresses are based on Div.1 allowable stress
values at the design temperatures of 300F and 925F. For the tube sheet the temperature of
300F is used.

Location Response 70/30 304SS
Tube sheet at mid span and bending 1.5S 18.0 -
mid length
shell at mid length where bending 1.5S 18.0 16.05
the baffles connect
shell at mid length where bending 1.5S 18.0 16.05
the baffles connect
head at the junction to the bending 3S 36.0 32.1
flange
flange membrane 1S 12.0 10.7

bending 1.5S 18.0 16.05
gasket pressure continuous

The following 4 pages show membrane and membrane plus bending distributions of the bolt up
case. A table on page 12 shows how the characteristic stresses compare to allowables and vary
for the 3 pressure combinations.

The baffles have been removed in the stress plots to show those components making up the
pressure boundary. The response of the baffles is discussed starting on page 24.
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Membrane Stresses

The plots below shows the maximum membrane stresses to be localized at the bottom flange
radius at a level of about 1.0 S for 925F.
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Membrane plus bending stresses - shell
The surface stresses for the shells are shown below.
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APPENDIX A-E
Pressure Design Thermacore Heat Pipe Bleed Air Cooler
Wiegmann & Rose

Membrane plus bending stresses — shell flange

The surface stresses for top and bottom shell flanges are shown below. The area shown
corresponds to the thinner portion of the flange where the face relief has reduced the thickness
by 1/16”. The high stress area in both flanges are located where the membrane stress is
highest indicating the membrane is dominating..

The stresses along the straight length are more the product of bending from the bolt load.
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Pressure Design Thermacore Heat Pipe Bleed Air Cooler
Wiegmann & Rose

Tube sheet

The tube sheet sees the largest stresses in the load case with the largest pressure side acting
alone (load case 4). The stress plot of this case is shown below. In this plot the ligament
efficiency factor is taken into account making these the average bending stresses in the
ligaments between holes.
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Pressure on gas side

This compares reasonably with the hand calculation in Appendix C. The allowable stress using
a mean temperature of 300F is 18000 psi. The 16946 psi level corresponds to a maximum
mean temperature of slightly below 400F.
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Pressure Design Thermacore Heat Pipe Bleed Air Cooler
Wiegmann & Rose

Pressure Design Shell Stress Summary

The pressure load cases 2 through 4 increase these basic distributions by a modest amount. A
table of the stresses for these locations are tabulated below. The values are in psi.

Load Case 1 2 3 4 limit
P top - X X -
P bottom - - X X
Top half
Shell bending at 11,719 13,603 13,709 12,364 18,000
baffle
Shell bending at 16,648 16,834 18,061 18,974 36,000
flange
Flange membrane 2773 3088 3084 2875 12,000
Flange bending 11,058 11,292 10,786 10,505 18,000
Bottom half
Shell bending at 9105 9773 10,698 10,446 16,050
baffle
Shell bending at 16,161 17,161 16,253 15,944 32,100
flange
Flange membrane 3580 4000 3946 3657 10,700
Flange bending 11,235 11,407 11,545 11,570 16,050
Tube sheet
Bending 16,946 18,000
Shear 9600
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Pressure Design Thermacore Heat Pipe Bleed Air Cooler
Wiegmann & Rose

Bolt Response

The following table shows the values of bolt load relative to the gasket seating load. The
ordering of the bolts is shown in the figure below.

0 0 0 0 0 0 0 0 0 0 qe—I13
O
! 12 ;
o 16
No. P top P both P btm
1 0.87 090  1.02
2 0.87 090  1.01
3 0.87 090  1.01
4 0.88 091  1.02
5 0.89 091  1.02
6 0.89 092  1.02
7 0.90 094  1.03
8 0.92 096  1.04
9 0.93 097  1.04
10 0.95 099  1.05
11 0.98 .01 1.05
12 0.99 099  1.00
13 0.98 095  0.94
14 0.99 098  0.98
15 0.99 099  1.00
16 0.99 099  1.00

This indicates the bolts will not experience much variation in load due to pressure loads.
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Pressure Design Thermacore Heat Pipe Bleed Air Cooler
Wiegmann & Rose

Gasket pressure distributions

The contact behavior representing the gasket is included in the FEA model and gasket pressure
distributions can be illustrated. Below is a plot showing the contact pressure for the bolt up
load case. Along the straight side and at the apex of the head the pressure concentrates on the
outer edge as the flanges rotate in response to the bolt load. In between, at the knuckle of the
head, high pressures are created across much of the width of the gasket.
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Gasket seating

The pressure load cases shift this distribution somewhat for load cases where pressure exists
only on one side. In these cases the tube sheet tends to deform into the inner edge of the
flange of the non-pressurized side and shift the gasket pressure pattern towards this inner
edge.
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A close examination of the gasket pressures for load case 3 (pressure both sides) indicates a
region in the lower gasket may experience low sealing pressures. The following figure shows
where contact pressures fall between 0 and 900 psi. In this figure the gray represents regions
exceeding 900 psi. Ideally this band of gray should extend around the whole gasket.

Geod7h

NODAL SOLUTION
STEP=3

SUE =1

TIME=3
CONTPRES (AVG)
R5YS=0
PowerGraphics
EFACET=1

ICCCEECEN

Pressure on both sides

This pattern suggests that slightly higher bolt preloads along this stretch is desirable.
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APPENDIX A-E
Thermal Design

Thermal Analysis

Thermacore Heat Pipe Bleed Air Cooler
Wiegmann & Rose

The thermal loads considered are from an averaged temperature distribution. Specifically it is
the averaging of the temperature on the bottom and top halves based on a 2D analysis at the
mid length of the cooler. The surface temperatures of the tube sheet are defined from this
same analysis. Description of the modeling is in Appendix B.

Results — Thermal Analysis

The temperature distribution for the thermal analysis of the cooler cross section at mid length is
shown below. The 2D temperature distribution indicates that the interior temperatures
dominate the chamber temperatures when any insulation of the outer surface is assumed. This
situation is not true for the flanges where temperature compatibility exists.

MN

94F water

135F top surface

120F, top
assembly

AN ThermMid

NODAL SOLUTION
STEP=1

TEMP (AVG)
RSYS5=0
PowerGraphics
EFACET=1

110F \
|

275F avg ‘ |

I X ‘
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Thermal xCMidlengthtemps w/ 1 W/mZK extr hf

600F, bottom
assembly

330F, avg for bolt

ACORA0NN

The temperatures indicated on the left side in the figure above denote specific results. The
temperatures on the right are average temperatures of the entire half for use in the structural

analyses.

For the thermal loads in the structural model the tube sheet is assumed to have a uniform top
surface temperature of 135F and bottom temperature of 400F. The entire bottom assembly
(shell, baffles, flange, nozzles and support) is assumed at 600F. The top assembly is assumed

at 120F.

The ASME Code produces temperature limits on materials through their allowable stress tables.
For C-71500 alloy (70/30 CuNi) the highest temperature with a stress value is 700F. For the
design conditions the surface temperature must remain below this temperature.
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The figure below shows the conditions at the first heat tube row (closest to inlet). The
centerline temperatures reproduce results from Thermacore’s 1D analysis (2/04). The hottest
spot is near the gasket and is less than 500F.

It also checks the hottest spot in the top assembly, also by the gasket. Since water will be
present the temperature needs to remain below 212F which it does by 20F.
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It is expected that this 2D temperature distribution changes along the length of the cooler.
Thermacore’s thermal analysis of the system started with water and air temperatures along the
length and performed a 1D analyses through the thickness of the tube sheet. The 1D and 2D
evaluations agree and are useful for a general temperature response but not a localized
response. A 3D thermal analysis would be necessary for accurate temperature distributions.

The temperature results represent very generalized thermal conditions that should be effective
to determining the general structure response. The distribution ignores temperature gradients
along the length of the cooler as well as for items that have the ability to cool to the
surroundings. It is expected that the temperature distribution in the flanges would not be the
same as the shell, as assumed here, and the response of the flanges to thermal loads would be
less severe than shown here.
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Thermal Design Thermacore Heat Pipe Bleed Air Cooler
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Distortion

The axial (UZ) and transverse (UX) displacements from the temperature distribution and bolt up
are shown below. Note in the axial plot how the bottom half grows much more than the top.
The transverse displacements are shown on the bottom half and shows the knuckle area
moving outward while the flange at mid length is moving inward.
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Thermal Design Thermacore Heat Pipe Bleed Air Cooler
Wiegmann & Rose

Overall Response

The axial membrane stresses from the temperature difference and bolt up are shown below.
Note at mid length that the top flange stress reaches 19.8 ksi in tension while at the same
location the bottom flange reaches 33.3 ksi in compression. This level is high and suggests
flange warping would occur if not restrained by the top flange through the bolts.

1 AN Geodb
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Gasket seating + Thermal

Also noteworthy is that the very bottom of the shell at mid length reaches 18.4 ksi in tension
indicating the bottom shell half is resisting a sizeable bending moment about a horizontal,
transverse axis.
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Membrane stresses

The membrane stresses are limited to 3 Sm for load cases including thermal loads. The
following figures show the distribution of these stresses. The highest stresses occur in the
radiused corner of the bottom shell flange (highest membrane stress point in hon-thermal
loads, also). The plots of transverse displacement on the previous page show this point moving
outward while the mid length moved inward so this point will be compressive when hot.

SME

B0CORECEN

Gasket seating + Thermal

This pattern is the same as seen for bolt up except 5x larger.

\")
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Membrane plus Bending Stresses

The membrane plus bending stresses in the tube sheet are be limited to 3 S or 36 ksi. The
line through the interior in the plot below is the boundary between regions modeled with
equivalent material properties for holes and solid material. The key locations are the center and
the outer ligament line along the length. The maximum membrane plus bending stresses are
26.5 ksi or slightly more than 2 S.
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Thermal Design Thermacore Heat Pipe Bleed Air Cooler
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No limits are placed on the membrane plus bending stresses in the shell to flange junction for
thermal load cases. However it is a good idea to get a sense for where these stresses are high
and see if excessive deflections may occur. The following plots show the membrane plus
bending stress.

Note in the view from the under side that the bottom flange to shell junction has a band of
stresses exceeding 36 ksi. For 304SS material at high temperature, the linear elastic methods
will under predict deformations. Since this is a sealing surface too much deformation could
affect gasket sealing.

! AN

SAOLATT TN

Gasket ssating + Thermal

b
HOD&EL  SOLIOT TR

BO0CRA0EN &&

Gasket seating + Thermal

May 17, 2004 Page 22 of 31 SC SOLUTIONS



APPENDIX A-E
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Bolt Response

The following table shows the values of bolt load relative to the gasket seating load. The
ordering of the bolts is shown in the figure below.

o 0 0 0 0 0 0 0 8 0 0 qe—I3

Bolt No. | T+Pbtm T+Pboth  T+P top T only
1 1.06 0.99 0.96 1.03
2 1.06 1.00 0.97 1.04
3 1.08 1.01 0.99 1.05
4 1.10 1.04 1.02 1.07
5 1.12 1.07 1.06 1.11
6 1.14 1.10 1.09 1.13
7 1.17 1.15 1.15 1.17
8 1.21 1.20 1.20 1.21
9 1.21 1.22 1.22 1.22
10 1.10 1.12 1.13 1.11
11 0.86 0.91 0.93 0.89
12 0.92 0.99 1.04 0.97
13 1.52 1.58 1.61 1.56
14 1.34 1.42 1.45 1.38
15 1.20 1.26 1.30 1.24
16 1.10 1.16 1.21 1.15

These results indicate the bolt load will not increase significantly for the thermal load. The
exception to this are the bolts near the knuckle of the head where loads go up by as much as
60%.
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Baffles

The stress plots so far have not included the baffles as they are not a part of the pressure
boundary. The function of the baffles is to direct flow. The design pressure loads are not
considered to act solely on one side of a baffle and as a result they develop stresses based on
displacement compatibility at the welded connections to the shell.

A detailed evaluation of the baffles will be performed during shock and vibration analysis. For
the prototype it is most important to make sure a crack in a baffle cannot propagate to the
pressure boundary. Such cracking is typically from fatigue.

The membrane stresses during bolt up are shown below.

” AN

BOUCRNEEEN 555

Casket ssating

The key locations for the baffles are in two locations on the vertical baffles. The first is the
highest stress in the plot above where the baffle transitions from attaching to the edge of the
shell flange to the top of the flange. It is extremely localized and increases three fold when
thermal loads are included.

The second location is the attachment of the baffle to the flange edge where flange rotation
induces bending stresses. The plot on the next page shows membrane plus bending
stresses for the same load case as above. The stresses exist and are uniform over a
considerable length of the baffle. They do not change significantly between load steps
compared to the stresses of bolt up.
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‘ AN

BIHT=29013

STHT=73730%

frazket asating

Both of these locations are welds to the shell flange within the gasket ‘circle’. In order for
cracking to propagate to the pressure boundary it would have to travel across several inches of
material.

The stress in the shell flange is also high near where the baffle has its highest stress, at least
relatively. Recall that the radius on the shell flange cutout was a local high stress point in the
membrane stress results for both bolt up and thermal loads. Also recall that this radiused point
on the flange would be in compression during thermal loading. This would inhibit, not promote
crack growth when hot and instead produce tensile stresses when cooled.

The fabrication sequence will have a difficult step of making welds in the closed space within
the head between the baffle and either the head or flange. If the welding of the vertical
baffles to the tube sheet within the heads can be avoided it would simplify construction and
avoid a potential source of cracking.

References
1. ASME B&PV Code, Sect VIII, Divisions 1 and 2
2. ANSYS Finite element analysis software, version 8.0
3. Thermacore 1D thermal analysis
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Wiegmann & Rose

TABLE 1 - HEAT PIPE COOLER - DESIGN PERFORMANCE DATA
PERFORMANCE DATA Bleed Air Cooler
WATER

COOLER CHARACTERISTICS: AIR SIDE SIDE
FLUID CIRCULATED AIR (2450 SCFM) SEAWATER
FLOW RATE (LB/HR) 11,231 46,350
INLET TEMPERATURE (°F) 925 85
OUTLET TEMPERATURE (°F) 425 116.3
PRESSURE DROP (ALLOW/CALC) (PSI) 2.46/1.50 3.000/1.406
VELOCITY AT INLET FLANGE FACE (FT/SEC) 198.9 4.14
MAX. INTERNAL VELOCITY(FT/SEC) 85 to 90 3.21
NUMBER OF PASSES 1 1
DESIGN PRESSURE (PSIG) 100 50
TEST PRESSURE (PSIG) 150 100
DESIGN TEMPERATURE (°F) 925 300
LOG MEAN TEMPERATURE DIFFERENTIAL (LMTD) (°F) 535.878
HEAT TRANSFER RATE CLEAN (BTU/HR/SQ FT./OF) 19.2
HEAT TRANSFER SURFACE AREA (SQ FT.) 140.59
HEAT EXCHANGE (BTU/HR) (APPROX) 1,423,800
WEIGHT DRY/FULL OF WATER (LBS) 800/900
HEAT PIPE CHARACTERISTICS:
HEAT PIPE WORKING FLUID WATER
MAX. HEAT LOAD ? HEAT PIPE (WATTS/PIPE) 2863
MAX WATER SIDE PIPE WALL TEMP. (OF) at 925 inlet air 172
MAX. WATER SIDE PIPE WALL TEMP. (OF) at 700 inlet air 150
SINGLE PIPE THERMAL RESISTANCE (°C/WATT) 0.06

May 17, 2004 Page 26 of 31

SC SO

LUTIONS




Appendix A —

Addenda
Nominal Composition

APPENDIX A-E
Design Information Thermacore Heat Pipe Bleed Air Cooler

Wiegmann & Rose

o AND S VIiii, DIVISION 1
SECTION I; SECTION Ill, CLASS 2 AND 3;* AND SECTION ; DIVISION
MAXIMUM ALLOWABLE STRESS VALUES S FOR NQNFERROUS MATERIALS
(*See Maximum Temperature Limits for Restrictions on Class)

Maximum Allowable Stress, ksi (Multip!y by 1000 to Obtain psi),
for Metal Temperature, °F, Not Exceeding

: t 1 950

Product Form Plate, sheet 20 to 100 13.3 oo
Spec. No. SB-171 150 12.9
Type! Grade 200 12.6 1050

¢ ; 23 1100
Alloy Desig./ UNS No. C71500 250 1; z e
Cilass/ Cond./ Temper 025 222 o o

[ -

Sizel Thickness, in. <=2.5
F" N; 34 400 1.6 1250

in. 11.2 1300
Min. Tensile Strength, ksi 50 Azg e o
Min. Yield Strength, ksi 20 250 “0,8 5
Applic. and Max. Temp. Limits .
inlf= Not Permitted) (SPT = Supports Only) 600 10.7 1450
i N NP 650 106 1500
Hi] 700 700 10.4 1550

1600
Vi1 - 700 . ;zg oo
External Pressure Chart No. NFC-4 ol
s
Note: ot

May 17, 2004

General Notes

y i ility; ition; condenser; Desig., Designation; exch:,

. okt 2d: ann., annealed: Applic., Applicability; Cond.‘\Condmon) pqnd? conde: s ) X ‘
gz&?xg;ﬁﬂ gx?rb b(;i‘t/rl(ajggg’sfﬁf #nsi(:;%ed; fr., from; rel., re%%ved: tid., rolled; Smis., Seamless; Sof., Solution; treat., treated; and Wid., Welded.
The stréss‘valxxes in this Table may be interpolated to determine values for intermediate temperatures. ‘ o - atoes el e
When used for Section Il Class MC design, the stress values fisted herein sga;li bﬁ Em%h@%nﬁ({x s% a3 fs%%ui &f;é ;‘ ‘(V!\;'Eym 12.4), these values shal

si i i ities or 2 lues as required by NE-3 st NE-3300, respec 2 )
considered as design stress intensities or allowable stress val : ‘ 3300, 1eSpeINEY it he shearing is 50
or i I ications, stress values in restricted shear, such as dowel bolts, rivets, or similar cor I C

Ei-it.?éigmz\ﬂhgp@ﬁ;agmzaﬂf cu?mideratioﬂ would fail without reduction of areas, shall .ba .80 times the values in this Table,
For Section VIl applications, stress values in bearing shall be 1.60 times the values in this Table.

TABLE 1A
SECTION I; SECTION Ill, CLASS 2 AND 3;* AND SECTION VHI, DIVISION 1
MAXIMUM ALLOWABLE STRESS VALUES S FOR FERROUS MATERIALS
(*See Maximum Temperature Limits for Restrictions on Class)

Line: 15  Page: 86-87 Line: 15 Page; 88 Line:' 15  Page: 8%
AddE_"da Maximum Allowable Stress, ksi (Multiply by 1000 to Obtain psi),
Nominal Composition 18Cr - 8Ni for Metal Temperature, °F, Not Exceeding - J—
Product Form Plate =20 to 100 20.0 950 106 B
Spec. No. SA-240 150 1000 10.4

Type/ Grade 304 200 18.7 1050 101

Alloy Desig./ UNS No. S30400 250 1100 9.8

Class/ Cond./ Temper 300 15.0 1150 77

Size/ Thickness, in. 400 13.8 1200 6.1

P-No. 8 500 129 1250 47

Group No. 1 600 12.3 1300 3.7

Min. Tensile Strength, ksi 75 850 12.0 1350 2.9

Min, Yield Strength, ksi 30 700 "7 1400 2.3

Applic. and Max. Temp. Limits 750 1.5 1450 18

(NP = Not Permitted) (SPT = Supports Only) 80O 11.2 1500 1.4

i 1500 850 1.0 1550

m NP 900 10.8 1600

vilt-1 1500 _ 1650

External Pressure Chart No. HA-1

Notes G12,G18, T8 B

General Notes
(@) The following abbreviations are used: Applic.. Appiicability: Cond., Condition; Desig,. Designation; Smis., Seamless; and Wid., Weided
{(b)  The stress values in this Table may be interpolated to determine values for intermediate temperatures

() When used for Section il Class MC design, the stress values listed herein shall be multiplied by a factor of 1.1 (NE-3112.4); these values shall be
considered as design stress intensities or altowable stress values as required by NE-3200 or NE-3300, respectively.
(d)

For Section VIl applications, stress values in restricted shear such as dowel bolts or similar construction in which the shearing member is so
restricted that the section under consideration would fait without reduction of area shall be 0.80 times the values in the above Table

(&) For Section VIl applications, stress values in bearing shall be 1.60 fimes the values in the above Table.

{fy  Stress values for -20 to 100°F are applicable for colder lemperatures when toughness requirements of Section I} or Section Vill are met
General Requirements

G12 Attemperatures above 1000°F, these stress values apply only when the carbon is 0.04% or higher on heat analysis.

(318 For Section | applications, this material may not be used for parts of firetube boiters under external pressure.

Time-Dependent Properties

18 Allowable stresses for temperatures of 1100°F and above are values obtained from time-dependent properties.
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Material property data
The thermal conductivity of the materials is shown below in units of BTU/s inch F.
(1 W/mK = 1/1055/39.37/1.8 BTU/s inch F.)
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The elastic modulus is shown below in units of psi. The value used for the perforated portion
of the tube sheet is be 75% of that shown for 70/30.
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The thermal expansion coefficient is shown below in units of inches per inch per degree F.
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Modeling

The figure on the cover page shows the 3D model. It is a quarter of the full component
recognizing symmetry at the vertical, transverse plane and vertical longitudinal plane. The
colors represent different material types.

The cooler is modeled using shell, beam and contact elements. The shell is used for all plate
components, the beam is used for the bolts and contact is used for the gasket response.

The bolted connection of the flanges and tube sheet are modeling using a combination of two
contacts pair sets and a series of beams representing the bolts. The contact sets correspond to
the 2 gaskets, one on top of the tube sheet and one beneath it.

The joint is ‘preloaded’ by specifying initial strains in each bolt that produce an axial tensile
clamping force across the flanges. The tensile bolt sought is the 2620 Ibs tensile force that
produces the necessary gasket seating pressure.

The model has symmetry boundary conditions applied to all nodal degrees of freedom on the
transverse and longitudinal planes. Vertically the model is restrained at the base of the saddle
support. There is no horizontal restraint at this base plate.

The model is run in 8 load steps. All load steps have gravity and bolt up loads included. The
combination of thermal and pressures is described in the load case section.

The ligament bending stresses is determined directly by modifying the shell element parameter
for the distance from the neutral axis. Normally a value of t/2 is used. For ligament stresses
the neutral axis distance is set to t/2 times the ligament factor of 1.88. As a result the bending
stresses in the perforated region are the average across the ligament, consistent with ASME
methods.
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Appendix B — Modeling Method Thermacore Heat Pipe Bleed Air Cooler
Wiegmann & Rose

The figure below shows the different areas with notation of the real constant used to define
thickness. The table under the figure relates real constant numbers to thickness.

1 AN
Ezal constants
Real Thickness Real Thickness Real Thickness
21 0.9375 27 0.5625 33 0.12
22 0.8125 28 0.6875 34 0.5
23 1 29 0.1875 35 0.25
24 0.9375 30 0.125 36 0.375
25 0.5 31 0.25 37 0.375

26 0.875 32 0.5

The bolts are modeled uniquely, each with the prestrain needed to produce 2620 Ibs. The first
bolt lies on the symmetry plane and should only be represented with half a bolt.

Bolt No. Area Ixx lyy Sxx Syy prestrain
1 0.113  2.03E-03 2.03E-03 0.26821 0.26821  7.75E-03
2 0.226  4.06E-03 4.06E-03 0.26821 0.26821  7.71E-03
3 ¢ “ ¢ “ “ 7.60E-03
4 “ “ “ “ “ 7.41E-03
5 “ “ “ “ “ 7.15E-03
6 “ “ “ “ “ 6.81E-03
7 “ “ * * 6.38E-03
8 ¢ “ ¢ “ “ 5.89E-03
9 “ “ ¢ “ “ 5.35E-03
10 “ “ “ “ “ 4.74E-03
11 “ “ “ “ “ 4.04E-03
12 “ “ “ “ “ 3.42E-03
13 “ “ “ “ “ 3.28E-03
14 “ “ “ “ * 2.88E-03
15 “ “ “ “ * 3.05E-03
16 “ “ ¢ “ “ 3.25E-03
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Appendix B — Modeling Method Thermacore Heat Pipe Bleed Air Cooler
Wiegmann & Rose

Thermal modeling

The thermal analysis are based on the design operating condition that includes both air and
water flow. The boundary conditions for the 2D analysis use the temperature and film
coefficients developed by Thermacore for their 1D thermal analysis which are tabulated below.
The film coefficients are shown in W/m?K and (BTU/in’ s F), temperatures in degF. The
temperatures are representative of the conditions at the centerline of the cooler.

Section T _air T_water hf_air hf_water
1% heat tube 908 85 478(1.62E-4) 8318 (2.83E-3)
1 833 88 478(1.62E-4) 8318 (2.83E-3)
2 658 96 473 (1.61E-4) 8318 (2.83E-3)
3 506 102 491 (1.67E-4) 8318 (2.83E-3)

Additionally the outside surface of the BAC losses heat by convection to the ambient air
environment surrounding it. With the hot gas side temperatures being as high as they are, the
outer surface of the BAC is assumed to be insulated. This effect is captured by using a reduced
film coefficient that includes the insulation behavior.

The effective outer surface film coefficient is devised from the expression for thermal
resistance. The terms t and k are the insulation thickness and conductivity, respectively. The
term h¢ is the film coefficient for the outer surface of the insulation. The term Reontact iS the
resistivity of the shell to insulation interface.

t 1

R = Rcontact t—t—
kA h,A

The first term depends highly on the actual contact between the shell and insulation. For a
good (touching) contact a resistivity of 1E-4 m?K/W is reasonable. For a poor (gapped) contact,
the heat transfer changes to radiation making the resistance potentially very high.

The insulation is taken to be 2” of alumina-silica fiber blanket having a k=0.1 W/mK making the
second term equal to 0.5 m?K/W.

The third term corresponds to the cooling effect by the ambient air. Natural convection
(stagnant air) values would be between 2-20 W/m?K. The resistivity is the reciprocal of this or,
using 10 W/m?K, a resistivity of 0.1 m?K/W.

The net resistivity is taken as 1 m*K/W, or an upper bound film coefficient of 1 W/m?’K.
Pressure modeling

The pressure loads are applied normal to the surfaces of the shell and nozzles. An end load is
also applied to the nozzle corresponding to a capped end condition.
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APPENDIX A-F

NSWC Bleed Air Cooler Thermal Design and Analysis
GV0137
Test Data Conditions, No Fouling

NOTES

1. Begun by Kevin Wert, 14 July 1999

2. Heat exchanger configuration: single-pass, parallel flow.

3. Pipe array configuration: equilateral triangles.

4. Exchanger composed of N, number of individual core modules in series; each module may feature a unique number of
fins and fin thicknesses on both condenser and evaporator sides.

5. 17 August 1999: Added a condenser-side fouling factor.

6. 25 August 1999: Added an evaporator-side fouling factor.

7. 2 September 1999: Fluid properties can be set independently for each core module.

8. 3 September 1999: Modified condenser-side fin efficiency, heat transfer coefficient and pressure drop for circular fins on
circular tubes.

9. Changed Thermosyphon Linear Resistance from 0.06 to 0.07 in light of experimental data.

10. 25 May 2004: Revised to Reflect Prototype Geometry (Baffles).

11. 10 May 2004: Revised to Reflect Prototype Geometry (Fin Count).

HEAT PIPE ARRAY

Geometry
m:= .. Negre
CoreModuleLength := =0
core
Pitch: ._ CoreModuleLength
pipe_L -= Npipe_L Pitch in the longitudinal direction: Pitchyipe 1. = 0.039 m

Pitch. Width

itchpipe_w = Npipe W Pitch in the transverse direction: Pitchyipe w=0.046 M
Npipes = Npipe_L-Npipe_W Number of heat pi :

| 2 pipes per core module: Npipes = 65

Linear Pipe Thennal Resistance Per Unit Length

Rsingle_hcat _pipe P

itchptp' e L
Npipe_w -

Rpipe =

CONDENSER-SIDE HEAT TRANSFER: Circular Fins

Geometry

FinPitchegng =

FinDensggnd

9/16/2005 15 PM
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T
Nﬁ,,s_mdm = ﬂoor(FmDenscondm-Hensh'cond) Number of fins per pipe on the condenser side: N, m.: 1
\n
Fi - dy;
" "ODcrm,, = dpie
FinHeighteong = ——
m 2
- . ! [2n [, \2 2] ) I )
l'1115'\11‘f,‘-\rcamndm = T\P]‘F‘“'I\‘fln—*;\?(‘“dmliL 2 -[{‘Fm(JDwndm‘) - dptps J + rt-FmUDwndm'l*m FhlckrwmmﬂdTj
PipeS: 1= n-dyine-Hei -{1 — FinThi -FinDel N
pe. “rfAmcondm R-dpipe e'gh'cond( mn d‘“@‘soondm n “scondm) pipes
TotalSurfAreacond := FinSurfAreacong + PipeSurfAreacond Total surfac ON S TotalSurfArea 2037 m2
m m m the condenser side: 2 | otl>urt \[“t“””dm 2027

MinFlowAreacond_plaintubesXXX,_ 1= (Pitchpipe W — dpipe)-Heightcond Npipe w ~ (Disabled)

MinFlowAreacond _plaintubes | := SheliBaffle_Width¢opg-SheliBaffle_Heightcong — dpipe-Heighteond Npipe W

Mi“FlOWAreacond_cimﬁnsXXXm = (Pitchpipc_w — dpipe - 2-FinHeightcondm~F inmicmessoondm'Fianscondm)'Heightcond'Npipe_W

(Disabled)
MinFlowAreaoond_ci,cﬁmm := ShellBaffle_Widthggpng- ShellBaffle_Heighteond .-
+—(dpip¢ + 2'FinHeightcondm~FinThicknaswndm‘FinDuumndm)-Heigmwndeipe_w
Heat Transfer Correlations:
Plain Tube Banks--Zhukauskas (1972)
MassVelocity, fant
cond_plaintubes = T
P m  MinFlowAreacond _plaintubes,
MassVelocity, . 1.891 x 10*
ass ‘cond_plaintubes_“Cpipe
Recond_plaintubes, = - Piain-Tube Reynoids Number: Recond_plaintubes_ | 1.891 x 10*
Pcoolantm .
1.891 x 10"
- 02
) 06! P“Chmpc W 1 0.36
Nucond plaintubes = 0.35-(Recond plaintubes S Isra— - Pr,
cond_plaintubes ‘ cond_plaintub m‘ 1\ Pitchpine L ) ( coolanlm)

Nucond_plaintubes_‘Kcoolant
m 1

beond_plaintubes_ =
ol m dpipe

9/16/2005 1:15 PM
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Individual Circular Fins--Bri nd Young (1
Mcoolant
MassVeloci i = —
tycond—cm:ﬁ"sm MinFlowAreacond_cimﬁns,

MassVelocitycond circfins_“dpipe
n -

Rﬁ‘csyndic::'cﬂn:v_ =
T Hecoolant
m:

M"ssvelo‘my‘:ond_circﬁnsm 0.749
0.749
Pcoolant - 0.749

2.017x 10*

Ptain-Tube Reynolds Number: Recond_cirefins, = | 2.017x 10}

2017x 10*
L0101

- I~mlhlcknessc(,ndﬂ ‘

. an fo. 0319
Jcond cirefins = 0.134(Recond cirefins ) ’
- m X - m)

\

.icond_circﬁnsm
Steond_circfins, 5

(P"coolamm) 3

P S 502 .
( FinPitchegng — FinThicknesseqond \} { FinPitchegnd
m m I

FinHeightcqn4 |
m

FinThicknesscopng
\ m

hcond_ciﬂ:ﬁnsm = Stcond_circﬁnsm‘Massvel“i%ond_cimﬁnsm‘°p_ooolantm

hcond = |hcond plaintubes if hCDDdJl‘dinlUbui . < heongd circﬁnsm
- — m T -

heond cirefi ns otherwise
- T

The heat transfer coefficient is taken to be
the minimum of the value for plain staggered
tube banks or the value for staggered tube
banks with circular fins. Thisis a

conservative choice.
Surface Effectiveness
dpipc Fi"“i“h“&mdm hcondm' ‘Fi“ODctde i
fcond = ———— b, = —e M = - =
m  FinOD¢gnd cond_. FinOD¢opd cond,, 2-Kfin cond FinThicknessgqnd
m - - [
beond_‘Moond
termleong = m(um )- —————EKn(an)
m m, 2
beond_-Mcond

term2oond_ 1= n(Mcom,m) +

u ‘IO(M condm)
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‘efmzcondv_l

~cond2

m 10{ M ¢ond

a
[

\ B r il \ oo
‘cond | 'termlcond  + I\U{I\‘Icund ‘ﬂumd“ ‘t‘:mwcoml’
n m/ m m m/

~Coond1 11(Mcond_2cond, ) + Ceond2,K1(Mcond,, ‘Scond, )

FinEfﬂciencycondn =2 F " ]
| Ll - (acundm) } + bcondm i

| Mcond,
' . -
L au)ndm J :
Cond id 0367
ondenser-side . )
fin efficiency: FmEfﬁamcymdm = 0367
0367
FinSurfAreacqnd ‘ ’0.575
SurfaceEffecteong = 1 - (1 - FinEfficiencycong P — Condenser-side SurfaceEffectegng = 0.575
m m/ TotalSurfAreacyng surface effectiveness: m
m 0.575
CoreModuleLength
Reond = ——— o - . -
m heond - TotalSurfAreacong -SurfaceEffecteond
7 1234x 1074
n Reond fouling factor CoreModuleLength Condenser-side e ‘ -4
“eond_foul, = TotalSurfAreac,ng -SurfaceEffecteond resistance per unit length:  cond,, 7 eond o iy 1.234x 10
| ‘ 234x 1074
EVAPORATOR-SIDE HEAT TRANSFER Cl(watt/m)
Geome
FinPitcheyap = —————
m FmDensev,pm
Nfins_evap = ﬂ°°"(F' sevapm'He‘gh‘cvaP) Number of fins per pipe on the evaporator side: Nfins evap_ = | 53
_evap T
. $3
FmHexcv,pm = dpipe
FinHeighteyyp =
m
.
. . dpipe
FmSurfAme,,,pxxxm := | CoreModuleLength- Width — Npjpes'n- '2'Nﬁns_evapm (Disabled)
. 2
FinHexevap
FinSurfAreagysp = 2 NpinesNrins evap 164 ———= | “ta] = | - Z-dpive Hexagonal Fins
vap,, = & Vpipes fins_evap, 2 6) 4 P

PipeSurfAreagygp = n-dpipc-Heigmw,p-(l - FinThicknesseyap_-FinDenseyap )'Npipes
m m m
9/16/2005 1:15 PM
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reacy. -= Fi "fmn'wap PipeSllrfAmw,p Total surface area on ”
TotalSurfA By FinS m * m N TotalSurfAreaeyap = 27.675 m*
pa— m

the evaporator side:

m

MinFlowAreacyapXXX = (Pitchpipe w - dpipe)Heightenp-(l - Finmclmmmpm-FinDensmpm)-Npipe_w (Disabled)

MinFlowAreaeyzp = ShellBaffle_Widtheyap-ShellBaffle_Heighteyap ...
m . . . . . .
+ —(d,,ipc + 2-FmHelghtevapm-F1n11\1ch|essevapm-FlnDensevapm)~Helghtcvap~Npip¢_w

H lation; From W "Principles of Heat Transfer (1994
. Mpotfluid
MassVelocnter,pm = m————
owAreaeme
. 7543 10°
Masch:locntyc\,apm-dpipe .
l"""'ﬂl’m hotfluid Evaporator-side Reynolds Number: Rgcm,m 7543 x 104
"
7543 10*

L 0031

.~ 0.502 \/FinPitchm‘ap ~ FinThicknesseyap
m m

Pitchpipe W
Pitchpipe I ‘ \ dpipe J

evap,, = 0.14(Recvap_ ) o.m{

(Prhottuia, ) }

he‘,apm = Ste‘,a,pm-MassVeIocitywapm;cp__h‘,tﬂuidI1

Su Effectiveness
[, ﬁ L 0.5
i 2-hevap o ]
tanh| - ‘FinHeighteyap
[ kfin_evap FinThicknesseyap m
. . . AN - m
FmEfﬁcnencyevapm = s
2 hc\“apm ‘
- -FinHeightey,
Kfin evap l'inT]‘.id«ncnﬂdrm i L
FinSurfAreagyqp 0.716
SurfaceEffectcvap = -]l -F inEfﬂciencye\sap ————U— Evaporator-side SurfaceEtfectm,p =10.716
m ‘ m/ TotalSurfAreagy,p surface effectiveness: m
mn

0.716
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CoreModuleLength

hevnpm-TohlSurfAmw,pm-SurﬁceBﬁ‘eae"pm
2095x 10~ 4
Rev, Revap_fouling factor CoreModulel ength Evaporator-side Revap_ + Rev -4
_foul = . . ) ool = 2095 10
ap_toul, TotalSurﬂ\reawapm.SurfaceEffectevapm resistance per unit length: - ap_foul x
2005x 1074,
Cl(watt/m)

OVERALL THERMAL RESISTANCE OF THE HEAT EXCHANGER PER UNIT LENGTH

= Roondm + Rpipe + Revxpm + Rcond_foulm + Revap_foulm

/

X ) X \
. ‘ +1 < Y\'C(,m,ﬂoor(w————-i + l,ﬂoox{—
h . kCore‘.\“foduleI,ength . CoreModuleLength /

duleLengt

AT Npipe W Qflooding_limit . .
RoveratlX,AT) i= | Ryjpear  if g Ppe T e Nonlinear resistance
M) Riincar, , Pitchpipe 1.
Mix) ¢ —
AT
otherwise
AT =0, 500
0.0012 : ,
0.00107 / -
( C/(WIm) Roverall(Length, AT) /
93333310 © | —/ -
810 * : L
0 200 400 600
AT
©
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SOLVE FOR THE FLUID TEMPERATURE PROFILES

Chotfluid(X) := Mhotfluid'cp_holﬂuidM(x)

Ceoolant(X) := Mcoolant'cp_coolanth)

'Thotﬂuid_in
T:= Inlet temperatures
. Tcoolant__in

To-T,
Chotﬂuid(x)'Rovuan(xv To - T])

Th-Ty ,
Cooolant(X)- nTy-Ty)

dT(x, T) :=

First derivatives of the fluid temperatures

Temp = rkfixed(T,0, Length, Noore'Npipe L.dT)  Fourth-order Runge-Kutta scheme for T(x)

TOTAL AND LOCAL HEAT TRANSFER RATES

NOOI‘C
= M id’ id 1T - Ti Total heat transfer rate on the
Qoo Z hotfluid Cp_hotﬂuldm‘[ P 1) Npipo 1,1~ P Npige 1, l] evaporator side:
m=1
Qevap = 2.064 x 10° “atts
NOOIB
Qcond := Z Mmm'cp-m‘““m'[rempmNpipe L2 TP N ipe_Ls :1 Check: Total heat transfer rate on the
m=1 - B condenser side:
Qoond = 2064 x 10° atts
n:=  Neore'Npipe L
n
x_:= Length. ————
n Noore'Npipe_L
N ‘l‘empn’l - ’l‘emp“’2 N
Niipe W Roveraf{Xa» Tempy, 1~Tempy, 5 Local heat transfer rate per heat pipe for each transverse
row of heat pipes.
PilChpipc_L
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RESISTANCE CONTRIBUTIONS

(RcvapM(xn‘) + Rcvapifouly\ﬂ‘xn‘))’(‘Ténlpn, | Tempn‘z

~——

Contribution of the evaporator-side AT

ATevap = ‘ - ‘
P, Ro\rem”( '\n’Tempn, . Tcmpn, 2) to the overall AT.
{“Rcondn(‘x, ) + Rcondjoui,\q(\ ‘}‘)~(‘Tempn‘ 1 - Tcmpn,zj
ATeond = - — : LA \ Contribution of the condenser-side AT
) Rm‘ﬁ‘w“(xw“’mpn, p ~ Temp, ) to the overall AT.
ATpines = Temp . — Temp . — AT, — ATcond Contribution of the heat pipe AT
pipes evap cont
" m1 0,2 " ! to the overall AT.

HEAT PIPE O.D. WALL TEMPERATURES

Tc,,,p_wa“n = Tempn, 1" ATﬂ,pn Evaporator wall temperature
Teond wall = 'l‘empn 2t ATcond Condenser wall temperature.
- n ] SR |

CONDENSER-SIDE PRESSURE DROP
Based on Roshenow et al. "Handbook of Heat Transfer Applications" (1985)

Individually Circular Finned Tubes:
Robinson and Briggs correlation (1966)

. 2
4. ( MassVelocitycond_cimﬁnsm) m

—~0.316
APcong_ = Npipe L '9-465'(R°cond_circﬁns m) (

2’Pcoolam"_ dpipe

Inle S:
Handbook of Fluid Dynamics (1981)

Mcoolant

Velocitycond_inlet =

x b3
Peoolantl“;‘moond_inlct'

1 . 2
APcond_inlet = Kcond_inlet 3 Pcoolant,* Velocitycond_intet

Mcootant

Velocitycond_outlet = - 3
Pcoolant" : ‘IDeond_outlet”

1 . ;
APcond_outlet = Koond_outier'Pooolant, -Velocitycond_outlet’

.- 0937

9/16/2005 1.15 PM



APPENDIX A-F

EVAPORATOR-SIDE PRESSURE DROP
Based on Webb "Principles of Enhanced Heat Transfer" (1994)

Ein Contribution
R ‘ o (o -~ 0.521 ( Pithfpu W 118
‘—;\ ap fin . = 0.508 \ 1\“'@ v :'15“ | . "—17
HUpipe
., FinSurfAreacyap
APeyap fin = — -(MassVelocityeyap ‘]“ al fevap_fin
= m m m

2-Photfluid_ | ) MinFlowAreacygp
m

Plain Pipe Contribution:
Based on A. Zukauskas "High-Performance, Single-Phase Heat Exchangers” (1989)

_ Pitchpipe W

l d .
pipe

Buevap_:= |26{aevap - 1) °”-(nem,m)' 029 Recvap_ 2 7.10°

0.71»( - 1)— 0.33‘(! m)— .15 i .
lr(k“lass\"elocity“ap )2
P\ m)
‘L\PC\‘RI)JﬂpEm = I‘:uc\“apm'iL o hotluid '%‘_L
otfluid_ |
Module Total

APcvap = APevap fin + APevap_pipe

Inlet/Qutiet Losses:
Handbook of Fluid Dynamics (1961)

Mhotfluid

Velocityevap_inlet = - "
Photﬂuid|':‘mcvap_inlet

1

APevap_inlet = Kevap_inler 2

. 2
Photfluid - Velocityevap_inlet

Mhotfluid

Velocityevap outlet :=

L 2
Photflui ‘:'chvnp_outlct

1

. 2
APevap_outlet := Kevap_outlet' - Photfluid, -Velocityevap_outlet
2 core
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THERMAL PERFORMANCE METRICS

Total Cooler Surface Area

~ o ~ ~ N
Atotal -= ( E TotalSurfAreacond + Y TotalSurfAreacyap |
m e m

\ I

m J

Cooler LMTD
N o .-
(‘ lempo‘ i Tcmpﬁ,ll ‘ Tunpi\ww‘ADDt Ll fempNFw \.WELVZ‘} i
LMTD = | : -
( Tcmp” 1 IcmpH -
m‘ e = ‘
Temp,, ) — Temp,, . "
p:\‘cur: \ywp:iL' 1 e N({“f N;wp,{] Ll
_ .~ Qemp
Uoverali : PR

DESIGN PARAMETERS: VALUES MUST BE GIVEN WITHOUT UNITS (REQUIRED UNITS INDICATED)

Exchanger Overall Dimensions
Length=1524 (m)

Width = 0.229 (m)

Heat Pipe

Npipe_1 = 13

Npipe W=5

dpipe = 211331072
Rsingle_heat_pipe = 0.07

Qfiooding_limit = 3500

Number of Thermosyphon Rows per Module
Number of Thermosyphons per Row

Heat pipe OD (m)

Linear resistance of a single heat pipe (C/watt)

Flooding limit of a single heat pipe (watt)

= T78.T4
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Number of Modules Comprising the Core

Neore =3

Condenser Side
IDcond_inlet = 0.0762

IDeond outlet = 0.0762
Keond_intet = 1

Keond_outlet = 0-5

(m)
(m)
(—, Sudden Expansion)

(-, Sudden Contraction)

ShellBaffle_Widthcopg = 0.248 (M)

ShellBaffle_Heightoonq = 0.0968 (m)

Heighteong = 0.0952

FinDensoond, = 118.11
FinDensond, = 118.11
FinDensond, = 118.11

FinThicknesscond, = 1.6-10°

FinThicknessoond,, = 1.6- 103

FinThicknesseong = 1610 3

FinODcond, = 3.0861-1072

FinODoond, = 3.0861-107%

FinODgond, = 3.0861- 1072

Reond_fouling_factor = 0.0000

kfin cond =43.9

Pcoolant, = 9953
Pt:ool,am2 =9933

Pct,u:uhmt3 =9953

3

(Themosyphon,m)
()

(m)

(m)

{m)

(m)

(m)

(m
(m)

(m)

(m2-CW)

(W/m-C)

(kg/m?)
(kg/m3)
(kg/m3)

Evaporator Side
IDevap_inlet = 0.1016

IDevap_outiet = 0.1016
Kevap injet = 1

Kevap_outlet = 0.5

ShellBaffle_Widtheyap = 0.248

(m)
(m)
(-, Sudden Expansion)

(—, Sudden Contraction)

(m)

ShellBaffle_Heighteyap = 0.1365 (M)

Heightevap = 0.1349

i = .701
FmDenswapl 393.70
FinDensevap, = 393.701
Fchmsc,,ap3 =393.70
FinThicknessovgp, = 16102

Sevap, =
3

€ = 1.6-10
FinThickn SSevap
-3
FinT hl‘chlcsw = 1.6 lo
1
FlllHeXc\,ap =(0.04376
1

FinHexevap, = 0.04376

FinHexevgp, = 0.04376
Revap_fouling_factor = 0.0000

kﬁn_cvap =439

Photfluid, = 4.332
Photfluid, = 4332

Photfluid, = 4.332

(Thermosyphon, m)

()

(m)

(m)
(m)

(m)

(m)
(m)
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Cp_coolant, =4180
Cp_coolant,, = 4180

= 4180
‘:p_ecoolant3

Heoolant, = 780.7.10~ ¢

~6
Keoolant, = 780.7-10

Heoolant, = 780.7-10”

Proootant, = 5288
Prcootant, = 5288

Prcoolant, = 5288

Pooolantl 'cp_coolantl

keoolant, =
! P"coolantl

Reoolant, Cp_coolant,

kcoohamz= _\..Tz. “2?

Hcoolant, ©p_coolant,
kcoolant.,‘* T

Mcoolant = 9.742

Teoolant_in = 29.08

RESULTS

Total Number of Heat Pipes:
Actual Longitudinal Pipe Pitch:

Actual Transverse Pipe Pitch:

Length of each Core Module:

(joule/kg-C)
(joule/kg-C)

(joule/kg-C)

(N-sec/m2)
(N-sec/m2)

(N-sec/m?)

(watt/m-K)

(watt/m-K)

(watt/m-K)

(kg/sec)
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Cp_hotﬂuid' =1032

Cp_hotfluid, = 1032

-6
Hhotfluid, = 27.08-10

Bhotfiuid, = 27.08 108

Photfuid, = 27.08:10” 6

Pfhotﬂuidl =(.7170

P’hotﬂuidz =(.7170

Pfhotﬁuid3 =0.7170

Mpotfluid = 0.965

Thotfluid_in = 284.33

Ncore'Npipe_W‘Npipe_L =195

Pitchpipe 1-39.370 = 1.538

Pitchpipe w-39.370 = 1.303

(in)

(in)

CoreModuleLength-39.370 =20  (in)

(joule/kg-C)
(joule/kg-C)

(joule/kg-C)

(N-sec/m?)
{N-sec/m?)

(N-sec/m?)

=y
-1

(kg/sec)

©
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Evaporator-Side Temperature Profile
vs. Normalized Exchanger Length
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Total Evaporator-Side Heat Transfer Rate: Qevap = 2.064 105 watts

Condenser-Side Temperature Profile
vs. Normalized Exchanger Length

(C) Temp, 5 32 T

Total Condenser-Side Heat Transfer Rate: Qg = 2.064 x 100 watts
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Heat Transfer Rate Per Heat Pipe vs. Normalized Exchanger Length
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Contribution of the Condenser-Side to the Overall AT

vs. Normalized Exchanger Length
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Heat Pipe Condenser Wall Temperature
vs. Normalized Exchanger Length
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CONDENSER- AND EVAPORATOR-SIDE PRESSURE DROPS

0421
Condensar-side module AP’s: APeond +1.4504. 10 * =| 0421 | psi
m

0.421

="
Total Condenser-side AP: (M“’“”—i“'“ i Zap"““dm : ME“““—"‘“"‘]'I'HM"“ =L
m
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Evaporator-side module AF's: AP eap -|.45IJ-1-1EI'_4 =| 0963 | psi
m
0,963

4
Total Evaporator-side AP: [M““P inler + ) OPevap + APeap outier 14504107 = 3245 psi
m

THERMAL PERFORMANCE METRICS
Total Heat Transfer Surface Areal AL 10764 = 330578 (7i2)

Log Mean Temperature Difference: LMTD.— = 214.47) °F)

|

Overall Heat Transfer Coefficient: U, .qr0.17612 = 2932 (BTWhriEF)
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1. BACKGROUND

1.1 Overall Program Objective

Bleed air is extracted from the main propulsion and ship service turbines for use in a variety of
functions including ASW Prairie/Masker systems and turbine start functions. Extracted from the
14™ to 16™ turbine stages, bleed air can range as hot as 925°F and must be cooled to as low as
190°F when operating at 925°F. Bleed Air Coolers provide this temperature reduction using
seawater as the heat sink.

A conventional Bleed Air Cooler (BAC) uses a shell and tube heat exchanger (HX), in which hot
bleed air is fed to the shell side and seawater is fed to the tube side. The high temperature air
readily heats the seawater side of much of the tube surfaces to temperatures well in excess of the
150°F temperature at which fouling occurs. This fouling precipitates dissolved solids in the
seawater, which forms scaling, i.e. calcareous deposits, on the tube walls. Scaling reduces heat
transfer capacity which can affect air temperature and downstream applications. Scaling will
result in local temperatures which approach the inlet air temperatures; elevated temperatures
accelerate corrosion and wear, which then leads to leakage and catastrophic failures. A NAVSEA
study concluded that the cost of maintenance and repair of BACs and related components was
approximately $5.7 million per year based on 3M data from 1996 for gas-turbine powered ships
and Hazmat usage and disposal

The use of heat pipes eliminates the direct contact of hot air and seawater across a thin tube wall.
Instead, heat is transported from the air side to the seawater side of the HX through a number of
heat pipes. Heat pipes use the evaporation and condensation of a working fluid to transport heat.
One feature of saturated, two phase heat transport is that the entire inside surface of the heat pipe
is very nearly the same temperature. Despite more than 600°F difference in temperature between
the hot air and the seawater sides, the temperature difference inside the heat pipe is less than 2°.
The heat pipe operating temperature is determined by the relative heat transfer from the air and
from the water. Since water is much better than air at transferring heat, the heat pipe temperature
will be much closer to the water temperature than the air temperature. By directly manipulating
the relative heat transfer surfaces (i.e. the relative number and size of the fins and the air and
water sides of the heat pipe), the surface temperature on the water side can be maintained below
the critical 150°F fouling temperature.

1.2 Program History

In previous work beginning in 1999, Thermacore completed design and analysis as well as tasks
to build and test a number of heat pipes. Many of these remain active life test. This program
established the feasibility of the project and was conducted under contract N65540-00-M-0618.
The detailed design and the fabrication of a prototype full-scale heat pipe bleed air cooler (FS-
HPBAC) was conducted under contract N65540-03-C-0065. The FS-HPBAC was delivered to
NSWC in January, 2005. Sea trials were performed aboard the USS Ramage (DDG 61) during
June and July, 2005. The HPBAC significantly underperformed both its calculated performance
and that of the conventional shell-and-tube BAC. Analysis work was subsequently performed to
determine the cause of the discrepancy.
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2. ANALYSIS OF PROTOTYPE TEST RESULTS

2.1 On-board Test Data Summary

Table 1 presents a snap shot from the large quanity of test data from the side by side comparison
of the shell-and-tube bleed air cooler with the heat pipe bleed air cooler. The “MER-1" data
(lightly shaded in yellow) is from the heat pipe BAC and the “MER-2” data is from the shell-
and-tube BAC.

Table 1 Bleed Air Cooler Sea Trial Test Results

Date and - - . NI ~ o> - N > o~ M30742
Tme | &2 | &Lo x| Edop £ |g2c| g3 | g32q VERT

S| Y | AT [£<E | L=< | AT 56| =2% | 25| =0Y F/Im
~ o ~ o MER-1 | « N MER-2 | &~ o| & N RN ow
§OZ 505 air %83 %ﬁrs air '§~.| 585 §~,| §8'5 (SCFM)
a8 F ®»FO ® mBO ® O = ® O mrE O
S S S S SE | S SE |2

eégg(/)zg&s 55459 | 389.35 | 165.24 | 568.85 | 138.20 | 4306 | 70.47 | 7502 | 7021 | 77.83| 1707

65;’622&5 54158 | 362.25 | 179.33 | 560.66 | 139.86 | 4208 | 7095 | 7416 | 70.72 | 8067 | 1287

i’zz,jlszgo,j’ 544.66 | 364.87 | 179.78 | 564.37 | 14067 | 4237 | 7070 | 7399 | 7048 | 8067 | 1309

Results After Installation of Baffle Plates
7;,207(’)22&5 543.79 | 322.99 | 220.81 | 511.34 | 14176 | 369.6 | 8434 | 8992 | 8391 | 8593 | 1749

The amount of heat removed from the bleed air is proportional to the difference in temperature
between the inlet and outlet, the higher this value, the better the heat transfer. This value is
shown in boldface in the AT column. In the trials on 6/24 and 6/29 the heat pipe BAC was
performing at roughly 42% of what the shell-in-tube BAC was performing at.

Part of this performance was due to the bleed air flowing around the fins and heat pipes due to
excessive clearances. After baffle plates were installed to somewhat alleviate this bypass flow,
the HPBAC performance improved to almost 60% of the shell-in-tube.

It should be noted that the whole purpose of the HPBAC is to keep the water side temperature
below the critical fouling temperature of 150°F. To reduce the seawater side temperature and
prevent calcareous deposits, the HPBAC deliberately incorporates additional built-in thermal
resistance so its AT is designed to be about 80% that of the shell-in-tube BAC. Table 2 compares
the calculated results for the test conditions with those actually measured. Again the critical AT
values are shown in boldface. In the initial tests the HPBAC was performing at 58% of its
expected performance, and this improved to 83% after the installation of the flow baffles.

Table 3 shows the measured thermal resistance from the instrumented heat pipes. Eight of the
195 heat pipes were instrumented during the tests. Table 4 indicates which pipes were
instrumented in the 3 modules of the cooler. These temperature measurements were used to
determine the thermal resistance of these heat pipes which ranged from two to five times the
target value of 0.06°C/watt. The average resistance for the eight instrumented heat pipes was
0.205°C/watt. Again, the key parameter to compare is the airside temperature difference. In
review of table 4 it should be noted that only 2 instrumented pipes were operational, 3 were
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partially operational, 2 were significantly degraded, and 1 was non operational. The predicted
temperature difference for the 6/24/05 data is significantly higher (114F) then the measured

results. This also is true for the other data sets.

Table 2 Comparison of Measured versus Predicted Performance for HPBAC.
M30277 M30277
M30277 MER-1 M30277 MER-1 30742
Date and l\%lé[f_zl TC-4 AT D]{lélfll TC-3 AT MER-1
Time AIR- MER-1 SWoIN SW- MER-1 | Ajr Flow
AN | our | air - our | SW | scrm
(°F) CF) (°F) (°F)
Measured 6/24/2005 554.59 | 38935 | 165.24 70.47 75.02 4.55 1707
Predicted 554.59 275.2 279.39 70.47 77.7 7.00 1707
Measured 6/29/2005 541.58 | 36225 | 179.33 70.95 74.16 3.20 1287
Predicted 541.5 236.39 | 305.11 70.95 76.41 5.71 1287
Measured 6/29/2005 544.66 | 364.87 | 179.78 70.70 73.99 3.29 1309
Predicted 544.66 | 23927 | 305.39 70.70 76.29 5.59 1309
Baffle Plates Installed
Measured 7/27/2005 54379 | 32299 | 220.81 84.34 89.92 5.58 1749
Predicted 54379 | 279.72 | 264.07 84.34 90.80 6.46 1749
Table 3. Measured Heat Pipe Thermal Resistance, C/W
Trial Row 1 | Row 1 | Rowl3 | Rowl3 | Row26 | Row26 | Row39 | Row39 Av
Date #2 #4 #2 #4 #2 #4 #2 #4 &
6/24/05(0.253 | 0.223 [0.234 | 0.215 |0.17 0.156 |0.124 |0.135 | 0.189
6/29/05| 0.309 [ 0.259 [0.267 |0.242 |0.182 |0.171 0.131 0.144 | 0.213
6/29/05| 0.306 | 0.254 |0.264 |0.240 | 0.181 0.17 0.132 |0.144 | 0.212
No temperature data was available from the 7/27/05 test. Overall Average | 0.205
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3. POST-TEST EVALUATION OF HEAT PIPE BLEED AIR COOLER

3.1 Post-Operation Diagnostic Tests at Thermacore

Initial review and analysis of the on-board test data was used to compile a list of causes that
could have contributed to the reduced thermal performance of the HPBAC. The lack of HP BAC
measured performance was linked to the following issues. With heat pipe operation/thermal
resistance being the significant technical issue as a result of the.

¢ Fin Attachment: Issues were raised concerning fin attachment to the heat pipes. In many
instances, the heat pipe-to-fin braze was not complete and weak. More development
work in this area needs to be done in order to improve the fin attachment method.

e Fins per Inch: Due to fabrication issues, there were several less fins than desired. It is
possible that increasing the fins per inch on the airside is desired. Unfortunately, there is
no airside pressure drop values measured during the shipboard testing to provide design
guidance in this area.

e Heat Pipe Operation: There are issues with the heat pipes. The target thermal resistance
for the heat pipes established at the start of the program was 0.06°C/W. NSWC
instrumented eight heat pipes during the shipboard testing. This data was used to
determine the actual heat pipe thermal resistance. This values listed in Table 3 indicate
that the average heat pipe thermal resistance is about 0.205 C/W, 3.41 times higher then
desired. This significantly adds to reduced HP BAC performance.

e Flow Bypass: There are large gaps around the perimeter of the heat pipe fin stack.
Recently, NSWC installed three baffle plates and showed approximately 40F
improvement (see Table 1) in the airside temperature difference. The best solution,
however, is to seal against the entire heat pipe bundle.

In November 2006, the HPBAC unit was returned to Thermacore for detailed evaluation. Using
the above list as a guideline, the unit was dissembled and the components were evaluated
individually to identify the causes of the reduced performance.

The top and bottom half-shells of the unit were removed to reveal the heat pipe divider plate
subassembly. Initial inspection showed some impingement damage to the condenser (seawater)
end of the heat pipes near the seawater inlet. This appears to have been caused by the internal
configuration of putting a square box in a round circle, i.e. during retro-fitting of the unit with
flow baffles. To avoid this situation, it is recommended to modify the baffles to direct the water
flow axially through the fins, and not directed downward onto the upper fin surfaces. This will
most likely resolve itself once the diverter baffles are eliminated by using a circular tube sheet
configuration in the circular shell, which is the plan for the production style cooler.
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Figure 1 shows impingement damage to the heat pipes near the water inlet.

It was decided to perform a thermal performance test on each individual heat pipe in the array of
195 heat pipes. The test was designed to identify potential causes of the reduced thermal
performance observed during on-board operation. Potential problems could include a loss of
fluid charge or accumulation of non-condensing gas. All tests were started with an initial uniform
ambient temperature. Each heat pipe was individually tested using a 150 watt heat source applied
to its bottom (evaporator) surface. The heat pipes were instrumented with two thermocouples.
One was attached to the outer envelope surface near the bottom end, and a second was attached
to the envelope near the upper end cap. Heat was applied for up to ten minutes, or until the top of
the heat pipe reached a temperature of 50C. The temperature of each end of the device was then
recorded, along with any unique observations regarding the warm-up dynamics. Figure 2 shows
the base of a heat pipe with the resistance heat source and lower thermocouple location. Figure 3
shows the top end of the same heat pipe and the upper thermocouple location.

After each of the heat pipes was tested, the data were reviewed to identify patterns suggestive of
degraded thermal performance. The temperature difference across each heat pipe was plotted as a
function of position in the heat exchanger. Table 4 shows the measured temperature drop for
each heat pipe in the tube bundle. The measured temperature drop ranged from 13.7C to 144.5C.
The data were reviewed, and the heat pipes were divided into four categories.
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Figure 3 — Upper end of a heat pipe during a performance verification test.
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Table 4 — Measured Temperature Drops for the Heat Pipes in the Tube Bundle

Pipe No.
Pipe Row 1 2 3 4 5
1 31.5 54.4 13.7
2 37.6 50.2 56.5 41.5
M 3 99.6 67.4 43.9
Y 4 34.0 77.3 98.1
D 5
Y 6 95.8 99.6 94.0
L 7 98.1 96.6 95.4 89.9 90.8
E 8 24.7 89.9 62.9
- 9 40.8 36.3 93.8
1 10 392 82.0 27.6
. 11 88.7 59.5 95.3 88.2 76.7
inlet
12
13 64.4 305 530 51.6
14 89.1 41.1 84.9 82.0
15 51.2 53.4 437 47.1
M 16 38.1 47.6 48.3 453
o 17 97.5 52.0 50.4 44.5 31.5
D 18 452 28.8 48.7 46.9 40.4
U 19 41.1 33.9 46.9 323 46.3
L 20 39.9 73.5 39.7 45.1 51.4
E 21 56.6 424 |1205 ] 606 | 1215
- 22 45.0 58.8 52.1 76.1 533
2 23 50.2 40.8 454 38.0 513
24 24.1 17.9 33.6 24.4 27.5
25 47.0 27.7 35.5 39.7 342
26 50.5 36-0 30.1 =3 44.1
27 58.2 43.9 64.9 48.1 65.8
28 35.0 48.1 58.6 52.6
M 29 65.6 47.9 55.9 46.9
o 30 63.0 60.3 495 53.3 50.2
D | 31 PRSI 538 63.9 54.3 58.8
U 32 61.8 41.4 55.6 51.5
L 33 99.0 83.5 46.5 42.0
E 34 492 98.4 71.6 58.7
- 35 65.5 61.0 50.1 59.6 55.2
3 36 53.7 55.7 57.8 59.8 493
outlet 37 544 202 631 49.3 55.5
38 57.9 54.5 50.1 66.0 474
39 50.4 393 49.0 7.2 43.0
———————— Module 1 Module 1 Module 2 Module 3
Thermoconples attached i (12 &2,4) | (132&13,4) | (26,2&26,4) | (39,2&39,4)
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| |
Operational HP 19 Heat Pipes 10 %
below 35 C (95F)
Partially Operational HP 105 Heat Pipes 54%
35 Cto 65 C (95F to 149F)
Significantly Degraded HP 35 Heat Pipes 18 %
65Cto 100 C (149 Fto 212 F)

60%+

50%-

40%Y OOperational HP
O Partially Operational HP
O Significantly Degraded HP

20% T ENon-Opeational HP
10%-I
0%+

1) Operational Heat Pipes

Nineteen heat pipes exhibited a temperature drop of less than 35C; this is 10% of the total. These
devices would be capable of operating nearly as designed in a HPBAC at normal operating

conditions. A small amount of non-condensing gas may be present, but it should not
significantly affect thermal performance.

30%t

2) Partially Operational Heat Pipes

One hundred five heat pipes exhibited a temperature drop between 35C and 65C; this is 54% of
the total. These heat pipes would be capable of partially transferring heat by evaporation and
condensation at normal operating conditions. However, there appears to be a measurable amount
of non-condensing gas present in these devices — enough to degrade the thermal performance by
about 50%.

3) Significantly Degraded Heat Pipes

Thirty five heat pipes exhibited a temperature drop between 65C and 100C; this is 18% of the
total. These heat pipes would be capable of transferring only a small amount of heat during
normal operation in a BAC, e.g. 25%. The cause appears to be a large amount of non-condensing
gas in the devices.

4) Non-Operational Heat Pipes

Thirty six heat pipes exhibited a temperature drop greater than 100C; this is 18% of the total.
These devices are essentially non-operational, and would not be capable of transferring useful
heat during normal operation of a BAC.

In summary nearly 36% of the heat pipes are either non-operational or are significantly degraded
from non-condensing gas generation. An additional 54% exhibited measurably reduced thermal
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performance. Collectively, this would result in an expected 40% decrease in the effective heat
transfer of the heat pipe tube bundle.

A detailed review of the heat pipe fabrication procedure was conducted to determine the cause of
the problem. The fabrication procedure used by subcontractor Advanced Cooling Technologies
(ACT) was scrutinized to identify procedural causes. Several items were identified that are
believed to have collectively created the degraded condition of the heat pipes. First, the heat
pipes were not operated at elevated temperatures before the sealing step. The procedure that was
used included use of a roughing vacuum pump to degas the heat pipe; pinch/seal of the fill tube
was done without operating each heat pipe beforehand. Thermacore experience has shown that
copper/nickel alloys produce a compatible envelope for water heat pipes only after a short period
of operation at temperature exceeding the anticipated normal operating environment. This was
not done for the BAC heat pipes. Secondly, the heat pipes were not operated after pinch/seal to
confirm that the pinch/seal was vacuum-tight. Collectively, these procedure processes would
have created several potential conditions to degrade heat pipe performance, including entrapment
of air, entrapment of hydrogen gas, and loss of water fluid charge during normal operation.

4. CONCLUSIONS AND RECOMMENDATIONS

Tests were conducted at Thermacore under Contract N65540-06-C-0022 (CDRL Item A002) to
identify causes of the reduced thermal performance of a heat pipe cooled bleed air cooler
developed under a previous contract. Specific conclusions and recommendations include the
following items:

1. The heat exchanger was dissembled and inspected. Visual inspection revealed some
mechanical damage and erosion of water-side fins near the water inlet. The cause of this
appears to be the re-directed water inlet flow from the retrofitted flow baffles. This will
most likely resolve itself once the diverter plates are eliminated in using a circular tube
sheet configuration in the circular shell, which is the plan for the production style cooler

2. Each heat pipe was thermally tested to identify performance anomalies internal to the heat
pipes. It appears that the majority of the heat pipes were found to contain a significant
amount of non-condensing gas; the collective effect would be to reduce the available
internal heat transfer surface area by nearly 40%.

3. Specific recommendations to modify the heat exchanger fabrication procedure include
operation of each heat pipe at 200C for 30 minutes prior to pinch/seal and a step to
operate each heat pipe post pinch/seal to confirm that successful processing and
pinch/seal was realized.

4. The internal baffles in the heat exchanger shell should be re-designed to provide a tight
seal around the heat pipe bundle on both air side and waterside of the heat exchanger.
This effort should include a modification of the baffle inlet region to avoid re-directing
water downward onto fin surfaces.
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5. he fin design and attachment procedure should be modified to provide complete braze
fillets between the fins and the heat pipes. Work on this aspect of the design is already in
progress.

6. The height of the heat pipes could be increased to fill the internal volume inside the heat
exchanger shell. This option should be included in the re-design effort.

7. Of all the technical factors which may have contributed to the degraded thermal
performance the heat pipe operation/thermal resistance would have to be the most
significant. The plus is that these are all very fixable with better heat pipe fabrication
processes.
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Bleed Air Cooler
Thermosyphon Address Convention

Purpose
Specify an address convention for identifying thermosyphons in the tube bundle array.

Proposed Convention:
The address convention consists of an ordered pair of indices, where the first index indicates a
thermosyphon row and the second index indicates a thermosyphon within the row:

(RowlIndex, Thermosyphonindex)

where
1 < Rowlndex <39

1 < Thermosphonindex < 5

The index origin is identified in the figure below.

Thermosyphon
Index

Hot Air Inlet
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Examples

e Thermosyphons having a 2fpi air-side density (“Module 1) span the address range from
(1,1) to (13,5).

e Thermosyphons having a 3fpi air-side density (“Module 2”°) span the address range from
(14,1) to (26,5).

e Thermosyphons having a 5fpi air-side density (“Module 3”’) span the address range from
(27,1) to (39,5).

13 0of 13



Appendix C

FINAL REPORT - Redesign of Full Scale Heat Pipe Bleed Air Cooler Heat Exchanger



APPENDIX C

Final Report

Redesign of Full Scale Heat Pipe Bleed
Air Cooler Heat Exchanger

Data Item A007
Contract No. N65540-06-0022

HP-BAC at Wyle Laboratories Ready for Testing April 8, 2008

Prepared for
Naval Surface Warfare Center, Carderock Division
5001 South Broad Street
Philadelphia, PA 19112-1403

August 29, 2008

i THERMACORE

Thermacore Inc.

717.569.6551 www.thermacore.com 780 Eden Road. Lancaster PA 17601



APPENDIX C

Table of Contents

Program SUMMATY .. .......cooiiiiiiiiieeee ettt e ettt e st e e st e e s bt e e sibee s abeesabeeenanes 1
L BACKGIOUNA ..ottt ettt ettt et et e b e e saee e b e e 3
2. The HP-BAC Redesign Program..........cccoeeiiiiiieiiieiiienieeieesee ettt sttt 4
3. Task 1 Post-Test Analysis Of HP-BAC.......cccco i 4
3.1 Summary of On-board Test Data...........cooeeiiuiiiiiiiiii e 4
3.2 Post-Operation Diagnostic Tests at Thermacore ..............cocceiviiiiiniiiniiniieieeeeeee, 6
3.2.1 Review and Analysis of On Board Test Results...........cccoocooiiiiiiiiiiniiniiiceeee, 6

3.2.2 Post-Operation Inspection and Tests at Thermacore ..........cccceeveeviiiiieniiienieneenen. 6

4. Redesign Of HP-BAC .......ccooieeeeeee et ettt ettt et e e esaaeeneees 10
4.1 Reduction of Heat Pipe Thermal ReSiStance ............ceccveevuieniieiiienieeiieniecieesiie e 10
4.1.1 Analysis of Fabrication Procedures on Heat Pipe Thermal Resistance................... 10
4.1.2 Heat Pipe Redesign and TSt ........cc.eeviieriienieiiieeieeiieeie ettt e 10

4.2 Improved Fins and Fin Attachment .............cccoeviiiiiiiiiiiieicee et 11
4.2.1 The Fin Attachment Problem.............cccoooieiiiiiiiinieiiicecteeeeee et 11

4.2.2 New Fin Design and Fabrication ............cccocceeeiieriiiiiieniieiiecie et 12

4.2.3 Braze COMPATISOMS ....c.ueeeutieriieeiieriieeieiesteenteessreenseesseesseesseesseesnseesssesseessneenseessseens 13

4.2.4 Fin to Heat Pipe Conductivity TesSt.......cccveviieriiiriieiieiieeiieeie e 14

4.2.5 Fin and Braze CONCIUSIONS ..........cccuieiuieiiiieniieeiieniie ettt et et e saeeereeseveeseesaneens 15

5. Fabrication and Testing of Heat PIPeS.......c.ceeeiiiiiiiiiiiieeeeeeee et 15
5.1 Heat Pipe TesSting INAEX......cccoiiiiiiieeiieecieeee ettt e e saae e e e e e 15
5.1.1 Initial Thermal Resistance Pipes June 2007 .........ccceevvieeiiieeniieeiiee e 16

5.1.2 Plated Felt Pipes - HPS #1 = #7 ..ooooeeiee ettt 16

5.1.3 Transitional Heat Pipes HPS #“A” thru #“F” . ....ooooiiiiieeeeee e 16

5.1.4 TSt Plate PIPES ....cccciieeiiiieiiie ettt et ae e et e e et eeerae e ssaeeesnsaeens 17

5.2 DeciSive Heat PIPe TESES ...cccuiiiiiiiiiiie ettt ettt etee e e eeseaaeenaeeeeseeenenes 18
5.2.1. Heat Pipes #1 and #2......ooieiiieeieeceeee ettt ettt es 19

5.2.2. Heat PIpe #3 = GASSING.....cccciieiieiiieiiieeiieiie et esiee et eteeeteestaeeteesaeeesseessnesnseessneenne 20

5.2.3 Heat Pipe #4 — Weld Cracking.........cccccvievvieriieiiieniieiieeie e sae e 20

5.2.4 Transitional Heat Pipes to Diagnose & Resolve Gassing..........cccoceeevveereeeveennnnne. 21

5.2.5 The HP-BAC Test Article Heat Pipes .......cccccvevieiiienieeiiiiecieceeee e 22

5.3 HydroStatic TESES ....eecviiriieiieiiieiierie et ete ettt ete e e b e staeenbeeseaeesseessaesnsaessaeenseennns 23

6. Design and Fabrication of HP-BAC Engineering Test Unit......c..cccceeveriinieviiniienennenecneenne. 24
6. Design and Fabrication of HP-BAC Engineering Test Unit..........ccccveviierienciienienieeiieeiens 25
6.1 Ducts and Baffles. .......coeeuiiiiiieieee e e 25
6.2 Heat PIPe PrOCESSING....ccvieiiiieiieiiieeieeitieeiteeiie ettt e eveestteeveesteeebeessaeenseesaseesseesssesnseensseens 27
6.3.1 Background - Conventional Copper/Water Heat Pipes ........ccccoccvevieeviienieecieennnnnn 27



APPENDIX C

6.3.2 Heat Pipes for The First Prototype.......ccceevuieeiieiieiiieieeieeie et 27
6.3.3 Upgraded Heat Pipe Design and Processing..........coceevueerieeniieniieniienieenieeseeeneenens 28

T T @STINE . c..eveeeeeiee et eeee et ee et e ettt e et e e e et e e e taeeestaeesssaeesssaeeassaeesssaeensseeenssaeansseeensseeaseeennseeeanseeens 30
7.1 Test Hardware and FaCility ........cccviieiiiiieiiieciicece et 30
7.1.1 The Engineering TesSt UNIt........cceeiiiieiiiieiiieeeiieeeieeesieeesreeeeveeesiveeeeveeeiaeesnaee e 30
7.1.2 TREIMOCOUPIES......cceeiieeiiieeiie ettt ettt et e e ae e et e e e aaeeesaeeesbaeeessaeessseeesnseeenns 30
7.1.3 Test Facility and EQUIPIMENT ........cccuviiiiiiiiiieciieeeeeeeeee e 32

7.2. Test Objectives and Test Plan...........cccoeouiieiiiiiiiieeiicceeeeeeee e e 32
7. 2.1 ODBJECTIVES .uvvieeeiieeiiieeiiieeeitteeeitteesteeesteeessteeessseeassaeassaeasssaesssaesssseesssseessseeensseeanns 32
T.2.2 TSt PLAN..neeiiiiiiiii ittt ettt et e 34

7.3 TSt RESUILS ...ttt et ettt e st st e st ens 34
7.3.1 Test Campai@n OVEIVIEW ......ccccvieeriieeiieeeiieeesieeetieeessreeasreesssseessseeessseeessseesssseesnns 34
7.3.2 Models Used for Test Data ANalysiS .....c.ccccveeeiiieeeiieeniieecieeesieeesiee e evee e 35
7.3.3 Results from Testing of June 12, 2008 .........cccouveeeiieeriiiieciie et 36
7.3.4 Heat Pipe “D” Testing, Nov.-DecC. 2007 ........ccccueeeiiiieeiiieeiieeeiie e 37

7.4. Analysis and CONCIUSIONS ........ccccuiiieiiiieiieeeiie ettt e e e e e eaeeeraeesaeeeseseeesens 39
7.4.1 Discussion of Results from Lab Test Baseline ..........cccceviiiiiiniiiniiniiiiniciiccee 40
7.4.2 Discussion of Results from Wyle Test Conditions...........ccceeevveeenieeeiieeenieeeiieenns 41

7.5. Interpretation Of RESULLS.......ccuiiiiiiieiie e e e 42
7.5.1 Overall Conclusions/INterpretations ..........cc.veeeveeeeiiieeniieerieeerieeeriveeereeesveeeenee e 42
7.5.2 Project Engineer’s Conclusions/Interpretations/Conjecture...........ceeeeveeeenveerneens 43

7.6 Actions GOING FOrWard..........ccoeoiiiiiiiiiiiiie ettt e 43

i



APPENDIX C

Program Summary
Program Motivation

The Heat Pipe Bleed Air Cooler (HPBAC) can maintain the seawater side of the heat exchanger
below the 150°F salt scaling temperature, thus greatly reducing fouling and the $2.3 million per
year maintenance costs and $3 million in system support costs associated with the present shell
and tube designs.

Previous work

Previous work culminated in sea trials of a full scale prototype aboard the USS Ramage in June,
2005. The performance of the HPBAC as a heat exchanger fell considerably short of predictions,
reducing bleed air temperature by only 179°F, some 125°F less than the expected reduction of
305°F. The bypass flow was known to be significantly worse than design conditions, so baffles
were added and the unit reinstalled and tested again in July, 2005. The baffles improved heat
transfer considerably; the unit reduced bleed air temperature by 220°F but this was still some
40°F less than the expected reduction of 260°F. The testing was terminated without obtaining
any data on fouling performance. In addition to the bypass of much of the airflow around (rather
than through) the heap pipe fins, a number of other parameters fell short of the conditions used
for the design calculations.

Program Objectives

The program was instituted to analyze the previous work and determine causes, come up with
plans and designs to correct those problems, build a test unit, and confirm that the designs
corrected the problems and that the HP-BAC was worth going forward.

Test and Diagnosis

The old HP-BAC was extensively tested. Only 10% of the heat pipes were operating at fully
rated performance. The problems with fins and bypass flow were confirmed. This work is
reported in Section 3.

Redesign of HP-BAC

The heat pipe processing was changed so the copper-nickel heat pipes were processed the same
as liquid metal heat pipes rather than the simpler procedures followed for commercial copper
water heat pipes. Instead of simple thermosyphons, a number of improvements were tried and
sintered copper wicks were added to the design. The heat pipe improvements are reported in
Section 4.1.

The formed fins could not be efficiently brazed to the tube walls, resulting in large thermal
resistance. Cast fins were used from Vforge with support from Advanced Technology Institute
and US Army Research Lab. Delta-T was reduced from 62°C to less than 10°C with the new fins
and brazing. The fin improvements are reported in Section 4.2.

Fabricate and Test Heat Pipes

More than forty heat pipes of various configuration were fabricated and tested. Potential
problems with gassing and weld cracking were identified, solved, and design changes were
implemented to preclude them in the future. This work is reported in Section 5.

Design and Fabricate HP-BAC Engineering Test Unit.

A system of ducts and baffles were designed built and installed to resolve the bypass flow issues.
Heat pipe processing was upgraded to preclude the degradation observed on the shipboard test
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unit. A full scale, but not fully loaded, Engineering Test Unit BAC was fabricated and delivered
for full scale testing at Wyle Labs. This work is reported in Section 6.

Testing

Testing was conducted at rated temperatures and flow in the Wyle facility in El Segundo CA
from April 15 through June 12, 2008. The Engineering Test Unit HP-BAC carried more power at
a lower delta-T than predicted by the design models or required by the performed This work is
reported in Section 7.

Result

Based on the official test data from Wyle Laboratories, the Heat Pipe Bleed Air Cooler (HP-
BAC) transported 15% more power than predicted by the design model. The testing
conclusively confirmed that all the corrections/improvements that were made following the
unsatisfactory tests aboard the USS Ramage in 2005 resulted in the HP-BAC not only meeting,
but far surpassing the original design objectives.
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1 Background

The Navy has identified a need for an improved Bleed Air Cooler (BAC). The existing BAC is
subject to rapid and extensive fouling due to precipitation of solids from the seawater coolant.
This leads to $2.3 million per year maintenance costs and $3 million in system support costs
associated with the present shell and tube designs. The required acid cleaning also raises
environmental issues.

Current Bleed Air Coolers (BAC) use a shell and tube heat exchanger (HX) in which hot bleed
air is fed to the shell side, and seawater is fed to the tube side. The high temperature air readily
heats the seawater side of much of the tube surfaces to temperatures well in excess of the 150°F
temperature at which fouling occurs. This fouling precipitates dissolved solids in the seawater
which forms scaling, i.e. calcareous deposits, on the tube walls. Scaling reduces heat transfer
capacity, which can affect air temperature and downstream applications. Scaling will result in
local temperatures which approach the inlet air temperatures; elevated temperatures accelerate
corrosion and wear leading to leakage and catastrophic failures. A NAVSEA study concluded
that the cost of maintenance and repair of BACs and related components was approximately $2.3
million per year based on 3M data from 1996 for gas-turbine powered ships.

The use of heat pipes eliminates the direct contact of hot air and seawater across a thin tube wall.
Instead, heat is transported from the air side to the seawater side of the HX through a number of
heat pipes. Heat pipes use the evaporation and condensation of a working fluid to transport heat.
One feature of saturated, two phase heat transport is that the entire inside surface of the heat pipe
is very nearly the same temperature. Despite more than 800°F difference in temperature between
the hot air and the seawater, the temperature difference inside the heat pipe is less than 2°. The
heat pipe operating temperature is determined by the relative heat transfer from the air and from
the water. Since water is much better than air at transferring heat, the heat pipe temperature will
be much closer to the water temperature than the air temperature. By directly manipulating the
relative heat transfer surfaces (i.e. the relative number and size of the fins and the air and water
sides of the heat pipe), the surface temperature on the water side can be maintained below the
critical 150°F fouling temperature.

An abbreviated design study, which showed the feasibility of the concept, presented several
workable designs and identified several technology development and modeling issues requiring
further work prior to fabrication of a prototype full-scale heat pipe exchanger (FS-HPBAC).

An advanced study based on further modeling and technology development successfully
validated the feasibility of the concept and provided the data needed to confidently proceed with
the design and fabrication of a full-scale cooler with a shell enclosure.

Under contract N65540-03-C-0065 a prototype FS-HPBAC was fabricated and delivered to
NSWC. This work culminated in sea trials of the full scale prototype aboard the USS Ramage in
June, 2005. The performance of the HPBAC as a heat exchanger fell considerably short of
predictions, reducing bleed air temperature by only 179°F, which was 125°F less than the
expected reduction of 305°F.

The bypass flow was known to be significantly worse than design conditions, so baffles were
added to the shell, and the unit reinstalled and tested again in July, 2005. The baffles improved
heat transfer considerably; the unit reduced bleed air temperature by 220°F but this was still
some 40°F less than the expected reduction of 260°F. The testing was terminated without
obtaining any data on fouling performance.
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A number of specific issues were identified or hypothesized; the present contract was issued to
identify, resolve and rectify these issues.

2. The HP-BAC Redesign Program
The base contract consisted of seven tasks/deliverables. These are:
1. Post Analysis of prototype HP-BAC (Data Item A001)

2. Redesign (Data Item A002)
a. Thermal Resistance
b. Fin attachment
c. Engineering Test Unit Design

Testing and Analysis (Data Item A003)

Deliver Engineering Test Unit (Data Item A004)
Deliver Demonstration Heat Pipes (Data Item A005)
Production Cost Analysis (Data Item A006)

Final Report. (Data Item A007)

N kW

The program closely followed these tasks and Data Items. The final report follows this
organization as well. For reporting and payment purposes, task 2, Data Item A002, was broken
into two Events.

3. Task 1 Post-Test Analysis of HP-BAC\

3.1 Summary of On-board Test Data

Table 1 presents the test data from the side by side comparison of the shell-and-tube bleed air
cooler with the heat pipe bleed air cooler. The “MER-1" data (lightly shaded in yellow) is from
the heat pipe BAC and the “MER-2" data is from the shell-and-tube BAC.

Table 1 Bleed Air Cooler Sea Trial Test Results
Date and S o 3 o & N, < =z - N = o M30742
Time X = x X~ ¢ X X o~ [ n:;'A [ n:;'»— MER-1
W < w <y W g Wz w w2 W w > :
s L =S AT | =94 =<=| AT E%E S0 E%E s®d Air
~ o ~ MER-1 N N MER-2 ~ o ~ N o N Flow
3z B35t 84 S35 B Bg5| 8- 834 dom
e r ®» FO all ™ mEO ®» 0O o e O ®» 0O ek 9
= = = = sSF = sSF =
6/24/2005
600 AM | 55459 | 389.35 | 16524 | 568.85 | 13820 | 430.6 | 7047 | 7502 7021 | 77.83 | 1707
6?’,_2??(’)22&5 54158 | 362.25 | 179.33 | 560.66 | 139.86 | 420.8 | 70.95 | 74.16 70.72 | 80.67 | 1287
?’22,3’52105 54466 | 364.87 | 179.78 | 564.37 | 140.67 | 423.7 | 7070 | 73.99 7048 | 8067 | 1309
Results After Installation of Baffle Plates
7;_207623,3'5 54379 | 322.99 | 220.81 | 511.34 | 14176 | 369.6 | 8434 | 8992 | 8391 | 8593 | 1749
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The amount of heat removed from the bleed air is proportional to the difference in temperature
between the inlet and outlet, the higher this value, the better the heat transfer. This value is
shown in boldface in the AT column. In the trials on 6/24 and 6/29 the heat pipe BAC was
performing at roughly 42% as well as the shell-in-tube BAC.

Part of this performance shortfall was due to the bleed air flowing around the fins and heat pipes
due to excessive clearances. After baffle plates were installed to somewhat alleviate this bypass
flow, the HPBAC performance improved to almost 60% of the shell-in-tube.

It should be noted that the whole purpose of the HPBAC is to keep the water side temperature
below the critical fouling temperature of 150°F. To reduce the seawater side temperature and
prevent calcareous deposits, the HPBAC deliberately incorporates additional built-in thermal
resistance so its AT is designed to be about 80% that of the shell-in-tube BAC. Table 2 compares
the calculated results for the test conditions with those actually measured. Again the critical AT
values are shown in boldface. In the initial tests the HPBAC was performing at 58% of its
expected performance, and this improved to 83% after the installation of the flow baffles.

Table 3 shows the measured thermal resistance from the instrumented heat pipes. Eight of the
195 heat pipes were instrumented during the tests. These temperature measurements were used to
determine the thermal resistance of these heat pipes which ranged from two to five times the
target value of 0.06°C/watt. The average resistance for the eight instrumented heat pipes was
0.205°C/watt. Again, the key parameter to compare is the airside temperature difference. The
predicted temperature difference for the 6/24/05 data is significantly higher (114F) then the
measured results. This also is true for the other data sets.

Table 2 Comparison of Measured versus Predicted Performance for HPBAC.
M30277 M30277
11\\44:;;];2(717 MER-1 1\1\/5[3;;)12717 MER-1 M30742
Date and TC-2 TC-4 AT TC-1 TC-3 AT MER
Time AIRJIN | AIR- MERT | GWAIN SW- MER-1 | Ajr Flow
(°1<:) ouT air (oé) ouT SW (SCFM)
CF) CF)
Measured |  6/24/2005 554.59 | 389.35 | 165.24 70.47 75.02 4.55 1707
Predicted 554.59 275.2 279.39 70.47 71.7 7.00 1707
Measured | 6/29/2005 541.58 | 362.25 | 179.33 70.95 74.16 3.20 1287
Predicted 541.5 236.39 | 305.11 70.95 76.41 5.71 1287
Measured | 6/29/2005 544.66 | 364.87 | 179.78 70.70 73.99 3.29 1309
Predicted 544.66 | 239.27 | 305.39 70.70 76.29 5.59 1309
Baffle Plates Installed
Measured |  7/27/2005 543.79 | 322.99 | 220.81 84.34 89.92 5.58 1749
Predicted 543.79 | 279.72 | 264.07 84.34 90.80 6.46 1749
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Table 3. Measured Heat Pipe Thermal Resistance, C/W

Trial Row 1l | Row1l | Rowl3 | Rowl3 | Row26 | Row26 | Row39 | Row39
Date #2 #4 #2 #4 #2 #4 #2 #4

6/24/05]0.253 10.223 1 0.234 | 0.215 [0.17 0.156 [0.124 |0.135 [0.189
6/29/05{0.309 ]0.259 [0.267 |0.242 [0.182 |0.171 ]0.131 [0.144 |0.213
6/29/05]0.306 | 0.254 [0.264 |0.240 [0.181 |0.17 0.132 ]0.144 |0.212
No temperature data was available from the 7/27/05 test. Overall Average | 0.205

Avg.

3.2 Post-Operation Diagnostic Tests at Thermacore

3.2.1 Review and Analysis of On Board Test Results.

Initial review and analysis of the on-board test data was used to compile a list of causes that
could have contributed to the reduced thermal performance of the HPBAC. The lack of HP BAC
measured performance was linked to the following issues.

¢ Fin Attachment: Issues were raised concerning fin attachment to the heat pipes. In many
instances, the heat pipe-to-fin braze was not complete and weak. More development
work in this area needs to be done in order to improve the fin attachment method.

e Fins per Inch: Due to fabrication issues, there were several less fins than desired. It is
possible that increasing the fins per inch on the airside is desired. Unfortunately, there is
no airside pressure drop values measured during the shipboard testing to provide design
guidance in this area.

e Heat Pipe Operation: There are issues with the heat pipes. The target thermal resistance
for the heat pipes established at the start of the program was 0.06°C/W. NSWC
instrumented eight heat pipes during the shipboard testing. This data was used to
determine the actual heat pipe thermal resistance. This values listed in Table 3 indicate
that the average heat pipe thermal resistance is about 0.205 C/W, 3.41 times higher then
desired. This significantly adds to reduced HP BAC performance.

e Flow Bypass: There are large gaps around the perimeter of the heat pipe fin stack.
Recently, NSWC installed three baffle plates and showed approximately 40F
improvement (see Table 1) in the airside temperature difference. The best solution,
however, is to seal against the entire heat pipe bundle.

3.2.2 Post-Operation Inspection and Tests at Thermacore

In November 2006, the HP-BAC unit was returned to Thermacore for detailed evaluation. Using
the above list as a guideline, the unit was dissembled and the components were evaluated
individually to identify the causes of the reduced performance.

The top and bottom half-shells of the unit were removed to reveal the heat pipe divider plate
subassembly. Initial inspection showed some impingement damage to condenser (seawater) end
of the heat pipes near the seawater inlet. This appears to have been caused by the retrofitting of
the unit with flow baffles. To avoid this situation, it is recommended to modify the baffles to
direct the water flow axially through the fins, and not directed downward onto the upper fin
surfaces.
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Figure 1 Impingement Damage to the Heat Pipes near the Water Inlet.

A thermal performance test was performed on each individual heat pipe in the array of 195 heat
pipes. The test was designed to identify potential causes of the reduced thermal performance
observed during on-board operation. Potential problems could include a loss of fluid charge or
accumulation of non-condensing gas. All tests were started with an initial uniform ambient
temperature. Each heat pipe was individually tested using a 150 watt heat source applied to its
bottom (evaporator) surface. The heat pipes were instrumented with two thermocouples. One
was attached to the outer envelope surface near the bottom end, and a second was attached to the
envelope near the upper end cap. Heat was applied for up to ten minutes, or until the top of the
heat pipe reached a temperature of 50C. The temperature of each end of the device was then
recorded, along with any unique observations regarding the warm-up dynamics.

After each of the heat pipes was tested, the data were reviewed to identify patterns suggestive of
degraded thermal performance. Table 4 shows the measured temperature drop for each heat pipe
in the tube bundle. The measured temperature drop ranged from 13.7C to 144.5C.



APPENDIX C

Table 4 Measured Temperature Drop for each Heat Pipe

Pipe Number.
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The data were reviewed, and the heat pipes were divided into four categories.
1) Operational Heat Pipes

Twenty heat pipes exhibited a temperature drop of less than 35C; this is 10% of the total. These
devices would be capable of operating nearly as designed in a HPBAC at normal operating
conditions. A small amount of non-condensing gas may be present, but it should not
significantly affect thermal performance.

2) Partially Operational Heat Pipes

One hundred five heat pipes exhibited a temperature drop between 35C and 65C; this is 54% of
the total. These heat pipes would be capable of partially transferring heat by evaporation and
condensation at normal operating conditions. However, there appears to be a measurable amount
of non-condensing gas present in these devices — enough to degrade the thermal performance by
an average of about 50%.

3) Significantly Degraded Heat Pipes

Thirty four heat pipes exhibited a temperature drop between 65C and 100C; this is 17% of the
total. These heat pipes would be capable of transferring only a small amount of heat during
normal operation in a BAC, e.g. 25%. The degradation in thermal performance for these cases
would be nominally about 75%. The cause appears to be a large amount of non-condensing gas
in the devices.

4) Non-Operational Heat Pipes

Thirty six heat pipes exhibited a temperature drop greater than 100C; this is 18% of the total.
These devices are essentially non-operational, and would not be capable of transferring useful
heat during normal operation of a BAC. Most of these cases appear to be caused either by the
loss of their working fluid charge or by very large amounts of non-condensing gas.

Table 5 Summary of Heat Pipe Performance by Category

Operational HP 20 Heat Pipes 10 %
AT below 35 C (95F)
Partially Operational HP 105 Heat Pipes 54%
AT 35 C to 65 C (95F to 149F)
Significantly Degraded HP 34 Heat Pipes 17 %
AT 65C to 100C (149 F to 212 F)

Non-Operational HP 36 Heat Pipes 18 %

AT Above 100 C (212 F)

In summary nearly 36% of the heat pipes are either non-operational or are significantly degraded
from non-condensing gas generation. An additional 54% exhibited measurably degraded thermal
performance. Collectively, this would result in an estimated 40% decrease in the effective heat
transfer of the heat pipe tube bundle.

The work described in this section was provided to NSWC on March 30, 2007 in a report
entitled Post Analysis Test Report (CLIN0O00101, Data item A0O1).
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4. Redesign of HP-BAC
4.1 Reduction of Heat Pipe Thermal Resistance

4.1.1 Analysis of Fabrication Procedures on Heat Pipe Thermal Resistance

A detailed review of the heat pipe fabrication procedure was conducted to determine the cause of
the problem. The fabrication procedure used by subcontractor Advanced Cooling Technologies
was scrutinized to identify procedural causes. Several items were identified that are believed to
have collectively created the degraded condition of the heat pipes. First, the heat pipes were not
operated at elevated temperatures before the sealing step. The procedure that was used included
use of a roughing vacuum pump to degas the heat pipe; pinch/seal of the fill tube was done
without operating each heat pipe beforehand. Thermacore experience has shown that
copper/nickel alloys produce a compatible envelope for water heat pipes only after a short period
of operation at a temperature exceeding the anticipated end-use operating environment. This was
not done for the BAC heat pipes. Secondly, the fill tubes were not heated to 300C before
pinching, which increases the chance of cracking the fill tube during the pinching step. Also, the
design of the fill tubes and pinch/seal tooling did not follow best practice for cupro-nickel alloys.
These practices include use of a thicker fill tube wall, pinch tooling with larger radii, and shorter
tooling stops to prevent over-pinching should be incorporated into future fabrication procedures.
Lastly, the heat pipes were not operated after pinch/seal to confirm that the pinch/seal was
vacuum-tight. Collectively, these procedure processes would have created several potential
conditions to degrade heat pipe performance, including entrapment of air, entrapment of
hydrogen gas, and loss of water fluid charge during normal operation.

4.1.2 Heat Pipe Redesign and Test

A study was conducted to identify a heat pipe
design capable of effective operation in the
bleed air cooler application with a thermal
resistance of 0.06C/W or lower. Several design
features were identified as being important to
achieve the desired goal, including the working
fluid charge, the wall material and thickness,
and the wick design. It was concluded that a
thinner wall 70/30 envelope would be required;
preliminary calculations showed that if the
maximum inlet air temperature rating on the
bleed air cooler could be reduced to 700F, then
a 700 Ib class envelope material would be
sufficient. Additionally, recent development
work at Thermacore has demonstrated that
internal heat pipe temperature can be controlled
under supercritical conditions by limiting the
working fluid charge placed in the devices.

Sy
GLEED AR Conp en

The wick design can also affect thermal
conductance, so candidate wick designs were
identified and selected for comparative testing.
Three heat pipes designs were selected. The first Figure 2 Cu/Ni Heat Pipe Test Articles

10
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design was a wickless thermo-siphon — the same design used in the previous bleed air cooler
program. The second design used a sintered copper powder wick layer. The third design used a
brazed copper/nickel felt layer. A working fluid charge of 10 grams was also selected. One of
each of these designs was assembled and tested. Figure 2 shows a picture of the three test
articles.

Each of the three test articles was operated under conditions representative of the bleed air
cooler, as shown in Figure 3. The conditions included a nominal operating temperature of 175C,
similar evaporator length, similar condenser length, 1000W or greater heat transport, and vertical
orientation. Operation was maintained for a length of time sufficient to assure steady state
conditions.

The results showed that the thin Cu/Ni felt wick design operated with a thermal resistance of
0.06C/W; the sintered powder wick design operated with a thermal resistance of 0.07C/W; and
the plain tube design operated with a thermal resistance of 0.08C/W. The data recorded in the
laboratory notebook included temperatures across the heat pipes, the water calorimeter data, and
applied heat load. The conclusion from these tests is that the sintered felt wick layer should be
used in heat pipes for this application. This design provides the lowest thermal resistance and
allows operation with a reduced fluid charge. The sintered felt and sintered powder wick designs
were placed on life test at Thermacore; after over 500 hours they exhibit no signs of gas
generation at 200C.

These units were put on life test in June, 2007. This work was described in the report entitled
Reduction of Heat Pipe thermal Resistance (CLIN000101, Data Item A002) which was provided
to NSWC on June 30, 2007. Additional heat pipes were built and tested starting in September,
2007 which led to changes in the conclusions described here. These additional tests are described
in Section 5 below.

4.2 Improved Fins and Fin Attachment
4.2.1 The Fin Attachment Problem

One of the shortcomings recognized in the
prototype BAC, was the brazing of the fins
to the heat pipes. The original fins were
formed, but copper nickel does not draw
very well. Figure 1 shows the shape of the
fin collar and its impact on fit and braze.

The direct contact between the collar and
the heat pipe is limited to a very thin line
(at the right in Figure 3). About two-thirds
of the available contact length is occupied
by thick braze material, and about one-
third is simply void. The braze material is
a poor conductor compared to the base
copper-nickel, and the void is an insulator.
The result is a very high thermal resistance
between the fin and the heat pipe. This was Figure 3 Fin Braze Detail

identified and was specifically addressed from EWI Welding Report (N00014-02-C-0106)
as Item 3.4.4 of the present contract.
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4.2.2 New Fin Design and Fabrication

Casting the fins would eliminate the forming problems and some cracking issues, but it was
ultimately determined that only machining of the cast fins would provide an interface that would
allow a truly effective braze joint. Vforge of Lakewood CO developed a casting technique and
supplied the fins used to make test article heat pipes. Vforge was contracted by Advanced
Technology Institute (ATI) of Charleston, SC to advance the development of semi-solid-material
(SSM) casting technology in copper materials. ATI and Vforge have been working with NSWC
and Thermacore to improve fin fit and performance. The contributions of Vforge and ATI to this
effort are supported under the Copper-Based Casting Technology program, Cooperative
Agreement W91 1NF-04-2-0008 between The Advanced Technology Institute (ATI and the U.S.
Army Research Laboratory (ARL).

— L0 T

This recess accepts
and supports the
braze ring.

SECTION A-A
SCALE1.25:1

ey
1
! 8
£01 {REF)
A -'J 2 FINSINCH
STACK HEIGHT

Figure 4 Air Inlet Fin from Drawing GV0153-005

The design of the air side inlet fin which was used for these heat pipes is shown in Figure 4
which is excerpted from drawing GV0153-005. Three features of this design should be noted.
One is the incorporation of tabs on the side to permit the stacking of fins to provide the 2
fins/inch spacing required for the air inlet section. The second feature is the radius on the top
(non tab side) which supports a ring of braze material. The third feature is the tolerancing on the
ID of the fin. Combined with the tolerancing on the heat pipe shell, this sets the maximum gap
that must be bridged by the braze. This ensures that there will be no voids between the fin and
the heat pipe, and also minimized the thickness of the relatively poor conducting braze material.

The first set of fins received were out of spec. In order to proceed with fabrication, the heat pipe
body was machined slightly smaller than specified so that the fins would fit over it. These first
fins were slightly out of round, so that the maximum gap between fin and heat pipe exceeded
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specification. Since the gap was still sufficiently small that capillary pressure would constrain the
braze so it wouldn’t drain from the joint, it would provide a good braze, and assembly proceeded
with the fins on hand. The issue was discussed with Vforge. The out of tolerance was not related
to the SSM casting process, but was a misunderstanding on their machining step, and was
promptly resolved. The second set of fins were well within specifications, and produced
beautiful brazes.

4.2.3 Braze Comparisons

Figure 5 Fin Braze Images

Heat Pipe #1 was fabricated using the out of spec fins.
Heat Pipe #2 used the second set that were well within N lines show
specifications. (Note: the # sign identifies a serial where braze material
number that is engraved onto the pipe.) Figure 5 a
shows the fin braze results for the two heat pipes.
Compare these brazes with the braze in Figure 3 to put
the improvements in perspective.

Braze
meniscus

Heat Pipe #1 yielded very good visual results; heat
pipe #2 was slightly better. One consistent difference
that can be seen by studying the images is that the
braze fillets are slightly higher (i.e. closer to the plane Figure 6 Close-up View of Braze
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of the fin) for heat pipe #2. Since each braze rings contains the same amount of material, this
indicates that there were less gaps to fill on heat pipe #2, and provides visual confirmation of the
better fit of the fins.

Figure 6 gives a magnified close up view of the resulting braze. This is simply a beautiful braze.

4.2.4 Fin to Heat Pipe Conductivity Test

Figure 7 shows the simple ‘
heater block used to evaluate 3
the thermal connection of the ‘ .
fins and heat pipe. It encloses . . ' . Heater Bloc
2 .. Y z St 4 J

two 50 watt cartridge heaters.
The test data was taken at a
total power of 55 watts which
corresponds to about 20% of
the per-fin power when the
BAC is at its design power
of 425 kW.

The heater block clamps to
the edge of the fin and has a
slight lip that rests on a thin
section of the top. Figure 8
shows a cross section of the
heater block to illustrate how
it is mounted and how the
heat enters the fin. Figure 8
also shows the location of the
two thermocouples. One is on -

the upper surface of the fin Figure 7 Fin Conductivity Test Setup

and is a conservative repre-

sentation of the fin temperature. The second t/c is mounted on the heat pipe wall just below the
fin. Both are slightly embedded in shallow holes in the surfaces they are monitoring.

The temperature difference between these two points is primarily caused by the resistance of the
coupling between the fin and the heat pipe. This delta-T is a quantitative measure of the thermal
connection between fin and heat pipe.

4.2.4.1 Conduction Test for Heat Pipe #1 'or:]\?_rrr]nocouple
|

Heat enters
The power was raised to an indicated 102 watts and the around edge
temperature at the fin rose to 200°C at which point the "
power was reduced to an indicated 54 watts. After 15
minutes the temperature had stabilized around 168° for q
the fin. Six data sets were taken over the next 45

minutes with random variations between them. The
lowest delta-T recorded was 9.4 °C and the highest

delta-T was 10.4 °C. The average was 9.87 °C.

Figure 8 T/C’s and Heat Input
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4.2.4.2 Conduction Test for Heat Pipe #195 from the Unsuccessful Prototype BAC

The test was repeated on a heat pipe from the existing bleed air cooler to quantify the
improvement from the new fins and brazing. Heat pipe #195 was tested because it was the most
accessible, located at the corner of the heat pipe array. The fin and heat pipe were cleaned of
corrosion and crud. The same preparation as for HP #1 was repeated, including drilling shallow
holes (t/c wells) to fix the thermocouples and make sure their junction was inside the surface it
was measuring. Thermal grease was used around the heater block and in the t/c wells. The same
equipment from the HP#1 test was reused.

To warm things up, the power was initially set to an indicated 100 watts. The fin temperature
rapidly shot up to 250°C so power was lowered to an indicated 55 W. Temperature lowered then
crept back up. As expected for a conduction measurement, the delta-T remained reasonably
constant as the fin temperature rose from 248.0°C to 259.7° over the next quarter hour. The
average delta-T over this period was 62.05 °C.

4.2.4.3 Conduction Test for Heat Pipe #2

The test was repeated on Heat Pipe #2 using the same equipment. At this time HP#2 was not
charged so it was not working as a heat pipe. The power was initially set to 100 watts and when
the fin temperature passed 200°C it was reduced to an indicated 55 Watts.

The fin temperature settled in the 228 to 230°C range. Five readings were taken that varied from
8.2 to 8.4 °C and averaged 8.32 °C.

It should be noted that HP#2 had 1.5 °C less delta-T than HP#1, or a 15.7% reduction. While the

differences visible in Figure 6, may not be that apparent much less dramatic, a 15% reduction in
delta-T is very significant.

4.2.5 Fin and Braze Conclusions

The new fin design reduced the thermal resistance from the fin to the heat pipe by a factor of
five. This corresponded to a 50 °C reduction in delta-T at 20% of BAC design power. The
improvement brought about by the SSM cast fins and the tighter tolerances and better brazes
they enabled, exceeded the expectations of most parties involved. These measurement would
indicate that the original fins played a larger part in the shortcomings of the prototype BAC than
had been appreciated in the post analysis.

The conduction difference between HP#1 and HP #2 was 15.5%. HP #1 had slightly out of spec
fin dimensions while HP#2 fins were well within specification. The 15.5% measured difference
in conductance verifies the effectiveness of the specification tolerances.

This work was described in the report entitled Improved Fin Attachment and Fin Count (CLIN
000102, part of data item A002) which was initially provided to NSWC on September 28, 2007,
and provided in final editorialized form on October 10, 2007.

5. Fabrication and Testing of Heat Pipes
5.1 Heat Pipe Testing Index

More than 40 heat pipes were fabricated in the course of this work. Only 25 went into the
engineering test unit BAC. A limited number were used for specific tests (e.g. hydro), or to test
welding and pinch-off techniques. The rest were used to characterize and improve the heat pipe
conductance. The following Heat Pipe Testing Index provides a brief summary of the heat pipe
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construction and tests. This is presented as both documentation and as a guide to data that is
officially ensconced in laboratory notebooks and data files.

5.1.1 Initial Thermal Resistance Pipes June 2007

This group consisted of 1 bare tube thermosyphon, one pipe with sintered copper powder, and
one pipe with brazed copper/nickel felt. These were described in Section 4.1.2 above.

5.1.2 Plated Felt Pipes - HPs #1 - #7
These all used nickel plated copper felt. All were sintered in the belt furnace.

Heat Pipe #1

Used cast fins that were slightly out of spec.

Was fully processed and pinched off. It was tested using calorimeter can.
Best conductance was 7.5 W/K

Heat Pipe #2

Used plated felt.

Used second batch of fins that were in spec. 1 &2 were basis of fin conductivity test and report.
Was tested using cooling coil. Best Conductance was 11.7 W/K

Heat Pipe #3 (Charge Tests 10/15-10/25)

This was tested without fins. Used the heater block with thru-the-block t/cs. Used copper coil for
water cooling.

This pipe was clearly gassing. Continued over several days. 10/24 plot shows clearly.

Heat Pipe #4

This pipe was welded into a piece of plate, then had fins brazed on. It could not be pumped
down. Crack was found at weld. Repair attempt produced much more cracking. It was sectioned
by EDM.

This cracking was attributed to phosphorous from plating, that was not being removed by going
thru the belt furnace. The led to decision to use vacuum sinter on subsequent pipes.

5.1.3 Transitional Heat Pipes HPs #“A” thru #“F”

These pipes used a variety of wicks and tubing to determine what was causing the problems
observed in the Plated Felt Pipes and correct it.

Heat pipe “A”

Machined from thick tubing to test if residual carbon steel was causing gassing. It had no wick or
felt. 10/29 -10/30

Best Conductance was 32.0 W/K

Was welded into plate and taken to 10,000 psi

Heat Pipe “B”

Same as A but had electroplated wick. This pipe was eventually used for weld practice and
welded into practice plate.

Showed severe signs of gassing as indicated by rising condenser dT. Started at 2.5 K, rose to 9
by next day and to 16 over weekend. Conductance declined from 30 to about 22.

Best conductance 30.9 W/K.

Life Test Pipe
This is the felt wick pipe from 5.1.1 that was taken off the life test rack.

At 300 W the dT was about 11 K, after some effort with t/cs we got it down to 8.56. The latter
was equivalent to conductance of 27 W/K.
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Heat Pipe “C”

This used an unplated copper felt wick.

No gassing. Conductance was in 14-16 W/K region. Do not think the felt attached as well.
Pipe was eventually used for weld practice.

Heat Pipe “D”

Sintered “purple” powder. Best performing HP.

1 Bare Pipe
Initial testing of bare ( i.e. no fins) pipe with copper coil cooling and standard heater block
gave conductance values in 65 to 69 W/K range.

2 With Fins
Pipe had fins brazed to it. Initial testing based on FCS setup gave ~ 6 W/K. After CSS set it
up like #1, the best measured conductance was 32.7 W/K.

3 Pinched off with Cooling Can not Coil
When fully processed, which allowed the use of the cooling can rather than the coil, HP “D”
recorded 57.2 W/K at 555 watts by calorimeter.

Heat Pipe “E”

Heat Pipe E was sintered purple powder. It was welded into a plate section, then had fins brazed
on. It was processed using the end heater block which is how we will process the test article. It
was instrumented with t/cs mounted as they will be in test article. Initial values were 10.9 W/K.
Throwing out the condenser top t/c gave 14.4 W/K. Subsequent playing with t/cs, burping etc,
gave max of 10.0/12.6 W/K.

This is pipe that was burst test. It popped at 12,600 psi.

Pipes “F” and “G”

These were sintered in same batch with “E”. Had fins brazed on. These were to be deliverable
samples. These were used in the Engineering Test Unit HP-BAC.

5.1.4 Test Plate Pipes

Heat Pipe #03

This was the downstream back corner pipe, fully welded into the full baseplate. This pipe was
bare, i.e. no fins.

Tested on the baseplate at 105 W indicated by water flow, using the same heater block with it
showed a conductance of only 1.03 W/K

Heat Pipe #19

This pipe was adjacent to #03 at rear of downstream row.

1 In Plate
This was measured in plate adjacent to #03. It had only been lightly tacked to the plate. With
same conditions as #03 It carried 294 watts by water flow at conductance of 3.05 W/K. This
was tested the following day with various modifications to t/c and attachments but continued
to measure close to 3 W/K. This is about a factor of three better than the welded pipe.

2 On Bench
When tested on bench it had a different cooling coil to allow more t/cs. The closest
correlation to the in-plate test gave 9.4 W/K on Sat and 14.3 W/K on Monday, about a factor
of 3 better than in the plate.

3 On Bench w/new plungers (Jan 2)
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This was retested using the new thermocouple plungers used on #18. Measured conductances
were 20.0 and 20.8 W/K. This had the lowest wall temperatures recorded so far, which
indicates good attachment of the cooling coil.

4 With split heater block, countersunk plungers (Jan 3)
With improved heater block and thermocouple isolation the heat pipe conductance was 27.4
WI/K.

Heat Pipe #18

The thermocouple plungers were replaced before testing this pipe.

1 On Bench, un-welded
The pipe was removed from the plate and tested. Conductance measured was 16 W/K.
Actual results (all t/cs) were 17.0, 17.0, 15.5, 16.0, 16.0, and 16.0 W/K. The last test was
after sitting overnight).

2 After Weld into sample plate
The heat pipe was welded into a roughly 2 inch square section of 1% plate. The
conductance apparently improved to 21.75 W/K. Test values were 21.5, 22.0 and 21.75
W/K.

3 After higher Energy Weld
Because of the small sample size and non restricted access to the weld, the welding was
accomplished with less heating than would take place welding into the real baseplate. The
welding was repeated with a deliberate effort to perform a higher energy weld that involved
at least as severe heating as would occur under restricted conditions.
The conductance decreased to 18 W/K. Actual values were 17.4, 18.0 and 18.1 W/K.

5.2 Decisive Heat Pipe Tests

This section describes the definitive heat pipe tests that led to program decision or which became
standards for on going measurements.

Figure 9 shows the test setup prior to installation of insulation. The heat pipe condenser has been
enclosed in a water jacket instrumented to serve as a calorimeter. This test unit can only be used
with fully processed pipes. Heat pipes that have not been pinched off will not fit within the
calorimeter can. The water flow, and the inlet and outlet temperatures, measure the power
actually transmitted by the heat pipe.

The design of this test setup first considered airflow. The shipboard tests were up to 1750 scfm
which is approximately 10 cfm per heat pipe. The heat guns can deliver almost 1750 watts each
and deliver up to 700°C temperatures. Their flow rate was measured using a flowmeter and
found to be 10.5 cfm through the flowmeter. Three heat guns would therefore provide more than
sufficient airflow that could be throttled by the sliding doors on the outlet of the duct.
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Calorimeter tor i
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Figure 9 Test Setup for Pinched-off Heat Pipes

5.2.1. Heat Pipes #1 and #2

These heat pipes were built primarily to test the effectiveness of fin design and brazing, and the
results of that testing were described in Section 4.2.3 above.

These were built of thick walled tube (class 3300, 70/30 Cu/Ni tubing as defined in MIL-T-
16420) because it was available in a timely manner.

Heat pipe #1 was fully processed so it could be tested in the test stand shown in Figure 9. Using
the water calorimetry, the assembly was transporting 650 watts. The best value of conductance
was 7.5 W/°C which corresponds to a thermal resistance of 0.133 °C/watt. This is about half the
conductance, or twice the resistance, that was used in the HP-BAC design.
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Figure 10 HP#2 Showing Water Cooling Coil
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Heat Pipe #2 was being used to optimize the fluid charge, so it was not pinched off. The air-side
was inserted into the hot air stream of the Figure 9 test setup, but the water side did not have fins
and was cooled using a water cooling coil as shown in Figure 10. The best conductance value for
#2 was 11.7 W/°C which corresponds to 0.085 °C/watt.

5.2.2. Heat Pipe #3 - Gassing

Heat pipe #3 was being used to optimize the fluid charge in the pipe. Generally the pipe is
overcharged, and fluid is vented until the delta-T is minimized. In the course of this work, it
became very apparent that the heat pipe was generating non-condensible gas. This is evident by
two separate observations.

Fluid is vented into a graduated syringe. Generally the fluid is vented as vapor. It pushes the
plunger up with a vapor space above the liquid. After the vapor condenses, the amount of liquid
in the syringe is directly measured from the markings and the amount that has been vented from
the heat pipe is then know. During the tests on HP#3, the space in the syringe above the liquid
would not condense, and was growing with time. This is direct observation that non-condensable
gas (NCQ) was being generated in the heat pipe.

The other observable effect of NCG is an increase in the delta-T of the heat pipe. (It is this effect
that makes NCG a bad thing.) Both effects were being observed over several days of testing, but
the definitive delta-T effect is presented in F 'igure 11 The basic image was generated at the time
of testing by joining two screen :
shots from the LabView data
logging program, adding notes,
and pasting in the lab book. The : e e
figure was created by scanning dT = 7.44°C
from the lab book. The callouts in i T T = 36.4°C

white were added in this report. [
The green line is the temperature
at the outside wall of the heat pipe
at the top of the condenser and the
rust colored line is the
temperature at the bottom of the
condenser.

When the test was shut down at 5
pm on the previous evening, the

Figure 11 Screen-shot of 10/24/08 Tes“t Data

difference between these readings was 11.2°C. As shown on Figure 11, when the heat pipe
reached steady state the following morning this temperature difference had risen to 36.4°. The
pipe was “burped” at 8:52, and this delta-T immediately diminished to less than 3°C. The lab
book documents that the syringe readings show that 3.6 cc of NCG were released during this
venting. The test was run continuously for until mid afternoon. When data was next taken (2:15)
the delta-T had risen to 7.44°C, an increase of 2.5 times over a 4 hour period.

Heat pipe #3 gave unequivocal evidence of gassing. This led to the fabrication of heat pipes “A”
thru “C” to isolate and cure the gassing problem in the felt pipes.

5.2.3 Heat Pipe #4 — Weld Cracking

HP#4 was the first to investigate the effects that welding into the plate would have on the heat
pipe. It was welded into a 1-1/4” thick piece of Cu-Ni plate to simulate the HP-BAC baseplate. It
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could not be pumped down. Cracking was found
at the weld. Attempts to repair the small cracks
produced more extensive cracking. Welding of
this material had not produced cracking in
previous heat pipes. Something was embrittling
the weld.

This cracking was ultimately attributed to
phosphorus in the plating, combined with a
change in processing. HP#4 had been sintered by
passing through the belt furnace which is used to
sinter commercial copper/water heat pipes. Other
pipes had been sintered in a vacuum furnace.
The vacuum furnace is a batch process; heat
pipes are loaded, the furnace is brought to
temperature, held for sinter time, then allowed to
cool. The belt furnace has pipes fed to it
continuously and uses a controlled hydrogen
environment to control oxidation. The vacuum

Heat Pipe
#4

™

o . - Remnant of
furnace was vaporizing and pumping out any = coil used to
remaining phosphorus whereas the 1 atmosphere = = hold felt
hydrogen environment was retaining sufficient | i during

phosphorus to affect the welds. This led to a | sintering

decision to use vacuum sinter on all subsequent
pipes.

Heat pipe #4 was subsequently sectioned by
EDM to show details of fin brazes and details of  _. . A3
the welds and repairs. The sectioned pipe is Figure 12 Heat Pipes #4 and “A
shown on the right side of Figure 12.

5.2.4 Transitional Heat Pipes to Diagnose & Resolve Gassing.
5.2.4.1 Heat Pipe “A”

These early heat pipes were being machined from thick tubing, and one theory was that residual
carbon steel from the machine tools was being smeared or embedded on the inside wall and
subsequently reacting with the water to produce the gassing. Heat pipe “A” was machined , but
had no wick or felt. It produced no NCD, which laid to rest the theory that gassing was the result
of machine tool residue.

The best conductance measured on this heat pipe was 32.0 W/K. This pipe was subsequently
welded into a piece of plate and hydro tested to 10,000 psi. to confirm the integrity of the weld to
the plate. It is shown on the left side of Figure 12 after hydro testing.

5.2.4.2 Heat Pipe “B”

This was identical to “A” but had an electroplated felt wick. It showed severe gassing. When first
tested the condenser delta-T was 2.5°C. The next day it had risen to 9°C, and over the weekend it
rose to 16°C. Conductance declined from 30.9 W/K to 22 W/K over this period. This pipe was
subsequently used for weld practice.
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5.2.4.3 The Life Test Heat Pipe

This is the felt heat pipe that had been put on life test back in June, 2007. It was removed from
the rack and tested in the same manner as “A” and “B”. Its best measured conductance was 35.0
W/K. It had not gassed during almost six months on life test and showed no signs of gassing
during these tests.

5.2.4.4 Heat Pipe “C”

This pipe used an unplated copper felt wick. It did not gas. Conductance was about 15 W/K,
which about half the value from the plated felts. It was concluded that the bare copper felt was
not attaching to the heat pipe walls as well as the plated felts. This pipe was subsequently used
for weld practice.

5.2.4.5 Sintered Powder Heat Pipes “D” thru “G”

These heat pipes had wicks sintered from copper powder. Heat Pipe “D” was the best performing
HP that was individually tested during the entire program,; its best value was 69 W/K before the
fins were brazed on, and it achieved 57.2 W/K at 555 watts in the most definitive test. This pipe
and its performance are discussed in the test analysis part of this report (Section {}). All the
sintered pipes worked well and did not gas.

5.2.4.6 Conclusions from Gassing Tests

The gassing was clearly associated with the plated felt since it did not occur in bare pipe or pipes
with sintered powder. However, the fact that the life test pipe, which had been plated six months
earlier than the others, did not exhibit gassing, indicated the problem was not inherent to the
plated felt.

It was concluded that the problem was most probably due to some contamination in the plating
bath. The plating is done by an external vendor and the bath may pick up other metal ions from
other work. Special cleaning or virgin bath chemicals would solve the problem, but since the
current sintered powder pipes were out-performing the plated felt pipes, the decision was made
to use sintered powder for future pipes. The entire sintering process is under Thermacore’s direct
control.

5.2.5 The HP-BAC Test Article Heat Pipes

Heat pipes #01 thru #27 were fabricated for
installation into the baseplate and test article. O
Figure 13 shows the initial heat pipe
locations. The numbering sequence is also the O
order in which the heat pipes are welded into | ()
the plate in order to minimize stresses in the

plate. Heat pipes “F” and “G” were installed O
in positions 24 and 25 and HP’s #26 and #27 |
went into position 18 and 19 respectively.

All pipes were tack welded into position on

the baseplate as bare heat pipes, i.e. no fins. O

5.2.5.1 Heat Pipe #03

Heat pipe #3 was fully welded into the
baseplate. It was tested in the plate. Only 105 watts was transported by the heat pipe, as
measured by the water flow and temperature change on its condenser side. HP#3 measured a
very paltry conductance of only 1.03 W/K. This was thought to be primarily a measurement

ONONONONOC,
CONONONONGC)
© 6 6 006
© 6 6 6 0
CONONONONO

Figure 13 Heat Pipe Locations
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error, as most of the heat was going into the huge baseplate, both as sensible heating and as a
huge fin. Subsequent tests explored this hypothesis.

5.2.5.2 Heat Pipe #19

HP#19 was located next to HP#3 (see figure 13), but, it was only lightly tack welded to the
baseplate. When tested in-situ under the same conditions as HP#3, it transported 294 watts with a
conductance of 3.05 W/K. This is about 3 times better than HP#3 and is consistent with the
reduced heat flow into the baseplate based on its small tack welds rather than the full welds of
#3. The tack welds were then ground so it could be tested at the bench under more controlled
conditions.

For the bench test a new cooling coil was used which allowed more thermocouples to be placed
on the condenser. In the closest correlation to the in-plate tests, the measured conductance was
14.3 W/K. It was later retested using countersunk thermocouple plungers which give a reading
that is more representative of the heat pipe wall and thus more accurate values for heat pipe
performance. This yielded conductance values of 20.3 and 20.8 W/K.

5.2.5.3 Heat Pipe #18

HP#18 was removed from the plate and tested at the bench using the countersunk thermocouples.
Conductance values from 15.5 to 17.0 W/°C were measured.

To see if the heat from the welding itself was somehow degrading the heat pipe performance,
HP#18 was then welded into a roughly 2 inch square section of 1% thick plate. The
conductance apparently improved to 21.75 W/K.

Because of the small sample mass, and the unrestricted access to the pipe while making the weld,
the welding was accomplished with less heating than it would see if it were welded into the
actual baseplace. The welding was repeated with a deliberate effort to perform a higher energy
weld that involved at least as severe heating as would occur under the restricted conditions on the
actual plate. After the re-weld, the measured conductance decreased slightly to 18 W/K.

5.2.5.4 Conclusion

These heat pipes were performing well above the level that had been assumed for the design of
the HP-BAC (conductivity of 14 W/K). The low conductivities that were measured when the
heat pipes were welded into the baseplate were due to the thermal effect of the massive base
plate (as both a fin and a thermal mass), and to instrumentation errors related to the lack of
access and congested conditions for the installed heat pipes.

5.3 Hydrostatic Tests

Two hydrostatic tests were conducted. The first was conducted on Heat Pipe “A” in the bare
configuration, welded into a plate to test weld integrity. It was taken to 10,000 psi. on 11/16/07.
It distorted but did not burst. It is shown at the top of Figure 14 a.

The fully finned Heat Pipe “E” (which was welded into the same plate section as HP”A”) was
tested on 12/5/07. It burst at 12,600 psi. The test results are documented in Figure 14. Figure
14(a) shows HP “E” at 10,000 psi; distortion is evident, but the fins impart rigidity and it did not
distort as much as “A” at this pressure. In Figure 14(e) the tube is ballooning between fins.
Figure 14(d) shows cracks in the water side fins. It is conjectured that the first crack in the air
side fins, which are cast and more brittle than the tube, allowed the sudden expansion of the tube
and precipitated the burst.
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Heat Pipe “A” had been tested to 10,000 psi, it deformed but did not burst
— ——— -

——— — i —
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i — iy — . et ot ot -

Heat Pipe “E” ready to test

(a) Photo with Heat Pipe “E” at 10,000 psi.

(b) Air side after test

(c) Closeup of burst region

Burst at 12,600 psi

Figure 14 Hydrostatic Testing Photos
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6. Design and Fabrication of HP-BAC Englneerlng Test Unit

(7]

=Wate<_ _

_Water-S|d£
‘therocou
Leads '

Figure 15 Heat Pipe- Bleed Air Cooler Engineering Test Unit

Figure 15 shows the HP-BAC just prior to installation of ducts and baffles on the water side of
the unit.

6.1 Ducts and Baffles.

One of the major shortcomings of the BAC tested aboard the
Ramage was the extensive bypass flow. Both the air and the
water were able to flow around, rather than through, the heat
pipes and fins. Figure 16 is a photo of the shipboard test unit
taken through the water inlet. The large gap between the finned
heat pipes and the baffle plates dominates the flow path. Since
the gap represent a much lower flow resistance than the
convoluted path between the fins and the heat pipes, most of
the flow will take this easier path. This not only reduces the
available coolant, but also reduces the fluid velocity over the and Fins
fins with a consequent reduction in heat transfer coefficient.
This bypass flow was recognized as a major cause of the
shortfall in performance on the shipboard tests. A major
objective of the present test unit was to eliminate the bypass flow so the actual flow would
conform to the assumptions included in the HP-BAC analytical model.

Water side

Figure 16 Gap for Bypass
Flow (Shipboard unit)
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WATER DUCT

NR DUCT AIR BAFFLES
AIR INLET FLANGE

(a) Solid Model
Figure 17 Ducts and Baffles

(b) Photo

A system of ducts and baffles were designed to constrain the flow so it had to travel through the
fins. Figure 17 shows the configuration of the ducts and baffles. The baffles channel the flow
tightly around the finned heat pipes. The ducts direct the flow from the inlets to the baftled
channels. Figure 17a is an image from the solid model with the air side shell transparent and the
water side shell invisible. Figure 17b is a photo of the water side baffles.

The arrangement of the inlet flanges was dictated by the desire to make the HP-BAC similar in
size and arrangement to the existing shell-and-tube BACs. As a result, the inlets are not aligned
with the fins and heat pipes, and the flow paths are complex. The complexity of the ducts is
increased by the need to utilize existing shells for the engineering model. Figure 18 shows the
complexity of the ducts.

The baffles are copper-nickel and are welded to the copper nickel-baseplate. The ducts are of
stainless steel. They inserted into the inlets but not attached until after the baseplate, including
heat pipes and baffles, is installed into the shells. The ducts have some freedom of motion so

Air Inlet Duct (GV0153-048) Water Inlet Duct (GV0153-049)

Figure 18 Air and Water Inlet Ducts
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they can provide clearance during the installation. Once the baseplate is installed, the ducts are
slid out to make a contiguous flow path with the baffles, and the ducts are welded to the shells by
access through the inlets.

Although the heat pipes and fins occupy a small percentage of the internal volume of the BAC,
the ducts and baffles ensure that almost all of the inlet flow goes through the fins and heat pipes,
and conforms to the parameters in the analytical model.

6.2 Heat Pipe Processing

The poor performance on the shipboard tests led to the heat pipe testing described in Section 5,
and this led to very significant changes in the installation and processing of the heat pipes into
the bleed air cooler.

6.3.1 Background - Conventional Copper/Water Heat Pipes

Thermacore has produced many millions of conventional copper/water heat pipes at nominal
cost. They are processed in largely automatic fixtures with the following steps.

1. A measured amount of water is injected into the unsealed heat pipe.

2. The heat pipe is connected to a vacuum header for a measured time. This step causes the
water to boil, and the escaping steam purges the pipe of air.

3. The pipe is heated which verifies its operation and causes any remaining non condensable
gas (NCQ) to accumulate at the cold end of the fill tube. The pipe is then “burped” which
removes any remaining air or NCG.

4. The pipe is “pinched off”. A set of anvils, somewhat similar to wire cutter jaws, pinch the
copper together so it is vacuum-tight and also cuts it off at that point. The clean copper
actually cold welds together under this pressure so it is vacuum tight at this point, but a
final step dips it in molten solder to ensure a durable seal.

The heat pipes in the HP-BAC are made of copper-nickel which is much more difficult to
process.

6.3.2 Heat Pipes for The First Prototype

The subcontractor for the first prototype HP-BAC attempted to adapt copper/water heat pipe
techniques for the more complex and challenging processing of copper-nickel heat pipes which
had already been installed into the 1 3/8” thick tube sheet. By measurement at Thermacore after
the shipboard testing, only 10% of the processed heat pipes were fully functional (the detailed
results of these measurements is presented in Section 3.2.2, above.) The process steps employed,
and the shortcomings associated with them, are discussed below.

1. After injecting a measured amount of water, the heat pipe was connected to a vacuum
header for a manually controlled period of time.
a. If the time is too brief, not all the air (NCG) is purged from the pipe. The NCG
blocks the condenser and increases the thermal resistance of the heat pipe.
b. If the vacuum is applied for too long, too much water is removed from the pipe.
This leads to partial dryout, and increased resistance.
2. The pinch-off was performed manually with a device resembling boltcutters. It was
performed in a single compression step, with a single set of anvils.
a. The manual operation is not capable of exerting consistent pressure, nor of
maintaining that pressure while the tube is cut and sealed. Air can leak in while
the tube is being cut and welded.
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b. The copper nickel tube is too hard to be reliably pinched in a single stroke. The
large deformations produce cracking.

c. Potential problems are increased when only a single set of anvils is used. Narrow,
sharper anvils which produce a good seal, will concentrate stresses and make
cracking more likely if they are used for the entire pinch. Wide, rounded anvils
that do not concentrate stresses, are unlikely to produce a vacuum-tight pinchoff if
they are used for the entire pinch.

d. The single anvil, single stoke pinch off is likely to leave areas that are not fully
sealed, allowing air inleakage when the tube is being welded, and produce
cracking in the fill tube near the crimp. Partial cracks can be enlarged by residual
stresses from the seal welding. Even the tiniest of cracks will allow leakage that
disables the heat pipe operation. 18% of the pipes were found to perform no better
than a piece of tubing.

3. The heat pipes were not heat tested and “burped”. Without at heat up test, there was no
confirmation that the heat pipes were working. Without the “burping” any residual NCG
that had not been removed by the vacuum purge, would remain in the pipe and degraded
it’s performance. More than half the pipes were found to be partially degraded with about
twice the thermal resistance as designed. Another 17% were found to be severely
degraded with a thermal resistance three or more times higher than designed.

6.3.3 Upgraded Heat Pipe Design and Processing

To eliminate the problems described above, and to enable heat pipe performance to not only
equal but to surpass the original design level, processing now follows the more demanding
procedures used for high temperature liquid metal heat pipes. The changes are considered below:

1. A sintered wick was added. This improves the thermal conductance of the heat pipe. The
original design was a pure thermosyphon with no wick structure. A less expensive felt
wick was tried but did not work well.

2. The heat pipes are vacuum off-gassed for hours rather than seconds. After off-gassing the
valves are closed and the vacuum connection is replaced by the calibrated syringes as
shown in Figure 19. The (water) working fluid is then injected by slightly opening the

‘ 2 »

IR

& Syringes
& for fluid

Hydraulic=*"
“Pinch-off

to6l

et

Figure 19 Processing Heat Pipes in Tube Sheet

28



APPENDIX C

valve and reading the level on the syringe. The heat pipes are never exposed to the
environment after off-gassing.

3. After the fluid is
injected, the evaporator
portion (bottom) of the Bottom of

heat pipe is heated. This Heat Pipes
requires specially de-
signed heater blocks that .

fit on the bottom of the
closely spaced heat

pipes as shown in Figure
20.

This power-up exercises
the heat pipe and drives
any remaining non-
condensible gas to the
coldest portion of the
heat pipe which is the
fill tube. Cracking the -
valve expels this NCG Figure 20 Air Side of Tube Sheet showing Heater Blocks
into the syringe. This is

the “burping” process. The gas (if any) can be measured in the syringe, as can the amount
of liquid that is expelled. Additional water can be injected if necessary to keep the charge
within a narrow range. This process is very precisely controlled, unlike the timed vacuum
previously used.

4. A hydraulic pinch off tool was designed and fabricated specifically for the HPBAC.
Existing tools would not work due to the congestion of the closely spaced heat pipes. It is
shown in Figure 19 positioned on a relatively accessible corner heat pipe but it can access
any of the heat pipes. The test unit shown in Figures 15 and 17 had 25 heat pipes which
are all the same length. The actual HP-BAC will include 195 heat pipes of differing
lengths and will have even more difficult access.

The pinch-off is made more difficult by the need to change anvils halfway through the
pinch-off cycle, a step that is necessary to minimize deformation and preclude cracking.

With the hydraulic tool, a constant pressure is maintained while the fill tube is cut and
welded. The tool also maintains a fixed orientation of the anvils while this takes place.

At this time the heat pipes must be processed after they are welded into the tube sheet
with the fins brazed on. The fin brazing is done in a furnace, and processed heat pipes
would be over-pressurized at the brazing temperature.

5. The fill-tubes must still be cut off and welded closed. This requires two skilled people
working together to accomplish within the congested working conditions entailed by heat
pipes installed in the tube sheet.

6. After at least a day, the heat pipes are again energized with the heater blocks to confirm
that no cracks, NCG, or other degradation has been introduced as a result of the pinch off.

Approaches have been identified which could lead to the heat pipes being processed at the bench
prior to being installed into the baseplate, but this would require development (possibly Mantech
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program?) and is far beyond what can be implement for the full scale test. A full description of
the cost impact of the processing as well as potential cost improvements was provided in the
Production Cost Analysis report submitted March 31, 2008 as CLIN000102, Data Item 006. A
final version was submitted June 2, 2008.

The completed HP-BAC was shipped from Thermacore on March 20, 2008.

7 Testing

The full test report was submitted as CLIN000102, Data Item A003. In its final form it is dated
August 12, 2008. The interested reader is referred to that report for a complete documentation of
the testing performed.

7.1 Test Hardware and Facility
7.1.1 The Engineering Test Unit

The contract refers to a “test coupon”, and much of the program communications refer to a
“subscale test unit”, but all components are full sized and are installed in the shells that were
used on the USS Ramage. The only manner in which the test unit is “subscale” is that it consists
of the first 5 rows out of the 39 rows of heat pipes that would be installed on a fully loaded unit.
Figure 15 shows the Bleed Air Cooler Engineering Test Unit with the water-side shell removed,
and the 5 rows of heat pipes clearly visible. Figure 17 shows the ducts and baffles, and Section
6.1 describes them.

7.1.2 Thermocouples

Instrumentation inside the shells consist of 16 Type K thermocouples. The number of
thermocouples is limited by the Conax fittings which bring the t/c leads thru the pressure bearing
shells of the BAC.

Figure 21 shows the thermocouple mounting locations on the heat
pipes. Each of the six instrumented heat pipe has a thermocouple in  Firstt/c ..
the top fin on both the air and water sides. The inlet and outlet pipes (6 HPs)
had a second thermocouple mounted as shown. Holes were drilled
through the base of the fin and the t/c tip was inserted into the hole so
it was in contact with the heat pipe wall. The t/cs were bent to a
narrow “L” shape so that a pipe clamp on the vertical part of the “L”
could press the end of the t/c against the wall. The water side
installation is shown in Figure 22. On the water side a piece of
silicone rubber gasket (the red material in Figure 22) cushioned the t/c
and provided some thermal insulation.

2nd t/c
(2 HPs)

The air side temperatures were too high to allow the use of a rubbery
material. The fins on the water side are very close together so they do _ e
not permit access to the thermocouple location on interior pipes. The ~ Firsttc [EE==
fin was slotted to allow the t/c to nest in the pre-drilled hole in the fin (6 HPS) %
base. The air side t/cs were bent into a narrower, taller “L” shape. The
pipe clamp was applied to the long vertical part of the L clamping it to
the exposed heat pipe wall at the bottom of Figure 21.

Figure 21

With access from the side, it was possible to attach a second .
t/c locations

thermocouple at an interior position on the inlet and outlet pipes.
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Thermocouple #3 on HP #15 is located on the inlet side of the heat pipe. All other thermocouples

are located on the downstream side of the pipe.

Drawing GV0153-050-03  (attached
below as Figure 23) identifies and
locates the heat pipes as actually
installed. Figure 23 also lists the
thermocouple number(s) associated with
each pipe. !
The odd numbered thermocouples are on
the air side, with even numbers on the
water side. The heat pipe numbers are
the serial numbers of the individual heat
pipes. These are engraved on the base of
the pipes; all fabrication records and in-
house testing records, reference these
numbers. The as-installed numbers are

different than shown in Figure 13 above.
Tl“}ermocouple Ieads
R

e

Note that five instrumented pipes align
to track a full flow stream from inlet to
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Figure 23 Heat Pipe Identification and Thermocouple Locations
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outlet. Flow is from left to right in the figure, with the water side shown. One additional
instrumented heat pipe is located in the interior of a symmetric row. The data logging sequence
reflected the flow order of the heat pipes and t/cs.

7.1.3 Test Facility and Equipment

Testing was conducted at Wyle Laboratories, 128 Maryland Street, E1 Segundo CA 90245. Wyle
was selected primarily because they had conducted the performance testing on the original
Masker coolers back in 1988. Figures 24 through 27 are photos which show the test setup and
related equipment.

/' Inlet Line (air)

0 ‘1 Il | _.I\'-_ 4 ._.': [ . _
LC Tes : il _ .

‘Water Water
Inlet Outlet
line line

Air Exhaust
Coolers/Mufflers

Figure 24 Setup at Wyle Labs Test Facility View from Air Exhaust Side

7.2. Test Objectives and Test Plan

7.2.1 Objectives
The basic objective was to verify and re-calibrate, the HP-BAC model.
7.2.1.1 The HP-BAC Thermal Model

The thermal circuit consists of three resistance paths in series. There are the air side fins and
pipe, the heat pipe itself, and the water side fins and pipe.

The air side heat transfer coefficient is calculated using the lower value of the Zhukauskas
(1972) correlation for plain tube banks and the Briggs and Young (1963) correlation for
individual circular fins. For the test conditions, these correlations differ by less than 0.7%.

The water side was based on Webb “Principles of Heat Transfer”, the Zukauskas correlation for
finned tube banks, and geometric fine-tuning discussions between Dr. Wert of Thermacore and
Michael Kuszewski at NSWC

32



APPENDIX C

IHeatihg
——— and
| Handling -

|

| 'WATER: {f
\LINES £ |

ss582 pate 04-17:2008
"~ AIRCOOLER
_ DIne ==
C o gnoe
ALANCE

& JobNo.

' Specimen

HEAT B

AHERMAC

7Figure 26 BAC in Test Loop . Figure 27 Heat Exchanger (outside)



APPENDIX C

The thermal resistance of the heat pipe is simply treated as an input parameter within the HP-
BAC model. The HP-BAC design was based on heat pipe thermal resistance of 0.07 K/W. The
instrumented heat pipes in the shipboard tests averaged 0.205 K/W, a factor of three higher than
design.

Note that all heat exchanger calculations are based on correlations rather than closed-form
solutions from first principles. Correlations vary depending upon exact configuration that was
tested as compared to the configuration and conditions used to generate them.

7.2.2 Test Plan

The deficiencies identified or inferred from the shipboard tests (flow bypassing, fin attachment,
and heat pipe performance) were addressed and corrected. The testing would confirm that the
deficiencies were corrected and that the model predicts test results.

7.2.2.1 Test Conditions

The test conditions duplicate conditions for the Masker/SSGTG Starting Air Coolers perform-
ance tests. The major test parameters are:

Air Side
Flow 2450 SCFM (Navy SCFM is at 60°F)
Inlet Pressure 75 psig
Mass Flow 11,231 Ib/hr (reference for 700°F)
Inlet Temperature
Case 1 700°F (371°C)
Case 2 925°F
Water Side
Flow 90 gpm
Inlet Pressure 35 psig
Mass Flow 44,750 Ib/hr (5.638 kg/sec at 90 gpm freshwater)

Inlet Temperature 85°F (29.4°C)
7.2.2.2 Instrumentation
The thermocouples are described in Section 7.1.2 above.

7.3. Test Results

7.3.1 Test Campaign Overview

Testing at Wyle Labs was scheduled to begin on April 15, 2008. Leakage on the graphite seals
(which were re-used from shipboard tests) led to postponement. The first data was obtained on
April 19. Failure of a booster pump did not allow a full data set to be obtained, but the data was
analyzed and clearly showed that the HP-BAC was exceeding its calculated performance.

The first full data set was taken in test runs on May 12. This data clearly was in error, as the heat
being removed by the water greatly exceeded the heat being lost by the air. This data was
extensively analyzed and confirmed that the HP-BAC was performing better than calculated.

It should be noted that during the period between the April 19 and the May 12 tests, the Wyle
engineer in charge of conducting the tests, Gary Krasnianski replaced Robin Christenson.

All the flow meters, etc were recalibrated. Several runs were made at Wyle to try to analyze the
problem. Moving the water flow-meter further downstream from a control valve reduced the
magnitude of the mismatch. A full data set was taken on May 30 and analyzed.
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In facility testing, the Wyle engineer noticed that the air flow became reasonable at low
temperatures but significantly understated the mass flow at higher temperatures. The air flow
was being measured upstream of the heater, but the data logger was correcting for the density
variation that would be necessary if the flow measurement was made downstream of the orifice.
The correct massflow of the air was 42% higher than had been reported.

A test run on June 10 achieved a workable balance but did not achieve steady state operation.

A test run on June 12 took data on the 700°F air inlet condition only, so that it could run for a
long period of time to assess drift and ensure steady state. This is the definitive data set for
analysis.

A large number of individual heat pipes had previously been tested in a variety of configurations
at Thermacore. This testing was described in Section 5 above.

The December 5, 2007 testing of HP “D” provided the most directly relevant measurements of
heat pipe thermal resistance. The June 12, 2008 test run at Wyle Labs provided the definitive
data set the full sacale testing. Only the results from these two test are described below. For a full
report refer to CLIN000102, Data Item A003 titled Test Report submitted in final form August
12, 2008.

7.3.2 Models Used for Test Data Analysis

Two MathCAD models are used to analyze this and subsequent test results.
7.3.2.1 Heat Loss Model

This model primarily adjusts the Wyle data to serve as input to the Bleed Air Cooler Model
described below. Each version is saved in a file “700F Heat Loss [5-12 data Case 2].mcd” where
the numbers within the brackets change to reference the particular data set and assumptions.

This model primarily calculates two heat flows. A significant amount of the heat transferred
from air to water goes through the baseplate rather than the heat pipes. In a full loaded bleed air
cooler this path is negligible, but the test article has only 5 of the 39 rows populated with heat
pipes so theis path must be subtracted from the Wyle data to give a meaningful measure of heat
pipe performance.

For the tests, the bleed air cooler shell was not insulated. Therefore, some of the heat from the
hot air is simply lost to the ambient air, rather than being transferred to the cooling water. With
reliable data, this would be the difference between the heat loss measured for the air and for the
water, but in the early cases where the data violated the 2" Law, it was necessary to calculate
this heat loss to attempt to understand and de-bug the data.

The Heat Loss Model also performs certain calculations to generate inputs in a form that the
BAC model can digest.

7.3.2.2 Bleed Air Cooler Model

This is the basic model that was used to design the Bleed Air Cooler. The primary purpose of the
testing is to validate and refine the model. The geometry, flows, temperatures, etc are input from
the data. The heat pipe resistance is an input to the model, not a calculated variable. The heat
pipe resistance was varied so that the heat transport calculated by the model balances the power
measured in the tests. Since the measured power in the early tests clearly violated the Second
Law, the model was actually used to provide a clue as to the error source in the Wyle data.
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7.3.3 Results from Testing of June 12, 2008

The water pump inlet was altered to ensure that it remained well submerged during all
conditions. This eliminated the severe variations in the water flow in the previous test and
provided the definitive data set. . This test was conducted for only the 700°F inlet air condition,
thus minimizing the effects of the significant thermal mass to affect the apparent heat transfer
from air to water.

7.3.3.1 Data Reference

The test data for 6/12/08 testing is contained in the file “Robin-069 with flow calc 083.xIs”. This
contains the model for the air flow correction as well as the Wyle air flow and power calculated
using that model. The data from lines 3828-4067, which are the timelines from 16:33 t016:36,
were averaged to provide input for the heat pipe analysis. These averages became line 2.

The heat loss analysis is in MathCAD file “700F Heat Loss 6-12-data Case 1.mcd”. The HP-
BAC model analyzing this data is in MathCAD file “700F BAC Model 6-12 data.mcd”. Since
Wyle had confidence in the air and water data, only one case was run.

7.3.3.2 Test Results

90 — O4
85
=
* z %
LY " o
$ < e e el S
< . R A LTI - %
S mmm AN
0 80 Lot e gl - 897
5 -
o R 8
. (1]
oo . . g, S
Vet e, . Y . e . - o Yo
v verevet e ‘~ ‘ro z * ". . ot e e -
75 A P * v = ; 3 . s . ;
Frver. * L e I . . . “‘ .
'\:.-“._r\- LN - . . : .
'.,":"-' + Air Power - Water Power . Water Flow ¢ ., f
‘?"' *% ¢ “‘
70 : *\' - T T T T T T T T 84
15:33 15:40 15:47 15:54 16:01 16:09 16:16 16:23 16:30 16:37 16:45
Time 6/12/08 (hh:mm)

Figure 28 Wyle Power and Flow Data from 6/12/08 Test

Figure 28 shows the power and flow data as received from Wyle (BTU/minute was converted to
kW). Note that the water flow is extremely steady with almost no spread in the data. With the
steady flow, the scatter in the water power data has been reduced from about 20% on previous
tests, to about 10%. This spread is due to scatter in the water temperature data.

While the scatter in the air power data appears random, the scatter in the water power data falls
into distinct layers. The water temperatures, as recorded, also exhibit this layering. Although the
data is recorded to five decimal places, the recorded values repeat discrete value multiple times.
Table 6 shows 21 consecutive data points for water outlet temperature. The various colors show
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system.
Table 6 Repetition of Data Values
106.64747 106.47938 106.64747 106.64747 106.42335 106.47938 106.64747
106.59144 106.47938 106.7035 106.59144 106.59144 106.59144 106.75954
106.64747 | 106.75954 | 106.75954 | 106.75954 | 106.7035 | 106.81557 | 106.81557
7.3.3.3 Analysis

7.3.3.3.1 Heat Loss Analysis

The Wyle data was used directly. The heat loss model calculated that 12.5 kW was being
transferred to the water thru the tube sheet (plate). Since the Wyle data indicated that the water
had absorbed 78.2 kW, this meant that the heat pipes were transferring 65.7 kW.

The heat loss program calculated that 7.86 kW was being lost through the uninsulated shell of
the BAC. This should account for the difference between the heat loss by the air (80.5 kW) and
the heat gained by the water (78.2 kW). The measured difference of 2.3 kW is less than 1/3 of
the calculated 7.86 kW. For the 6/10 test the measured difference was 81% of calculated.

7.3.3.3.2 HP-BAC Model Analysis

The HP-BAC could not balance the 65.7 kW that the heat pipes were apparently transporting
based on the Wyle data. If a heat pipe resistance of 0.001 °C/watt was assumed in the model, the
calculated heat pipe power was 62 kW compared to the 65.7 kW test value. At this resistance the
model predicts heat pipe wall temperatures of 97.0 and 93.1°C which are much higher than the
84.5 and 88.3°C measured during the test. When the model was run at a reasonable resistance of
0.020 °C/watt, it predicted heat pipe wall temperatures of 89.8 and 86.9°C which compare well
with the measured values. At this resistance the model calculated heat pipe power of 54.9 kW
which is far short of the 65.7 kW indicated by the Wyle data.

7.3.4 Heat Pipe “D” Testing, Nov.-Dec. 2007

All of the heat pipes used in the engineering test unit were tested at Thermacore, as were a
number of other heat pipes which were built to assure that the new design and processing
resulted in a pipe that exceeded the original requirement. Of all these heat pipes, Heat Pipe “D”
was tested in a configuration that is closest to the actual operating conditions.

The letter “D” is a serial number engraved on the evaporator end cap. HP “D” was one of five
heat pipes made to examine the transition from bare thermosyphons to fully wicked pipes. Heat
Pipe “C” used a felt wick and exhibited gassing. Heat Pipe “E” was the burst test pipe.

7.3.4.1 Bare Pipe Test, Nov 15, 2007

Before the fins were brazed to the pipe, but after the wick was sintered into the bare tubing, the
heat pipe was tested to establish a baseline performance. The condenser side was cooled by
circulating water thru copper tubing that was coiled around the top of the heat pipe. The
evaporator was heated within a heater block clamped around the pipe. The heater block had
spring loaded thermocouples through the block at three locations to measure the heated surface
directly.

Figure 29 is a screenshot of the test results as displayed in LabView at 10:23 a.m. These same
thermocouple readings were entered in the lab notebook, which also documented the water flow
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Figure 29 LabView Data from Bare Pipe Test on 11/15/07

rate at 1500 cc/min. At this flowrate, each 1°C rise in the water temperature equals 105 watts of
heat absorbed by the water. The pipe had been run for about an hour on the previous evening
with roughly similar performance. The water rose 4.08°C which indicates power transport of
438 watts. The average condenser temperature was 145.0°C, the average evaporator temperature
was 151.02°C for a heat pipe delta-T of 6.29°C. This yields a measured conductance of 69.1
W/°C or a resistance of 0.0145 °C/watt.

7.3.4.2 Heat Pipe “D” Test of 12/5/07

For this test, the heat pipe was fully processed with the fill tube pinched and welded off. The
condenser end was sealed in a canister where it was directly in the flowing water. The evaporator
side was heated with hot air. This was the lab test most representative of the conditions in an
operating HP-BAC.

7.3.4.2.1 Test Equipment and Set Up

Figure 9 in Section 5 shows the overall test set
up. Three industrial heat guns supply hot air into
a plenum which channels the hot air into an
appropriate flow channel duct for a single heat
pipe. Figure 30 shows the heat pipe from the
exhaust end of test ducts. The flow cross section
of the duct is 1.625”x 4.5625”. Doors on the end
can be used to throttle the flow, and are shown
partially closed in this view.

This arrangement does achieve the BAC
operating air temperature, but, without
compressors, it cannot begin to match the
operating mass flow or volume flow. The heat
guns produced a measured velocity of 490 to

Figure 30 Duct Outlet View
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580 feet/min with two heat guns running. A value of 550 ft/min was taken as the average
velocity through the duct. The measured velocity results in a volume flow of 28.3 cfm per heat
pipe and a mass flow of 56.2 Ib/hr per heat pipe. The actual operating volume flow is 4.6 times
the test flow, and the operating mass flow is 40.4 times the test flow.

3.8.2.2 Test Results of 12/5/07
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Figure 31 LabView Data from Heat Pipe “D” Test on 12/5/07

Figure 31 is a composite screenshot of the test data as displayed in LabView at 3:57 pm on
December 5, 2007. This was the last data set recorded in the lab book and was used as the basis
of analysis. The lab book also documented the coolant water flow rate of 1500 cc/minute. At this
flowrate, each 1°C rise in the water temperature equals 105 watts of heat absorbed by the water
so the temperature difference between water inlet and outlet of (5.29°C) indicates power
transport of 555.5 watts. The temperature difference between evaporator and condenser (9.71°C)
yields a heat pipe conductance of 57.2 W/°C which is a heat pipe resistance of 0.0175 °C/watt.
To put this in perspective, the HP-BAC aboard the Ramage was designed assuming a heat pipe
resistance of 0.07°C/watt and the heat pipes in the shipboard test averaged only 0.205°C/watt.

7.4. Analysis and Conclusions

Data was analyzed as it was obtained, but most of the Wyle tests clearly had erroneous data. The
6/10 test was the first Wyle test that was not violating the Second Law, and the June 12 test data
is the official reference for the testing. All analysis in this section refers to the 6/12/08 test data.

The heat pipe “D” testing was performed back in December 2007. This was not done to quantify
heat pipe performance but to evaluate the effects of welding and brazing processes on the heat
pipe. When the official Wyle test data combined with the HP-BAC Model gave unreasonable
values for heat pipe performance, the Heat Pipe “D” test data was revisited to help clarify the
results.

The various tests and the model are discussed above. This section examines them together to best
evaluate all results and the plan for going forward. To facilitate cross-comparison, all data was
reduced to thermal resistances. These are summarized in Table 7.
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Table 7 Summary of Thermal Resistance Predictions and Results

Test LAB TEST BASELINE Wyle Test Conditions
Category HP "D" KLW ALP WYLE KLW

Parameter Test Results MODEL MODEL AVERAGE MODEL
Ruirsige (°C/W) 0.480 1.006 1.427 0.027 0.109
Rhz20side (°C/W) 0.140 0.189 0.174 0.018 0.022
Ryp (°C/W) 0.017 0.024 0.024 0.091 0.024
Riotal (°C/W) 0.637 1.219 1.625 0.135 0.155

In this table and subsequent discussions: Ryisige 1S the thermal resistance from the air to the heat
pipe wall; it includes the air-to-fin heat transfer coefficient and the conduction losses in the air
side fins. Riposige 18 the thermal resistance from the heat pipe wall to the water; it includes the
heat transfer coefficient from water-to-fin and the conduction losses in the fin. Ryp is the overall
stand-alone heat pipe thermal resistance including conduction losses though the heat pipe walls
in the evaporator and condenser, as well as the evaporation and condensation heat transfer
coefficients.

7.4.1 Discussion of Results from Lab Test Baseline

The test setup and results for Heat Pipe “D” are described in Section 7.3.4 above. This data was
reexamined to give further insight into the Wyle test results. This test was conducted at the same
air temperature, but at much lower air flow, so the power transported was about 20% that of the
Wyle test.

The HP-BAC Model, which is referred to as the KLW Model in Table 9 and most discussion in

Resistance (*C/W Heat Pipe "D" Test Conditions

OHP "D" Test
B KLW Model
OALP Model

ALP Model
KLW Model
Air Side

Water Side HP "D" Test

Heat Pi
eat Pipe Total

Figure 32 Thermal Resistance - Model Comparison with HP “D” Test Results
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this section, models 39 rows of heat pipes in a staggered bank arrangement. A simplified, stand-
alone, finned, heat pipe model was developed to more directly represent the HP “D” test
conditions. This is referred to as the “ALP Model”. The resistances from the two models, and the
as-calculated resistances from the Heat Pipe “D” test data, are presented in Table 9 and
compared in Figure 32.

The heat pipe resistance of 0.017 °C/W shown in the HP “D” row was calculated directly from
the measured temperatures. The value of 0.024 °C/W was an input to the models. The latter
value was calculated independently (from first principles) and represents the minimum resistance
that the heat pipe could have. Since this is considerably higher (about 40%) than the resistance
measured in the testing, there is no question that the test data must be somewhat erroneous.

The most likely source of error on the heat pipe resistance would be measurement error on the
evaporator and condenser temperatures. The thermocouples are trying to measure the wall
temperature of the pipe while immersed in a stream of very hot gas or cold water. It is likely that
the thermocouples are measuring (at least partly) the temperature of the fluid in which they are
immersed rather than solely the temperature at the heat pipe wall. However, such errors would
result in the heat pipe resistance being anomalously high rather than anomalously low. An error
in the thermal power transport would produce anomalously low heat pipe resistance, but the
calorimetry is less likely to be in significant error than the wall temperature readings. The flow
meter was manually calibrated

Both models are conservative in that they predict higher thermal resistance than was observed in
the testing.

7.4.2 Discussion of Results from Wyle Test Conditions

The tests conducted at Wyle Labs on June 12, 2008 represent the official test results of the Wyle
test campaign and are described in Section 3.7 above. These results, expressed as thermal

OWyle Data
0.120 B KLW Model

0.000 KLW Moc

AirSide |\ ter Side Wile Data
Heat Pipe

Total
Figure 33 Thermal Resistance - Model Comparison with Wyle Test Results
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resistances, are compared with the corresponding values calculated in the HP-BAC model (KLW
Model) in Figure 33.

The overall results agree rather well; the model is somewhat conservative compared with the test
results. The major variance between the model and the test data is the air side resistance. This is
accounted for by the variance between the predicted heat pipe wall temperature and the measured
heat pipe wall temperature on the air side. The data in Table 8 clearly shows this variation.

Table 8 Air-Side Data

INLET AIR FIRST ROW LAST ROW OUTLET AIR
303 .5°C 334°C 289°C Test 337.6°C
(740°F) 136°C 128°C Model (641°F)

The thermocouples are attempting to measure the temperature of the heat pipe wall while
immersed in a turbulent flow of extremely hot air. From the data in Table 10, it should be clear
that the thermocouples are being dominated by the air temperature rather than the heat pipe wall
temperatures. (The other end of the heat pipe is immersed in water at 38°C, and both model and
test data show a water side wall temperature near 87°C.) These erroneous high temperatures
readings result in the very high heat pipe resistance, as well as the unreasonably low air side
resistance, measured in the testing. In future tests, intrinsic thermocouple junctions will be used
to minimize this problem.

The large variation in air-side and heat pipe thermal resistance shown in Figure 33 is clearly due
to the erroneous temperature measurement. The total heat transport, as measured and as
calculated, agree to within 15%, which is within the expected accuracy of the correlations used
in the model. The large error in air side temperature measurement precludes an accurate
calibration of the heat pipe resistance under actual operating conditions.

7.5. Interpretation of Results

7.5.1 Overall Conclusions/Interpretations
The following conclusions/interpretations can be safely made from the test data and analysis:

1. The HP-BAC model is of the correct form and accurately predicts the relative
performance of Rairsidge, Ri20side and Rygp. This is most clearly seen in Figure 32.

2. There exists some doubt about the accuracy of the Heat Pipe “D” test results since the
measured resistance is less than the thru-the-wall conduction resistance of the heat pipe
itself.

3. The measured values of the air-side heat pipe wall temperature in the June 12 test data are
very high and are concluded to be dominated by the air temperature rather than the wall
temperature. R,irsige Should be higher, and Ryp should be lower so these resistances are of
the same relative relationship as the HP-BAC (KLW) model data in Figure 33.

4. The overall resistance predicted by the model is 15% higher than that measured in the
tests. While this is within the expectations of a model based on correlations rather than
first principles, the error in the air-side temperature measurements precludes using the
test results as a direct calibration of the model.
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7.5.2 Project Engineer’s Conclusions/Interpretations/Conjecture

The project engineer has two conclusions which are based on a feel for the data and the
hardware:

1. The Wyle data for water flow and/or water power is high. The correct flow/power is
somewhat lower. This conclusion (conjecture) is based on the following indications:

a. Most of the tests run at Wyle had the water removing more energy than the air
was supplying. These correction involved moving the water flow meter so it was
not picking up cavitation on the downstream of the throttling valve, and moving
the water inlet so it was not sucking air at the inlet. Both errors resulted in over-
stating the water flow rate.

b. The water power data is layered (see Figure 28) which indicates some smoothing
function is being applied to the data collection which has not been identified.

c. The heat that is being lost to ambient air from the uninsulated Bleed Air Cooler,
while not impossibly low, is much less than would be expected for the test
conditions.

Reducing the water flow/power value would raise the overall resistance and reduce the
variance with the model.

2. The heat pipe resistance value used in the models is still too low. The present value is the
absolute minimum of what it could be.

One statement: Although the project engineer expresses some doubts about the official test data,
it is certainly worthy of note that these doubts are because the data say the HP-BAC is
performing too well and not because the data say it is performing below expectations.

7.6 Actions Going Forward

The Heat Pipe “D” testing will be repeated with the explicit purpose of accurately measuring the
heat pipe thermal resistance. This will employ intrinsic thermocouples and closely calibrated
calorimetry.

The validated heat pipe resistance will then be used to reapportion the resistances in the Wyle
test data. This should result in the Wyle data bars assuming very nearly the same shape as the
KLW model bars in Figure 33. This still leaves about a 15% variance between the total
resistance for the two cases. With a somewhat higher value for the heat pipe resistance in the HP-
BAC model, its overall resistance will increase, somewhat raising the total variance.

The model is based on heat transfer correlations relating to staggered tube banks. A 15%
variance is within the expected tolerance and it would be straightforward to use the Wyle data to
recalibrate the model. As stated in 7.5.2 above, the Project Engineer doubts the Wyle data
relating to water flow, and the design going forward will not recalibrate by the full 15%. This
will allow some margin for the more varied flow conditions that will be encountered with the
extended, multi-length heat pipes in the pre-production unit.
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Executive Summary
Cast fins were obtained to improve the thermal resistance associated with the fin/heat pipe
interface in the original heat pipe bleed air cooler (HPBAC).

Two heat pipes were fabricated using the new fin design. HP#1 used new design fins that were
slightly out of spec. HP#2 used a later batch of fins that were well within all specifications. The
later fins resulted in much better brazes.

Conductance tests were performed to measure the thermal resistance from the fins to the heat
pipe wall. The measured delta-Ts were:

Heat Pipe #1 9.87 °C

Heat Pipe #2 8.32°C

Heat Pipe #195 62.05 °C (This was from the original HPBAC)
Conclusions

The new fin design produced a factor of six improvement in the conductance between the fin and
the heat pipe.

The conductance difference between HP#1 and HP#2 was 15.5% which confirms and justifies
the need for the tight fin dimensional tolerances
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Background

One of the shortcomings recognized in
the prototype BAC, was the brazing of
the fins to the heat pipes. The original
fins were formed, but copper nickel does
not draw very well. Figure 1 shows the
shape of the fin collar and its impact on
fit and braze.

The direct contact between the collar and
the heat pipe is limited to a very thin line
(at the right in Figure 1). About two-
thirds of the available contact length is
occupied by thick braze material, and
about one-third is simply void. The braze
material is a poor conductor compared to
the base copper-nickel, and the void is an
insulator. The result is a very high
thermal resistance between the fin and the
heat pipe. This was identified as an area
for improvement and was specifically
addressed as Item 3.4.4 of the present contract.

Figure 1 Fin Braze Detalil
from EWI Welding Report (N00014-02-C-0106)

New Fin Design and Fabrication

Casting the fins would eliminate the forming problems and some cracking issues, but it was
ultimately determined that only machining of the cast fins would provide an interface that would
allow a truly effective braze joint. Vforge of Lakewood CO developed a casting technique and
supplied the fins used to make test article heat pipes. Vforge was contracted by Advanced
Technology Institute (ATI) of Charleston, SC to advance the development of semi-solid-material
(SSM) casting technology in copper materials. ATI and Vforge have been working with NSWC
and Thermacore to improve fin fit and performance. The contributions of Vforge and ATI to this
effort are supported under the Copper-Based Casting Technology program, Cooperative
Agreement W911NF-04-2-0008 between The Advanced Technology Institute (ATI and the U.S.
Army Research Laboratory (ARL).

The design of the air side inlet fin which was used for these heat pipes is shown in Figure 2
which is drawing GV0153-005. Three features of this design should be noted. One is the
incorporation of tabs on the side to permit the stacking of fins to provide the 2 fins/inch spacing
required for the air inlet section. The second feature is the radius on the top (non tab side) which
supports a ring of braze material. The third feature is the tolerancing on the ID of the fin.
Combined with the tolerancing on the heat pipe shell, this sets the maximum gap that must be
bridged by the braze. This ensures that there will be no voids between the fin and the heat pipe,
and also minimized the thickness of the relatively poor conducting braze material.

The first set of fins received were out of spec. In order to proceed with fabrication, the heat pipe
body was machined slightly smaller than specified so that the fins would fit over it. These first
fins were slightly out of round, so that the maximum gap between fin and heat pipe exceeded
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specification. Since the gap was still sufficiently small that capillary pressure would constrain the
braze so it wouldn’t drain from the joint, it would provide a good braze, and assembly proceeded
with the fins on hand. The issue was discussed with Vforge. The out of tolerance was not related
to the SSM casting process, but was a misunderstanding on their machining step, and was
promptly resolved. The second set of fins were well within specifications, and produced

. Spacer
- Tabs

beautiful brazes.

Heat Pipe #1

The proof of the fin design required the fabrication of test heat
pipes. This would verify fit, brazing effectiveness and
performance, and would reveal any unanticipated assembly or
processing problems. Figure 3 shows the heat pipe, with fins
positioned, ready to be put in the brazing furnace. The first air-
side fin is tack welded in position and the remaining air fins are
stacked using the tabs cast into the fins. Note that in an actual
bleed air cooler the lower tabs would rest on the mid plate and
the tack weld would not be required. The bottom water-side fin
is also tack welded, but the upper fins are spaced using a spacer
block. Rings of braze wire fit nicely in the recess designed into
the fins to receive the rings. When the ring melts, capillary
effects pull the molten braze into the gap between the fin and
the pipe. The braze rings do not touch the fin above them, so
the braze material per fin is fixed. Material that does not fit into
the gap is left in a puddle in the recess, and in a meniscus at the
bottom of the fin. The braze results are discussed below.

Figure 4 shows the heat pipe after brazing as installed in the
test duct prior to charging and processing. It was processed in
this duct using heated air on the evaporator side and cool air on
the condenser side.

Heat Pipe #2

The fabrication of heat pipe #2 was delayed so that the second
batch of fins could be used. These fins were will within
specification and eased assembly. The braze results are
discussed below. Figure 5 shows Heat pipe #2 after brazing
and before processing. This used water flowing through a coil
of copper tubing to cool the condenser during process. The
water cooling arrangement used for testing the heat pipes,
shown in Figures 10 could not be used until the valve was
removed and the fill tube pinched off.

Figure 3 HP#1 Ready
to Braze
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Figure 4 HP#1 in Test Duct
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Figure 5 HP#2 Showing Water Cooling Coil



BRAZE COMPARISON

Figure 6 shows the fin braze results for the two heat pipes. Compare these brazes with the braze
in Figure 1 to put the improvements in perspective.

APPENDIX D

Figure 6 Fin Braze Images

Heat Pipe #1 yielded very good visual results; heat pipe #2 was slightly better. One consistent

difference that can be seen by
studying the images is that the
braze fillets are slightly higher (i.e.
closer to the plane of the fin) for
heat pipe #2. Since each braze
rings contains the same amount of
material, this indicates that there
were less gaps to fill on heat pipe
#2, and provides visual con-
firmation of the better fit of the
fins.

Figure 7 gives a magnified close
up view of the resulting braze.
This is simply a beautiful braze.

This ring is just a lip line from the fin moldis

Braze meniscus
Dashed lines
show where braze
. _material flowed

Figure 7 Close-up View of Braze
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Fin to Heat Pipe Conductivity Test

Figure 8 shows the simple
heater block used to evaluate
the thermal connection of the
fins and heat pipe. It encloses
two 50 watt cartridge heaters.
The test data was taken at a
total power of 55 watts which
corresponds to about 20% of
the per-fin power when the
BAC is at its design power
of 425 kW.

The heater block clamps to
the edge of the fin and has a
slight lip that rests on a thin
section of the top. Figure 9
shows a cross section of the e
heater block to illustrate how
it is mounted and how the
heat enters the fin. Figure 9
also shows the location of the
two thermocouples. One is on

the upper surface of the fin Figure 8 Fin Conductivity Test Setup

and is a conservative repre-

sentation of the fin temperature. The second t/c is mounted on the heat pipe wall just below the
fin. Both are slightly embedded in shallow holes in the surfaces they are monitoring.

The temperature difference between these two points is
primarily caused by the resistance of the coupling
between the fin and the heat pipe. This delta-T is a
quantitative measure of the thermal connection between
fin and heat pipe.

Conduction Test for Heat Pipe #1

The power was raised to an indicated 102 watts and the
temperature at the fin rose to 200°C at which point the
power was reduced to an indicated 54 watts. After 15
minutes the temperature had stabilized around 168° for
the fin. Six data sets were taken over the next 45
minutes with random variations between them. The

Thermocouple

. Heat enters
on fin

around edge

Figure 9 T/C’s and Heat Input

lowest delta-T recorded was 9.4 °C and the highest delta-T was 10.4 °C. The average was 9.87

°C.
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Conduction Test for Heat Pipe #195 from the Unsuccessful Prototype
BAC

The test was repeated on a heat pipe from the existing bleed air cooler to quantify the
improvement from the new fins and brazing. Heat pipe #195 was tested because it was the most
accessible, located at the corner of the heat pipe array. The fin and heat pipe were cleaned of
corrosion and crud. The same preparation as for HP #1 was repeated, including drilling shallow
holes (t/c wells) to fix the thermocouples and make sure their junction was inside the surface it
was measuring. Thermal grease was used around the heater block and in the t/c wells. The same
equipment from the HP#1 test was reused.

To warm things up, the power was initially set to an indicated 100 watts. The fin temperature
rapidly shot up to 250°C so power was lowered to an indicated 55 W. Temperature lowered then
crept back up. As expected for a conduction measurement, the delta-T remained reasonably
constant as the fin temperature rose from 248.0°C to 259.7° over the next quarter hour. The
average delta-T over this period was 62.05 °C.

Conduction Test for Heat Pipe #2

The test was repeated on Heat Pipe #2 using the same equipment. At this time HP#2 was not
charged so it was not working as a heat pipe. The power was initially set to 100 watts and when
the fin temperature passed 200°C it was reduced to an indicated 55 Watts.

The fin temperature settled in the 228 to 230°C range. Five readings were taken that varied from
8.2 to 8.4 °C and averaged 8.32 °C.

It should be noted that HP#2 had 1.5 °C less delta-T than HP#1, or a 15.7% reduction. While the
differences visible in Figure 6, may not be that apparent much less dramatic, a 15% reduction in
delta-T is very significant.

Conclusions

The new fin design reduced the thermal resistance from the fin to the heat pipe by a factor of
five. This corresponded to a 50 °C reduction in delta-T at 20% of BAC design power. The
improvement brought about by the SSM cast fins and the tighter tolerances and better brazes
they enabled, exceeded the expectations of most parties involved. These measurement would
indicate that the original fins played a larger part in the shortcomings of the prototype BAC than
had been appreciated in the post analysis.

The conduction difference between HP#1 and HP #2 was 15.5%. HP #1 had slightly out of spec

fin dimensions while HP#2 fins were well within specification. The 15.5% measured difference
in conductance verifies the effectiveness of the specification tolerances.
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Heat Pipe Testing

Figure 10 shows the test setup prior to installation of insulation. Figure 4 provided a different
view of the ducting and showed the heat pipe extending out the top. In Figure 10 the heat pipe
condenser has been enclosed in a water jacket instrumented to serve as a calorimeter. The water
flow, and the inlet and outlet temperatures, measure the power actually transmitted by the heat

pipe.

7
Uoe
-

HEAT GUNS -

Figure 10 Heat Pipe Test Setup

The design of this test setup first considered airflow. The shipboard tests were up to 1750 scfm
which is approximately 10 cfm per heat pipe. The heat guns can deliver almost 1750 watts each
and deliver up to 700°C temperatures. Their flow rate was measured using a flowmeter and
found to be 10.5 cfm through the flowmeter. Three heat guns would therefore provide more than
sufficient airflow that could be throttled by the sliding doors on the outlet of the duct.

Heat Pipe Test Results

These heat pipes were built to test the effectiveness of fin design and brazing. They were built of
thick walled tube (class 3300, 70/30 Cu/Ni tubing as defined in MIL-T-16420) because it was
available in a timely manner.

Heat pipe #1 was fully processed and tested in the test stand shown in Figure 10. The best value
of conductance was 7.5 W/°C which corresponds to a thermal resistance of 0.133 °C/watt.

Heat Pipe #2 was evaluated during processing when it was cooled by a coil (see Fig 5), rather
than the calorimeter shown in Figure 10. The best conductance value for #2 was 11.7 W/°C
which corresponds to 0.085 °C/watt.

10
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1. The BASE Production Cost Estimate

The estimated production cost of a Bleed Air Cooler is $295,409. The breakdown of this cost is
provided in Figure 1 which is the summary sheet of an Excel file, an electronic copy of which
has been provided with this report.)

1.1 Components of Cost

1.1.1 Pressure Shell

The external pressure shell, including fittings and required pressure testing, is subcontracted to
Wiegmann & Rose. This subcontract is shown as Task 6 on Fig. 1. The external shell and its
required pressure testing account for $135,132, or 45% the total.

1.1.2 Internal Materials and Parts

Other materials and parts, (the sum of the materials lines from tasks 3-5 of Figure 1), account for
$55,636, or just under 20% of the total.

1.1.3 Assembly and Processing

The assembly, installation and processing of the heat pipes and other internals, the work
performed by Thermacore, accounts for 104,640, or 35% of the total. This estimate is based on
the experience of fabricating the recently completed test unit.

1.2 Cost Comparisons

1.2.1 Comparison with Production Cost Estimate of 2005

An earlier version of the Bleed Air Cooler was delivered and tested in 2005. The production cost
estimate provided at that time was $197,296. This was about two-thirds of present cost estimate
($295,409),.

There are two fundamental reasons for the increase in cost:

1. Dramatic Rise in Commodity Prices
The Cooler is fabricated in large part from copper/nickel alloys which have experienced
dramatic increases in material costs.

2. Technical Issues
The successful resolution of technical issues revealed by shipboard testing of the original
HP-BAC has led to dramatic increases in processing costs of the heat pipes. The changes
are discussed in Section 2 as well as possible manufacturing changes to minimize this
impact.

1.2.2 Cost Comparison with the Masker Cooler.

The original Masker and Prairie Coolers were manufactured by Wiegmann & Rose in the
1980’s. The estimated cost of a standard tube-in-shell heat exchanger (Masker Cooler) would be
$125,000-$150,000 if purchased today(l). Note that this is very comparable to the pressure shell
of the HP-BAC as described in Section 1.1.1.
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BLEED AIR COOLER PRODUCTION COST ESTIMATE

April 1, 2008
Avg Dir rate Gov't Approved
Manager $37.55 Overhead 200%
Sr Engineer $35.37 G&A 15.35%
Engineer 33.92
Sr. Tech 24.55
Technician 18.67
CAD 29.78
10%
Hours [ Direct Cost]| Overhead |  G&A [ TotalCost | FEE PRICE
TASK 1 MATERIALS AND DOCUMENTATION
|SrEngineer ] | 160] 5,659] $11,318.40] $2,606.06] $19,583.66] $1,958.37 $21,542.03
|Sr Technician | | 40( 982]  $1,964.00]  $452.21] $3,398.21 ] $339.82 $3,738.03
|Task 1 Subtotal | 6,641] $13,282.40] $3,058.27| $22,981.87| $2,298.19 $25,280.06
TASK 2 SINTERING
[SrEngineer | | 0f 0] $0.00] $0.00] $0.00] $0.00 $0.00
[Sr Technician_| [ 82.11] 2,016] $4,031.60]  $928.28] $6,975.68] $697.57 $7,673.25
[Task 2 Subtotal [ 2,016] $4,031.60]  $928.28] $6,975.68] $697.57 $7,673.25
TASK 3 HEAT PIPE ASSEMBLY
Sr Engineer 0 0 $0.00 $0.00 $0.00 $0.00 $0.00
Sr Technician 82.11 2,016]  $4,031.60]  $928.28 $6,975.68 $697.57 $7,673.25
Materials 5,959 $0.00]  $914.71 $6,873.71 $687.37 $7,561.08
[Task 3 Subtotal | 7,975]  $4,031.60] $1,842.98] $13,849.38] $1,384.94 $15,234.32
TASK 4 ASSEMBLY INTO TUBE SHEET
Sr Engineer 0 0 $0.00 $0.00 $0.00 $0.00 $0.00
Sr Technician 209 5,131] $10,261.90 $2,362.80 $17,755.65 $1,775.57 $19,531.22
Materials 37,089 $0.00] $5,693.16 $42,782.16 $4,278.22 $47,060.38
$0.00
[Task 4 Subtotal [ 42,220] $10,261.90] $8,055.96] $60,537.81] $6,053.78 $66,591.60
TASK 5 Processing Heat Pipes
Sr Engineer 0 0 $0.00 $0.00 $0.00 $0.00 $0.00
Sr Technician 476 11,686 $23,371.60] $5,381.31 $40,438.71 $4,043.87 $44,482.58
Materials 800 $0.00]  $122.80 $922.80 $92.28 $1,015.08
$0.00
|Task 5 Subtotal | 12,486] $23,371.60] $5,504.11] $41,361.51| $4,136.15 $45,497.66
TASK 6 Weigmann & Rose
Sr Engineer 0 0 0.00 $0.00 $0.00 $0.00 $0.00
Sr Technician 0 0 0.00 $0.00 $0.00 $0.00 $0.00
Materials 106,500 0.00] $16,347.75 $122,847.75 $12,284.78 $135,132.53
$0.00
[Task 6 Subtotal [ 106,500] $0.00] $16,347.75]  $122,847.75] $12,284.78 $135,132.53
total cost fee price
TOTAL $268,554.01  $26,855.40 $295,409.41
Thermacore In-House $95,127.59 $9,512.76 $104,640.35

Figure 1 Production Cost Estimate Summary Sheet
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1.3 Estimated Production Cost with heat pipes processed Out-of-Plate
Section 2.4.1 describes the technical basis for this cost improvement. The estimated production
cost if the heat pipes are processed out of plate is $245,390. The cost breakdown in provided in
Figure 2. Note that the actual work performed by Thermacore totals $54,620, with $190, 769 for
materials and parts.

BLEED AIR COOLER PRODUCTION COST ESTIMATE

Processing Heat Pipes Outside Plate

Avg Dir rate Gov't Approved
Manager $37.55 Overhead 200%
Sr Engined $35.37 G&A 15.35%

Engineer | $33.92
Sr. Tech $24.55
Technician| $18.67
CAD $29.78

10%
[ Hours [Direct Cos{ Overhead | G&A | Total Cost FEE PRICE |
TASK 1 MATERIALS AND DOCUMENTATION

Sr Engineer 160 5,659] $11,318.40] $2,606.06] $19,583.66] $1,958.37]  $21,542.03
Sr Technician 40 982] $1,964.00]  $452.21]  $3,398.21] $339.82 $3,738.03
|Task 1 Subtotal | | 6,641| $13,282.40] $3,058.27| $22,981.87| $2,298.19]  $25,280.06

TASK 2 SINTERING

Sr Engineer 0 0 $0.00 $0.00 $0.00 $0.00 $0.00
Sr Technician 82.11 2,016] $4,031.60] $928.28]  $6,975.68]  $697.57 $7,673.25
|Task 2 Subtotal | | 2,016] $4,031.60] $928.28]  $6,975.68]  $697.57 $7,673.25

TASK 3 HEAT PIPE ASSEMBLY

Sr Engineer 0 0 $0.00 $0.00 $0.00 $0.00 $0.00
Sr Technician 82.11 2,016] $4,031.60] $928.28]  $6,975.68]  $697.57 $7,673.25
Materials_| 5,959 $0.00] $914.71]  $6,873.71] $687.37 $7,561.08

[Task 3 Subtotal | | 7,975] $4,031.60] $1,842.98] $13,849.38] $1,384.94]  $15,234.32

TASK 4 ASSEMBLY INTO TUBE SHEET

Sr Engineer 0 0 $0.00 $0.00 $0.00 $0.00 $0.00
Sr Technician 112.5 2,762] $5,523.75| $1,271.84]  $9,557.47| $955.75]  $10,513.22
Materials | 37,089 $0.00[ $5,693.16] $42,782.16] $4,278.22|  $47,060.38
$0.00

|Task 4 Subtotal | | 39,851] $5,523.75] $6,965.00] $52,339.63| $5,233.96]  $57,573.59

TASK 5 Processing Heat Pipes

Sr Engineer 0 0 $0.00 $0.00 $0.00 $0.00 $0.00
Sr Technician 37.25 014] $1,828.98] $421.12]  $3,164.58] $316.46 $3,481.04
Materials | 800 $0.00]  $122.80 $922.80 $92.28 $1,015.08
$0.00

[Task 5 Subtotal | | 1,714] $1,828.98]  $543.92]  $4,087.38]  $408.74 $4,496.12

TASK 6 Weigmann & Rose

Sr Engineer 0 0 $0.00 $0.00 $0.00 $0.00 $0.00
Sr Technician 0 0 $0.00 $0.00 $0.00 $0.00 $0.00
Materials | 106,500 $0.00| $16,347.75| $122,847.75($12,284.78] $135,132.53
$0.00
[Task 6 Subtotal | [ 106,500] $0.00] $16,347.75] $122,847.75]$12,284.78]  $135,132.53

Direct cost total cost fee price
$164,697 TOTAL $223,082 $22,308 $245,390
Thermacore In-House $49,655.28 $4,965.53 $54,620.81

Figure 2. Production Cost if HPs Processed out of Plate
4
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1.4 Estimated Production Cost for Stand-Alone Heat Pipes

Section 2.4.2 describes the technical basis for this cost improvement. The estimated production
cost for the heat pipes delivered to a heat exchanger manufacturer who builds the shell and
installs the heat pipes into the plate would be 65,427. The cost breakdown is provided in Figure
3. Note that the actual work performed by Thermacore totals $30,363, with materials, primarily

the cast fins, amounting to 35,163.

Avg Dir rate
Manager $37.55
Sr Engineq $35.37
Engineer $33.92
Sr. Tech $24.55
Technician| $18.67

BLEED AIR COOLER PRODUCTION COST ESTIMATE

Standalone Deliverable Heat Pipes Only

Gov't Approved
Overhead 200%
G&A 15.35%

Thermacore In-House

CAD $29.78
10%
| Hours IDirect Cos{ Overhead | G&A [ Total Cost FEE PRICE
TASK 1 MATERIALS AND DOCUMENTATION
Sr Engineer 40 1,415]  $2,829.60] $651.52] $4,895.92] $489.59] $5,385.51
Sr Technician 20 491 $982.00] $226.11] $1,699.11] $169.91] $1,869.02
[Task 1 Subtotal | | 1906] $3811.60] $877.62] $6,595.02] $659.50] $7,254.52
TASK 2 SINTERING
Sr Engineer 0 0 $0.00 $0.00 $0.00 $0.00 $0.00
Sr Technician 82.11 2,016]  $4,031.60] $928.28] $6,975.68] $697.57| $7,673.25
[Task 2 Subtotal | [ 2,016]  $4,031.60] $928.28] $6,975.68] $697.57| $7,673.25
TASK 3 HEAT PIPE ASSEMBLY
Sr Engineer 0 0 $0.00 $0.00 $0.00 $0.00 $0.00
Sr Technician 82.11 2,016]  $4,031.60] $928.28] $6,975.68] $697.57| $7,673.25
Materials | 5,959 $0.00] $914.71] $6,873.71] $687.37| $7,561.08
[Task 3 Subtotal | [ 7,975]  $4,031.60] $1,842.98] $13,849.38] $1,384.94]$15,234.32
TASK 4 ASSEMBLYOF FINS AND PLUG
Sr Engineer 0 0 $0.00 $0.00 $0.00 $0.00 $0.00
Sr Technician 48.75 1,197  $2,393.63] $551.13[ $4,141.57| $414.16] $4,555.73
Materials | 20,954 $0.00] $3,216.36] $24,169.86] $2,416.99] $26,586.85
$0.00
[Task 4 Subtotal [ [ 22,150] $2,393.63] $3,767.49] $28,311.43] $2,831.14[$31,142.58
TASK 5 Processing Heat Pipes
Sr Engineer 0 0 $0.00 $0.00 $0.00 $0.00 $0.00
Sr Technician 33.25 816| $1,632.58| $375.90| $2,824.76| $282.48| $3,107.24
Materials | 800 $0.00] $122.80 $922.80 $92.28] $1,015.08
$0.00
|Task 5 Subtotal | [ 1,616]  $1,632.58] $498.70] $3,747.56] $374.76] $4,122.32
Direct cost total cost fee price
$35,663 TOTAL $59,479 $5,948 $65,427

$27,512.71 $2,751.27 $30,263.98

Figure 3 Production Cost for Stand-alone Deliverable Heat Pipes
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2. Technical Issues and Changes

2.1 Background

The initial version of the Heat Pipe Bleed Air Cooler (HP-BAC) was designed, built and tested
in 2004-2005. The fabrication of this unit was subcontracted by Thermacore to Advanced
Cooling Technologies, a small business formed by former Thermacore employees. Shipboard
testing of this unit aboard the USS Ramage in 2005 fell far short of the design performance. This
shortfall was subsequently attributed to three basic causes:

1. Flow Bypass — a very significant proportion of the air and water flows was bypassing the
heat pipe fin stacks.

2. Fin Attachment and Count — Due to fabrication issues there were fewer fins than called
for in the design models. The attachment of the fins to the heat pipes resulted in a high
thermal resistance with a major reduction in fin efficiency.

3. Heat Pipe Operation — In post-operation diagnostic tests at Thermacore, the average
thermal resistance of the heat pipes was found to be three times the design value. Only
10% of the heat pipes were found to be performing at design values.

The complete “Post Analysis Test Report” was provided as CLIN 000101, Data Item A0OO1 on
March 30, 2007.

Contract N65540-06-0022 addressed these problems and demonstrated their solution in
prototype tests at Wyle laboratories. Correction of the flow bypass issues did not result in
significant cost impact. The following sections describe the changes in the fins and heat pipes
and their impact on cost.

2.2 Change to Cast Fins
2.2.1 Description

One of the shortcomings recognized in the
original prototype BAC, was the brazing
of the fins to the heat pipes. The original
fins were formed, but copper nickel does
not draw very well. Figure 1 shows the
shape of the fin collar and its impact on fit
and braze.

The direct contact between the collar and
the heat pipe is limited to a very thin line
(at the right in Figure 4). About two-thirds
of the available contact length is occupied
by thick braze material, and about one-
third is simply void. The braze material is
a poor conductor compared to the base _ } }
copper-nickel, and the void is an insulator. Figure 4 Fin Braze Detail

The result is a very hlgh thermal from EWI Welding Report (N00014-02-C-0106)
resistance between the fin and the heat

pipe.
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Vforge of Lakewood CO developed a casting technique and supplied the fins used to make test
article heat pipes. Vforge was contracted by Advanced Technology Institute (ATI) of Charleston,
SC to advance the development of semi-solid-material (SSM) casting technology in copper
materials. ATI and Vforge have been working with NSWC and Thermacore to improve fin fit
and performance. The contributions of Vforge and ATI to this effort are supported under the
Copper-Based Casting Technology program, Cooperative Agreement W911NF-04-2-0008
between The Advanced Technology Institute (ATI) and the U.S. Army Research Laboratory
(ARL). Even with the cast fins, they had to be machined to produce a truly effective braze joint.
The new fin design produced a factor of six improvement in the conductance between the fin and
the heat pipe. The measured performance difference between a new fin that was 0.002” out of
spec and a new fin that met the new specs was 15.5%.

A full report on the improved fins was provided as CLIN 000102, on October 10, 2007.

2.2.2 Cost Impact of Cast Fins

The cast fins cost slightly more than 4 times as much as the formed fins ($8.08 vs. $2.00). With
an investment of 7k per fin type in 4-cavity tooling, the cast fins can be reduced to $3.00 per fin
which is a 50% increase. The production cost assumes the $3 per fin cost, but does not include
the tooling cost. A single HP-BAC requires about 7500 fins.

2.3 Heat Pipe Processing

2.3.1 Conventional Copper/Water Heat Pipes

Thermacore has produced many millions of conventional copper/water heat pipes at nominal
cost. They are processed in largely automatic fixtures with the following steps.

1. A measured amount of water is injected into the unsealed heat pipe.

2. The heat pipe is connected to a vacuum header for a measured time. This step causes the
water to boil, and the escaping steam purges the pipe of air.

3. The pipe is heated which verifies its operation and causes any remaining non condensable
gas (NCGQG) to accumulate at the cold end of the fill tube. The pipe is then “burped” which
removes any remaining air or NCG.

4. The pipe is “pinched off”. A set of anvils, somewhat similar to wire cutter jaws, pinch the
copper together so it is vacuum-tight and also cuts it off at that point. The clean copper
actually cold welds together under this pressure so it is vacuum tight at this point, but a
final step dips it in molten solder to ensure a durable seal.

The heat pipes in the HPBAC are made of

2.3.2 Heat Pipes for The First Prototype

The subcontractor for the first prototype HPBAC attempted to adapt copper/water heat pipe
techniques for the more complex and challenging processing of copper nickel heat pipes which
have already been installed into the 1 3/8” thick tube sheet. By measurement at Thermacore after
the shipboard testing, only 10% of the processed heat pipes were fully functional. The process
steps employed, and the shortcomings associated with them, are discussed below.
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After injecting a measured amount of water, the heat pipe was connected to a vacuum
header for a manually controlled period of time.

a. If the time is too brief, not all the air (NCG) is purged from the pipe. The NCG
blocks the condenser and increases the thermal resistance of the heat pipe.

b. If the vacuum is applied for too long, too much water is removed from the pipe.
This leads to partial dryout, and increased resistance.

The pinch-off was performed manually with a device resembling boltcutters. It was
performed in a single compression step, with a single set of anvils.

a. The manual operation is not capable of exerting consistent pressure, nor of
maintaining that pressure while the tube is cut and sealed. Air can leak in while
the tube is being cut and welded.

b. The copper nickel tube is too hard to be reliably pinched in a single stroke. The
large deformations produce cracking.

c. Potential problems are increased when only a single set of anvils is used. Narrow,
sharper anvils which produce a good seal, will concentrate stresses and make
cracking more likely if they are used for the entire pinch. Wide, rounded anvils
that do not concentrate stresses, are unlikely to produce a vacuum-tight pinchoff if
they are used for the entire pinch.

d. The single anvil, single stoke pinch off is likely to leave areas that are not fully
sealed, allowing air inleakage when the tube is being welded, and produce
cracking in the fill tube near the crimp. Partial cracks can be enlarged by residual
stresses from the seal welding. Even the tiniest of cracks will allow leakage that
disables the heat pipe operation. 18% of the pipes were found to perform no better
than a piece of tubing.

The heat pipes were not heat tested and “burped”. Without at heat up test, there was no
confirmation that the heat pipes were working. Without the “burping” any residual NCG
that had not been removed by the vacuum purge, would remain in the pipe and degraded
it’s performance. More than half the pipes were found to be partially degraded with about
twice the thermal resistance as designed. Another 17% were found to be severely
degraded with a thermal resistance three or more times higher than designed.

2.3.3 Upgraded Heat Pipe Design and Processing

To eliminate the problems described above, and to enable heat pipe performance to not only
equal but to surpass the original design level, processing now follows the more demanding
procedures used for high temperature liquid metal heat pipes. The changes and their impact on
cost are considered below:

1.

A sintered wick was added. This improves the thermal conductance of the heat pipe. The
original design was a pure thermosyphon with no wick structure. A less expensive felt
wick was tried but did not work well. The sintering process is shown as Task 2 on Figure
4 and accounts for $7673 of the cost. This cost could be reduced by investing in a larger
furnace, but the reduction does not justify the investment for the quantities considered.

The heat pipes are vacuum off-gassed for hours rather than seconds. After off-gassing the
valves are closed and the vacuum connection is replaced by the calibrated syringes as
shown in Figure 5. The (water) working fluid is then injected by slightly opening the
valve and reading the level on the syringe. The heat pipes are never exposed to the
environment after off-gassing.
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Figure 5 Processing Heat Pipes in Tube Sheet

After the fluid is
injected, the evaporator
portion (bottom) of the
heat pipe is heated. This
requires specially de-
signed heater blocks
that fit on the bottom of
the closely spaced heat
pipes as shown in Figure
6.

This power-up exercises
the heat pipe and drives
any remaining non-
condensible gas to the
coldest portion of the
heat pipe which is the
fill tube. Cracking the
valve expels this NCG
into the syringe. This is

Bottom of

4———7Heat Pipes

Figure 6 Air Side of Tube Sheet showing Heater Blocks

the “burping” process. The gas (if any) can be measured in the syringe, as can the amount
of liquid that is expelled. Additional water can be injected if necessary to keep the charge
within a narrow range. This process is very precisely controlled, unlike the timed vacuum

previously used.

A hydraulic pinch off tool was designed and fabricated specifically for the HPBAC.
Existing tools would not work due to the congestion of the closely spaced heat pipes. It is
shown in Figure 5 positioned on a relatively accessible corner heat pipe but it can access
any of the heat pipes. The test unit shown in Figure 4 had 25 heat pipes which are all the
same length. The actual HP-BAC will include 195 heat pipes of differing lengths and will
have even more difficult access.
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The pinch-off is made more difficult by the need to change anvils halfway through the
pinch-off cycle, a step that is necessary to minimize deformation and preclude cracking.

With the hydraulic tool, a constant pressure is maintained while the fill tube is cut and
welded. The tool also maintains a fixed orientation of the anvils while this takes place.

At this time the heat pipes must be processed after they are welded into the tube sheet
with the fins brazed on. The brazing is done in a furnace, and processed heat pipes would
be over-pressurized at the brazing temperature.

5. The fill-tubes must still be cut off and welded closed. This requires two skilled people
working together to accomplish within the congested working conditions entailed by heat
pipes installed in the tube sheet.

6. After at least a day, the heat pipes are again energized with the heater blocks to confirm
that no cracks, NCG or other degradation has been introduced as a result of the pinch off.

The costs associated with steps 2-6 are shown as Task 5 in figure 1, and total $66,591.

2.4 Potential Cost Improvements

Almost two-thirds of the cost associated with the HP-BAC are associated with materials and with
work that is not performed by or at Thermacore. This section looks at cost improvements that
can be made in the Thermacore portion. The outside costs could possibly be improved by
ManTech or similar programs.

2.4.1 Heat Pipes Processed Out-of-Plate

Much of the cost and complexity, as well as the need for highly skilled assemblers, would be
eliminated if the heat pipes could be processed in the regular shop production spaces rather than
after the heat pipes are welded into the tube sheet. This is not possible because the heat pipes
cannot survive the time at temperature of the brazing environment. However, if only half the
heat pipe was subjected to the brazing environment, it would be practical to process the heat pipe
prior to brazing. The key to this process, shown in Figure 7, is that only the Air Side of the heat
pipe is brazed in the furnace. It is not clear how such a furnace would be contstructed or
controlled, but this would cut the cost of the Thermacore portion almost in half. The steps in
Figure 7 are explained below.

Step 1 The heat pipe is assembled in the normal manner and the water side fins are brazed on
prior to processing the heat pipe. The heat pipes are then processed in the standard production
environment rather than after insertion into the tube sheet. The end of this step is shown in
Figure 7 (a).

Step 2 The processed heat pipe is inserted into the tube sheet, and welded to the sheet on the
water side. Figure 7 (b).

Step 3 The air side fins are stacked and locked (either by welding or fixturing). Figure 7 (c).

Step 4 The air side of the HPBAC is then inserted into a furnace. This would more accurately be
described as having a furnace with one open side bolted to the HPBAC so that the air side is
inside the furnace. In addition to brazing the air side fins to the heat pipes, this step also brazes
the heat pipes to the tube sheet itself; essentially flooding the narrow space down to the water
side weld. This is actually stronger than welding both sides. 64 (d).

Note that the furnace is on top, which means that the water side of the processed heat pipe is on
the bottom. This is upside-down from its operating position. In normal operation, the pipe

10
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Figure 7 Process Pipes Out of Tubesheet

operates as a thermosyphon, relying on gravity to return condensed working fluid to the hot end.
The wick in these pipes is not used to return condensate as in a typical heat pipe; the wick here
used is to distribute condensate around the evaporator and to reduce the delta-T associated with
evaporation. By stopping the well short of the water end of the pipe, the condensate will collect
there with no means of returning to the hot end. The device will not function as a heat pipe in
this orientation, and the temperature at the bottom will be determined by conduction down the
tube wall. With the relatively modest conductivity of copper-nickel, the temperature of the
condensate (which determines the internal pressure) will remain within a reasonable range.

2.4.2 Complete Heat Pipes Supplied for Installation by Others

Thermacore’s core competency is the design and production of heat pipe. The most economical
situation would consist of having Thermacore deliver complete heat pipes, and have the rest of
the HPBAC fabricated by those with expertise in this type of equipment. With fins on both sides
of the tubesheet it seemed logical that the pipes had to be inserted into the plate before the fins
were brazed on. With a special furnace, processed heat pipes with fins on one side can
accommodated as described in Section 2.4.1. This section describes how complete heat pipes can
be installed into a tube sheet by those who specialize in the manufacture of conventional bleed
are coolers, naval heat exchangers, and related equipment. Such manufacturers can be more

11
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economical, and more likely to benefit from
Mantech and similar programs to further reduce the
costs.

The heat pipe would be delivered fully processed
with all fins brazed on. The deliverable heat pipe is
shown in a small view at the lower left of Figure 8.
The key to making it installable at a shipfitters
facility is the inclusion of a plug (or collar) that is
slightly larger in diameter than the waterside fins.
Its diameter would be a close fit to the predrilled
holes in the tube sheet. The tabs on the air side fins
would provide a travel stop. The red arrow shows
the heat pipe being inserted into the predrilled hole
in the plate.

The main portion of Figure 8 shows the deliverable
heat pipe positioned in the plate ready for welding.

The figure shows the heat pipe in its operating
orientation with the water side up. The installation
of he heat pipe into the plate, and its subsequent
weld, should take place with the water side down
(as in Figure 7) for the reasons discussed in Section
24.1.

References

Tubesheet

Insert
Finished
heat pipe
into
tubesheet...

: [f{

ln

.y

o
L

%

—§
—

Figure 5 Deliverable Heat Pipes

(1). E-Mail from Jack E. Logan, President, Xchanger Manufacturing Corporation, doing business
as Wiegmann & Rose; April 10, 2008. They manufactured the original Masker and Prairie

Cooler.
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White Paper - Transition Plans For The Heat Pipe -High Temperature Heat
Exchanger Technology To The NAVY
NSWC-Philadelphia, Denis Colahan
May 2, 2009

Efforts to Complete Transition:

As a follow up to the April, 2009, ESTCP-IPR, NSWC prepared this paper to give some
background and to address the Pros and Cons with moving forward with the 425 kW heat pipe,
heat exchanger, under ESTCP project number WP-0302. This redesign/demonstration, as
indicated, focuses on the elimination/reduction of acid cleaning in high temperature salt water
heat exchangers. At the April IPR briefing it was reported that the small scale cooler redesign
had successfully completed the testing at Wyle labs in CA. This allowed for the ESTCP and
NAVSEA 05W cost sharing commitments to be set in place that would set the option 1 on the
base contract in place for the fabrication of the full scale preproduction cooler. The
preproduction option contract was awarded to Thermacore in Jan 2009. Fabrication of a full
scale cooler is currently on going with a completion time of August followed by land base test at
Wyle Labs in CA in Sept and a delivery to installation contractor SERCO in Norfolk VA in Sept
followed by ship install on the USS Ramage in Oct. Latest Ship operations schedule have
identified a early Nov install date. Once installed a 1 year demonstration will follow on-board
the USS Ramage, under Ship Change Document (SCD)-291. SDC-291 has been updated with
additional information so that it's current for the Oct /Nov 2009 installation.

With the ESCTP program office completing their $1.4 M investment to make available this
environmentally friendly technology available. The key element now is to transition the
technology to the Navy. NAVSEA 05W and 05Z will be the key offices in transitioning the
technology to the NAVY along with support From SURFTECH office.

Background:

Over the pass 10 years the Heat Pipe cooler technology has developed to a TRL-7
readiness level. As part of the development of the technology through the OSD ESTCP the
goal has been to transfer the technology to the NAVY if technology demonstrated successfully.
When NSWC-Phila started with the development of this technology it was based on a NAVY
need to improve the performance and reliability of high temperature heat exchangers in Bleed
Air Cooler systems. The original intent was to make available a new cooler design that could be
used in existing platforms as well as new construction applications. With the cooler now at a
transition readiness level the plan is to move the technology to a formal transition process. Over
the past years efforts to transition have been difficult at best due to the up front financial
commitment that is needed by a Program of Record (POR). NAVSEA 05W has been supportive
in helping to move the technology transition forward with the NAVY. With the Pre-production
cooler design being readied for a one year demonstration the focus has been to validate the
technology for applications with in new construction ships. With NAVY focused on a new run
of DDG-51 class ships the use of this technology will be available for use in the Prairie and
Masker coolers of the bleed air system. The one year demonstration will be on a Masker cooler
onboard the USS Ramage in MER-1. However temperature data comparison will be made
between the MER-1 and MER-2 cooler through out the one year demo via a portable data
acquisition system installed on the ship.
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Transition Plan

In any successful technology transition a key element will be the testing of the
technology in its operational environment. For this high temperature heat pipe heat exchanger
this test will be on board a Navy ship integrated into the bleed air cooling system, i.e. masker
cooler. To complete this ship installation, the Navy has moved to a single process for installing
new technologies and proven alterations onto Navy ships. This change was done, to better
control ship configurations and allow all acquisition and fleet offices better inputs with what
alterations and technology inserts are being accomplished, as well as, cost controls for the ever
shrinking ships maintenance budgets. This process is identified in the NDE/NM web site and is
achieved by entering a Ship Change Document (SCD). Once entered and assigned a number it is
reviewed by NAVSEA headquarters, Tech warrant holder, Ships acquisitions offices, the Fleet
office of SURFPAC and SURFLANT and the Surface Warfare Enterprises. The Pre-production
Cooler will be installed aboard ship under SCD-291 which has been approved for install by these
offices at the phase 2 level. The above offices have supplied input to the installation package
and have approved. The unique feature with this technology is that it is classified as a non
permanent install, which is typical for R&D technology demonstrations, since they usually are
evaluated and removed. For the technology to move forward as a bona-fide ship alteration for
either a single class or multiple class applications the SCD it will have to be approved to the
phase 3 and 4 levelsl. For this approval a Program of Record (POR) office will need to plan and
program monies so that this technology can be realized. With today’s environment and a
shortage of maintenance funds it would best be realized to transition this technology to the
NAVY via new acquisition ship programs or ship modernization i.e.DDG-51. Even thought the
technology makes a compelling case the cost to retrofit 5 heat exchangers onto a surface
combatant ship such as the DDG-51 would be approximately $1.9 M per ship. This includes cost
of heat exchangers with piping and structural changes to be accomplished. The best investment
for the NAVY would be to pick one ship to evaluate Technology long term. From this
successful test data provide guide lines to the ship builders via performance specifications that
would allow them to include this technology in new construction ship applications. A good
starting point would be some of the New DDG-51 class ships that the Navy will be building in
place of the DDG-1000 class ships.

Full Scale- Pre-Production Demonstration IPR-FY-09
e Full-Scale Tube Sheet NAVSEA /ESTCP Feb 2009

e Reconfigure Shell Sections Internals May 2009

e Prior to Reinstall Test pre-production Aug 2009

e Install Cooler on Ship Sep 2009

e Provide ESTCP Interim report for Symposium Dec 2009

e Evaluate performance on Ship 1 year Demo Oct 2009/10
e Provide addendum to ESTCP report -final Dec 2010

NAVY Technology Transition Plan
e Complete at sea demonstration via SCD-291 with NAVSEA planned FY- 09 and FY-
10 funds

FY-09-$30K install contract FY-10- $70K support testing, FY-11-$70K remove Ht Ex
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e NAVSEA 05W and 05Z endorsement to move technology to New Ship Acquisition
Offices to start primary focus will be the new DDG-51 class ships in place of the DDG-
1000 ships

e Re-Submit FY-09 TTI proposal as FY-10 TIPS proposal Full Scale Production Cooler

e Submitted Heat Pipe — Technical Standards Project (TPS) Data Sheet Support for FY-
10 funds

e Resubmit performance specification for Mil-C-19713-B SH, Military Cooler Fluid
Systems Bleed Air

e Coordinate Technology applications in both the DDG-1000 and CGX ship programs

e Submit Final Report of technology at sea demonstration to all Navy Acquisition Ship
Offices and Fleet Offices.

e Continue coordination with ISEA agent and Tech Warrant holders for other
applications of technology

POC for Technology Transition to the NAVY
NAVSEA 05Z Tech Warrant Holder, Michael Felde
NAVSEA 05W Mike O’Neal, Jeff Sachs

PEO-Ships PMS 400D (DDG-51) Brian Rochon DPM
PEO-Ships PMS 500 (DDG-1000) Ed Foster DPM
PEO-Ships PMS 502 (CGX) Steve Parker DPM
SURFTECH S&T office, John Sofia DPM
NSWC-In-service Engineer, James Buttram
NSWC-Tech Lead, Denis Colahan

Navy Data Environment (NDE) Website and Navy Modernization
Process (NMP) Website ( this is the data base that is used to access the
SCD process)
https:// www.nde.navy.mil
— Website where access to the all NDE modules including EP, ILS,
AMPS, and NDE-NM

SUMMARY OF EVENTS FOR AT SEA PROJECT DEMONSTRATION
Normal system operation is to run both masker coolers in MER-1 and MER-2 at the same
time.

Replace the MASKER cooler in the main engine room (MER-1) with the heat pipe
MASKER cooler (test unit).

Use the MASKER cooler in the main engine room (MER-2) as the MASKER cooler
(control unit)

Clean masker cooler in MER-2 (control) to baseline conditions (like new) for test.
Document cleaning solution generated and waste material generated

Operate both masker coolers, in MER-1 and MER-2 in parallel during ship operating
periods. The Bleed air systems operates both coolers simultaneously during ship
operating periods ((1 heat pipe-MER-1) , (1conventional shell & tube-MER-2))


https://www.nde.navy.mil/

Appendix - F
In conjunction with the collected watch standard data in MER-1. Additional data logger
acquisition equipment/instrumentation will be added to the heat pipe demonstration
cooler. This will allow NSWC to better monitor the overall heat pipe performance in
addition to the 4 temperatures in and out stream temperatures for the air and water
required for effectiveness measurement. For the standard shell and tube masker cooler in
MER-2, the watch standard colleted data will also be used to monitor the performance
and 4 thermocouples will be added to monitor the in and out streams of the air and water
in this cooler. These 4 temperatures will be the bases of the coolers effectiveness
comparison.

Monitor the performance between the two coolers from the collected data via cooler
effectiveness values, see equation (11a & 11b). If possible make a conclusion on the
degree of scaling between the two coolers. Conduct inspection as required based on this
performance and in accordance with ships Maintenance Requirement Cards (MRC).

Compare the performances and the degrees of scaling in the 2 MASKER heat
exchangers.

If required during operation based on the cooler’s effective data, or if the cooler is not
performing due to failure. Conduct inspections as required with a either a bore-a-scope
or by removal of the seawater side, shell section, of the cooler in accordance with the new
NSWC procedure for this cooler design. If there is an irrerapairable cooler failure the
cooler will be secured until it return to homeport. If the cooler is not performing the job
or if the cooler should fail.

NOTE: The fleet has requested a plan if the coolers should have an irreparable failure.
How can NSWC fix or get their system back up and running. If the system would need
to be secured, the ship would have to rely on their high pressure air back up for starting
the different gas turbine engines. Since bleed air would not be available from MER-1.
Tear down both Masker coolers at completion of testing to assess and compare
effectiveness in avoiding scaling.

Report results

Summary of data points collected with acquisition system

M30277 M30322 M30277 M30322
M30277 MER-1 M30322 MER-2 M30277 MER-1 M30322 MER-2 M
MER-1 TC-4 MER-2 TC-4 MER-1 TC-3 MER-2 TC-3 \Y
Date TC-2 AlIR- TC-2 AlIR- TC-1 SW- TC-1 SW-
and AIR-IN ouT AIR-IN ouT SW-IN ouT SW-IN ouT |
Time (°F) (°F) Delta T (°F) (°F) Delta T (°F) (°F) (°F) (°F) S
554.594 389.354 | 165.24 568.85 138.2 430.65  70.466 75.02 70.214  77.828 1
0 0
541.58 362.246 | 179.334 560.66 139.856 420.804 70.952  74.156 70.718 80.672 1:
0 0
544.658 364.874 | 179.784 564.368 140.666 423.702 70.7 73.994 70.484 80.672 1
0 0
543.794 322.988 | 220.806 511.34 141.764 369.576 84.344 89.924 83912 85.928
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Performance Objectives for at SEA demonstration (From demo Plan)

Type of
Performance

Primary Performance
Criteria

Expected Performance
(Metric)

Actual
Performance

Ob!ectives

Quantitative Maintain or exceed Table 1-1
performance spec. of outlet air temp. <350°F
existing cooler Table 1-1 Tmao1=Tmao2
and Mil-C-19713, Ref.5
Wall temperatures on Attach thermocouples to
water side of heat pipe heat pipes and recorded
stay below the scaling via data logger
temperature 150°F Tmw.tC-1t0TC9 < 150°F
Heat effectiveness of Heat effectiveness
coolers calculation shows no
degradation in cooler
performance (e =0 to 1)
Ideale 1=e, or e ; & e
values stay constant
eqa. (11a & 11b)
Qualitative

Define with OEM’s, can
the cost to fabricate this
type of cooler be < $50K

Based of production runs
of 10, 25 and 50 coolers
per year

coolers cost is < $50K

Increased reliability of
cooler

Maintenance periods
move from 1 year to 4
years

Elimination of scaling

No visual scaling

Reduction in generated
waste

Project waste cost reduced
75 % over life of cooler
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| Advanced 426kW-Heat Pipe Heat Exchanger
NSWC-Philadelphia

Chart - 2

Technology
Heat pipes integrated in a high temp heat exchanger can

control salt water coolant wall temperatures to stay below
the scale temp of 150 °F. This prevents scaling and
maintenance of the exchanger which leads to long service
life. Furthers environmental compliance and improves
Prairie masker Anti submarine war fare and gas turbine
system requirements

Objectives
Reduces hazardous chemical usage and disposal
Reduces total ownership cost and improves availability
and reliability of ships system
Reduce Inventory form 13 heat exchangers to 3 heat
exchangers

TTI1 with PDR Implementahﬂn
a0 I
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Funding (3K) FY08
OsDITTI $.650
PEO-SHIPS $.100

Participants
Last Updated: 11 May 07

FY09 1
$.325
$.100

Participants
PEO-SHIPS, PMS-400, NAVICP, SURFLANT/PAC

Benefits and Criteria

* Transition from MNAVSEA and OSD/ESTCP programs

* Fielding Reduction: 5+ years

« 2 years to implement program of TRL 7 technology
« PEO-SHIPS Endorsement letter

* Approve SHIPMAIN documents SCD-291

« Will address multiple transition participants to
maximize transition and cost effectiveness

* Technology has potential to spiral develop to other

tems
F{:rease gas turbine and anti submarine war fare
operational capabilities hyr a fact-::rr of 3

o : e
‘“ y l||j|f

PM: Denis Colahabhl QME-WERIEIED
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@ Advanced 425kW-Heat Pipe Heat Exchanger
N/ NSWC-Philadelphia Chart- 3

OPERATIONAL NEED

Objective: Produce 1 pre-production, shock and vibration — —rEE
gualified heat exchanger for demonstration on DDGH1/CG47 _ /

class ships. %ﬁ f
Value to Naval Warfighter:

* Prevents scaling and cleaning with hazardous materials
* Reduces total owner ship costs

* Increases heat exchanger service life and reliability

Gap or Sea Power 21 Area: Adv. Aux. Equip., Sea Sinke
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PROPOSED SOLUTION BUSINESS CASE

The Technology: Key Metrics:
» Use a controlled intermediate fluid to lower the differential * Reduced Hazmat usage/disposal

temperature between the heat source and heat sink to = Increasad reliability A, by 40%

prevent scaling and reduce hazmat waste. * Reduction in NAVICP equipment inventory 13 to 3 HiEx
Similar/Related Projects: )
- US Army M109 Palladin - mobile howitzer Proposed Funding (5K):
» Off-Road equipment differential cooler used in Mining FY08 FYD9 Total

$660 $326 §975

TRL: Current: 7, Projected TRL-9 at end (FY-10) Partners:
Major goals/Schedule by Fiscal year: « FLEET-PAC/LANT, Thermacore, Wiegmann &Rose

« Reduce hazmat usage/disposal, improved system A FY-12 .
« Awailable delivery of to all surface ships via SCD by Fy-10 | JIransition Sponsor: PEO SHIFS, NAVICE, COMNAVSUR
" Implement to all new ship designs in FY-10 POC Contact Info: Denis Colahan, 215-897-7231

denis. colahan@@nayy. mil
Last Updated: 11 May 07 UNCLASSIFIED
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NSWC-Philadelphia  Chart-4

TECHNICAL AND BUSINESS READINESS TRANSITION SUMMARY
* Contract with option in place N65540-060C-0022 » FLEET-PAC/LANT have a vested interest due to reliability
« NSWC Seaport Contract for ship install in place * Reducfions in Hazmat & Maintenance $5M implemented
« All available ship class drawings available for changes « NAVICP reductions in equipment inventories of Ht Ex
« LCM's, Fleet, DDG-61 support technology improvement * Multiple cahinet cooling application for the technology
= Ship Change Documents (SCD-291 approved) that could help the ships thermal management issues
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NAVICP LECP ANALYSIS - Bleed Air Cooler Heat Exchanger Replacement —
Heat Pipe Design, LECP Analysis
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20-Apr-00 BLEEDAIRCOOLER.xIs

Bleed Air Cooler Heat Exchanger
Replacement - Heat Pipe Design
LECP Analysis - DRAFT

Assumptions & Project Information

ECP Number: N/A
Proposal Submitted by: NSWCCD Code 824, Denis Colahar

LECP investment consists of NRE (Nonrecurring expenditure) for engineering and fabrication of full-scale prototype.
All other costs for hardware and installation funded by PMS 400 and Fleet.

Replacement Installation Rate= 20 systems per month, beginning upon completion of full-scale testing and
procurement specification development.

Modification planned to occur by attrition on availablility.

Savings and cost avoidance generated by an estimated 75% reduction in support costs (both material and labor).
BAC heat exchanger support : Average Availability = $15,000 per install per year (conservative)
Heat pipe heat exchanger support : Average Availability = $3,750 per install per year (i.e. $15K every 4 years)
Fleet Labor: Average Rate in analysis= $50 per hour (Reference Only - Fleet labor not included in ROI)
Hours/Manyear= 2080 (Reference Only - Fleet labor not included in ROI)
Existing BAC manhours/year, total population= 19362 (Reference Only - Fleet labor not included in ROI)
System Quantity under LECP = 508 (Excludes DECOMs - Analysis assumes no installs on systems DECOMed prior to FY07)
FYO00 System Population = 614 (Active U.S. Navy)

Analysis conducted in constant FY0O0 dollars.

EFY00 FY01  Outyears
NAVICP standard surcharge for new 1H cog items = 16.9% 25% 25%
NAVICP standard surcharge for depot repaired items = 9.9% 25% 25%
NAVICP standard surcharge for new DLR items = 12.7% 25% 25%
Net Present Value Discount Rate (OMB Circ. A-94 Appx. C) = 4.0%

Page 1
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20-Apr-00 BLEEDAIRCOOLER.xIs

Bleed Air Cooler Heat Exchanger
Replacement - Heat Pipe Design
LECP Analysis - DRAFT

Fleet & NAVICP Cash Flow

Fleet Annual Cash Flow
Fiscal NWCF Expenditures Non-NWCF Expenditures (w/o Labor) Annual Fleet Cost Fiscal
Year w/o LECP with LECP** w/o LECP with LECP Avoidance (w/o labor) Year
2000 $ 338,606 () $ 338,606 +) $ 9,210,000 () $ 9,210,000 = |$ - 2000
2001 $ 378253 () $ 628,253 +) $ 9,120,000 () $ 9,120,000 = |$ (250,000)| 2001
2002 $ 365,188 () $ 365,188 +) $ 8,805,000 () $ 8,805,000 = |$ - 2002
2003 $ 352,745 () $ 296,754 +) $ 8,505,000 () $ 23,955,000 = |$ (15,394,009)| 2003
2004 $ 345902 () $ 177,928 +) $ 8,340,000 () $ 21,090,000 = |$ (12,582,026)| 2004
2005 $ 340,303 () $ 109,805 +) $ 8,205,000 () $ 4,607,500 = |$ 3,827,998 2005
2006 $ 332837 () $ 95,807 +) $ 8,025,000 () $ 2,310,000 = |$ 5,952,030 2006
2007 $ 321639 () $ 84,609 +) $ 7,755,000 () $ 2,040,000 = |$ 5,952,030 2007
2008 $ 310,441 () $ 77,610 +) $ 7,485,000 () $ 1,871,250 = |$ 5,846,581 2008
2009 $ 297376 () $ 74,344 +) $ 7,170,000 () $ 1,792,500 = |$ 5,600,532 2009
2010 $ 284312 () $ 71,078 +) $ 6,855,000 () $ 1,713,750 = |$ 5,354,484 2010
2011 $ 273,113 () % 68,278 +) $ 6,585,000 () $ 1,646,250 = |$ 5,143,585 2011
2012 $ 267514 () $ 66,879 +) $ 6,450,000 () $ 1,612,500 = |$ 5,038,136 2012
2013 $ 267514 () $ 66,879 +) $ 6,450,000 () $ 1,612,500 = |$ 5,038,136 2013
2014 $ 267514 () $ 66,879 (+) $ 6,450,000 (1) % 1,612,500 = |$ 5,038,136 2014
NWCF Annual Cash Flow
Fiscal Sales Expenditures NAVICP NWCF Fiscal
Year with LECP w/o LECP with LECP ** w/o LECP Annual Impact Year
2000 $ 338606 () $ 338,606 O] $ 555,588 () $ 305,588 = |$ (250,000)| 2000
2001 $ 628,253 () $ 378,253 ) $ 302,602 () $ 302,602 = |$ 250,000 2001
2002 $ 365188 () $ 365,188 O] $ 292,150 (1) $ 292,150 = |$ - 2002
2003 $ 296,754 () % 352,745 O] $ 237,403 (1) $ 282,196 = |$ (11,198)| 2003
2004 $ 177,928 (1) $ 345,902 O] $ 142,342 (-) $ 276,722 = |$ (33,595)| 2004
2005 $ 109805 () $ 340,303 O] $ 87,844 () $ 272,242 = |$ (46,100)| 2005
2006 $ 95,807 () $ 332,837 O] $ 76,646 () $ 266,270 = |$ (47,406)| 2006
2007 $ 84609 () $ 321,639 O] $ 67687 () $ 257,311 = |$ (47,406)| 2007
2008 $ 77610 () % 310,441 O] $ 62,088 () $ 248,353 = |$ (46,566)| 2008
2009 $ 74344 () % 297,376 O] $ 59,475 () $ 237,901 = |$ (44,606)| 2009
2010 $ 71,078 () % 284,312 O] $ 56,862 (1) $ 227,449 = |$ (42,647)| 2010
2011 $ 68,278 () $ 273,113 O] $ 54623 () $ 218,491 = |$ (40,967)| 2011
2012 $ 66,879 () $ 267,514 O] $ 53503 () $ 214,011 = |$ (40,127)| 2012
2013 $ 66,879 () $ 267,514 O] $ 53503 () $ 214,011 = |$ (40,127)| 2013
2014 $ 66879 () $ 267,514 () $ 53503 () % 214,011 = |$ (40,127)| 2014

** NRE expenditure for LECP implementation are included in the NWCF expenditures.

Page 1
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20-Apr-00 BLEEDAIRCOOLER .xIs

Bleed Air Cooler Heat Exchanger
Replacement - Heat Pipe Design
LECP Analysis - DRAFT

IMPLEMENTATION COSTS

$1,250,000 Engineering development

$250,000 Engineering and Fabrication of full-scale prototype heat pipe heat exchanger

$1,500,000 Nonrecurring Investment

$35,560,000 508 Production unit procurement and installation $70,000 each

| $35,560,000 Equipment Investment |

| $37,060,000 Total Project Investment |

|  $36,810,000 Non-BOSS Ill Investment (PMS 400, Fleet) |

| $250,000 BOSS Il LECP Investment (Full-scale prototype engineering and fabrication only)
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Bleed Air Cooler Heat Exchanger
Replacement - Heat Pipe Design
LECP Analysis - Draft

Hazardous Materials & Labor Cost Comparison

Total Cost of Labor & Hazardous Materials w/o Implementation of Heat Pipe BACs Total Cost of Labor & Hazardous Materials w/ Implementation of Heat Pipe BACs
Fiscal Total Total Total Total Fiscal Total Total Total Total
Year Cost Cost Cost Cost Year Cost Cost Cost Cost
(Hazmat) (Labor) | (Combined) | (Cumulative) (Hazmat) (Labor) (Combined) | (Cumulative)
2000 | $5,111,120 @ $968,100 & $6,079,220 | $6,079,220 2000 [$5111,120  $968,100 | $6,079,220 | $6,079,220
2001 | $4,734,253 @ $958,640 @ $5,692,893 |$11,772,113 2001 [$4,734253  $958,640 | $5,692,893 | $11,772,113
2002 | $4,489,937 @ $925529 @ $5415,466 |$17,187,579 2002 |[$4,489,937  $925529 | $5,415466 | $17,187,579
2003 | $4,420,227 @ $893,995 = $5,314,222 |$22,501,801 2003 [$2,422,395  $752,001 | $3,174,486 | $20,362,065
2004 | $4,324,847 @ $876,651 @ $5,201,498 |$27,703,299 2004 | $456,347  $450,939 $907,286 | $21,269,351
2005 | $4,280,314 @ $862,460 @ $5,142,775 |$32,846,074 2005 | $249,198  $278,289 $527,487 | $21,796,839
2006 | $4,133,183 @ $843,540 @ $4,976,723 |$37,822,797 2006 | $133,598  $242,813 $376,411 | $22,173,250
2007 | $3,991,466 @ $815,159 @ $4,806,625 |$42,629,422 2007 [$1,989,712  $214,433 | $2,204,145 | $24,377,394
2008 | $3,999,586 @ $786,778 @ $4,786,364 |$47,415786 2008 [$1,889,568  $196,695 | $2,086,263 | $26,463,657
2009 | $3,999,586 $753,667 | $4,753,253 | $52,169,039| [Note: Peaks and Valleys in annual expenses derive 2009 | $182,526  $188,417 $370,943 | $26,834,600
2010 | $3,999,586 @ $720,557 | $4,720,142 |$56,889,181| [from the increased periodocity of the Heat Pipe BACs. 2010 $0 $180,139 $180,139 | $27,014,739
2011 | $3,999,586 = $692,176 | $4,691,761 |$61,580,942| [These BACs only need to be cleaned once every four 2011 [$1,927,491  $173,044 | $2,100,535 | $29,115,275
2012 | $3,999,586  $677,985 @ $4,677,571 |$66,258,513| [Years, whereas the current BACs need to be cleaned 2012 [$1,889,568  $169,496 | $2,059,064 | $31,174,339
2013 | $3,999,586 = $677,985 | $4,677,571 |$70,936,084| |annually. The Peaks on the graph are periods where 2013 | $182,526 @ $169,496 $352,023 | $31,526,362
2014 | $3,999,586 @ $677,985 @ $4,677,571 |$75,613655 2014 $0 $169,496 $169,496 | $31,695,858
Annual Cost of Labor & Hazardous Materials Cumulative Cost of Labor & Hazardous Materials
$7,000,000 $80,000,000
$6,000,000 & $70,000,000 -
$5,000,000 $60,000,000 -
$50,000,000
© $3,000,000 —— Heat Pipe BACs 30,000,000 4 p
$2,000,000 - $20,000,000 1
$1,000,000 - $10,000,000i
$0 : : . : 2 : ’ $0 T T
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Fiscal Year Fiscal Year




20-Apr-00 Bleed Air Cooler Heat Exchanger BLEEDAIRCOOLER XIs
Replacement - Heat Pipe Design
PI’OJGCIIOHS Summary
Fiscal Year NWCF NWCF Gross NWCF Net DOD DOD Gross DOD Net Fleet Fleet Gross Fleet Net
Investment Cost Avoidance Cost Avoidance Investment Cost Avoidance Cost Avoidance (w/o labor) Investment Cost Avoidance Cost Avoidance (w/o labor)

2000 ($250,000) $0 ($250,000) ($1,500,000) $0 ($1,500,000), $0 $0 $0
2001 $0 $0 $0 $0 $0 $0 ($250,000) $0 ($250,000)
2002 $0 $0 $0 $0 $0 $0 $0 $0 $0
2003 $0 $40,413 $40,413 ($16,800,000) $1,390,413 ($15,409,587), ($16,800,000) $1,405,991 ($15,394,009),
2004 $0 $121,238 $121,238 ($16,800,000) $4,171,238 ($12,628,762), ($16,800,000) $4,217,974 ($12,582,026),
2005 $0 $166,365 $166,365 ($1,960,000) $5,723,865 $3,763,865 ($1,960,000) $5,787,998 $3,827,998
2006 $0 $171,080 $171,080 $0 $5,886,080 $5,886,080 $0 $5,952,030 $5,952,030
2007 $0 $171,080 $171,080 $0 $5,886,080 $5,886,080 $0 $5,952,030 $5,952,030
2008 $0 $168,049 $168,049 $0 $5,781,799 $5,781,799 $0 $5,846,581 $5,846,581
2009 $0 $160,977 $160,977 $0 $5,538,477 $5,538,477 $0 $5,600,532 $5,600,532
2010 $0 $153,905 $153,905 $0 $5,295,155 $5,295,155 $0 $5,354,484 $5,354,484
2011 $0 $147,843 $147,843 $0 $5,086,593 $5,086,593 $0 $5,143,585 $5,143,585
2012 $0 $144,812 $144,812 $0 $4,982,312 $4,982,312 $0 $5,038,136 $5,038,136
2013 $0 $144,812 $144,812 $0 $4,982,312 $4,982,312 $0 $5,038,136 $5,038,136
2014 $0 $144,812 $144,812 $0 $4,982,312 $4,982,312 $0 $5,038,136 $5,038,136
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Navy Fleet Total LECP
Investment and Savings

FY 96 FY 97 FY 98 FY 99 FY 00 FY 01 FY 02 FY 03 FY 04 FY 05 FY 06 FY 07 FY 08 FY 09 FY 10 FY 11
All TYCOMS Investment 16,380 16,380 1,914
Gross Savings 1,371 4,113 5,651 5,811 5,811 5,703 5,456 5211 5,000
(Dollars are in thousands) Net Savings -15,009  -12,267 3,738 5,811 5,811 5,703 5,456 5,211 5,000
FY 96 FY 97 FY 98 FY 99 FY 00 FY 01 FY 02 FY 03 FY 04 FY 05 FY 06 FY 07 FY 08 FY 09 FY 10 FY 11
SURFLANT Active Ships Investment 8,680 9,100 1,042
Total Gross Savings 726 2,285 3,076 3,163 3,163 3,150 2,957 2,797 2,727
(Dollars are in thousands) Net Savings -7,954 -6,815 2,035 3,163 3,163 3,150 2,957 2,797 2,727
FY 96 FY 97 FY 98 FY 99 FY 00 FY 01 FY 02 FY 03 FY 04 FY 05 FY 06 FY 07 FY 08 FY 09 FY 10 FY 11
SUBLANT Submarines Investment
Total Gross Savings
(Dollars are in thousands) Net Savings
FY 96 FY 97 FY 98 FY 99 FY 00 FY 01 FY 02 FY 03 FY 04 FY 05 FY 06 FY 07 FY 08 FY 09 FY 10 FY 11
SURFLANT Reserve Ships Investment 140 15
Total Gross Savings 35 46 a7 47 48 48 48 48
(Dollars are in thousands) Net Savings -105 30 47 47 48 48 48 48
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