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FOREWORD

The contents of this report summarize the work supported by the
Division of Conservation Research and Technology (CONRT) of the
Energy Research and Development Administration (ERDA) under Interagency
Agreement E(49—28)l0O8. The responsible ERDA project officer was
J.W. Neal.

This report has been prepared for timely presentation of
information . Although care has been taken in the preparation of the
technical material presented , conclusions drawn are not necessarily
final and may be subject to modification or revision .

R. W. Van Aken
Head , Aeromechanics Division

Systems Development Department
30 September 1976

NWC TM 2930 , publi shed by Code 406 , 20 copies.
Second printing (November 1976), 8 copies.
Third printing (December 1976) , 50 copies.
Fourth printing (March 1977), 50 copies.
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f

P
INTRODUCTION

This report summarizes the results of a survey taken by the author,
whose purpose was to identify current and future heat exchanger needs

P within the Division of Conservation Research and Technology (CONRT) of
the Energy Research and Development Administration (ERDA) . As background
information , for those who may be unfamiliar with CONRT , the function
and responsibility of CONRT is to provide technology required for suc-
cessful development and implementation of advanced energy conversion
systems and components for ERDA ’s Office of Conservation . In more spe—

P cific terms , the objectives of CONRT are to develop technology required
to implement identified end—use components and systems and to provide re-
search support for concepts designed to utilize or promote alternative
energy sources. CONRT provides assistance in meeting technology needs of
the more end—use oriented divisions of Conservation such as Transportation ,
Buildings and Industry , Electric Utilities and Storage. Given the research
and technology responsibility for such a wide spectrum of activities , it
is not surprising to find technology needs of other major groups within
ERDA , outside Conservation , (e.g. Solar, Geothermal, Ocean Thermal, Fossil,
Nuclear) coinciding with those of CONRT.

At present, the emphasis of CONRT ’s programs is placed on the
following:

1. Waste heat energy conversion sy&tems including, (a) organic
Rankine cycle bottoming systems that utilize low grade waste
heat; (b) high temperature expanders and thermionic topping cycles
for high grade waste heat utilization.

2. Advanced gas turbines for industrial power generation.

3. Fuel cells for application to intermediate , cycling and
peaking needs of electric utilities.

4. Research and development of components to improve the ef—
• ficiency and reliability of energy conversion systems.

5. Combustion research and technology to improve vehicle pro-
pulsion and utility, and industrial and commercial burner systems.

6. Materials research and technology to improve the eff i— V

ciency and reliability of energy conversion systems and to reduce
p the dependence on foreign importation of strategic materials (e.g.,

chrome).
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p 
Many programs supported by the Office of Consr’rvation rely heavily

on the performance, reliabil ity and cost of heat exchangers during develop-
ment and demonstration of effic ient energy conversion systems and energy
conversion strategies . This is true of programs in other off ices of ERDA
as well. It should he emphasized that heat exchanger design, construction ,
and operation involve the interaction of many disciplines and are strongly
influenced by a variety of technologies that include flow—induced vibra-
tion, high—temperature material behavior , corrosion , erosion, heat trans-
fer, structural analysis , fluid dynamics , low cost manufacturing techniques ,
and sophisticated nondestructive evaluation techniques.

Current demands on heat exchangers have created a growing number of
problems and directed attention to the serious deficiencies that exist in
certain heat exchanger technology areas. Many of these problems have
delayed development schedules, compromised program objectives , and caused
serious concern about future development and implementation of advanced
energy conversion systems. CONRT recognized the seriousness of this
situation and the apparen t lack of attention and planning being g iven to
correct the deficiencies. It was felt that if the deficiencies in heat
exchanger technology were not quickly iden tified and proper corrective
measures instigated , it would be difficult meeting many of CONRT ’s goals
and major program milestones. In addition , other programs within the
Office of Conservation dealing principally with the demonstration of
efficient and reliable end—use systems and components would likely suffer
from a variety of heat exchanger related problems. These problems,
described later in this report , are expected to occur more frequently
because heat exchanger environments are becoming more severe and the quest
for higher efficiencies and lower costs have reduced margins of safety,
making the unit more vulnerable to design uncertainties.

CONRT requested that a survey be conducted to identif y major heat
exchanger problems and technology def iciencies that affect current and
future programs, plans , and goals of CONRT. A series of interviews,
arranged by the author, were held wi th ind ividuals in universities , non-
profit research organizations, private industry , and government labora-
tories who were actively involved in various aspects of heat exchanger
technology . Since many heat exchanger problems and needs are common
among ERDA ’s divisions, pert inent information was also obtained from
ERDA projec ts outside the purview of CONRT. For example, some heat
exchanger problems in high— temperature fossil—fuel environments , low—
temperature goethermal and ocean thermal applica tions, and nuclear energy
conversion are similar to those of CONRT.

The contents of this report are separated into two main parts. The
first contains results of the heat exchanger technology survey , In the

e
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• second par t, an out line of a proposed plan to correct the deficiencies
identified by the survey is presented . Th is plan addresses and supports
the following ERI)A National Energy and Technology Goals:

1. Increase the efficiency and reliability of the process used in
energy conversion and delivery systems.

2. Increase end—usc effi (’iency.

3. Perform basic and supporting research and technical services 
V

related to energy.

The private sector is actively supporting research and technology
programs in important areas of heat exchanger technology (e.g., corrosion ,
new alloys, tube vibration , ceramic regenerators). Federal assistance is
not required in many of these areas because it is expected that signifi-
cant results can be achieved in a timely manner. However, much of this
work is limi ted to either a very narrow set of conditions germane to a
particular company problem or produu t or, because of limited funds , is
superficial and does not make an important contribution to the technology
base. Most of the heat exchanger technology deficiencies identified in
the survey and discussed in this report , in the opinion of the author,
do required federal support because the private sector cannot (because
the necessary costs are too high) or will not (lacks incentive) provide
the necessary advances in technology in a timely manner.

The program plan is designed to advance certain areas of heat
exchanger technology identified by the survey as being important to CONRT.
Part of the justification for support of this plan should be based upon
analyses that quantify the benefits derived from Improvements in the
technology . However, certain elements of this program cannot , at present,
be supported by cost—benefit ana lyst s. When dealing with heat exchangers,
these analyses are usually unavailable. The myriad of problems encoun-
tered by users of heat exchanger equipment often precludes an accurate
interpretation of a cost—benefit analysis.

There are two types of heat exchangers of interest to the Office of
Conservation that were not considered In this report. These are heat
exchangers for automotive applications and heat exchangers used to store
chemical and thermal energy . There has been and currently is i signifi-
cant amount of research and development activity in compact automotive
heat exchangers for high performance engines. Within the Office of
Conservation , the Division of Transportation supports all automotive heat
exchanger work. It was felt that this highly specialized area of heat
exchanger technology was not a major concern to CONRT. The Storage
Division of Conservation utilizes heat exchangers In thermal and chemical
storage systems. These heat exchangers were also thought to be somewhat
specialized and , because the needs could not be clearly identified , were
not considered .

V 
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MAJOR HEAT EXCHANGER PROBLEMS AND DEFICIENCIES AFFECTING CONRT

Prior to the time the public became aware that our nation ’s economy
had become dependent on foreign sources of oil whose cost and supply
could not be controlled , and before the subsequent meteoric rise in cost
of fossil fuels , heat exchangers were often viewed as a rather pedestrian
thermodynamic necessity in energy transfer and conversion systems. Ex-
cluding some aerospace and automotive applications , the design of heat
exchangers for industrial , commercial and residential use offered rela-
tively little challenge. Standard references (e.g., Kay ’s and London ’s
Compact h eat Exchangers1-) and individual collections of data and empiri-
cal relationships provided selection and design criteria. Sizable heat
transfer margins were often applied to account for the uncertainties in
fouling, fluid properties , multi—phase flow effects and local flow char-
acteristics. Correspondingly large structural margins of safety were
also incorporated as ignorance factors to hedge against uncertainties in
heat exchanger material properties , flow induced vibration , corrosion ,
erosion and transient thermal stresses. Ample space was usually provided
to the heat exchanger core to f a c i l i t a t e  cleaning and repair .  Because
fuel costs were low , there was little incent ive  to maximize thermal e f f i -
ciency . Compared to today ’s applications , many of the heat exchanger en-
vironments were less hostile which meant inexpensive alloys could be used
in construction. As a result of this conservative design and manufacturing
philosophy , it was not surprising to find many industrial and commercial
heat exchangers extremely large, relatively inefficien t, but functional
and affordable .

During this time , which extended into the early 1970s , few were
interested in improving heat exchanger design tools , increasing unit
ef f i c iency ,  and s igni f icant ly  lowering costs. Certainly there was no
substantial commercial interest in developing efficient heat exchangers
for (1) direct application in high temperature (above 3000°F (1649 °C)), corro-
sive, coal— fi red energy conversion environments (e.g., coal gasification ,
coal—fired topping cycles) or (2) converting into useful work the energy
contained in our nation ’s vast , waste heat sources (e.g., engine exhaust ,
incinerators , steel furnaces , heat treatment ovens , glass melting furnaces).
There was, however , a relatively small segment of the heat exchanger com-
munity who responded to an identified need and maintained an active
interest in reducing heat exchanger size and maximizing efficiency. Por-
tions of the aerospace and transportation industries were busy designing
and fabricating customized , compac t , highly efficien t heat exchangers for
space, automotive and defense related applications . For a variety of
reasons , many of which still persist today, very li ttle of this advanced
technology was used by the industrial and commerical heat exchanger
manufacturers .

6
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Today we are searching for alternative fuels and exploiting avail-
able energy sources at an unprecedented rate. The forlorn heat exchanger,
once relegated to a pos i t ion  of secondary importance , is now considered
a cr i t ical  component in p rac t i ca l ly  all energy systems . Our nation ’s
quest to improve e f f i c i e n c y  and speed development  of new and improved
energy recovery and conversion systems has uncovered a great many defi-
ciencies in heat exchanger design , materials selection , fabrication and
reliability . Current deficiencies in heat exchanger technology are causing
the frequency of heat exchanger failures to increase which , in turn , are
causing unexpected shutdown s in powe r p lants and industrial processes. V

Many programs suffering from heat exchanger problems cannot look forward
to immediate solutions. It is expected that unless a serious commitment
is made to advance heat exchanger technology over a broad front , these
problems will not only persist but will intensify.

Before specific problems and deficiencies in heat exchanger technology
are discussed , there are two poignant examples that serve to illustrate
how the exploitation of a plentiful fuel source and the conservation of
domestic fuel supplies are being affected by the lack of an adequate tech-
nology base. These concern the commercialization of large—scale coal conver-
sion plants (gasification/li quifaction) and the development of efficient
waste heat recovery systems that  produce e l e c t r i c i t y .  Technology associated
with the utilization of coal (direct combustion arid converting it into
gaseous and liquid fuels ) is the responsibility of ERDA ’s Office of Fossil
Energy . However , many problems of components sub jec ted  to these hostile
environments are germane to heat exchangers that must function efficiently
and reliably in topping cycle applica tions which is of major interest to
CONRT.

Coal conversion is being forced to move from research , development ,
and pilot plant stages into commercialization more rapidly than what is
considered normal for industry . Design and reliability problems persist
with heat exchangers and other components in coal gasification and liqui—
faction pilot plants. (It deserves mention that similar problems exist
with direct combustion systems and MHD.)2 9  These problems are diffi-
cult to solve because the U.S. has no estabiished , commercial coal con—

V version industry and there is no meaningful data base or past experience
with equipment exposed to these high temperature , corrosive , erosive
conditions.

The coal conversion pilot plants are designed to acquire and docu-
ment engineering data and actual operatin~ ~xperience to provide for even-
tual scale—up to commercial—sized plants. Unfortunately, it is often
difficult at the pilot plant stage to minimize cost while maximizing
efficiency and output of the various processes. Materials of construction
are frequently used that are recognized as being impractical or uneconom-
ical in larger systems. Widespread use of nickel and chrome alloys in
pilot plant equipmen t is currently required to combat. a variety of chemi-
cal and mechanical degradation mechanisms that include sulfidation , stress—
corrosion cracking, erosion , hydrogen embrittlement , carbonization , high

7
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• stresses and extensive creep. The available supply and cost of nickel
and chrome make it clear that these materials cannot be used extensively
in large plan ts.5’1°

Material development programs, whether directed at heat exchangers
or other components , require laboratory devi ces and techniques to simulate
the p a r t i c u l a r  chemical  processes of concern . Many of today ’s laboratory
s imula t ion  techniques  are poor as evidenced by the f a c t  tha t  ma te r i a l
behavior under ac tua l  c o n d i t i on s  cannot  be accurate l y p red ic t ed  from data
and experience based on laboratory simulations. 5 This deficiency has
often reduced the role of laboratory simulation to one of screening mate-
rial candida tes, not developing fundamental understanding and contributing
to a sound technology base that can be used to accurately predic t ma terial
behavior and life—cycle costs.

The critical technology needs of components used in coal conversion!
combustion environments are: (1) improved component design and f a i l u r e
criteria , (2) the use of materials that are more abundant and less expen-
sive, and (3) more effec tive testing techniques that simulate actua l.
field conditions.

An example of  the kinds  of heat exchanger  problems a f f e c t i n g  the
conservation of fuel relates to efficient waste heat recovery and conver-
sion to electricity. These energy conversion systems (called bottoming
cycles) are attractive when operating off the exhaust of gas turbines or
diesels because the combined cycle efficiency is significantly higher
than the diesel or gas turbine alone. CONRT is currently par ticipating
with industry in developing efficient Rankine cycle bottoming systems to
generate electricity from 500°F (260°C) to 1000°F (538°C) diesel or gas
turbine exhaust gas.1- 1- ’12 ’13 Both steam and organic working fluids are
being considered .

To maximize the useful work produced from a given waste heat source,
the efficiencies of the waste heat boiler and Rankine cycle must be
maximized. The practical limit of boiler thermal efficiency is achieved
by extracting as much energy as possible from the flue gas without incur-
ring economic penalties caused by excessive hea t exchanger surface
area requirements and / or materials problems from low temperature
acid corrosion (discussed later in this report). The efficiency of con-
verting this sensible (and latent heat) energy into useful work is maxi-
mized by requiring that all heat transfer between (1) exhaust gas—and—heat
engine and (2) heat engine—and— env i ronment be accomplished at minimum tern—
perattire difference. This is illustrated in Figure 1 where a particular
combination of working fl uid and heat exchanger has been chosen so that
the working fluid temperature will closely follow the exhaust and sink
temperatures . 13

Heat exchangers, especially the waste heat boiler (often called vapor
generator), play a critical role in the cost , efficiency, and reliability
of these waste heat energy conversion systems. It is particularly important

8
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V 
to reduce the cost of the heat exchangers  because , in today ’s market
place , Rankine cycle bottoming systems can be relatively expensive. The
amount of useful work is lim ited because of the rela tively low source
temperatures (as compared to conventional , direct—fired steam boilers
where combustion temperatures may be 3000°F (1649°C) and higher). To
minimize temperature differences across the heat exchangers and generate
as much power as possible , very effective heat transfer surfaces and/or
very large heat t r a n s f e r  surface areas are required. One would prefer
not to increase heat exchanger effectiveness by adding more surface area
since the size and cost of these units arc the largest of the system.
High—density or compact heat exchanger cores are desired , but concerns
related to exhaust side pressure drop, fouling , cost and reliability limit
the degree of compactness .  Once—through boilers , where a subcooled working
fluid enters at one end and superheated vapor exits the other end in a
continuous manner , offer certain advantage3 in this application because
of their simplicity and reduced cost.

With waste heat temperatures less than 1000°F (538°C), organic fluid
Rankine systems become more efficient than steam cycles.1-3 Organic fluids
are widely used in refrigeration systems and becoming well known in the
process industries but they are , as ye t , not widely accep ted in large ,
Rankine cycle bottoming systems . Many of these fluids arc admittedly
toxic and flammable , the heat transfer and fluid flow characteristics are
not well defined , and therma l stability limits under expected operating
conditions cannot be adeq uately quantified. With many organic fluids,
there fore , there can exist a relatively high degree of uncertainty related
to heat exchanger and system pe r fo rmance , e f f i c i e n c y , cost and r eli ab l i l ty .

Waste heat s team boilers , on the other hand , have been in existence
for many years , providing steam for industrial pr ocesses , space hea t ing ,
generating sha f t  work and e l ec t r i c i t y .  Even though a steam bo t toming
system coupled to a gas turbine (or diesel) will increase combined cycle
efficiency,13’14’15 not many of these units are in use. Cap ital costs
are relatively high and today ’s purchase price of fuel and electricity has
not made it economical in many instances . This situation is changing
rapidly, however.

At present, there does not appear to he a meaning ful commercial
interest to des i gn , fahricate,and test compact and highly efficient heat
exchangers for organic Rankine cycle waste heat recovery systems. This
statement is based upon the experiences of CONRT and companies developing
these systems who have found it d i f f i c u l t  e n t i c i n g  hea t exchanger manufac-
turers to provide certain equipment (e.g., waste heat boiler) to support
their programs. It is not particularly surprising to find this situation
because this segment of heat exchanger technology is significantly under-
developed. There arc large uncertainti es related to heat transfer , fluid
stability, fouling ,corroslon , thermal stresses, and flow induced vibra tion.
In addition , facilities to test and certify performance of these units are
expensive and somet Imes require remote location.

9
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The preced ing  d i scuss ion  i l l u s t r a t e s  the kinds of heat exchanger
problems that presentl y exist in dev elopin g al ternative energy resources ,
conserving domestic fuels , and improving th e efficiency of energy conversion
and recovery systems . Specific deficiencies in heat exchanger technology
tha t  re la te  to these and o the r problems wi l l  now be discussed.

COST

It seems trite to say, but wor th remembe ring, that no matter how
advanced heat exchanger technology becomes , unless cap ital and opera ting
costs can be economically just if ied by the user , there will be no sale,
no savings of energy , and th e U.S. will be no less dependent on foreign
oil. Estimating the cost of a heat exchanger for a given application
depends on the nature of the environment (on the hot and cold side of
the heat exchanger), choice of materials and configuration , size , method
of fabrica tion , cost of transportation and installation , maintenance re-
quiremen ts, replac ement frequency, production quantities and prof it.
With this number of variables affecting unit cost , it is clear that only
in those applications where many hea t exchangers have been sold and
there exists a well documented history of heat exchanger performance can
heat exchanger cost be considered accurate.

As the previous examples Indicated , and as this report will show ,
there are many applications for heat exchangers in energy recovery and
conversion systems where there is no substantial market as yet and no
history of performance and reliability. In this situation , hea t exchanger
designers and manufacturers are of ten reluctant to consider advanced heat
exchanger concepts , choosing instead to app ly state—of—the—art technology.
This approach has, in many instanc es, resulted in very large and costly
heat exchangers.

The cost of heat exchangers is presently a significant percentage
of the total estimated cost of many energy recovery/conversion systems ,
especially those that involve low temperature processes. For example ,
waste beat boilers for Rankine cycle bottoming systems (500°F (260°C) —

1000°F (540°C) waste heat temperatures) are predicted to be approximately
20 to 30% of system cost.l3 ,1~6 The condenser and evaporator for Ocean
Thermal Energy Conversion (OTEC) are estimated to be at least 50% of the
total cost because the available temperature differences are so small
(less than 10 F degrees across the heat exchanger).’7 With high tempera—
ture topping cycles (e.g., closed Brayton cycle), less surface area is
usually required by the primary hea t exchanger hut more expensive materials
and fabrica tion techniques are demanded . Estimates of capital , operating
and life—cycle costs for many of these heat exchangers is suspect at best
because so little operating experience has been accumulated .

Many energy conversion systems either under study, in various stages
of developmen t , or ready for sale are capable of saving significan t amounts

10
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of energy but are considered economically marginal in today ’s market
place. It can be difficult with the economic situation that exists today
for a user to accumulate enoug h cap ital to purchase a waste heat bottoming
system that produces 1000 kw of electricity at $500/kw. At current energy
prices , a user wanting additional electricity, may find it temporarily more
econom ical and possibly involving less technical risk to (1) buy directl y
f rom a u t i l i t y  or , (2)  pu rchase  a gas turbine—generator for $lO0/kw or
diesel—genera tor for $200/kw.

There are par ticular heat exchanger applications In energy conversion
systems where cost is not , as ye t , a major concern. In such cases , which
usually involve extremely severe environments (e.g., coal co,wersion ,
coal—fired topp ing cycles, MIlD), acquiring system performance or process
information is of most interest. Only a limited number of materials may
be expec ted to survive under these conditions and only a few units m ay be
needed ; as a resul t , the  heat exchanger is usual ly very expensive.  In
thesesituatior~~,heat exchanger cost will become a concern once system and
process parameters have been determined .

CONRT ’s incen tive to reduce heat exchanger costs is to increase the
use of more efficient energy recovery and conversion systems . Success-
fully lowering heat exchanger costs by incorporating more effective heat
exchanger surfaces and fluids , using less expensive materials and fabrica-
tion methods, and reducing structural margins of safety requires more know-
ledge about the behavior of ma terials and working fluid s, heat transfer ,
fouling, vibration and corrosion than we possess today. Reducing the costs
of fabrica tion, inspection and maintenance while increasing reliability
offers a significant challenge to heat exchanger designers and manufacturers.

CORROSION

The corrosion of heat exchanger elements depends on the nature ,
composition and tempe rature of the heat exchanger elements and the theruio—
chemical characteristics of the environment. A major concern for many
years, the scourge of corrosion affects virtually all aspects of heat
exchanger design (i.e., beat transfer , fluid dynamics , structural durability,
material selection). Corrosion significan tly influences cost and operating
procedures. There is little doubt that corrosion will continue to create
problems as long as heat exchangers are exposed to hostile environments.

There are numerous examples one could cite to illustrate the severity
and complexity of corrosion problems . There are just as many, if not more ,
corrosion studies that address particular corrosion phenomena. The amount
of corrosion—related work being supported by government and private Industry
is prodigious. One merely looks at the numbers of periodicals , reports
and professional journals that concern corrosion to verify this. The
solutions to corrosion problems in nuclear steam generators, coal conver-
sion, direc t—fired boilers , MilD, ocean thermal energy conversion , waste

11
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heat recovery and other energy conversion systems have been difficult to
achieve without resorting to very expensive approaches. In coal gasification
pilot p lan ts, for example , the solut ion to many corrosion problems has
simply been to find a more corrosion resistant alloy, which usually re-
quires a more expensive material. Based upon the large number of variables
affec ting the corrosion rate of mater ials in hostile environmen ts it seems
inevitable that acceptable solutions to major heat exchanger corrosion
problems will take considerable time to appear and require a sizable funding
commitment.

In CONRT, current heat exchanger corrosion problems are not , and In
the future will not , be much different than found elsewhere within ERDA
and the private sector. At elevated temperatures , oxida tion , sulfidation,
and carbonization of heat exchanger materials are forcing the use of more
expensive alloys. The add itional cost cannot be tolerated in many of to-
day ’s energy conversion systems. More use must be made of claddings and
coatings for metallic heat exchangers to decrease reliance on strategic
and foreign supplied materials such as chrome and nickel. Ceramic heat
exchanger materials are often effective in resisting corrosion but inad-
equate design criteria , high fabrica tion costs and questionable reliability
have proven to be weaknesses (more discussion will follow).

A problem that relates to all heat exchangers exposed to the combus-
tion produc ts of fossil fuels is low temperature sulfuric acid corrosion
(sometimes called low end corrosion). This problem has been especially
acute with oil—fired steam boilers and , with the price of low sulfur fuels
rising rapi~ ly, will beg in to affect many more users of heat recovery
equipment.1 The basic causes of this low temperature corrosion phenomena
are known . During the fuel—air combustion process , whether it occurs in
a steam boiler , a household furnace , gas turb ine or internal combustion
engine, most of the sulfur in the fuel oxidizes to SO2~ The SQ2 reacts
with oxygen to form SO3 (the details of this process being very complex
and subject to conjecture). The SO3 hydrolyzes with water to form sul-
furic acid , H2S04. When the local surface temperature of a metallic
heat exchanger falls below the local acid dew point , a film of sulfuric
acid forms on the surface causing rapid corrosion. Particles carried with
the combustion products adhere to the wetted surface , plug fin passages,
and act as collectors for additional acid condensate.8”9’2°

The concentrations of S03 and associated acid dew points have not
been determined in many fossil fuel combust ion env i ronments .  Obtaining
this information can be difficult because certain oxides, including iron
oxide agd vanadium pentoxide , serve as catalysts and aid the formation
of SO3. Predic ting H2S04 dew point in heat exchanger environments seems
futile because of the large degree of uncertainty associated with the
complex thermochemical phenomena (e.g., SO3 formation).

The curren t and most preferred method of solving the acid corrosion
problem with sulfur fuels is straightforward : keep the metallic surfaces
that are exposed to the combustion products well above the estimated acid

12

‘4
___________________ ~~~~~~~~~~~~~~~~



V Vj~~ f 
V
~~ V V _ V — VV~ ~~~ — — _V 

~
__

~~
_ _ V V ~~~~~ V~~~V__ V

NWC TM 2930

dew points Even though a considerable percentage of the total source energy
is lost using this technique , it successfully avoids the formation of sul-
furic acid condensate. in some situations , however , acid corrosion cannot
be and is not being avoided . The available data on acid corrosion rates
with  heat exchanger materials is very sparse; what little can be found
usually applies to oil—fired boilers and large furnaces .20 These data
relate to very specific conditions which severely limits applicability.
In addition , this da ta canno t be used with confidence to estimate rep lace-
ment frequency because yearly corrosion rates are usually extrapola ted
from test results of only a few days. The effects of interrupted opera-
tion on corrosion rates are nonexistent.

Acid corrosion is so critical to energy recovery and conversion
because the lowest permissible temperature of the energy source and heat
exchanger is usually d ictated by the dew point temperaturee . For examp le ,
the lowest recommended heat exchanger temperature in an oil—fired boiler
environment , using 3~ sulfur oil , is approximately 220°F (105°C) to
250°F (120°C)l6,20 As poin ted out earlier , it is desired to extrac t as
much energy from the source as possible to realize a greater thermal efficiency.
A recent design stud y of an organic Rankine cycle energy conversion sys-
tem showed that every 5.7F° (3.2C°)drop in exhaust temperature would yield
1% greater power output. For this particular applica tion , approximately
20% of the energy contained in the source could not be used because of
the concern for acid corrosion.’3 The uncer tainty in acid dew point ,
suggested above by the spread in recommended minimum heat exchanger tem-
peratures , represents a considerable loss in system efficiency.

There are app lica tions where the latent heat of water vapor is a
significant fraction of the total energy content of the flue gas and it
can be impor tant to condense this fluid to increase energy recovery . It
is common prac tice in some utilities to purposely condense fluid on air pre—
heaters.20 ’21 Corrosion is tolerated in these situations with frequent
washing being required to minimize material wastage by corrosion. Usually
these heat exchangers are relatively inexpensive and replacement costs do
not exceed the fuel savings obtained from additional energy recovery.
With residential flue gas heat recovery, however , the heat exchanger cost
is a major concern. Condensing the water vapor in this application re-
trieves a rather large perc entage of the total energy contain~~ in the
flue gas (20 to 25%). When low cost , compac t , corrosion resistant
heat exchangers become available, flue gas recovery for residential applica-
tions will become widespread.

Deficiencies in this area of heat exchanger technology are responsible
for heat exchangers corroding and being replaced earlier than expected ,
and decreasing energy recovery efficiency. To improve this situation ,
it is necessary to quantify low temperature corrosion phenomena , develop
engineering design criteria to maximize therma l effic iency, determine real-
istic corrosion rates of heat exchanger materials,and develop heat exchangers
that can operate efficiently and reliably below dew point temperatures.

13
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FOULING

Fouling is defined as a deposition of material on a surface that
impedes heat transfer. Without question , there Is less known about  heat
exchanger fouling than any other heat transfer related s u bj e c t .  Fouling
factors used in heat exchanger design are highly emp irical~

6’22 which is
not sugges t ing  tha t  there  is a g rea t  abundance of f o u l i n g  da ta .  A common
prac t i ce  among companies who are responsible for  des igning  and cons t ruc t ing  V

heat exchangers is to put the responsibility for selecting fouling factors
on the userL3 who often knows less about fouling. The lack of adequate
prediction methods and the absence of an organized , comprehensive fouling
data base are responsible for practically all heat exchanger problems
attributed to fouling. These problems will continue to occur in heat ex-
changers for energy recovery/conversion systems unless a well coordinated ,
substantive effort to address fou l ing  phenomena is in i t ia ted.

Of the many differen t kinds of fouling encountered in commerc ial and
industrial applications , those of most concern to CONRT are water fouling
(biofouling and scaling), and the deposition of hydrocarbon par ticulates
from the combustion of fossil fuels.

Water Fouling

It is commonly known that biofouling of heat exchangers can be con-
trolled and sometimes eliminated if (1) enough pump ing power is available
to maintain the velocity of water above certain minimums ; (2) bio—toxic
materials such as copper alloys , organometallics or fluorochemical paints11
can be used; (3) quan tities of biocides and fungicides can be added to the
water. With regard to the latter , chemical cleaning treatments are toler-
ated only when the concentrations do not exceed environmental limits which
are becoming increasingly restrictive. 25

In actual prac tice , biofouling cannot be completely eliminated and
its effec t on heat exchanger performance will depend on the extent of
build—up and the available temperature difference. In the OTEC system ,
for  example , onl y a very small degree of fouling can be tolerated because
the available temperature differences across the heat exchangers are so
small. This particular problem is made more difficult because (1) ammonia
has been temporarily chosen as the working fluid which eliminates the bio—
toxic copper alloys as heat exchanger materials; (2) large quantities of
chlorine required to control biofouling may not be tolerated because of
environmen tal concerns . With OTEC, as with many systems that must operate
in sea water , the inadequate data base on sea water fouling requires
costly test programs to verify heat exchanger de~ ign predictions prior to
unit construction.

The situation with river water fouling is not much better. Each
ri’~er has its own assortment of aquatic organisms and sediments. Each

14
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system r e q u i r i n g  r i ve r  wa ter  fu r  cool ing must be p r o v i d e d  f o u l i n g  d a t a
or e s t i m a tes  of f o ul  lug  f a t  t o r s  to s i ze  t h e  heat exchanger. There usu-
a l l y  is ii  t t l c  or no rd table i n f o r m a t  ion that can be used to p roper l y
es t imate  fou l  ing fa ct or s .  i f  .~‘st imat es Ire not ac c u r a t e , the unit will
e x h i b i t  and r e q u i r e  f req uen t  c l e a n i n g  ( p o s s i bly  caus ing  the sys tem to
shu tdown)  or i ) O s s i l t l Y  p r omote  foul  in g  by caus ing  the f l u i d  to o v e r h e a t .
Anothe r  f a c t o r  to cons ider  w i t h  t h e  -onsi~rvat  ly e  approach ( a n t i c i p a t i n g
less f o u l  ing than allowed in  t h e  design ) is the poss i b i  I i t y  t ha t  lower
desi gn v e l o c i t i e s  w i l l  c re at e  a g re at er  f o u l i n g  p rob l em than  what  m i g h t
have occurred  at  h i g h  v e l o c it  ies .2 -~’26

Heat rejected from a condensing working fluid in a power plant is ulti-
mately dissipated by either a once—through cooling system (e.g., ocean or
river) or a recirculated water system (e.g., cooling towers , ponds) .  With
dwindling supplies of fresh water available to meet commercial and indus-
trial cooling requirements and increasingly tighter controls being placed
on thermal discharge to natural sources , more use is being made of recir-
culating systems where the cooling water is used over and over again.27’28

Scaling— type fouling in recirculation systems is a growing problem due not
only to the chemistry of the natural water supp ly hut to the presence of
chemicals in t roduced  to con t ro l  b i o f o u l in g  and cor ros ion .  Scale prevention
in recircula ting water systems utilizes control techniques that alter or
render inopera t ive  the scale fo rming  mechanism.  Blowdown to control  con-
centration , pH control , chemicals to retard corrosion and scale formation ,
and ion—exchange removal of scale forming constituents are the princi ple
means of scale control  today. 27 Due to evapora t ion  and d r i f t  losses in
cooling towers , the concen t ra t ion  of these chemicals  increases w i t h  t ime .
Where the natural drift loss is insufficient to limit these concentrations ,
it is necessary to supp lement by means of blowdown . Certain chemicals that
have been used for many years to effectively control fouling and corrosion
(and are relatively inexpensive) are now being restricted because of health
and environmental concerns . New substitut~ addi tives have proven to be
expensive and have not been as e f f e c t i v e . 2

There is an urgen t need to begin a comprehensive , systematic collection
of fouling data that pertains to different fouling environments and dif-
ferent heat exchanger configurations. A complementary experiment al and
analytical effort should be focused on improving prediction techniques ;
determining how the physio—chemi c.-ml structure of fouling and fouling rates
are affected by (1) new anti—fouling/corrosion inhibiting chemicals , (2)
water disposal and cooling strateg ies, (3) materials of construc tion ,
(4) temperature and velocity, and (5) heat exchanger configuration . The
impact of legisla tion affecting the application of anti—fouling/corrosion
inhib iting chemicals and disposal of treated water needs to be documented .

In geothermal energy conversion , there is significant concern about
water fouling. Unfortunately, there are only a few clean sources of hot
geothermal fluid sui table for power generation. Most brine contains vary ing
amounts of dissolved solids (sometimes as much as 300,000 ppm) which can
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severely foul just about any surface in contact. If i t  weren ’t for  the
severe fouling, the amount of electricity being generated by geotherma l
resources would he much greater today. 30 At present , there is no prac t ica l
solut ion to the  geo the rma l f o u l i n g  problem . Techn iques to mitigate heat
exchanger  f o u l i n g  include t h e  use of d i r e c t  c o n t a c t  exchangers  and mixing
particulates with the brine to scrub—off the scale ( w h i l e  also enhancing
heat transfer). ERDA ’s Division of Geotherma l Energy is provid ing a signi-
ficant amount of support to develop practic~~l solutions to this complex
problem.

Fouling In Fossil Fuel Combustion Environments

Most fossil fuel combustion products contain some percentage of par t—
iculates; n a t u r a l  gas is one of the c leanes t  w i t h  coal and heavy hydro-
carbon fuels being very dirty. In oil—fired combustion environments , the
fouling of heat exchanger  surfaces is par t icularly acut e since the ash
contains mixtures of alkaline sulphates with vanadium pentoxide which , be-
sides restricting heat transfer , are corrosive when in contact with
many metals. Some of the techni ques used to miti gate the heat exchanger
fouling problem in fossil fuel application s are , (1) loca te  the  equi pment
in regions where particulate concentrations are not excessive , (2) fuse and
melt the i’cirticul ates and recover in slag trap, (3) add ingredients to
reduce corrosivi ty  and t e n a c i ty  of the  ash , (4) install soot blowers to
periodical ly remove the  f o u l i n g  m a t e r i a l , (5) clean heat exchanger sur-
faces 

V
at prescribed intervals.

Fouling in diesel exhausts is a concern with waste heat boilers for
Rankine cycle bottoming systems . The large diesels (5000 to 7000 hp) are
capable of burning relatively clean No. 2 diesel fuel or heavier residual
fuels  which emit cons iderably  more p ar t i c u l a t e s .  The “smoke ” or carbon-
aceous res idue conta ined  in the exhaus t  p roduc t s  w i l l  adhere  to heat  ex-
changer sur faces , increase pressure  drop and reduce therma l e f f i c i e n c y .
Extended surfaces, which are normally required on the gas side of the heat
exchanger to increase heat transfer , will severely foul if the extended
surface density becomes too large . With fins , sticky particulates can
bridge the gaps causing a significant increase in pressure drop. The
author has heard reports of ruptured exhaust stacks caused by excessive
fouling of waste heat boilers aboard diesel powered ships. Large heat
exchanger pressure drops caused by acute fouling not only diminishes
heat transfer and increases structural loads but also severely affects
diesel performance.

The present methods to alleviate the deleterious affects of fouling
in waste heat recovery applications are, (1) reduce extended surface density
(reduce fin spacing), (2) install soot blowers between selected rows of
heat exchanger elements , (3) periodically wash hea t exchanger surfaces ,
(4) burn—off the fouling matter by preventing cooling fluid from circulating
through the exchanger , (5) treat the exhaust stream with a substance that
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will prevent the particles from sticking. Most of these techniques have
the obvious disadvan tage of involving addi t iona l cos ts to a system that
may already be economically marginal. It is not known if these approaches
will  be s a t i s f a c t o r y  w i t h  compact heat exchanger cores. Also , with 500°F
(260° C) to 800° F (427° C) exha ust , it may be difficult , if no t impossible ,
to achieve a heat exchanger surface temperatu~~ tha t would e f f e c tively
remove (by burning) the carbonaceous residue. This cleaning technique
could not be applied if organic working f l uids are presen t because they
would thermally decompose.

There is very little information on the fouling of heat exchanger
surfaces in fossil fuel combustion environments. Most of what is avail-
able pertains to oil—fired boilers for steam generation. 31- There appears
to have been no systematic study, either analy t ical or exper imen tal , of
the fouling in diesel exhaust streams. Air pollution concerns , however ,
have promp ted some work in measuring particle size distributions in light
du ty diesels. 32 ’33 Since CONRT ’s major interest is in large (5000 to
7000 h p) diesels fo r  base load power genera t ion , care must be taken when
applying information that pertains to light duty d iesels because it may not
be appropr ia te  to these larger uni t s  that  can burn heavier fuels  and
operate at different conditions .

One of CONRT ’s most critical heat exchanger deficiencies is an almost
total lack of information on the extent and effects of heat exchanger foul-
ing in diesel exhaust  s t reams selected fo r  Rankine cycle , waste  heat energy
conversion. E f f i c i e n t  b o t t o m i n g  systems a re  c u r r e n t l y  be ing desi gned and
will soon be tes ted . N o a o f  these u n i t s  wi l l  be demons t ra ted  in waste
heat gas streams that  promise to be re la t ive ly  clean ( e . g . ,  gas turbines ,
diesels with distillate fuels). It is clear , however, that these systems
will eventually be used in much d i r t i e r  e n v i r o n m e n t s .  In fo rmat ion  related
to the composi t ion of fou l ing  m a t t e r  and the e f f e c t s  of f i n  and tube spacing,
fin material and configuration , heat exchanger temperature , air/fuel ratios ,
type of fuel and flue gas additives is urgently needed at this time. All
important waste heat sources (e.g., gas turbines , diesels , remelt furnaces,
hea t trea t ovens , incinera tors, etc.) should have a comp le te se t of this
information applicable to a variety of heat exchanger core configura t ions
(e.g., plate—fin , honeycomb , finned tube , etc.). Methods to effectively
clean component heat exchanger surfaces should be addressed for specific
applications . -

FLOW INDUCED TUBE VIBRATION

Large margins of safety are usually incorporated into the structural
designs of heat exchangers to allow for unknowns related to thermal stresses,
material properties and behavior , and flow induced vibration. The vibra-
tion environment is one of the most difficult and complex to quantify .
The number of flow—induced vibration problems in shell—and—tube heat ex-
changers has grown dramatically in recent years. These include gross tube
fa i lures, f a t i gue fa i lures , f r e t t in g caused b y tube col l isions , cu t t i n g  by V
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baffles , leaking tubes and tube—joints , increased shellside pressure drop
and intolerably loud noise . Previously, vibration damage may not have been
recognized as such and mechanical failure attributed to other causes. The
problem has gained prominence with several shutdowns of nuclear power plants
due to heat exchanger tube failure caused by flow—induced vib ration . It
has been estimated t h at  the second g rea tes t  cause of nuc lear  p lan t  outage
is the result of excessive vibration. 34 One heat exchanger  bundle  in a
petroleum r e f i n e r y  was des t royed  w i th in  24 hours  of i ts  in i t i a l  s t a r t — u p
as the result of a flow—induced vibration problem. Many large chemical
plants have lost p r o d u c t i o n  due to leaking tubes caused by f low induced
vibration .

Heat exchangers with increased shellside flow velocities , close packed
tube bundles and less baffles are being used to improve heat transfer , re-
duce fouling and pressure drop, and lower costs. All of these tend to
promote flow—induced tube vibration. Different flow phenomena causing
tubes to vibrate include vortex shedding, turbulent buffeting, fluidelastic
whirling, and acoustic vibration.

Because of the complexity of these phenomena , studies of tube vibra-
tion require a great deal of plann ing, precision , and equipment. Experi-
mental vibration data have usually been obtained under controlled conditions
using single tubes or ideal tube banks exposed to either uniform parallel
flow or u n i f o r m  c rossf low . Ext rapo la t ion  of the resul ts  of the idealized
tests to predic t condi t ions  in an ac tua l  exchanger may be seriously quest ioned
due to differences in geomet ry ,  in the way the f low is coupled to the
m o tion of the tubes and the nonuniformity of flow direction.35 Subscale
heat exchanger designs which operate without vibration problems are often
scaled to fullsize configurations without knowledge of the proper simili-
tude requirements. 

V

Predic ting the conditions under which flow—induced vibration will and
will not exist , quan t ifying the vibration behavior , and establishing failure
cr i ter ia  cannot be accomplished with existing technology. Current techiii—
ques for predicting flow—induced vibration damage are inadequate. To corn—
pensate for this ignorance in heat exchanger design , large factors of
safety are usually employed .36 Since experience and judgement are so
important in the assessment of risk when heat exchangers are subjected to
potential flow—induced vibration problems , there is a reluctance on the
part of heat exchanger manufacturers to guarantee structural performance
of their product when the application and design are somewhat unconven-
tional (e.g., advanced energy conversion systems) . There are no standards
or codes that can be used to guard against vibration damage or failure.
TENA provides general guidelines to minimize the occurrence of vibration
damage by recommend ing maximum unsupported span lengths for different tube
materials, sizes and heat exchanger configurations . Design procedures are
available ,35’37 but reducing the probability of failure to a reasonable
level requires extremely large factors of safety in the design which adds
considerable cost to the unit.
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It is important to develop a much better understanding of flow—induced
vibration phenomena . A conprehensive data base , improved analytical mod-
eling and e f f e c t i v e  des ign tools w i l l  lead to more opt imum configurations
resulting in greater reliability and energy savings.

MATERIALS

The majority of heat exchanger problems relate to material deficien-
cies of one form or another. If a particular material component fails
to perform as designed , there are a number of questions to be answered
before it is recommended to seek a “better ” material. These are: (1)
Were the design tools and design criteria adequate? (2) Was the environ-
ment satisfactorily characterized ? (3) Were the properties of materials
well known under the conditions of interest? (4) Was the component fabri-
cated and assembled properly ? (5) Was there an appropriate check—out and
pre— test inspection performed ? If the answers to all these questions are
“yes” and the part failed during operation , one would hesitate to select
a “be t t e r” mater ia l  since it would not be known what mater ia l  peoperty  to
make “bet ter ” . If the answer to any of these questions is “no ” , it would V

seem pruden t, but perhaps not expedien t , to concentrate on resolving that
pa r t i cu l a r  de f i c i ency  be fo re  one seeks a “better” material. The point of
this is simply that  “be t t e r” mater ia ls  are not the panacea of heat exchanger
materials ’ problems . Materials fail because of deficiencies associated
with  the ques t ions  above. It is the au tho r ’s opin ion  that  before  ERDA
(or any government o r g a n i z a t i o n )  decides to support  a p a r t i c u l a r  ma te r i a l
development program (1) the  need should be c learly i d e n t i f i e d  and documented ,
(2) there should be ample evidence supporting the expected benefits from
improving a particular property or substituting a “better” material , (3)
an explanation should be provided why other available , perhaps lower cost ,
materials could not do the job as well.

There is an urgent need to improve corrosion and erosion resistance ,
high temperature mechanical properties , and other important properties of
heat exchanger materials for particular app lications. As mentioned pre-
viously, there can be significant advantages if heat exchangers are allowed
to operate at temperatures below the acid dew point . The acid corrosion
phenomena is understood with most metallics but in the presence of fouling,
as would occur with the combustion of coal and heavy fuels , corrosion
becomes more complex. The development of materials that would allow heat
exchangers to operate effectively below the respective dew points should
be complemented with a study of the corrosion mechanisms in the presence
of fouling. The need for a durable , low cost coating on an inexpensive
material is apparent. Vitrified enamel coatings have successfully reduced
acid corrosion rates but their hi gh cost often outweighs the benefits.8

Plastic heat exchanger surfaces are beginning to receive more notice and
it seems prudent to investi gate the feasibility of this class of materials
for low temperature heat exchanger app lications.
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At hi gh t empera tures , above 1800° F (982° C ) ,  the  l i m i t s  of most super alloys
are reached. Since there are a grea t many (waste) heat sources above
this temperature that are suited to topping and bottoming systems and
waste heat recovery applications , it is necessary to support the develop-
men t and demonstration of efficient high temperature heat exchangers that
are reliable and economical. Figure 2 illustrates the significant fuel
savings obtained by recovering high temperature stack gas and prehea ting
combustion air. There are few , if  any ,  metallic hea t exchangers that
operate efficiently (with high heat transfer effectiveness) in flue gas
environments  whose t empera tu re s  are above 2300°F (1260°C).  Parallel f low metal l ic
heat exchangers are being used as heat recovery un i t s  w i t h  f l u e  gas tempera-
tures exceeding 2300°F (1260°C); however , these units have a low effectivenes and
heat exchanger surfaces are kept at relatively low temperatures.

In a coal—fired , closed Brayton cycle topping sys tem , the pr imary
heat exchanger will have to withstand an intensly corrosive , erosive ,
high temperature (3000°F (1649 °C)) environmen t. There is no commercially available
heat exchanger that can survive and function efficiently for acceptable
periods of time under these conditions. It seems possible , however , that
a ceramic might resist corrosion and erosion and provide adequate strength
at high tempertures . There is a grea t deal of ceramics research currently
being supported by many o rgan iza t ions  th roughou t  the world but most of this
is directed at high t empera tu re  t u rb ines , d e f e n s e  app l i ca t ions , and
electronics. Very little ceramics development app lies to heat exchanger
applications primarily because the availability and cost of fuel have
not made efficient high temperature heat recovery economical. At present
there does not appear to he an identifiable market for efficient high
temperature heat exchangers. In addition , the cost of ceramic research
and developmen t is a significant burden for pr ivate industry to bear .
As a result , private industry has shown l i t t l e  in te res t  in suppor t ing  the
development of high temperature ceramic heat exchangers.

Current problems with high temperature ceramics relate to difficul-
ties and defic iencies with manufacturing, establish ing meaning ful mechanical
properties , determining realistic failure criteria , and nondes tructive
evaluation (e.g., identifying and quantifying flaws). In general , experi-
ence with ceramic heat exchangers has not been good primarily because the
design and manufac turing technology base is substantiall y und erdeveloped.
The effects of manufacturing variables on material properties and failure
cr i t e r ia  are  v i r t u a l ly n o n e x i s t e n t .  This i n f o r m a t i o n  plus ex tens ive  t e s t ing
to document  pe r fo rmance  and d u r a b i l i t y  under realistic conditions is needed.
Accomplishing these tasks takes time and considerable  f i n a n c i a l  suppor t
which is why many ceramic component development programs , considering
their original objectives and schedule , have not been successful.

Regardless of the technology deficiencies previously identified and
the lack of a viable market for high temperature ceramic heat exchangers ,
there are t remendous  q u a n t i t i e s  of energy tha t  can be recovered if e f f i c i e n t ,
reliable and economical methods can be developed . Private industry has
shown little interest in supporting this work for the reasons previously
identified. It is the responsibility of the federal government , because
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of its proclaimed interest and desire to improve the efficiency of energy
conversion systems and conserve fuel supplies , to initiate and support
meaningful , long term programs to develop and demonstrate efficient ceramic
heat exchangers for high temperature application. In this way , a viable
market for these componen ts can be es tabl ished and p r i v a t e  i ndus t ry  will
provide s u p p o r t i n g  technology.

There is a special class of heat exchangers which can efficientl y re-
cover energy at relatively hi gh temperatures (up to 1600°F (871°C)); these are
the compac t,, rotary wheels (Ljunstrom regenerators) with ceramic honeycoc~b—
like cores. -’7 There are  at  least two companies m a n u f a c t u r i n g  and sel l ing
these units for the industrial market. The major problems of rotary wheel
heat exchangers are well known (leaking, seals , therma l s t ress  c r ack ing )
but their effec tiveness is usually high (above 70%) and the ceramic cores
have proven to be r e s i s t an t  to many forms of corros ion at elevated tempera-
tures. It is the author ’s op inion , that the private sector seems quite cap-
able and eager to develop the necessary technology for ceramic rotary
wheel heat exchangers in this temperature range and no federal support is
warranted .

In the interrediate temperature regime (800°F (427°C) to 1500°F (816 °C)),
the major  d e f i c i e n c i e s  w i t h  hea t  exchanger  ma te r i a l s  are cost , a v a i l a b i l i t y ,
mechanical properties and corrosion resistance. There is a critical need
for  low cost , hea t  exchange r  m a t e r i a l s  in t h i s  t e m p e r a t u r e  range . The
extreme dependence on the use of chrome and nickel to res i s t  corrosion and
provide eleva ted temperature strength must somehow be diminished. With
conventional shell—and—tube heat exchangers , for example , the cost per
square foot of heat transfer surf:ice area using 304 stainless steel tubes
is approxima tely 50% to 200Z higher than carbon steel tubes.23 Improve-
ments in material processing to achieve desired proper ties with lower
cost alloys should be enthusiasticall y suppor ted by the federal government.
Material development programs should be coordinated with efforts to lower
fabrication costs and improve inspection techn iques.

HEAT PIPES

Heat pipes are generally recognized as being efficient , compact and
simple heat transfer devices. Until recently , their use was c o n f i n e d  to
rather specialized applications that included therma l control of space-
craft components , space reactors and cooling devices for electronics.
There is a growing awareness, however , that the unique features of heat
pipes makes them a d a p t a b l e  and compe te tive  in a wide variety of industrial
and commercial heat exchanger appli ’ations. For example , a few companies
are now successfull y marketing and selling heat p ipe units for recovery
of low grade waste heat (gas—t . -gas); the energy  being used fo r  HVAC
(e.g., hospitals , office buildings , schools) and industrial processes

V 
(e.g., air dryer , paint and textile drying ovens).38 Heat pipes are used
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to cool the support members of the above—ground por t ion  of the t rans—
Alaska pipeline and protect the permaf ros t  ( approx ima te l y 100 , 000 hea t
pipes , are required).39 A recent study concluded that present day heat

pipes, while not as efficient as some conventional heat exchangers (e.g.,
Ljungstrom , shell/ tube , p la te/fin), are ~ onipe titivc in UVAC applica tions ,
industrial process dryers and flue gas recovery (to 500°F (260°C)) when
compactness , c l e a n ah i l i t y  and ease of i n s t a l l a t i o n  are  i m po r t an t . 4° It
has been shown that for hi gh temperature applications (1800°F (982°C)),
heat pipes may be overall more desirable than conventional heat
exchangers. 41

In add ition to the advantages previously mentioned , hea t pipes also
offer the capability to t r a n s f e r , through barrIers that prevent or mini-
mize cross con tamination , sensible (and latent) heat between fluids that
may be corrosive and hazardous. As was pointed out earlier , some organic
fluids proposed for use in bottoming systems are considered hazardous and
it is important to prevent these fluids from leaking out of the heat ex-
changer into the flue gas (which may he exhaust  gases f rom tu rb ines  or
diesels located in municipalities). Incorporating heat pipes into beat
exchangers for waste heat recovery applications provides for physical
separation of the two fluids which reduces the chances of cross contamin-
ation and enhances safety.

A t the present tine , hea t pipe units being sold as gas—to—gas heat
exhangers in energy heat recovery applications are p~~’sently limited to
maximum temperatures of approxin~ tely 500°F (260°C). Below 500°? (260°C)
there are a wide v a r i e t y  of compat ib le  heat pipe working fluids such as
the Freons, water , ammonia and Dowtherm . Above 500°F (260°C), these hea t
pipe fluids thermally degrade and/or heat p ipe performance falls markedly.
There are other fluids that potentially can be used to 700°F (371°C) but
there has been l i t t l e  work in th is  area and p e r t i n e n t  i n f o r m a t i o n  is dif-
f i c u l t  to obtain (some ol i t  p r o p r i e t a r y ) .  From 1000° F (538° C) to al-
most 3000°F (1649°C), liquid metal (e.g., mercury, sod ium , lithium and V

potassium) hea t pipes have been success fu l ly demons t ra ted  fo r  long periods
of time using stainless steels, super alloys and refractory alloys as
containment materials. In the temperature range 700°F (371°C) to
1000°F (538°C), sulfur heat pipes have been demonstrated but corrosion
problems e x i s t . 42 There  c u r r e n t l y  appea r s  to he no widel y accepted heat
pipe fluid for commercial or industrial applications in the temperature
range 500°F (260° C) to l000°F(538 °C).

There are a great many industrial waste  heat sources above 700°F
(371°C) (e.g., aluminum remelt furnaces , glass melting furnaces , cemen t
plants, beat treatment furnaces) where heat pipe energy recovery devices
could be used providing accep table heat  pipe working fluids were available
in the tempera tu re range 500°F (260°C) to 1000°F (538° C) .  The lack of
su i t ab l e  heat  pi pe w o r k i n g  f l u i d s  In  t h i s  t e m p e rat u r e  range cons t i t u t e s  a
major deficiency in heat exchanger technology . There needs to be a coordin-.
ated e f f o r t  focused  on the  deve lopment  of these working fluids and their
implementation into heat p ipe heat exchangers for energy recovery app lications .
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The advantages of no moving parts, min imal axial temperature grad ients ,
and prov is ions for a red undan t barrier between fl ui ds make hea t p ipes
attractive as waste heat boilers for organic Rankine cycle engine appli-
cations. There has never been an industrial—size heat pipe waste heat
boil cc designed or t i~ t ed i t c a  use t he abundance of cheap fuel st i fled
i n c e n t i v e .  The f u e l  s i  twi t 1 on is jinic di ffvrent today and the need is
a p p a r e n t .  I t  is rea l i s t  ic  t o  assume that a heat p i pe waste heat b o i l e r
could he designed , fabricated , and demon strated in  a 600°F (31 6 °C) to
700°F (371°C) e n v i r o n men t  using ~tate—of—t tie— art working fluids and mate-
r i a l s .  Quest  ions r e l a t e d  t i . cost , heat t rans fir performance and rd ia—
bil  i t y  of such a u n i t  can oni  v hi answered accuratcl v with a near—full
scale demonstration . It is apparent that existing heat p i pe companies can
not afford to undertake such an ambitious program without assistance.

There are other deficiencies in heat pipe technology which affects
their use as heat exchangers for industrial and commercial app lications.
The theoretical performance of low vapor pressure heat pipe fluids is
greater than what has been demonstrated in practice (sometimes being off
by a fac tor of 2).40 The effects of gravi ty and its control on heat pipe
efficiency needs better definition. More effective methods to improve
wicking and the return of condensate will improve heat pipe performance.

The cost of heat  p ipe heat exchangers naturally assumes a dom inan t
role in the acceptance criteria. At low temperatures (less than 500°F
(260°c)), there are ample low cost materials of construction that are
compatible with acceptable working fluids. At higher temperatures (above
500°F (260°C)), specific ma ter ial concerns that infl uenc e cost include ,
(1) working fluid/container compatibility, (2) economical container materials
that effectively resist corrosion and erosion in high temperature fossil V

fuel combustion environments , (3) possible diffusion of low molecular
weight gases such as hydrogen through the heat pipe vessel.

The successful demonstration of high temperature heat pipes has required
the use of expensive super alloys and refractory metals. In coal—fired
topp ing cycle and high temperature industrial waste heat environments ,
these materials would probabl y he too expensive for heat exchanger
applica tion and , in some cases , would be unable to comba t the rigors
of corrosion and erosion. Ceramic heat p ipes are attractive because they
offer the promise of corrosion and erosion resistance while maintaining
streng th at high temperatures. Unfortunatel y, there has never been a ceramic
heat pipe fabricated and tested. Questions regarding compatability with
working fluid , ~ealing1 joining to walls , wick materials , durability, and
performance remain unanswered .

The heat pipe industry is presently very small. The companies are not
capable of providing the level of support necessary to correct the major
technology d~~ficfcne1cs in a timely manner. Unless this work is accelerated ,
it will be difficult implement ing heat pipe heat exchangers and obtaining
widespread user acceptance of heat pipes for many of the applications of
interest to CONRT.
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HEAT TRANSFER F~ 11ANU 1~ 11~~1 V V

Improving heat exchanger  e f f e c t i v e n e s s , given a certain set of fluids
and a fixed type of heat exchanger (e.g., counter flow , cr oss f low , etc.),
requires an increa~;e in local heat transfer coefficent and/or an increase
in heat  exchange r  s u r fa c e  area . A f i n n e d  s u r f a c e  is an examp le of how
heat  t r a n s f e r  can  be inc reased  by s u r f a c e area ex t ens ion . There are many
d i f f e r e n t kinds of extended s u r f a c e s  used by hea t  exchange r  m a n u fa c t u r e r s . 43
Methods to increase overall heat transfer by enhancing or augmenting local
heat transfer coefficent have been known for some time. Many of these
heat transfer enhancement techniques have been tbor2ughly studied in the
laboratory and some can be purchased commercially.4

All known methods  to enhance  hea t  t r a n s f e r  produce  a cor responding
increase in f l u i d  pre ssure drop  wh ich , in turn , increases fluid pump ing
power requ irements. In many cases, the benefits derived from enhancing
heat t r a n s f e r  more than o f f s e t  p r e s s u r e  drop p e n a l ti e s .  In c e r t a i n  app li-
cations, however , large pressure drops cannot be tolerated ; these include
condensers , dry cooling towers and recovering waste heat from internal
combustion and gas turbine engines. In these applications , the performance
and e f f i c i e n c y  of the sys tem is sens i t ive  to pumping  losses and/ or  increases
in engine back pressure. There are a number  of hea t  exchanger pe r fo rmance
criteria for evaluating the virtues of different enhancement techniques;
these must be considered separately for each application. 45

There are tremendous quantities of low temperature waste heat (less
than 500 °F (2 60 °C ) )  gen era ted  f rom st a t ion - ~ry power plants and gaseous dif-
fusion processes. Converting this into si~:ft work requires an extended
heat transfer surface and a high degree of heat transfer coefficient
enhancement .  The i m por t an t  role  of h ei t exchangers in converting low
t e m p e rat u r e  was t e  heat into u s e fu l  work i s  i l l u st r a t e d  by t h i s  e q u a t i o n
which represents  the  r a t i o  of t o t a l  hea t  t r an s f e r  (source  and s in k )  to
maximum output work:46

= 
total heat transfer 

— 
2 —

~
‘ maximum work Ti

r~ is the Carno t efficiency. This equation , plo tted as Figure 3, shows
that the amount of heat transfer required to produce useful work becomes
very large with low temperature sources. It is apparent that severe de-
mands will be placed on hea t  exchange r  pe r fo rmance  and cost to exploit
these low t e m p e r a t u r e  sources. Foul ing  and corrosion are major concerns.

As ment ione~I previously, there  have been many a n a l y t i c a l  and experi-
mental studies of methods to enhance heat transfer. There are specially
conf i gured tubes , fins , p la tes and inserts that are commercially available
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and are being used in heat exchanger app lications. In genera l, however ,
the use of these enhancemen t  techniques is not  w i d e s p r e a d  because :

1.. There is a lack of ope ra t i ng  e x p e r i e n c e  w i t h  f u l l  scale
u n i t s .

2. The cost of f u e l  has not yet  reached high enough levels
to w a r r a n t  p u r c h a s i n g  t h e  h i gher  cost , enhanced  s u r f a c e s .

3. The methods  of enhancement  have caused , in some cases ,
increased ra tes  of co rros ion  ~nd fouling.

Cont inued  deve lopment  of enhanced  hea t  t r a n s f e r  t e c h n i ques should be
encouraged w i t h  emphasis placed on end—use app l i ca t i on  and low cos t .  Field
t e s t i n g  f u l l  scale u n i t s  to d e m cn st r at e  p e r f o r m a n c e  and r e l i a b i l i t y  is
cost ly but  abso lu te ly necessa ry  to convince p o t e n t i a l  users  of the energy
b e n e f i t s .  There is a r e l u c t a n c e  in p r i v a t e  i n d u s t r y  to suppor t  the t e s t i n g
and eva lua t ion  of enhancement  techni ques in f u l l  scale u n i t s .  A comprehen-
sive cost—benefit analysis is needed to identif y and publicize the poten-
tial energy savings using heat transfer enhancement techn iques in industrial
and comniericial heat exchange r  app lications.

Enhancing heat transfer with a fluidized bed offers promise of low
cost and high efficiency in many of CONRT ’s heat exchanger app lications.
Very little work has been done in the U.S. with fluidized bed enhancement
to improve the  e f f i c i e n cy  of heat  e x c h a n g e r s  f o r  h i g h  t emp e r a t u r e  waste
heat recovery systems . In Europe , f l u i d i z e d  bed w a st e  hea t
recovery sys tems  have been s u c c e s s f u l ly  d e m o n s t ra t e d  in a v a r i e t y  of appli-
ca t ions  that include heat treat furnaces , ceramic kilns and economizers.
Studies have shown , however , that the levels of heat transfer enhancement
required to realize significant savings in dry cooling towe’s for power
plants cannot be met with today ’s fluidized bed technology .

One example of a particular need for hi ghly efficient hea t exchangers
to recover low temperature waste heat relates to one of the largest waste
heat sources in the  U . S . ,  the  cooling wate r  used in ERDA ’s three gaseous
d i f f u s i o n  p l a n t s .  Fol lowing comple t ion  of u p r a t i n g  programs c u r r e n t l y
in progress , the Oak Ridge , Padu cah , and P o r t s m o u t h  P l an t s  c o l l e c t i v e ly
wi l l  use over 7200 m e g a w a t t s  of e l e c t r i c i t y .  This e l e c t r i c a l  energy is
used in the u r a n i u m  iso tope  s e p a r a t i o n  process  to d r i v e  the large number
of compressors  r e q u i r e d  to c i r c u l a t e  the processed gas. Af ter compression ,
a heat  exchanger  is used to cool t h e  gas w i t h  a v a p o r i z i n g  f luo roca rbon .
The f l u o r o c a r b o n  passes t h r o u g h  a n o t h e r  hea t  exchange r  where  It  is condensed by
water . The w a t e r , heated to app rox Ima te l y 150°F (66° C ) ,  is pumped to
cooling towers where its temperature drops to approximatel y 100°F (38°C)~
The energy con tent of the circulated warm water is several thousand mega-
watts. Even though Carno t efficiencies are very low, it appears feasible
with very e f f e c t i v e  heat exchangers  to u t i l i z e  th i s  therma l energy fo r
domestic and commercial purposes including the production of electricity
(using an o rgan ic  f l u i d  Rank ine  c y c l e) .  A s tud y has shown t h a t  as much as
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10 megawat t s  of e l e c t r i c i t y  could be genera ted from this warm water source
using ammonia in a R an k i n c  cyc le . 48 Othe r  proposed uses of the warm wa te r
include a q u a c ult ~i i e , lumber  and g ra in  d r y i n g ,  space hea t ing  of o f f i c e s ,
homes and greenhouses.

ORGANIC FLUIDS

A wide v a r i e t y  of o rgan ic  f l u i d s  are be ing  cons idered  in process
hea t ing  and coo l ing ,  as worki ng fluids in Rank ine  cycle b o t t o m i n g  systems ,
and in heat  p ipes. Organic  f l u i d s  are used in p lan t  h e a t i n g  app l i ca t ions
because they can operate at relatively high t empe ra tu r e s  w i t h o u t  being
pressurized; this results in a si g n i f i c a n t  savings in cap i t a l  co stJ ~ In
Rankiue ycle app lications , the proper t  ies of c e r t a in  organic  f l u i d s  y ie ld
higher  cyc le  e f f i c i e n c i e s  and can reduce t h e r m o d y n a m i c  i rr e v e r s i b i l i t y
by lowering the heat exchanger  temperature difference (source—to—working
f l u i d ) .  W i t h  was te  hea t  source t em p e r a t u r e s  less than 1000° F (538° C ) ,  an
organic  R a n k in c  cyc le  provides higher therm al efficiency and more power
o u t p u t  even at off—load conditions compared to steam .13 In addition ,
organic  f l u i d s  s imp l i f y t u r b i n e  desi gn and e l i m i n a t e  the need for complex
water treatment equipment and controls.

Each organic fluid has its own particular thermal stability character— 
V

istics and limits, which , in addition to dependency on temperature and
pressure, are affected by contact with different metallic surfaces . Heat
transfer charac teristics of organic fluids near and above their critical
point (many organic fluids are subjected to near critical conditions to
improve cycle e f f i c i e n c y )  a~~e not well known . Without adequate heat
transfer information , there are large uncertainties in fluid stability
criteria associated with once—through boilers. The amount of information
currently known about thermal stability, heat transfer , and fluid flow
characteristics of organic fluids in a dynamic , high—t emperature , closed—
cycle system is inadequate to conf iden t ly  predict  long term performance
and reliability.

The thermal  s t a b i l i t y  l imi ts  of organic  f l u id s  and their chemical
compatability with containment materials are determined empirically.50 Usually
the experiments are performed under static conditions with small sealed
containers where temperature , pressure and (occasioniill y) chemical species
are monitored . There is a need fo r  i n f o r m a t i o n  on the thermal s t a b i l i t y
of organic fluids under dynam ic conditions to determine if static test
results can be used to predic t behavior under actual conditions of opera-
t ion.  The lack of adequa te  test  procedures forces  f u l l  scale tes t ing to
obtain this information. This approach is obviously expensive , primitive
and loaded w i t h  p o ten t i a l  problems . Be fo re  the use and a c c e p t a b i l i t y  of
organic f l u i d s  can be expanded to r e a l i z e  g r ea t e r  component  efficiencies ,
b e t t e r  tes t  methods wi l l  be needed to eva lua t e  the  high t e m p e r a t u r e  per—
formance of organic fluids under realistic conditions.
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Another problem with organic fluids is containment. Some of the or-
ganic fl ui ds u n d er  s t u dy  I or Ranki ne cycle applica tions are considered
t ox ic , f l a m mab l e  or environmentall y u n d e sir a b l e  ( e . g . ,  F luo r inol , Toluene ,
Freon) .  At  the  p r e s e n t  t in e , t he r e  is considerable con troversy surrounding
the t o l e rab l e  leve ls  o these and s imi l a r  f l u i d s  and i t  is evident  t ha t
i n c rea s i n g  demands  w i l l  be placed on heat  exchange r  des igne r s  and m a n u f a c t u r e r s
to p r e v e n t  l i - u s  and  f a i l u r e s  t h a t  would al low these  f l u i d s  and t h e i r
c o m b u s t i o n  pr ’ !tic t s to  escape . An u r g e n t  need , t h e r e f o r e , is to es tabl i sh
allowa le c o n c t n t  r at  ions  of these  f l u i d s  and t he i r  combust ion  p roduc t s  in
case of a heat e x c h a n g e r  leak or t o t a l  f a i l u r e .  Sensi t ive leak detec tors
should he In c or p o r a t e d  In t o  t ime  con t ro l s  of process or energy conversion
equipment to minimize the loss of hazardous fluid .

The f l u i d  p r o p e r t i e s  one des i r e s  fo r  a p a r t i c u l a r  app l ica t ion  cannot
always he obtained from available lists of organic f l u i d s .  For example ,
the Riphase energy conversion system requires a fluid with low specific
heat , high heat of vaporization and low vapor pressure at 600°F (316°C);
a signif icant performance and cost penalty was incurred using the “best
available” fl .jid with a standard fin—tube heat exchanger~

’9 With low grade
waste heat , d irect contact heat exchangers are particularly attrac t ive but
it is d i f f i c u l t  f i n d i n g  f l u i d s  wi th  spec i f i c  combina t ions  of chemical ,
physical  and thermod ynamic p r o p e r t i e s .  There a re  no known organic  work ing
fluids that can be used in heat pipes above 500°F (260°C) for extended
dura tions . These examp les illustrate the need for (1) better documentation
and ca ta log ing  of avai lable  organic  f l u i d  p rope r t i e s  (2) develop ing new
fluids for specific applications where the energy saving po ten t i a l  is
clearly ident ified .

With an organic Rankine cycle system , a o n c e — t h r o u g h vapor genera tor
(where liquid e n t e r s  one end and super heated  vapor ex i t s  the o ther  in a
continuous manner) can reduce cost and working fluid inventory compared to
a conventional boiler (equipped with drums , vapor separator , rec irculation
pump) . Major  problems w i t h  monotube  and m u l t i — p a t h  o n c e — t h r o u g h bo i l e r s
are re la ted  to , (1) a lack of information on heat transfer and fluid flow
charac te ris t i c s  of o rgan ic  f l u i d s  near the c r i t i c a l  p o i n t ;  (2)  f l u i d  in— V

stability within the tube  causing the boi ler  to ‘t chug ” and c r ea t i ng  local
hot spots which can damage the boi ler  and degrade  the work ing  f l u i d ; (3)
dynamic instab ilit y of the coupled sys tem (boi ler , pump , tu rb ine , experi-
mental data).51- Wi th many organic fluids there is a dearth of experimental
data related to these problems . This lack of information has forced
heat exchanger designers to use more conventional types of boilers and/or
operate the system at conditions far below critical to minimize the risks.
This choice  increases cost and lowers sys tem e f f i c i e n c y .

RECUPERATORS/REc.ENERATORS FOR (‘.AS TURBINES

Higher fuel costs and restricted fuel supp lies have increased the
interest in improving the therma l e f f i c i e n c y  of gas t u r b i n e s .  There has
been and continues to be a considerable  amount  of work in developing heat
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exchangers  fo r  gas t u r b i n e  r e g e n e r a t i o n .  The economics of adding  regen-
era t ion  to the  gas t u r b i n e  cyc l e  depend s on many f a c t o r s .  At lower pres-
sure ra t ios  (less than  10) , the re  is a m e a n i n g f u l  improvement  in cycle
efficiency with regeneration but the added capital cost ($20/kwe to $40/kwe)52
has, in the pas t , retarded enthusiasm to purchase these units. It has
been reported that operational problems with some la rge , u t i l i t y — s i z e  gas
tu rb ine  r e c u p e r a t o r s  have reduced overa l l  plant avai1abi1ity. 13~ S3 Re-
generators (or recuperators) cannot easily be retrofitted to existing gas
turbine systems ; to optimize system performance the regenerator should be
considered in t he in  i t  l i i i  des I go of tim e gas turbine. Thii relatively
high cost of off i c lent imea t exc im u m m g e r s  , opera t I ng a t  ii i gh i  t e m p e r a t u r e
and pressure rat ins , and time a d v a m m  t ages of 1 neo rpe rat i ng a hot toning
system leads the a u t h o r  to q u e s t i o n  w h e t h e r  the  major  gas t u r b i n e  manu-
f a c t u r e r s  wi l l  c o n t i n u e  to f i n d  regenera ted  g a s— t u r b i n e s  a t t r a c t i v e  and
marketable. To regenerate or not to regenerate Is a controversial and
complex ques t ion  tha t  has no simp le answer ;  i t  w i l l  not be addressed in
this report.

Regardless of its f u t u r e , heat exchangers  fo r  gas t u r b i n e  regenera t ion
have bas ica l ly  the same problems as other heat exchangers subjected to
cyclic , high temperature (approximatel y 1000°F (538° C)), corros~’:c environ-
ments. Fouling problems have been comparativel y mild , so far , because
most gas turbine fuels are clean—burning. Compact heat exchangers have
been successf ul in these app lications because high effectiveness can be
maintained . As more use is made of d i r t i e r  f u e l s , however , it is expected
that fouling and corrosion problems will increase.

The greatest challenge to designers of regenerated gas turbines is
lowering heat  exchanger  costs  w i t h o u t  s a c r i f i c i n g  d u r a b i l i t y  and reli-
ab i l i ty .  Above 1000° F (53$°C), m ild steel severely oxidizes and mechani-
cal strengths fall rap idly. The reliance on expensive metallic alloys to
resist corrosion and maintain strength at hi gh t empera tu re  is common to
many heat exchangers  as prev ious l y d i scussed .  Ceramic regenera tors and
recuperators  have been cons idered  but  major  design and m a n u f a c t u r i n g
deficiencies have severely affec ted long—term performance and reliability.

A s i g n i f i c a n t  amount  of research and development  work is being directed
at improving the e f f i c i e n c y  of i n d u s t r i a l  and veh icu la r  gas tu rb ines .
Because of t h i s  and ques t ions  rega rd ing  the  f u t u r e  use of regenerated
gas turb ines  fo r  i n d u s t r i a l  a p p l i c a t i o n s , the  a u t h o r  fee ls  t h a t  add i t iona l
federal suppor t is not required to speed the development of improved heat
exchangers for regenerated gas t u r b i n e s .  The p a r t i c u l a r  p lan to improve
those areas of hea t exchanger technology of concern to CONRT , as outlined
in this report , addresses heat exchanger problems that have app lica tion to
regenerated gas turbines. It is expected , therefore , that resul ts from
implemen ting this heat exchanger technology plan will provide solut ions
to many of the gas turbine regenerator probblems .
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SU~ 1ARY OF h EAT EXCHANGER PROBLEMS AND DEFICIENCIES

The precedin g discussion focused upon major heat exchanger technology
def i c i enc ies  c u r r e n t l y  f a c i n g  CONRT. These deficiencies have created
problems which  are expec ted to adver sely affect ti m e pace of develop ing
alternative energy sources, explo iting waste heat sources and improving
the efficiency of components and energy conversion systems . The major
areas of concern are summarized below:

(1) Based upon current prices of energy , the buyers ’ reluc tance to
spend his limited cap ital , and the rising costs of heat exchangers, many
efficien t energy recovery and conversion systems are presently uneconomical
or marginal.

(2) Industrial , commercial and domestic users of heat exchanger equip-
men t are not interested in novel , more eff icient units unless performance
and reliability can be demonstrated in full scale equipment under realistic
conditions.

(3) The econom ical recovery and conversion of low grade waste heat
cannot be achieved without developing more effective heat exchangers.

(4) Inadequate design tools and a woeful data base are responsible
for gross uncertainties in predicting the behavior , performance and reli-
ability of heat exchangers in environments where corrosion , fouling and
flow—induced tube vibration are present. These uncertainties have led to
higher unit costs, lower efficiencies and a higher frequency of failure.

(5) The eff icient recovery of energy in high temperature , corrosive ,
erosive environments (greater than 2000°F (1093°C)) cannot be obtained
without resorting to ceramic heat exchanger elements. Current technology
surrounding the design , fabrica tion and evaluation of ceramic heat exchangers
for these applications is signif icantly underdeveloped .

(6) Certain characteristics of heat pipes makes them att rac tive as
heat exchanger elements In heat recovery and energy conversion a p p l i c a t i o n s .
There has never been an industrial—size , heat pipe waste heat boiler
designed , fabrica ted or demonstrated in a high temperature waste heat
environment. Without this experience , there remains large uncertainties
in predic ted hea t transfer , effic iency, durabili ty and cost.

Correcting basic heat exchanger deficiencies in a timely manner re-
quires sign ificant advances in selected areas of imeat exchanger technology .
A plan to provide the needed technology is presented in the following
section of this report.
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PROPOSED h EAT EXCHANGER TECHNOLOGY PLAN

A comprehensive ~ lan to advance  heat  exchanger  t echno logy  is r e q u i r e d
to solve current problems and correct basic deficiencies that would other-
wise adversly affect CONRT ’s pians for improving component and system
efficiencies and conserving fuel supp lie s. A series of programs to accom-
plish these objectives is proposed. The programs that comprise this
heat exchanger technology plan are divided into the following categories:
Heat Exchanger Environment , Materials and Fabrication , Heat Pipes , Heat
Transfer Enhancement , and Advanced Heat Exchanger Technology. Specific

V elements of each category will now be identified and discussed .

HEAT EXCHANGER ENVIRONMENT

This category is responsible  for dev eloping those areas of heat
exchanger technology that relate to flow induced vibration , fouling and
corrosion.

Tube Vibration V

To increase efficiency, optimize configuation , reduce material
requirements and lowe r cost of i n d u s t r i a l  and c ommercial  heat  exchangers ,
useful and accurate engineering models of the excitation mechanisms
responsible for flow ind uced vibration in tube bundles need to be developed.
Work performed in t h i s  e lement  inc ludes  ti m e i d e n t i f i c a t i o n  and charac te r -
ization of f l u i d  e x c i t a t i o n  mechan i sms  in tube  bundl es representative of
heat exchanger tube banks . Analytical studies complemented by an exten-
sive experimental program will be directed at fluid/structure coup l i n g
in tube bundles as a function of tube geometry , tube spacing, mass density
ratio and flow velocity. Experiments will progress from single tube rows
to full scale tube bundles. Results will include improved design criteria
to minimize the occurrence of vibration problems .

There appears to be a variety of tube vibration work supported by
industry which is directed more at solving specific needs than contributing
to a solid technology base. Much of this work is proprietary and because
the problem is so serious in nuclear power plants, the app licab ility of
results tend s to favor nuclear equi pm ent and conditions as opposed to
non—nuclear applications (viz, industrial heat exchangers). A comprehensive
survey should be taken to (1) gather all pertinent flow—induced tube
vibration data related to industrial , heat exchangers , (2) establish state—
of— the—art design practices , and (3) iden tIf y levels of uncertainty . A
series of workshops shou ld be scheduled periodic ally, involving representa-
tives from government and industry who are actively working in this area , to
discuss progress and hel p formula te meanin gful governmen t suppor ted
research programs. Because of its global significance , it is expected
that this entire effort will involve time participation of other nations.
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A program of this scope must be government f u n d e d  f o r  a t  least  f i v e
years. CONRT has taken the first step by working together with Heat
Transfer Research Incorporated to (1) obtain a large bank of experi-
mental data related to I low—induced vibration of Industr ial heat exchangers
(2) convene a workshop composed of t ime  most k n o w l e dg e a b l e  individuals
from industry and govc~rm o~n n t  to ident ii v state—of —the—art practices ,
critically review current work , and formulate meaning ful government
supported research programs.

Fouling

It w i l l  take  a r e l at  iv e lv  long  t e r m  c o m m i t m e n t  ( per h a p s  f i v e  y e a r s )
to develop an a d e q u at e  f o u l i n g  technology base because  f o u l i n g  can occur
under so many d i f f e r e n t e n v i r o n m e n t a l  c o n d i t i o n s .  A comprehens ive  survey
and s t u dy  should b e g i n  to c o l l e c t  f o u l i n g  data and q u a n t i f y the e f f e c t s  of
fou l ing  on h e a t  ex ch a n g e r  and sYs t e m e l f i c l e n c y ,  cos t  amid r e l i a b i l i t y .
Avai lable  t e c h n i q u e s  to p r e d i ct  t i ic r at e  and e x t e m ’it  of f o u l i n g  in var ious
types of w a t e r  and w a s t e  1 1 C V I t  e n v i r o n t ’ s -o t s  shou ld be ca ta loged  and com-
par i sons  m a d e  w i t h  aea i i  ab l e  d a t a  to  qua m it  i f y l eve ls  of u n c e r t a i n t y .

A la rge  sc a le  -~ t t m d v  t o  I n v t -~t c i t e  the  e f f e c t s  of heat exchanger
c o n f i g u ra t. i o . m  .! nd t e r ~Tt ’ m ’ V l t u r t’ , l u i d  v O l o c  i t \ ’  and c h e m i c a l  c o m p o s i t i o n ,
s u r fa c e  m a t e r  i i i  s and  f 1 u Id l id  i I yes on t h e  n a t u r e  and r a t e s  of f o u l i n g
should be in  i t l a t e !  . Tim i - i  m l  ‘r -  i t  I n i l o ng  w i t  ii t it ’ r e s u l t  s f r o m  e l emen t s
in o t h e r  c a m e ’ s  j . ’ :  ~ I 11 he  u se d  imp ~ ~v e  f o u l  i n c  p r e d i c t i o n  t e c h n i ques
and to  o b t a i n  h e l t e r  ( 4  I I I  (V ~~ of  t t p e r . m t i o n i l  and  l i f e — c y c l e  cos ts .

F o u l i n g  In  d l t d  e x h . m m t st  r t ’  Ir is lS  an i r m e d l a t e  concern  to CONRT
becau se  i t  can s l g n 1 ~ i c m n t  l v  i ’ ect t h e  p c r t e ’t m c ~ m n c e  and cost  of b o t t o m i n g
systems c u r r e n t i - .’ i m . , V i . r d , V v , .~ lo ;~~

V , n t  . l ’ n~~e m i r ~t n t a l  d a t a  t h a t  can be used
in se lec t  ing  oSt j~~V 5 •V ~ ex t  ended slIr  2 ,i~~~ ’ al i ~ .r i t  I ot i s  should  be o b t a i n e d
as soon as p o s n i b i t .

In situa ti - -n~ w h er e  i n t l — f o u l i n g  ‘ i t h o d s are Ineffective , new approaci’°s
to reduce f o u l  log S i m o n  I d  h. h y t  t i r e d .  The el f e e t  of leg i s lat i o n  r e s t r i c t i n g
the a p p l i c at  lou  of c e r t  a l a  m i t  i — f o u l i n g  and c o r r os i o n  i n h i b i t  ing ch en ica l s  to
wate r  c o o l a n t s  s h o u l d  he d e l i  nt i t  t I .  A .  new w at er  t r e a t m e n t  t e c h n i ques are
developed , r i t e s  of  f o u l i n ’~ In b o t h  or c m i — l o o p  and r e c i r cu l a t l o n  s y s t e m s  should
be documen ted , p er f o rr ” V i u l & p e n a l t i e s  d e t - r ’ ~i n e d , o p e r a t i o n  amid l i f e — c y c l e
cost estim ates improved .

There is a significant amount of support being given to sea water bio—
fouling and brine tou ling by ERI)A ’s Div isions of Solar Energy and Geothermal
Energy , respectivel y. Within the Off ice of Fossil Energy there are programs
concerned with certain aspects of fouling in coa l and oi l— f ir e d
systems. All segments of ERDA having an active interest in heat exchanger
fouling should work closely together in develop ing an adeq uate technology
base.
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Corrosion

In situations where it is d e s i r e d  to e x t r a c t  as mmmcii energy from t h e
source f low as possible , low t e m p e r a t u r e  l i q u i d  cor r o s i o n  becomes a prob-
lem . There are two m a j o r  de l  Ic i e n c  i c s  r e l a t ed  to  the l i qu id  orrosion
issue:  (1) c o n c e n t r a t i o n s  ami d dew p o in t  t t - i ’ ip i r a t u r e s  of gaseous species
in the source f low a rc  usually not known , (2) econom ical heat exchanger
mater ia ls  t h a t  e f f e c t i v e l y  r e s i s t  liquid corrosion are not presentl y
available . What is most u r g e n t l y needed is .m ccr ’ :preli emmsi ve survey  and
study of major waste h eat sources of interest to CONRT to quantif y their
c h a r a c t e r i s t i c s  and chemical  c o m p o s i t  i o n .  In t i m e  case  of d ie se l  engines
for  s t a t i o n a r y  powe r g e n e r a t i o n , SO 3 and 5ft c o n c e n t r a t i o n s  and dew p o i n t s
in the exhaust  f low should  be d e t e r u - i i n e d  ~‘s a I

V uflc t ion of d ie s el  opera t ion
variables (fuel type , air/fuel ratios , off— 1 oad cond i t i o ns) .  In these and
other  env i ronmen t s , the amn oum i t  and r a t e s  of l i q u i d  co r ros ion  should be
documented for dii ferent heat cxclu.mgi- r ~alt -r i mis and configurations .
Based upon this information , heat exchanser materials selection and design
criteria can be improved. All available in fo r r u V l t i on  r e l a t ed  to acid
corrosion phenomena should be collected , docum emitcd , and assessed. Funda-
mental studies of acid corrosion with fouling should be initiated. Cor-
rosion resistant materials should be e v a l u a t e d  to determine the lengths
of time heat exchangers can effectively operate below dew point temperatures
before replacement is required .

Low t empera tu re  corrosion has been identified as a problem for a
long time . It is expected to get worse as lower cost and more a b u n d a n t
high sulfur fuels are used. Government  s u p p o r t  is required because the
private sector lacks the commitment and resources to properly address
and seek solutions to this problem. The absence of an adequate acid cor-
rosion data base relevan t to the needs and i n t e r e s t s  of CONRT supports
the contention that government must provide this support.

At elevated temperatures , the mechanism s responsible for corrosion
of heat exchanger materials in fossil fuel exhaust and waste heat environ-
ments should be identified and quantified as a function of operating con-
ditions. Since the government amid industry are supporting a significant
amount of work in th i s  area , m e a n i n g f u l  research program s  should be formu-
lated a f t e r  a thoroug h review has been made of r e su l t s  f rom past and present
programs . Constructive research programs designed to improve the understanding
of corrosion mechanisms provide information which (1) helps decide what
are most fruitful approaches to follow in develop ing improved ma terials ,
and (2) improves the accuracy of estimating life—cycle heat exchanger
costs.

Mater ia ls  t h a t  o f f e r  improved corrosion res i s t ance  should be eva lua ted
in laboratory and subscale tests that accuratel y simulate environmental
cond i tions .  Time test results should be used to improve the methods of
pr ed ictimu corrosion rates of heat exchanger  m a t e r ia l s  in hostile environ—
ments~ W i t h  coal—fired topping systems and high temperature waste heat
sources , the corrosion of ceramic  mater ia l s  must  be considered . An adequa te
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corrosion da ta ba se rela tive to t i me speci f ic condi t ions of in ter est to
CONRT must he established fo r  c and ida t e  ce ramic  m a t e r i a l s .  Time coupled
e f f e c t s  of f o u l i n g  and corrosion deserve special  a t t e n t i o n . Following
subscale t e s t s , f u l l — s c a l e  d e m o n s t r a t i o n s  should be conduc ted  to document
corrosion resistance and veri fy desigmi criteria .

MATERIALS AND FABRICAT ION

To efficient ly recover energy from sources whose tempera tures exceed
2000°F (1093° C), the stmrfac e materials of heat exchangers will have to be
some type of ref r a c tory , metallic or ceramic. At present , p r iva te ind ust ry
has shown little interest and lacks incentive to develop these efficient
high temperature heat exchan gers because of the hi gh cost requ i red  and
the lack of a viable market. Perhaps the largest commitment to ceramic
heat exchange rs has been made by the E l e c t r i c  Powe r Research I n s t i t u t e .
They are supporting two major programs to develop ceramic heat exchangers
for solar power and coal—fired Brayton cycle app lications. ERDA has a
genuine i n t e r e s t  in recover ing  energy f r o m  hi gh t e m p e r a t u r e  sources but
relatively little is being done to develop the required technology .

To the author ’s knowled ge , the omüy active program supported by ERDA
to advance high temperature heat exchanger  t e chno logy  is a small , ceramic
heat exch ang r m a t e r i a l s  e f f o r t  conduc ted  by t he  G ar r e t t  A iR esea rch  Corpora t ion
for CONRT . This work is aimed at evaluating advanced silicon carbide
tubular elements in a coal—fired Braytom cycle environment. The evalua-
tion criteria is based upon heluinm leak rates , burs t strem’mgtlis , corrosion
resistance . Work such as this should be greatly expanded and acceler ated
to establish a firm technology base upon which a d e q uat e  designs , pe r fo r -
mance and cost estimates of high temperature heat exchangers can be made.

Specific areas of study and investigation related to the development
of ceramic heat exchangers should include , (1) iden tif ying manufacturing
processes that produce acceptable material , (2) the statistical determin-
ation of a great many physical , mechanical , and chemical properties needed
in design and reliabili ty analyses , (3) quantif ying the corrosion resistance
under simulated conditions , (4) investgatimig ways to fabricate complex ceramic
shapes (e.g., U—bends , man ifolds) and joining ceramic elements to headers
and to themselves. It is important to assemble this information in a
useable form so that meaningful engineering design and failure criteria
can be developed and appl ied. Subscaic and segments of fm .m l l s ca ie  heat
exchangers should be fabricated and evaluated under realistic conditions
to verify design cr iteria.

To comba t the deleterious effects of chemical corrosion (e.g., oxidation ,
carboniza tion , sulfidat V o n )  in waste heat and fossil fuel combustion environ-
ments less than 2000°F (1093°C), coat ings and claddings for me tallic heat
exchanger ma terials should be developed and evaluated . Method s to strengthen
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low cost al loys to improv e h igh t e m p e r at u r e  pr ol ) er t ie s  ( e . g . ,  creep s t r e n g t h )
should be investigated with time most promisin g materials being fully char-
acterized and ultimately fabricated imito representative heat exchanger
conf i g u r a t i o n s  fo r  t e s t i n g  amid e v a l u a t i o n .

Improved low cost alloys and coatings to resist low temperature acid
corrosion in waste heat environments should be i n c o r p o r a t e d  imito  heat ex-
changer designs and tested to document long term behavior and performance.

To lower cost and increase reliability of heat exchanger assemblies ,
improved brazing and welding techmmiques (e.g., laser we ld ing)  should be
identi fied , characterized , and evaluated. Low cost methods to fabricate
extended and enhanced heat transfer surfaces should be devised.

Techniques to nondestructively evaluate (NDE) defect sizes in welds ,
tubing and re la ted hea t  exchanger  components  should be catalogued and c r i t i -
cally reviewed. Early detection of corrosion and accurate corrosion depth
measurements are important aspects of heat exchanger failure prevention amid
inspection . I n s t r u m e n t s  and techniques  t ha t  can be used to rap idly  de tec t
corrosion pitting and stress corrosion cracking are currently being developed
for othe r purposes. A stud y should be made of the technolo~’y associated
with new NDE methods and instruments to identif y heat excha lger applications .
I n s t r u m e n t s  and techni ques should be developed that can be used in the  f ie ld
to detect small leaks and identif y defects that m ight lead to heat exchange r
f a i l u r e . These i n s t r u m e n t s  and t e c h n i q u e s  should be t ested  and evaluated
with subscale and full—scale heat exchanger components to determine accuracy
and p r a c t i c a l i t y .  Othe r  i n s t r u m e n t s  developed by the  aerospace i n d u s t r y
that have potential use as diagnostic or inspection tools for heat exchangers
(e.g. thermal imag ing instrumentation) should be exploited.

To effectively accomplish these tasks , a close working relationship
must be es tab l i shed  be tween all a c t i v e l y  i n t e r e s t e d  pa r t i e s  in the private V

sector , profess iona l  o rgan iza t ions  and in time federal government. There are
many material development activities being pursued throughout the world
and it is extremely difficult to identif y the work that has application to
heat exchangers. Periodic exchanges of information among active parties
specifically interested in heat exchanger technology is strongly recommended .

HEAT PIPES

Heat pipes are attractive heat recovery devices in high temperature ,
hostile environments because they, (1) have no moving parts which improves
reliability, (2) can be incorporated into heat exchanger configurations
to yield lower thermal stresses (e.g., can have free ends for thermal ex-
pansion), (3) can be easily cleaned in some instances , and (4) offer a
redundant wall to separate working fluid from heat source. Refractory
alloys containing tungsten , ni obi um and molybd enum have been successfully
used as heat pipe containers for special purposes but these materials are
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not expected to successfully withstand the rigors of many high temperature,
highly corrosive env i ronments  fo r  s u s ta in e d  p e r i o d s  of t i n me . Ceramic  hea t
pi pe concepts should be developed for h i g h  t em p e r a t u r e  a p p l i c a t i o n s . Single
units should be f a b r i c a t e d  and i n i t i a l l y  tes ted  in simulated waste heat and
coal—fired combustion environments. These r e su l t s  should then  be used to
design , construct , and t e s t  f u l l — s c a l e  hea t  exc hi am ige r u n i t s  unde r  comidit ions
representative of hi gh temperature waste heat and topping cycle applications .

To minimize the chances of a hazardous working fluid comning in direct
contact with time heat source in a bottomimig system , promising heat pipe
waste heat boiler concepts should be identified and prel imi na ry  des igns V

prepared.  The best heat pipe  desi gn should be eva lua t ed  i n i t i a l l y  in
subscale . Following this , the  design of a fu l l—sca le  un i t  should be prepared
for a particular b o t t o m i n g  cycle app l icat ion . A demons t r a t i on  of p e r f o r —  V

mance and reliability in full scale should he cond ucted in a realistic
environment.

In conjunction with the development of ceramic heat pipes and heat
pipe waste heat boilers , imp roved beat pipe working fluids for 500°F (260°C)
to 1000°F (538°C) applicat ions should be developed. These materials should
be evaluated at realistic conditions to quantify heat transfer characteristics
and document long term thermal stability and compatibility with heat pipe
mater ia l s  (wick and c o n t a i n e r ) . These r esu l t s  would be used to design re—
cuperators  and waste  heat bo i le rs  f o r  energy recovery or ene rgy  t r a n s p o r t
in environments whose temperatures exceed 700°F (371 °C).

V As was pointed out in the survey of heat pipe deficiencies , the theo-
retical efficiency of heat pipes often exceeds actual performance. A
concentrated level of effort needs to be directed at improving the under-
standing of heat pipe phenomena . Specificall y, fluid—vapor interaction
phenomena and the effects of gravity need further study and quan ti f i c at ion
because they so strongly influence heat pipe performance.

The successful application of gas— to—gas heat pipe heat exchangers in
recovering and transfering energy from sources less than approxi mately

V 500°F (260°F) has been accomp lished by private industry without the overt support
of the federal government. There is one particular deficiency in this
application , however , that may require federal assistance if it is desired
to maximize the effective use of heat pipes in saving energy and conserving
fuel supplies. This is , the apparent lack of a concentrated effort to lower
fabrication costs. It is recommended that a study be made of current costs
and techniques to fabricate heat pipe components for this par ticular heat
exchanger a p p l i c a t i o n  (it is understood that much of this imiformation may
be proprietary) . If cost—benefit analyses indic ate subs tantially more
energy can be saved by increasing the utili zation of heat pipe heat exchangers ,
and lower cost fabrication techniques can be identified as a means to
increase use , a program to identif y lower cost fabr ication techniques should
be ini tiated.
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HEAT TRANSFER ENIL\ ~ CEMENT

It has h e-en shown that heat t r a n s f e r  r a t e s  to ex tended  s u r f a c e  tubes
can be substantially increased by cTne rsim i g time tubes in a f l u i d i ze d  bed.
A great deaL of work  is p r e s e n t ly  be ing  done in f l u i d iz e d  bed c o m b u s t i o n
but  i t  appears  t h a t  ve ry  l i t t l e  of t h i s  t e c h n o l o g y  is be ing  i n t e g r at e d
in to  e f f i c i e n t  Im ea t  c x c h i a i i g er  desi gns f o r  in d u s t r i a l , commerc ia l  and resi-
den t i a l  a p p l i cat i o n s .  Wi th  f l u i d i z e d  beds , not  only  would  hea t  t r a n s f e r
be increased , which Iowerscost , but  t here  ex i s t s  t ime real p o s s i b i l i t y  tha t
fouling could be significantl y red uced by, (1) the filtering action of
the bed amm d , (2) scrubbing of time heat exchmang er surfaces by the  bed par ticles.

Fluidized bed heat exchanger t ec h n o l o g y  shou ld  be developed fo r  appli-
ca t ion  to i n d u s t r i a l  and commerc ia l  was t e  h e a t  r e c o v e r y ,  d r y  coo 1imi~’
towers and toppi m i g cyc les .  A t i m o r o u g i m r ev iew of f l u i d i z e c i  bed h e a t  exc imanger
work should be conduc ted  to i d e n t i f y time e x i s t i m i g t echno logy  base amid p rov ide
insi ght  in to  p o t e n t i a l l y  b e n e f i cia l  research areas. In Europe , fo r  examp le ,
there  are -~xamp1es wimere  small f l u i d iz ed  bed hea t  exchange r s  are being used
to recover  was te  h e a t . 54 The Divis ion of Nuc lea r  R e s ear c h  and A p p l i cat i o n s
of ERD A has spons ored a sigmiificant amount of cooling tower research , some of
w imic hi  invclved f l u i d i z e d  beds fo r  d r y  cooling towers .  For l a rg e  nuc lea r  power
p l an t s  i t  was found t h a t  the level of hea t  t r a n s f e r  enhancement  p rov ided  to d r y
cooling towers  b y f l u i d iz e d  beds was i m i s u f f i c i a m it  to r ea l i ze  an improve-
ment in system efficiency and cost. Thcse results do not necessaril y ap ply
to toppim i g cycle and waste heat utilization systems , however , where system
performance is much more sensitive to the efficiency of the primary heat
exchange r .

To o p t i m i z e  f lu i d i z e d  bed heat exchanger performance , laboratory and
subscale tests should be conducted to evaluate the effects of bed parameters,
tube amid extended surface shape , and flow cimaracteris tics (temperature ,
velocity, etc.) on heat transfer coefficients and pressure drop. Analytical
design tools should be improved for preliminary design and costing stud ies.
The p e r f o r m a n c e  of these subscale  u m i i t s  simoul d  be eva lua t ed  in h migh  temp-
e ra tu re  exhaust flows using heavy hydrocarbon fuels. Wit im timese results ,
potential fluidized bed heat cxchamiger applications can be chosen and
fu l l—sca le  desi gns p r e p a r e d .  Fu l l—sca le  f l u i d i z e d  bed heat exchangers
should be d e m o n s t r a t e d  to v e r i f y desi gn criteria and identify possible
operational problems.

There are numerous techniques to enhance imeat transfer that have
been r epor t ed  and are c o n t i n u o u s i vb e i n g  devised amid proposed.  Many have
undergone laboratory test ing to quantif y heat t r a m i s l er  g m  i n s  and p ressure
drop penalties. A very small fraction have been t c st e d  in full—scale
units. Presently there is no test progr am t h a t  t akes  time best  cand idate
enhancement devices or techniques and demonstr ates their performance , cost
and reliability in c,I1_ scale , reallsLc environments. There is an urgent
need to establish a gram to accomp i ish these  t a s k s .  This t e s t  and
demonstration prograV~ would be costly and federal assistance is definitely
required.
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V P a r t i c u l a r  bmva  t exeham iger r on c ep  t s w i t  Ii he;i I t ran for emihia mi cv m en r
that  sh mow p romi se  of reasonable  cost and modest p r e ssu re  d rop  simould  be
evaluated f i r s t  in the  l a b o r a t o r y  to v e r i f y e x p e c t a t i o n s,  improvements
should be mad e in heat  t r . m m i s t e r  and f l u i d  d y n a m i c  amia l yt  ical models to
upgrade desi gm i t oo ls .  Subscale  and u l t i m at e l y  f u l l — s c a l e  d em o n s t r a t i o n
tests should be conducted to confirm design criteria and identif y any prob-
lems w i t h  fouling amid corrosion.

Enhanced heat transfer is especially important with condensers that
must operate efficiently in applications where available temperature dif-
ferences are very small (e.g., geothermal , ocean thermal , low grade waste
heat). Consideration should be given to improving condenser efficiency
for these app l i ca t ions  u simig em ilsmnced heat transf er surfaces in
novel condenser designs. These Qesigns should be eva lua ted  f i r s t  in sub —
scale to improved design criteria amid i d e nt i f y p o t e n t i a l  problem areas .
Following this, full scale units should be demonstrated to verify performance ,
document operational difficulties and determine life—cycle costs.

ADVANCED TECHNOLOGY

Once—Through Boilers Us ing~~~~ an ic Flu ids

The vapor generator or waste heat  bo i le r  is the key component in organic
Rankine cycle systems . The s ize , cost and work ing  f l u i d  i n v e n t o r y  associated
with  once—through  boi lers  are s i g n i f i c a n t l y  less than  conventional boilers
(with drums , vapor  separa to r  and r e c i r c u l a t i n g  p u m p ) .  Major problems with
both monotube and para l le l  p a t h  o n c e — t h r o u g h b o i l e r s  are re la ted  to , (1) a
lack of i n f o r m a t i o n  omi heat  t r a n s f e r  and f lu id  f low c h a ra c ter i s t i c s  w i t h
organic f l u id s  near the  c r i t i c a l  p o i m i t ;  (2)  two—p lm as e  f l u i d  i n s t a b i l i t y
within tubes; (3) dynamic stability of the  sys tem ( inc lud ing  bo i le r , pump ,
tarbine , condenser). There is a critical lack of experimental data with
organic f l u i d s  related to the above. A stud y should be made of the require-
ments and benefits derived from using once—through vapor generators in various
bottom cycle power systems . A comprehensive data base shou ld be developed
that contains per tinent heat t ransfer and flui d dynamic characteristics
for a var iety of organic fluids over a range of conditions from liquid to
supercritical. Parallel path and monot imbe units should be tested as part of
an effort to improv e or develop analytical models for pred icting fluid
stability characteristics of organic fluids in once—through boiler systems.
Once—through boilers simou ld be des igned to meet the requ irements of specific
systems and tested to verif y performance and document reliability.

V Organic Fluid Developnent and Characteristics

Organic fluids h ave been identified as having many desirable thermo-
dynamic properties for efficient Rankine cycle system application. Prob-
lems with organic fluid s for lmcat exchanger applications primarily concern
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therma l s t a b i l i ty  and c o m p a t i bi l i t y  w i t h  conta inment  materials , toxicity
and f l a m m a b i l i t y ,  and a lack of i n f o rm a t i o n  on heat. t r a n s f e r  and f l u id  dynamic
cimaracteristic s at e leva ted  t e m p e r a t u r e s  and pressures.

All p e r t i n e n t  in forma t iomi r e l a t ed  to commercial ly  avai lable  o rgan ic  f l u i d s
of possible  i n t e r e s t  to CON R T should he collected , c r i t i c a l l y  evaluated and
catalo~ mm e d . P rope r t i e s  of organic  f l u i d s  th a t  improv e p e r f o r m a n c e  of energy
transfer , recovery and conversion systems should be identified . If cost—
b e n e f i t  ana lyses  indicate  t i s it  si g n i f i c a n t  energy  savings can be rea l ized
from us ing c e r t a i n  types of organ ic  f l u i d s  that  are presently unavailable ,
an e f f o r t  to deve lop  such m a t e r i a l s  should be i n i t i a t e d .  The acqu i s i t i on
of basic heat  t r a n s f e r  cl m m r a c t e ~r i s t i e s  and f l u i d  d y n a m i c  p r op er t i e s
of organic  f l u i d s  f rom suhcooled l iqu id  to super c r it ical  is u r g e n t l y  needed
to es tab l i sh  c o n f i d e n c e  in the  design of once— throu gh boi lers  and heat  pi pes.
Thermal s t a b i l i t y  limits and c omp a t i b i l i t y  of organic f l u i d s  wi th  candidate
heat exchanger materials should be establ ished f r o m  exper iments conducted
under s t a t i c  and dynamic f lu id  condi t ions .

The popu l a r i t y  of organic f l u i d s  in energy t r a n s fer , recovery and
conversion systems is increasing. W i t h i n  EI~DA , in add i t ion  to CONRT , those
responsible fo r  developing solar , geo thermal  and ocean thermal  cs orgy

V conversion sys tems have an ac t ive  in te res t  in organic  f l u i d s  and are suppor t ing
work in some of the  areas mentioned abeve .  The necessary tasks  to addre ss
def ic ienc ies  wi th  organic f l u i d s  tha t  have app l i ca t ion  to hea t exchangers
should be planned in concert w i t h  o thers  who may benefit from the results.

Direc t  Contac t  Heat Exchangers

Direct contac t heat transfer is perhaps t h e most efficient way to
exchange energy between two fluids. Since the two fluid s are in direct
contact and physically mix together , there is no wall or intermediate
barrier to impede energy transfer. The traditional forms of fouling and
corrosion are virtuall y eliminated . A major difficulty with direct con-
tact heat exchanger systems is separating the two fluids after th ey have
mixed . At present , d irect contact heat exchanger technology is substan-
tially underdeveloped , most of the support and stimulus being provided
by the goverenent . A study should be made to identif y potential energy
savings in energy recovery and conversion that cou ld result from the dev-
elopment of this technology . Currentl y, there is work be ing suppor ted
by the Off ice of Solar Energy in direct contact hea t t r a n s f e r  fo r  geo-
thermal applications. This work should be expanded to include direct contact
heat transfer/heat exchanger studies and experiments related to waste
heat recovery and specific energy conversion systems (e.g., Biphase turbine
bottoming cycle)49 at temperatures above 300°F (149°C). Methods to separate
coolant and heat source fluids should be devised . Fluids that have desirable
characteristics for direct contact h eat exchanger application should be
ident i f ied  and l a b o r a t o ry  t e s ts  conduc ted to determine heat transfer , separa—
tion, and absorp tion characteristics. Analytical models should be developed
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amid used to size d i r e c t  c o n t a c t  hm ea z e x c h a n g er s  f o r  app l i ca t i omi s of i n t e r e s t
to coNR-r . Subscale um i i t s  should  he t e st e d  to  e st ab l i sh i  p e r f o r m a n c e  charac-
teristics. If feasible , l a r g e r  scale un i t s  shmou l d  be designed , cons t ruc t ed ,
and d e m o n s t r a t e d  to ver f y design c r i t e r i a  amid identif y long term opera t ional
problems .

Residential Flue Gas h eat Exchangers

Recover ing energy f r o m  res ident ia l  fu rnace  f l ue  gases requires  heat
exchangers that arc compact , low cost , re l iab le  and e f f i c i e n t . Compact ,
e f f i c i e n t  and rel iable heat exchangers have b een developed by the aerospace
i n d u s t r y  f o r  s p a c e c r a f t  and high p e r f o rm a n c e  a i r c r a f t  app l i ca t ions .  Uni t s
similar to these can be used to recover f lue  gas energy prov ided the cost
can be reduced.  Economical fl ue gas hm e at  exchangers  to preheat  air  or water
should be developed  and tested to document  p e r f o r m a n c e  and r e l i ab i l i ty .
Since cost will be a major factor, suppor t should be provided to identify
and develop ways to reduce the costs of material (especiall’.’ if acid corrosion
is expected) , fabr ication and maintenance.

Cool ing~Jower Technolo~y

EPA ’s effluent guidelines for steam—electric power plants mandate
that closed cycle cooling s stems must be considered to dissipate the
non—recoverable heat rejected from condensers. Cooling tower s are cur-
rently used in apçroximatelv l0 .~ of time 3000 steam—electric generating
uni ts  in the U.S.-3 The efficiency and cost~ dema rm ds being placed upon
new cooling towers require advances in this area of heat exchanger tech-
nology . Dry cooling towers are closed systems that do not require make-
up water , have a greater flexibility of location , and will not prod uce
condensa te plume s or fog. There are only a few dry cooling towers in
exis tence , however , because time high cost of conventional finned surfaces
make the unit twice as expensive as wet towers .  Studies  should be con-
ducted to idemitif y effic ient , low cost , wet and dr cooling tower concepts
that relate to applications of interest to CONRT . Subscale test should
be performed to determine heat transfer efficiency amid evaluate performance.
The most promising concepts should be incorporated into designs for spec-
ific energy conversion system app lications (e.g., Rankine cycle bottoming
systems) and tested under field conditions to verif y design cr iteria and
establish reliability.

As mentioned previously, a significant amount of work related to
cooling tower technology is being supported by ERDA ’s Division of Nuclear
Research and Application. The studies outlined above should only be under-
taken by CON~T af ter it has been determined t h a t  CONRT ’s cooling tower
needs are not being addressed in ex i s t i ng  programs .
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Boiler and Comid on ser  Technology

More e f f i c i e n t  and re l iable  d i r e c t — f i r e d  boiler  and condenser concepts
should be sought .  The r e l i ab i l i t y  of heat  excimang ers  imi large foss i l
fuel power plants has not been particularl y impressive as shown in Table I ,
even though t h i s  i n d u s t r y  is q u i t e  mature . There is a need to reexamine
the performance of boilers amid condensers and determine the benef i t s  f rom
increasing eff iciency and reliability. A study should be made to identify
(1) major boiler and condenser problems in industry, (2) the current level
of research amid development  to improve t h e  t echno logy ,  and (3) the govern-
ment ’s role in supporting this work . A p p l i c a t i o n s  of this advanced tech-
nology to specific interests of CONRT should be identified . Cost—benefit
analyses should be per formed  to q u a n t i f y po t en t i a l  energy savings. Promising
concepts should be evaluated in t ime l abora tory  us ing subscale models to
quantif y expected e f f i c i e n c i e s .  U l t i m a t e l y ,  f u l l  scale un i t s  should be
designed , fabr icated , and tested under rea l i s t ic  condi t ions  to evaluate
efficiency , the capabi l i ty  to operate  on d i f f e r e n t  fue l s  and cons t i tuents
in the f l u e  gas (in the case of d i r e c t — f i r e d  boilers), long—term performance ,
and reliability.

NWC TM 2930

SUW-IARY OF TIlE PROI’OSEI) HEAT EXCHANGER TECh NOLOGY PLAN

The proposed p l a n  addresses tlm i- e hea t  exchange r  d e f i c i e n c i e s
and problems i d e n t i f i ed  i n  t he  s u r v ey  as b e i n g  most  i m p o r t an t  to the
programs , p lans  and g o ;u i s  of CONRT . Elements of t h is p l a n , i n t en t i o n -
al l y l a c k i n g  d e t a i l , h i g h l i g h t  p r i n c i pal  areas  of c o n c e r n .  Resu l t s
f rom recommended research  ami d t e chno logy  programs w i l l  provide c r i ti ca l ly
needed i n f o r m a t i o n  to speed the d e v e l o p m e n t  of more e f f i c i e n t ,
econom ical and reliable energy conversion systems and components.
An outline of the major elements of this plan is shown in Table II.
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TABLE I .  EQTJIvAL E:: T H O Lm E S OF FORcED OU TAGE i’~~ l~QL ’1 ‘~‘ u:;; izoc~ OF THU. S E R VI C E  r~i~
MEGAWATT OF CAPA C 1T’~ ~~~~~~ BU T E I ) TI I’EA T EX C lL~~cEI ~ co:~io:.;V::; rS rog vosSl L
FUEL—FIRED STEAM 1’O~EL 1L\~ TS

UNIT SIZE , MW

COMPONEN T 60—8 9 90— 129 130—199 200—389 390— 599 600+

BOILER AS SOCIAT ED

WATER WALLS
GENERATING TUBES
SUPERHEATER
RE H EATER 1337 1566 1194 968 781 749
ECON OMI ZER
AIR PREHEATER
FEED WATER h EATER

FOULING 2 
- 

54 48 22 28 45

CONDENSER 71 120 89 94 77 99

1790 2080 1339 1356 1704 2627

TOTAL 3200 3820 2670 2440 2590 3520
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TABLE I I .
ELEMEN TS OF TIlE PR OP OSE L) PLAN TO ADVANCE HEAT EXCHANGER

TECHNOLOGY TO MEET TIlE NEEDS OF CONRT

h EAT ExCIIA N ( ;ER ENVIRONMENT

Flow—Induced Tube Vibration (industrial he at exchangers)
Foul ing (Water , fossil fuel combustion products , waste heat)

Corros iomi
Low tempera tu re  (acid corrosion)  V

Intermediate temperature (oxidation , sulfidation , carbon ization
of metallics)
h igh t empera tu re  ( co r ros ion  of ceramics in toppimig cycle and
waste heat  envi ro imni emi ts )

MATERIALS _ ANI) FABRI CATION

High Temperature (ceramics)

Intermediate Temperature (lower cost me ta l li c s , coated meta l l ic ’s )
Low T e m per a t u r e  ( l o w  cost m e t a l l i c s , p l a s t i c s )
Low Cost Fabrication

NDE Techn iques

HEAT PIPES

Ceramic  Heat  Pipes
Heat Pipe Waste Heat Boilers for Bottoming Cycles

Heat Pipe Fundamentals (gravity, fluid—vapor , compatibility)

Low Cost Fabrication Techniques
Working Fluids for 500°F (260°C) to 1000°F (538°C) Service

HEAT TRANSFER ENHANCEMENT

Fluldiz ed Bed

Evaluation of Enhancement Techniques

Full—Scale Testing
Improved Anal ytical Design Methods  

V

ADVANCED HEAT EXC HANGER TECHNOLOGY

Once—Through Bo i l e r s  (organic  f l u i d s )
Organic Fluids (heat transfer , properties , development)
Direc t Contact h eat Excimangers

R e s i d e n t i a l  Flue Gas Heat  Exchangers
Cooling Towers
Boilers and Condensers
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15
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1700 F 1900’F 2 100 1 2300 1
WASTE GAS TEMPERATURE L EAV I NG FURNAC E

CAS E HISTORY OF FUEL SAVINGS

Fuel Natura l gas at 1000 BTU V CF
Cold air input 22MMBTUJ HR
Excess ai r 10 percen t

Waste gas temp leaving
furnace 22001
Air preheat 7001
Fuel savings 27 3 percen t
Hot air input I6MML3T U/HA
Fuel savings 6MMIIT U/HR
Fue l savings cOnverted
t o gas cost at $1 OOVMCF $6 00;HR

$12000/YR (one sh i f t )
$24 , 000/YR (Iw o s h ifts)

Recuperalo r CoSt $18,000
Amo rt izat ion One-two years
Service ide Five -t en years or more
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