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Advancements
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Because of intense development in the aircraft gas turbine field over the last 30
years, the fixed boundary recuperator has received much less development at-
tention than the turbomachinery, and is still proving to be the nemesis of the small
gas turbine design engineer. For operation on cheap fuel, such as natural gas,
the simple cycle-engine is the obvious choice, but where more expensive liquid
fuels are to be burned, the economics of gas turbine operation can be substantially
improved by incorporating an efficient, reliable recuperator. For many industrial,
vehicular, marine, and utility applications it can be shown that the gas turbine
is a more attractive prime mover than either the diesel engine or steam turbine.
For some military applications the fuel logistics situation shows the recuperative
gas turbine to be the most effective power plant. For small nuclear Brayton cycle
space power systems the recuperator is an essential component for high overall
plant efficiency, and hence reduced thermal rejection to the environment. Data
are presented to show that utilization of compact efficient heat transfer surfaces
developed primarily for aerospace heat exchangers, can result in a substantial re-
duction in weight and volume, for industrial, vehicular, marine, and nuclear gas
turbine recuperators. With the increase in overall efficiency of the recuperative
cycle (depending on the level of thermal effectiveness, and the size and type of
plant), the cost of the heat exchanger can often be paid for in fuel savings, after
only a few hundred hours of operation. Heat exchanger surface geometries and
fabrication techniques, together with specific recuperator sizes for different ap-
plications, are presented. Design, performance, structural, manufacturing, and
economic aspects of compact heat exchanger technology, as applied to the gas
turbine, are discussed in detail, together with projected future trends in this fieid.
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Gas Turbine Recuperator Technology

Advancements

C. F. McDONALD

WOMIHCLATURE

a = minimum free flow area, sq ft Pr = Prangil number. 8 fluid prederiiss
modu_us
A = exchanger heat-transfer surface area,
SR fits Re = Reynclds aumhay, s fow pofulus
AFR = exchanger frontal area, sq ft SFC = specific fuel consumptior . il Ar-hp
b = passage height, in. Sp fip = Epéeific power. hpilh e

18
|

C = flow stream capacity rate, Btu/hr- = ghsoluce temperacure . deg R

deg F
= gaeheagar "ore volums, ow I
CP = specific heat at constant pressuia.
Btu/lb-deg F W = finw reis, 1b ser
d = hydraulic diameter, tube diameter, Xp = transverse tube piteh
in.
¥r, = longitudinal tube piteh
f = fanning friction factor
B = surface compactness, sy ft/iu £k
g = proportionality factor in Newton's
Second Law, ft/sec2 A = denotes differencs
h = heat-transfer coefficient, Btu/sq ft- @ = denotes proportionaiify
hr-deg F
= pxahangar effestivencss
hA = thermal conductance, Btu/hr-deg F
A = apsilubte visedsity, 1b /hr-rt
hp = horsepower

p = density, lb/mu %
J = Colburh factor

(AP/P) exchangel: pressule Lloss, pe™ent
I, = exchanger flow length, in.
$ = dollars
N = fins per inch
= enTs

NTU = number of heat transfer uniis

P = abspluts pressure, lbisg in.
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In The 1a&l ten yeard, the gas turbime has
become established as a reliable and competitive
prime-mover in the industrial field. 1In the
first 20 years of 1ts development, the main em-
phasis had been in the avilation field, and com-
mercial derivatives have benefited from concen-
trated military activities. In the vehicular,
industrial, and power generating fields, the gas-
oline engine, diesel engine, and steam turbine,
with more than 50 years of development, have been
the dominant prime-movers, and have demonstrated
high reliability and low maintenance costs, Ini-
tlal plant costs and operating costs, over the
life of the machine are important, and with grad-
ual improvement in the turbomachinery components,
together with material and manufacturing advance-
ments, the operating cost of the industrial gas
turbine 1s now competitive with the more tradi-
tional prime-movers. Highly rated aircraft gas
turbines have achieved TBO's of 10,000 hr, and
the more conservatively desligned industrial plants
have demonstrated values much higher than this.

The recuperator initially found acceptance
in the large European industrial open- and closed-
cycle gas turbines, introduced about 30 years
ago. The recuperator was essentially a supple-
ment to the cycle to provide reasonable specific
fuel consumptions because of the low component
efficliencies of that era. These recuperators,
of mainly tubular construction, were designed and
manufactured using conventional heat exchanger
practice, and this resulted in large and bulky
units which were incompatible with the compact
nature of the rotating machinery. These plants
were conservatively designed and have demonstrated
a high degree of reliability and, in many cases,
nave run virtually maintenance free for over
100,000 hr of operation.

In the open-cycle gas turbine, the recuper-
ator, unlike the ublquitous compressor and tur-
bine, is not an essential component, and the high
initial cost of the heat exchanger has generally
been the decisive factor in selecting the simple
cyele plant. With an ever-increasing demand for
power, and strong emphasis being placed on mini-
mum pollutant emisslon, the gas turbine looks
attractive for many applications. Although current
initial plant cost is high, the dominant operating
cost of the machine, over the majority of its
life, is fuel cost, and, in many cases, the cost
of the heat exchanger can be paid for in fuel
savings after only a few hundred hours of opera-
tion. To be competitive with the diesel engine
for industrial, vehicular, and marine application,
some form of heat-recovery device in the gas tur-

bine 15 necessary.
It is expected that the role of the recuper-

abad gae Purvime 14 the mest fTen yesze WEIl1 Lasous
significant in the vehicular, industrial, marine,
and closed-cycle nuclear gas turbine fields., In
spite of a long history of heat exchanger utiliza-
tion in large gas turbine plants, their success

has been fairly limited for small industrial, trans
portable, or mobile gas turbines. The heat ex-

changer for a competitive small gas turblne must:

1 Be compact to maintain &os= fureine Ss¥Lob iy
over the diesel engine
2 Have an initial cost low edeuagh toe Provids

overall economic Justificatlon

3 Withstand the severe thermal stresses duri: g
engine transient operation, and demonstrat#
EXTaNiE

a nith relideiiity fow

lifs

g o

4L Not vverly restrict tne gas turbines multi-
fuel capability,

For many years, the heat exchanger has teen
the nemesis of the small gas turbine design engi-
neer, but with progressive development, promi:ing
results have been achieved by AiResearch with
both compact plate-fin and tubular units. The
main emphasis in this paper 1s to show that utiii-
zation of compact, efficient heat-transfer sur-
faces, and fabrication techniques, developed
primarily for aerospace heat exchangers, can ra-
sult in substantial reduction in weight, voluss,
and cost for vehicular, industrial . meorcins, Al
nuclear gas turbine recuperators.

It is beyond the scope of tChils
into a detailed comparison betweer the fixed
boundary metallic recuperator, and the rotar;
ceramic regenerator; however, some guldelines =zue
included regarding the selection of gas turbi:un
heat exchanger type. The first heat exchanged
gas turbine to go into large volume production
will probably be the regenerative engine for
truck application in the 300- to 500-hp power
range. Utilization of these prime-movers will
likely be extended to non-vehicular markets, such
as generator sets and varied marine applications.
In these areas, consumers will become more awai®
of the low specific fuel consumption potentia:
of the regenerative or recuperative cycle., Fox
the many industrial operations currently usirg
natural gas fuel, simple cycle gas turbines are
utilized, but with the projected increase in il
costs over the next few years, the economics w:
gas turbine operation will be substantially im-
proved by incorporating an efficient, reliabi=
recuperator.

Recent work done at AiResearch has =udii

pETA™ £ g
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tnat a viabvle, cost-effective recuperator can be
produced, which satisfies the performance, struc-
tural, manufacturing, and economic goals for a
wide range of gas turbine applications.

GAS TURBINE HEAT-RECOVERY SYSTEMS

An obstaele to the wilder application of gas
turbines has been the relatively low efficiency
of simple-cycle units. Inherent in the simplicity
of the cycle, and the metallurgical limitatilons
imposed for practical operation, are large specific
alrflow and high exhaust gas temperature. Some
degree of waste heat recovery in the gas turbine
is imperative in order to achieve specific fuel
consumptlons comparable with the diesel engine,
Various heat-recovery methods utilized to improve
the thermal efficiency of the gas turbine are

shown in Fig. 1 and are briefly ocutlined in the
following.

Open Cycle with Recuperator or Regenerator
The simplest form of heat exchanged cycle
utilizes a heat-recovery unit to transfer heat

directly from the turbine exhaust to the compres-
sor discharge alr before it enters the combustor.
Throughout this paper, the fixed boundary, direct-
transfer heat exchanger is referred to as a re-
cuperator, and the rotary, periodic flow type as

a regenerator. For the open-cycle unit, either
a recuperator or regenerator can be utilized.
The main emphasis in thls paper is placed on the
recuperator, since it is felt that in the next
few years, this type of heat exchanger will be
used extensively for vehicular, industrial, mar-
ine, and closed-cycle nuclear gas turbines.

Exhaust Heated Cycle

In this type of cycle,
transposed to a position between the turbine and
This results in an engine

the combustor is

the heat exchanger,
arrangement which is bulkier and less efficient
than the first configuration discussed. The high
effectiveness heat exchanger will require three

or four times the surface area of the conventional
type, and will be required to operate at a much
higher average temperature, As outlined by Mor-
dell (l},l the main attractive feature of the
exhaust heated cyele is that the turbine operates
on pure air, and this means that very low grade
fuels can be used without incurring turbine-blade
erosion, etc.

Liguid Coupled System
The liguid-coupled system consists of two

1 Underlined numbers in parentheses designate

feferences at end of pancr.,

independent heat exchangers, linked together Ly

a liquid metal heat-transfer loop. This systen
affords considerable flexibllity in packaging
because it is comprised of two separate units,
linked by a liquid-metal loop. A completely
sealed liquid-metal system would be necessary to
obviate oxide-induced corrosion within the loop,
thus requiring the use of an electromagnetic pumyp.
For industrial application, the principal disad-
vantages of the liquid-coupled system are uncer-
tain reliability,
volume penalty.

complexity, hign cost, and

Waste-Heat Cycle

An effective metlinod of improving the tneraal
efficiency of the industrial gas turbine (for
total energy applications) is to utllize a wasts
heat boiler. Because the turbine exhaust contadlns
nearly all the original oxygen,
ing between the turbine and the boiller can be
adopted. The basic gas turbine can be eithexr
recuperative or non-recuperative., A combined
waste-heat cycle employing a two-phase Rankins
cycle, in conjunction with a gas turbine, ha:z
many advantages for industrial application. In
this combined steam and gas (STAG) turbine, the
closed-cycle receives heat from the gas turbine
exhaust and contributes shaft power output through
These specialized topics
i de i e o ()

supplementary {iir-

a common gear=box.
have been reported Haricdri glos

and Sheldon ().

Closed-Cycle Gas Tuxbine Using Conventional Fuel
As reported by Keller (%), many closed air
cycles have been used for power and heating appli-
cation in the range of 2000 to 30,000 kw. Theas
plants have utilized coal, oil, and natural gzs
fuels, More recently, a low pollution closec
Brayton cycle gas turbine, using air as the wori-
ing fluid, has been proposed by Pietsch (5) for
A unique feature of this

vehicular application.

cycle is the combined heater/combustor which
utilizes premixed fuel and air in a near stoich-
iometric ratio with a slight excess of air, sucn
that the temperature is limited to minimize the
formation of the oxides of nitrogen, while essen-
tially burning all o7 & milrocorizcas 2l fompting
only carbon dioxide.

In these closadi-;yula tuwrhinss , i
recuperator is an essentizl «o aest f Hig
overall plant efficiency, rafupead Che Ml

rejection to environment.

Closed-Cycle Nuclear Gas Turblims:
As reported by Keller (4), a developmen=

of gas-cooled reactors with high outlet temperu-

Chieed Eer e uscd U comdune Bhon wiEn 29 far-
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RECUPERATOR COMBUSTOR

a. CONVENTIONAL OPEN CYCLE
WITH RECUPERATOR
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COOLER

c 1

4..
A4
ANV

RECUPERATORJ/

S_CLOSED AIR LOOP
e, CLOSED CYCLE USING CONVENTIONAL FUEL

Hig o ol

bines in o direct circuit, and can thus be ubil-
ized without additional pressure and temperature
such as are inevitable in the case of
intermediate heat exchangers. The high cycle
pressure level in these helium gas plants leads
to a favorable heat-transfer coefficient, and the
recuperator for the closed-cycle gas turbine is
in the order of one-third the size of that in
alir plants. Again, the recuperator is an essen=-
tial component for high plant effliclency and,
hence, reduced thermal rejection to the environ-

losses,

ment. The cooling water requirement for a closed-
cycle helium gas turbine 1s 1/3 to 1/5 of a com-
parative steam turbine plant.

SELECTION OF HEAT EXCHANGER TYPE

The: specific fuel consuaption of a zad® tur-

y -

RECUPERATOR CERBUEs OR

-

b. EXHAUST HEATED CYCLE

COMBUSTOR

GEAR
BOX

BOILER
A
—AAA—

|
STEAM

TURBINE

CONDENSER
;ﬁ—vav—-;

d, WASTE HEAT CYCLE

REACTOR

-
COOLER % % Wy
)

RECUPERATOR

CLOSED
HELIUM LOOP

f. CLOSED CYCLE NUCLEAR GAS TURBINE

leat exchanged gas turbine cycles

tine can be sub¥tamiially reduced by aprplying

heat energy from the exhaust gas to preheat the
compressed air, thus reducing the temperature yise
in the combustion chamber. For vehicular gas
turbines the heat exchanger is an essential, 1f
not the most important, component of the power
plant, The most important benefit of the heat
exchanger, particularly for vehicular application,
is the marked reduction in part load fuel consump-
tion. For two-shaft vehicular gas turbines with

a fr=se power turbine, a fairly flat fuel consump-
tion curve with load can be realized utilizing a
variable power turbine nozzle. Fig. 2 shows a
typical comparison in fuel consumption between a
high-pressure ratio simple-cycle engine, low-
pressure ratio heat-exchanged engines, with and
without variable geometry, and a turbo-charged
Qilecel

enedme., It ®iculd be neted twat ghe 1w
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i | SIMPLE CYCLE, FIXED GEOMETRY A
| | TURBINE, WITH HIGH PRESSURE RATIO,
D2 *4‘ #“—AND HIGH TURBINE INLET TEMPERATURE
: i | |
! !
0.60 = l ...... W

*LOW PRESSURE RATIO, HEA‘T E XCHANGED,
FIXED GEOMETRY GAS TURBINE

/—LW PRESSURE RATIO, HEAT EXCHANGED
GAS TURBINE WITH VARIABLE GEOMETRY

R

3PECIFIC FUEL CONSUMPTION L8/MP-HR

: = ——
Bﬁ;\\7-_\ﬁ —
\d_fdr/
TURBO CHARGED DIESEL ENGINI—_ J
2 TG zo ) =0 z 7 o 5 T
POWER - PERCENT dna i
Bl 2 Typical part-load {ual comawantisng Lor
VETIOWS Tower ulanis
provement in pa™t logd Lusl sonmwmoobion (o [hs pressace leyals thas ths boiler siv Jrebeai=p,

variable geometry machine is due to the interac-
tlon of nozzle varlation and In

a non-heat-exchanged engine, the influence on part
load fuel consumption of variable geometry is
significantly less. The beneficial effect of in-
creases in maximum cycle temperature on thermal
efficiency is greater for the heat-exchanged cycle.
The desirability of a flat SFC curve for vehicular
and industrial gas turbines emphasizes the vital
need to develop an efficient, reliable, low-cost

heat exchanger,

heat exchanger.
There are two main types of heat exchanger

currently being used for gas turbine applications,
One 1s the fixed boundary recuperator, which is
often referred to as a conventional direct-transfer
heat exchanger, in which the compressor discharge
air and the turbine exhaust gas exchange thermal
energy directly through, and are separated by, the
heat-transfer surface itself. The other i1s a pér-
lodic flow regenerator, like the common LJjungstrom
air preheater, in which the heat is alternately
absorbed and rejected by a mass of material which
rotates through fixed fluid streams, and is exposed
periodically to the high-temperature gas and low-
temperature air.

The rotary heat exchanger has been utilized
for many years in low-pressure alr heating systems
in the form of the Ljungstrom type. This techno-
logy has been extended to regenerator application
for vehicular and industrial gas turbine use.

One of the projected advantages of the votary

unit was the use of more compact surfaces than

the fixed boundary type, to give a reduced heat
exchanger volume,

Lperatlug ac

for a given effectiveness and

OMT ALY JEOT nighei differeaticl

the gas turbine regenerator has the prcblem of
excessive wear and leakage of the seals between
the high-pressure cold compressor discharge sir,
and the low-pressure hot turbine exhaust gas.
Early vehicular and industrial gas turbines wtil-
ized metallic regenerator units of both drum sl
disk type of construction.
ments in the ceramic field, current vehlcula:
development engilnes are being endurance run with
twin disk ceramic regenerators. Even after exumn-
sive development programs, the metallic-to-ceranmi:
seal problems, of low leakage and long life, have

With recent devalap-

not been resolved.
been evaluated over the years, and these include
ceramic and metallic disks and drums, toroidal
configurations, heat pipe deslgns, and pebble had
types. It 1s not the purpose of this paper to
fully describe the rotary regenerator, since

Many types of regenerators hawe

TilE
many variants have been reported in depth by
Penny (6), (7), Lanning (8), Weber (9), Selfora
(10), silverstein (11), and Hammond (12).

over the last 30 years, fixed boundary
recuperator, of both tubular and plate-fin
struction, has been used for industrial, marins,
locomotive, aircraft, vehicular, and closed-cyele
applications, and has demonstrated a high degrao=
of reliability. The type of heat exchanger tc ns#
used, and the materlal from which it is construct-
ed, essentially depends upon the cycle selected
and the application of the gas turbine. Approzi-
mate boundaries for gas turbine heat exchanger
selection are shown in Fig. 5. The basic curve
array relates turbine lnlet temperatures, compres-
SERNNRESIEMRE! PayIler

o Py o

and heat exchanger gas inlzt

tamperatues . Suparimpossd o toils mop ave houad-

220z ¥snbny oz uo 3senb Aq ypd-ze-16-z2-1.£0E 1 0}.00A06.L06€2/LE0V LOLLO0A/8L86./2.61 1D/Hpd-sBulpesdoid/] /610 swse:uonos)oojenbipawse//:dyy woly papeojumod




LA

CMPERAR

URVE ARRAY BASED ON

OVERALL TURBINE EFFICIENCY
TURBINE PRESSURE RATID

85 PERCLNT

TURE .

COMPRESSOR PRESSURE RATIO 57

3600
3600
3000 1
2200 —1
JER0 Ear=
1ilw
240
S6C0 4 a »
CERAMICS { CERCOR

3 SILICONE NITRIDE) 28U
<l

R

ADVANCED %
T MILITARY :
1] GAS TURBINE
ZONE
2200 ——» T
REFRACTORY?

2100qa1L0YS
2000 4

’900‘wEOBALT

BASE ALLOYE
18004 ® HAYNES 29
® AYNES
® IS5
1700 ———
16060 A
e
NICKEL BASE ALLOYS
5001 " e [NCONEL 625
e INCOLOY 800
Pl ® HASTELLOY X
300 SERIES
STAINLESS STEEL
1990
200130 SeRIES
STAINLESS STEEL
1160
1300
MILD STEEL
00 4
A LINES OF SPECIFIC POWER
con¥ | HPALBHSEE
LINES OF SPECIFIC FUEL
200 4 T CONSUMPTION (B/HP-HR
- INDUSTRIAL AND MARINE
600 APPROXIMATE TEMPERATURE GAS TURBINE ZONE
LIMITATIONS FOR EXTENDED
4o - HEAT EXCHANGER LIFE
400 4

Approximate boundaries Tou

swat-exchader seiscti=a

Ak

A AR B

RECUP [ R/aTi, 4 4 rbimd s 1
REGENERATOR BOLNDA:

CERAMIC RIGENIPATOR i
CERAMIC RECUPERAT(

TUBULAR RECUPLRATCH

PLATE-FIN RECUPERAT K
OR TUBULAR RECUPERATOR

METALLIC OR CERAMIC AIpGEN AT
TUBULAR OR PLATE-FIN RECHPFichiin:

APPROXIMATE OPERATING ZONE .
VARIOUS APPLICATIONS

ADVANCED VEHICULAR GAS jLzuln:

VEHI CULAR
G TUM iMES,
8 !
/‘
AOMPR{; AT
PRESSURE
RATIO
et al

L

220z ¥snbny oz uo 3senb Aq ypd-ze-16-z2-1.€0E 1 0}.00A06.L06€2/LE0V LOLLO0A/8L86./2.61 1D/Hpd-sBulpesdoid/] /610 swse:uonos)jodjenbipawse//:dyy woly papeojumoq




PIN-FIN

a. PLATE FIN EXTENDED
SURFACE GEOMETRIES

%
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>
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i
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b. TUBULAR, PRIME AND EXTENDED SURFACE TUBULAR GEQMETRIES -85

JESy; LS

arigc for the.different gl exerstiger ©ymes,
gether with approximate operating temperature
limitations, for various materials. The lines of
specific power and specific fuel consumption are
only approximate, since they are very dependent
on the component efficiencles; nevertheless, they
do show typical values for the various gas turbine
operating regimes.

to-

The two types of recuperator surface geome-
tries most commonly used are plate-fin and tubular
construction. In general, the plate-fin type of
unit has a smaller volume but is heavier than the
tubular unit. To date, the tubular unit has been
used for lightweight application and for high-
pressure industrial and closed-cycle gas turbine

plant, The regenerator, wade from eithsr mstal

o]

hecuparator surface geometyias

or ceramic material, is used for fairly low-pres
sure ratio cycles (up to about 6:1). To realize
the true potential of the gas turbine, it 1s de-
sirable to operate at higher compressor pressure
ratios and turbine inlet temperatures.
creased specific power cycles introduce structu:
complexity, and seal wear and leakage problens,
which tend to offset the potential low-cost a
tage of the ceramic regenerator which is best

These in

ed for gas turbines of relatively low power th:t
are used where limited life is acceptable., 1In
heavy-duty, vehicular industrial, and marine gas

s

turbine power plants, the regenerator, whether mad

of ceramic or metal, does not look as attractive
as the fixed boundary recuperator.
Tigle A

Creaxrly, trerse is no &l

war Lo the
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guestion of what type of neat exchanger is the

most cost-effective for a particular application,
To realize the full potential of the gas turbine,
considerable development efforts, with materials
such as silicon nitride, will be required before
a viable low cost ceramic recuperator is avalla-
ble for vehicular and industrial application.

RECUPERATOR SURFACE GEOMETRIES
W Sed

The tWwe most cOmaor:l:s recuferator

surface geonetries are tubular and plate-fin con-
The early industrial heavy-duty

gas turbines utilized tubular geometries, and
construction ftechniques were based on established
boiler code practice, where the tubes were welded
into the headers, and this, combined with the
poor heat-transfer characteristics of the plain
low compactness surfaces, resulted in heavy and
bulky units which were not compatible with the
turbomachinery,

structions.

Concentrated developments in

aireraft neat excrx
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and tubular types, which nave been successiully shown in Fig. %, and are briefly discussed in tins#
used in compact recuperators for industrial, following. Heat-transfer and performance aspesis

vehlcular, and aircraft gas turbines. Represen- of the various surface geometries are discusseald
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Jiu SN Recuperator flow configurations
in & later cection. 45 surfaces are shown 4n Pig. %(a).

Plate-Fin Extended Surface Geometries
In this type of construction, the heat
transfer takes place between parallel flat plates

or channels which incorporate finned secondary
surfaces. Conslderable flexibility is afforded
with this type of geometry in that the air and
gas side passage helghts and fin form can be var-
led independently to give an optimized unit for
any particular application, the actual choice be-
ing dictated by the compactness one can achieve
within established design and cost limitations.
The most interesting development in plate-fin
designs are what can be achieved in the fin form,
in the way of promoting heat transfer.

Several

The simplest forms are the plain rectangular
and triangular fins, but these are rarely used in
recuperators because of, thelr inherently poor
heat-transfer characteristics which result in
units of excessive volume, weight,-and cost.
eral simple modifications can be made to these
geometrlies to enhance their heat-transfer charac-
teristics,

In the wavy or herringbone fin, the geometry
is formed such that the periodic change in fluic
direction breaks up the boundary layer so as to
yileld higher heat-transfer coefficients, Louverca
fin surfaces are characterized by fins that have
been cut and bent out into the flow stream at fre-
quent intervals, again to energize the boundary

Sev-

11
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Fig. 8 Curves showing various cross-counterflow
heat exchanger sizes compared with a
pure counterflow configuration

layer. These fins can be manufactured at high

rates of speed and are used in many automobile
radiators.,

In the perforated fin, holes or slots are
cut out of the fin to enhance heat transfer by
boundary-layer interruption. Work reported in
the literature for very small chemically etched
slots showed an increase in heat-transfer coeffi-
cient without the associated lncrease in friction
factor. This was attributed to the fact that the
thermal boundary layer was disturbed to a greater
degree than the hydrodynamic boundary layer,

More practical perforated fin designs have been

developed by AiResearch in an attempt to minimize
frontal area and volume requirements of a Rankine
cycle engine condenser for automotive application.

The offset fins are similar in principle
to the louvered fin surfaces, the only difference
being that the short sections of the fins are
aligned entirely with the flow direction. With
this strip-fin type of configuration, it is feas-
ible to have very short flow length fins, and
thus very high heat-transfer conductances. The
performance of these fins, especially the fric-
tion factor, is affected by the thickness and
character of the fin leading edge. A few ten-
thousandths of an inch of scarfing can have a
considerable effect on the characteristics of the
fin, particularly for very compact surface geome-
tries. fans exhSell ey

Aif%esearch offsat Food
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heat transfer and friction characteristics and
are used extensively in alrcraft air-to-air heat
exchangers, and gas turbine recuperators.

Pin-fins are another example of the plate-
fin system, where the purpose 1is to achieve very
high heat-transfer conductance by maintaining thin
boundary layers on the fins. By constructing the
fins from small dlameter wires as shown, the erf-
fective flow length of the fins is very small.
The pin-fin surfaces are, however, characterized
by high friction factors, attributable primarily
to form drag associated with the boundary-layer
separation that cccurs on the pins. This type of
surface has not found wide acceptance for muge
turbine heat exchanger application.

Tubular, Tube-Fin, and Prime Surface Geometiyic:s
Plain tubular geometries, while simpler
than plate-fin variants, are not as flexible since
there is essentially the same surface area availa-

ble for both the alr and gas sides of the unit.
Flow areas and hydraulic diameters can be changed
independentiy by variatlons in tube diameter, wall
thickness, and tube pitching. The tubes can be
oriented in an in-line or staggered pattern, al-
though it has been found that the latter gives
better heat-transfer characteristics and bundle
geometries, For practical welded and brazed as-
semblies, there is a 1limit to how close the tubes
can be placed to each other. This results in much
lower surface compactness values than can be real-
ized with plate-fin geometries, and will be dis-
cussed in the next section. Some flexibility is
afforded the tubular design in that the high-pres-
sure air, or low-pressure gas, can flow inside ow
outside the tube bundle, and this 1s discussed in
a later section comparing the merits of various
flow configurations., Various tubular surface gec-
metries are illustrated in Fig. 4(b).

The plain tubular surface geometry has fourl
acceptance in a variety of liquid and gas heat ex-
changers. For air-to-air units, the main disadvan-
tage of plain tube designs is the poor internal

heat-transfer coefflcient because of boundary-lcyer

buildup, compared with the much higher external
coefficient (because of vortex shedding from ths
staggered tube rows). For pressure drop limited
designs, this effect, combined with the fact thut
the internal and external areas are essentially
the same, results 1n units of large volume and ui-
attractive geometry proportions because of ths
thermal conductance unbalance.

For liquid applications (where large prec-
sure losses can be tolerated), the internal coef-
ficient can be improved by using internal strips
or turbulators.

cee of UN8 Lest

For recuperator applications,

me:tModE al intErngl SWat-voagnsley

220z ¥snbny oz uo 3senb Aq ypd-ze-16-z2-1.£0E 1 0}.00N06.L06€2/LE0V LOLLO0A/8L86./2.61 1D/Hpd-sBulpesdo.d/] /610" swse uonos)jodjenbipawse//:dyy woly papeojumoq



e = L I S O £ : . : ; R O T
S Loioq b L L INSIDE C.10 IN. DIA PLAIN TUBES I
=] +' ; el TR ey Y B . =
+ -t = S 3 T Pl | T T
; i | 4 A | e 21 O P R X
| Al = ! i % B e . LOUVER%D FIN-——J~—~rw1——r-
= ! | h W b T e
A i - 1 5 ,<: ACROSS 0.10 IN. TUBES®
| |INSIDE 0.10 IN. DIA DIMPLED TUBES=— | ” Tl ._// ON 1.25 D PITCH |
| d B ANAT TR Toaputaw )
N e | e g 3 =F B AT ‘ 1
5 aig 1 A - . ] !
2 : g L] ot “PERFORATED FIN | | |
= - A - - Ty, b ! H -
S DISC FINNED TUBE Pl Y 5 < JTe=—0.25 X 1R FPI | | |
= Edeial. Jarii—R ¢ 7 Sridt - o ST A
g PIN-FIN SURFACE ’/'.‘;?;70#’/ ; ; F Z
=y —— - ,1/f,\5 =T A = 13 O f,,‘“,-;
2 ) i -~ N i = j
=i PLAIN FIN 0.125 X 17 FPI—— 1 LA . AIRESEARCH | |
5= = ! | T \25 o =7 COMPACT OFFSET |
- 0 :1791 o 112 | bl A 10w 8 o RECTANGULAR
we T 2178 IN X 12 RFPI =T A R P FIN SURFACES i
=< ] i e [ SN P R iy : N
=5 SR 1 o L i 0.02 } ‘ ;
Z X  }PLAIN FIN 0.10 IN. X 32 FPI i i i
i L = '
[ . - -
i ] R, s, X 20SAFP St==l |
=g j i K ; i L =i
2z g = 1 %
ge " THERRINGBONE FIN |
- ErEE t
] el vl sl s - 1 1]
- PLAIN FIN 0.17 X 30 FPI ;
[T
k W L [y Iy T it 15 | =l
o i | =
. r i ; !
‘» = "1 T | APPROXIMATE OPERATING RANGE OF i =
GAS TURBINE RECUPERATOR !
I i (o i
| S~ il | | (]
g% 10° 108 107
Re i 5-35300-A
PRy FT™" pOSITION ON THIS SCALE FIXED BY DESIGN DATA
Fig. 9 Quasi-nondimensional comparison of heat-

exchanger surface geometries

coefficient augmenfation (one that wmaximluzes the
ratio of heat-transfer conductance to fluid ‘pump-
ing power) is simple ring dimpling of the tube
wall. Local dimpling of the tube wall provides
the necessary boundary-layer dissolution to give
substantially improved coefficients over a wide
range of Reynolds numbers,

For many applications, the addition of
secondary surfaces in the form of disk or strip
fins can improve the heat exchanger performance.
For recuperator application, finned tube geome-
tries are not very attractive, primarily because
finning of the tubes adds area to the side of the
heat exchanger that already has the higher conduc-
tance (i.e., flow across the bundle}. The addi-
tion of heat-transfer area to the high-conductance
slde represents an inefficient use of surface
area, and thus results in a high weight, expensilve
design.

In some high-pressure, closed-cycle gas
turbines, recuperators of pure counterflow con-
figuration have been successfully demonstrated

with concertric =trip fin tubes formea as shown
into a compact bundle., To prevent bypass, small
inserts are necessary with the equilateral tri-
angular tube pitching arrangement. A design re-
quirement, of balanced thermal conductances (for
minimum core volume), can be realized with this
type of tubular construction.

Several platular prime surface geometries
of both brazed and welded construction have been
evaluated for gas turbine recuperator application.
This type of surface 1is characterized by a series
of formed elements which, when laid together,
form the tube functioning channel., Because of the
poor heat-transfer coefficlents assoclated with
the plain formed channels, and structural prob-
lems that have not been fully resolved, the prime
surface geometries have not found acceptance for
compact, high-performance, low-cost, gas turbine
recuperators,

For each application, a wide choice of sur-
face geometries must be reviewed so that a series
of recuperator desigrs can be reviewed for propor-
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tion, cost, and packaging possibilities.
SURFACE GEOMETRY SURFACE COMPACTNESS

A compact heat exchanger is one not neces-
sarily of small bulk and weight, but one which
incorporates a heat-transfer surface having a high
area density per unit of volume (ﬁ). Somewhat
arbitrarily, a compact surface can be defined as
one with an area density greater than 200 sq ft/
cu ft.

"A plot of the range of surface compactness
for plate-fin surface geometries 1s shown in Fig.
5. Early plate-fin units had 8 values around 300
sq ft/cu ft, and this compares with typical auto-
mobile radliator surface geometries., Existing
industrial recuperators have f3 values in the or-
der of 600 sq ft/cu ft, and in advanced units,
this will probably increase to around 1000 sq ft/
CuREE
Topouzian (13) had a surface compactness approach-
ing 2000 sq ft/cu ft, which is close to the cera-
mic surfaces being developed for rotary regenera-
tor application. Efficient surfaces with compact-
ness values approaching 2000 sg ft/cu ft have been
used in AiResearch heat exchangers for aircraft
High

A very compact recuperator described by

and ¢ryofganic applications. heat-granster
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high surface compactness geometries, and while
the very dense surfaces do give small core vol-
ume , some relaxation 1n compactness is often nec-
essary to give good core face aspect ratios, and
acceptable counterflow lengths,

A compactness array for tubular surface
geometries is shown in Fig. 6, and it can be uoen
that early tubular recuperators had B values in
the order of 40 sq ft/cu frt.
plain tubular recuperators being built for closed-
cycle helium gas turbine plates have 3 value: in
the order of 100 sq ft/eu ft. Compact tubular
geometries used for lightweight recuperative
turbines for helicopter application have surface
compactness around 400 sq ft/eu ft.
pact tubular recuperator surface geometry des-
cribed by Wheeler (14) had a 8 value approacliiiyg
700 sq ft/eu ft, which is comparable with advanced
surfaces used in lightwelght aerospace heat ex-
changers, Use of very small hydraulic diameteis
implies a large number of tubes (and welded and
brazed joints, ete.), and, as in the case of
plate-fin designs,
essary to get practical core shapes.

The current large

S

A very cou-

some relaxation is often nec-
The limit-
ing compactness boundary for nested cylinders or
tubes can be clearly seen on the curve array.
Also, a line is superimposed on the compactress
map for randomly packed sphere beds, with =
average voildage of 4O percent.

From the curves, it can be clearly sasn
that there is an overlap between the geometriss:
of different types. The motivation for using
wracss s gain gt heat-teancler

comipact (s}
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Fig. 12 'Effect of heat-exchanger flow configura-

tion on core ste
ents

rerlormance in a @inimws package, with minlmw:s

weight and cost. Generally speaking, compact
plate-fin surfaces have a much lower cost per
square foot of transfer area, and morecover have

a2 higher conductance than the less compact tubular
surfaces. Because of the higher ratioc of friction
factor to heat-transfer coefficient (f£/j), the
very compact surfaces tend to have smaller dimen-
slons in the flow direction and, consequently,

higher temperature gradlents in the flow directlon.

RECUPERATOR FLOW CONFIGURATIONS

For both plate-fin and tubular recuperators,
a wide range of flow arrangements can be utilized,
the choice being much dependent on effectiveness
level, turbomachinery gas flow paths, and packaging
envelope. Typical flow configurations are shown
in Flg. 7. Because of the limiting effectiveness
level of 50 percent {at a capaclty rate ratio of
unity), parallel flow arrangements are not nor-
mally used. An exception, however, would be for
very high-temperature application (exhaust heated
cycle, for example), where, by using parallel flow,
the metal temperature in the heat exchanger can

ady state thermal grad:i-

be kept substantially below the gas iniet tewper-
ature,

For the plate-fin variant, elther crossfiow,
cross counterflow, or counterflow configurations
can be used. The single pass crossflow and mult.i-
simple,
self-head-~
simple
in adai-

pass cross counterflow arrangements are
in that the heat exchanger is virtually
As will be mentioned later, the
crossflow unit 1s rarely used, because,
tion to the volume penalty at high effectivensss
levels, the large temperature gradients in the
core adversely affect the structural integrity.
In Fig. &, the ratio of heat exchanger volume %o
counterflow volume is shown as a function of ef-

ering.

fectiveness and number of passes for a cross count-
erflow arrangement. From the figure, it can ns
seen that at high levels of effectiveness, where
most recuperators are designed to operate, a
large penalty in exchanger volume has to be paid
if flow configuration, other than counterflow,
was used. Several plate-fin counterflow variants
are shown in Fig. 7. With a counterflow config-
uration, end headering sections are necessary to
direct the gas and air to and from the pure
These triangu-

counterflow portion of the core.

Yt
[
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lar or rectangular secticns are integrated with
the counterflow portion, and the core can be
fabricated as one assembly. To minimize pressure
loss, and yet satisfy structural requirements,
low compactness geometries are used in the end
sections, and thls, combined with the essentially
crossflow arrangement in these areas, implies
that very little of the overall thermal duty
takes place in the headering sections. .Detailed
analyses are nevertheless required in these areas
to give minimum volume headers that satisfy the
structural, low-pressure loss, and good airflow
distribution requirements necessary for high ef-
fectiveness level unilts.

For similar reasons to those discussed in
the foregoing, single plass crossflow tubular
unlts are rarely considered. For plain tube de-
signs, the pure counterflow conflguration is not
attractive because of the low heat-transfer coef-
ficients assoclated with the axial flow oubtside
the tubes. This type of flow configuration has
been used in large closed-cycle gas turbine recu-
perators where the concentric tube type of geo-
metries, wilth finned secondary surfaces, are as-
sembled in the form of tube nests. This type of
construction results in large core volumes and is
not acceptable for cchipact, amall gas tulhinas.

16

For industrial and alrcraflt gas turbine applica-
tion, the most commonly used flow configuratilor:
is multipass cross counterflow.

A degree of flexibility exists as regards
whether the high-pressure air should flow insid:
the tubes or across the tube bundle. Where the
high-pressure alr flows through the plain tubecs,
their number will be small and their length large,
owing to the fact that the flow resistance cf tne
tube bundle crossed by the low density gas is:
high, so that small velocitles and, hence, large
flow areas are needed for this gas.
ment, nevertheless, can yleld low volume, light-

This arrange-

weight designs of practical dimensions by utilicing

ring-dimpled tubes to improve the inside heat-
transfer coefficient. Since the exhaust gas is
the lower pressure fluid, lighter weight recuperi-
tors generally result with the exhaust gas outside
the tubes, because in addition to the above heat-
transfer considerations, the shell weight will ue
lower, and the tubes will have thinner walls wnen
loaded in tensilon with Internal pressure than

when loaded with external pressure.

The baffles separating the shell Flae masses
can be either arranged such that the flow is de-
flected within the core or in annular passages at
the bumale cubler Cciomeber .

Perhaps the aos

2 W le
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tical flow configuration is the annular design
shown in Fig. 7. In thls type of flow pattern,
the interpass turns occur in plain annular passages
at the core inner and outer diameters., This type
of deslgn is practical for large mass flow appli-
cations (such as the helium closed-cycle gas tur-
bine), since large flow frontal areas can be ac-
commodated in a small volume. The number of shell
side passes can be increased (hence approach a
pure counterflow design for high effectiveness
levels) to give low-temperature gradients per pass
and minimize the stresses resulting from the vari-
ation in tube wall metal temperature throughout
the annular bundle.

There is obviously no single criteria which
dictates the flow configuration, but it has been
shown that counterflow, or multipass cross count-
erflow, 1s necessary for high effectiveness appli-
cation, The counterflow design, whith axial tem-
perature gradlents in the flow direction only,
is the best from .the structural standpoint, and
this will be discussed in a later section.

HEAT-TRANSFER CONSIDERATIONS

s Aasign of 2 ES3 VDL Deal eolangenr

senls

7
n

JOINTS

END SEAL HEADER INTEGRALLY
FORMED FROM TUBE WALL.
BE OF BRAZED OR WELDED COth-
STRUCTION FOR LIGHTWEIGHT
APPLICATIONS

CAM

used in tubular hegt

involves detailled considerations of both heat
transfer between the fluids, and the pumping pcusi
expended to overcome fluid friction in moving thas
fluid through the matrix elements. The process oi
choosing the optimum recuperator cannot be inde-
pendently carried out, but must include considersa-
tions of the affects of the heat exchanger on

the overall power plant. In many cases, prelini-
nary designs based on turbomachinery consideratianms
alone have "flxed the cycle conditions, and speci
fied the heat exchanger," without considering the
overall packaging and cost penalties that may oc-
cur as a result of this design philosophy. For z
given problem statement, the relatlive effect of
cycle parameters on exchanger size is independenw
of recuperator type, and thus, detailed analyses
can be carrled out for varilous surface geometricn
to ldentify a solution that satlisfles the reciuirts-
ments for the particular application,

Detalled optimization techniques are n«#
outlined in this paper, since each company Invaoiisrad
in heat-exchanger development has its own con-
prehensive computer programs to identify the opt:
mum unit from the standpoints of minimum volume,
weight, ete., for each particular application.
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Fig. 15 Plate-fin recuperator core stack assem-
bly

nave been reported by Aronson (;2,;9), Rohsenow
(17), Shepherd (18), Hryniszak (19), and Ohlgren
(_2_0).

Detailed investigations of various exchanger

surface geometries have been reported by Kays and
London (21), Gell!fenbeyn (22), Larkin (23), Smith

(24), Bergwerk (25), and Burrow (26). It is diffi-
cult to envision which combination of surface geo-

metries would give a unit of minimum volume, or
weight, by merely studying the heat-transfer (j)
and friction (f) characteristics of various sur-
faces, A simple technique is developed in Appen-
dix 1 which enables direct surface comparisons to
be made at the same recuperator thermodynamic and
pressure loss conditions., This analysis shows a

number of relations which make the trends more ob=-
vious (e.g., effect of changing corrugation type).

In the use of Flg. 9, the design data fixes a
point on the horizontal scale, with high Reynolds
nunber applications toward the right-hand end.

The volume contributions will then be proportional
to the reading on the vertical scale, provided the

shape of the matrix is not restricted.
From Fig. 9, it can be seen that the offset

corrugations give the greatest advantage in Liee
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Fig. 16 Typical effectiveness performance map
for compact plate-fin recuperator

medium Reynolds nunber range where, because of
pressure loss limitations, a gas turbine recupera-
tor would be designed to operate (Reynolds number
less than 1000). In the majority of compact recu-
perators for industrial, marine, and vehicular gas
turbine application, offset type of finned surfacs
are utilized for minimum volume and weight., With
this type of surface, the fins are systematically
pierced in the direction of flow and offset normal
to the direction of tlow. This provides perilodic
interruption of the boundary layers and thereby
increases the heat-transfer coefficients. Bound-
ary-layer dissolution incurs a smaller pressure
drop penalty (lower f/j) than artificial turbu-
lence promotion, such as wavy, louvered, or rer-
forated fin configurations. In comparing the
characteristics of the various types of surfaces,
it has been observed that the compact offset
rectangular fins result in matrices of minimun
volume and weight, and thus represent a very er-
fective type of secondary surface.

For tubular surface geometries, it can ba
seen that enhancing the inside coefficient by
means of tube. wall dimpling will result in a

conviderable Mmeductlon imw matrix volume while, at
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more atbractlive
dimensions (reduced tube length) and better struc-
tural characteristics. The benefit from the
dimpling feature 1s effective over a wide range
of Reynolds numbers,

For a given airflow, effectiveness, and
pressure loss, it can be shown from Appendix 1
that the core geometries are related to the follow-
ing surface parameters.

the same thue, Stuving a care nt

t 3
Frontal Area AFR a ff/j

Core Volume V o d Jf/j?
Core Weight W (and material cost) am]'_"

From the foregoing, it can be clearly seen that

a surface with a high heat-transfer coefficient
(J) is necessary for low cost, and a surface with
a low (f£/]) is desirable to minimize flow frontal
area, and thus give a heat exchanger package that
i1s compatible with the compact nature of the tur-
bomachinery.

Modern computer techniques permit a "vary
every parameter possible' approach to heat-exchang-
er design in an endeavor to identify the so-called
optimum uwnit for a particular problem statement.
For plate-fin units, a wide range of passage
heights, fin geometries, material types and thick-
nesses, and flow configurations can be evaluated
for each thermodynamic problem statement (1l.e.,
flow, temperature, pressure, effectiveness, and
pressure loss). For tubular units, the tube dia-
meter, dimple or turbulator geometry, tube pitch,
wall thickness, and flow configuration must be
evaluated., For counterflow varlants, the optimum
geometry of the end sections must be established
to give minimum pressure loss, good flow distribu-
tion into the core, and satisfy the structural
requirements. The effect of pressure loss split
between the two streams 1s a variable that influ-
ences the core shape, and values can be readily
identifled which give balanced thermal conductances
and, hence, minimum heat exchanger volume and
welght,

In counterflow heat exchangers of high ef-
fectiveness, the temperature gradient that exists
in the matrix is at a maximum value, as the hot
end of the core is essentially at maximum fluid
temperature. The flow of heat through the metal
in this type of situation results in a loss of

sheat from the hot end and addition of heat to the
cold end, both of which have adverse effects on
heat-exchanger performance, This axial conduction
effect, which has been fully described in the
literature, must be included in the recuperator
design, and, for units made from the very compact
surfaces, with large frontal areas and small [low

20

lengths, the conduetion effect can be significant.
It has been shown earlier that a flat SFC-powa:
curve 1s necessary if the gas turblne is to ba
competitive with the diesel engine. To realizc
this, high levels of effectiveness at part load
are necessary, and in the heat-transfer optimiza-
tion, configurations must be ldentified which can
satisfy this requirement (i.e., the basic heat-
transfer data and the influence of axlal condi-
tion at low alrflows must be examined in detail].

Many references are available in the lifer-
ature with optimization techniques for heat-ex-
changer design, and they include work reported
by Fax {27), Snell (28), Hendry (29), and Fairall
(30). The influence the cycle conditions have
on the heat-exchanger selectlon have not been core-
sidered in detail in this paper, since they are
very much dependent on the particular application.
Work reported by Demetrl (31), Wocd (32), and
Gasparovic (33) clearly show that the optimum
heat exchanger cannot be independently selected
without consideration being given to the effect
on overall power plant performance.

In addition to heat-transfer aspects,
structural, packaging, and manufacturing consider-
ations must be factored into the detailed optimi-
zation studies. If the recuperator 1s to find
acceptance for a variety of high volume gas tunr-
bine applications, then optimization technique:s
must be directed toward the minimum cost solutic::.
In high volume vehicular production, it is assumed
that close to 80 percent of the heat-exchanger
cost will be the basic material; hence, surfaca
geometries, core constructions, and material
types, must be carefully identified curing the
analytical and design phase.

RECUPERATOR MATERIAL CCHGIDERATICHE

The factors of priwary
selection of recupsrator materials are mechanical
properties, hot-corroslon resistance, fabricabil-
1ty, compatibility with brazing filler metals,
metallurgical stability, and cost.
ations are discussed in the following.

A recuperator material must have adequate
mechanical properties to withstand the stresses
due to thermal transients, and to both fluctuating
and steady-state pressure differentials, during
1ts design lifetime., It is insufficient merely
to measure the properties of new, unexposed mater-
ial, because mechanical properties are most always
degraded by envirommental attack and by metallur-
gical changes, such as aging reactlons and carbida
precipitation. Metallurgical stability and corrc-
slon resistance cannot be considered apart and are

fwpcrbance % the

These considsr-

lnportant dn evaluating mechanical propartics.
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The recuperabor alloy must VYe capable of resisting
simultaneously the effects of high temperatures
and high stresses, particularly in the presence of
contaminants. In such cases, corrosion can take
place in certain materials.

Hot-corrosion is the attack on metal alloy
components caused directly, or indirectly, by con-
tact with products of combustion of gas turbine
engines, Included in thls term are all synerglstic
effects that contribute to hot-corrosion, such as
sulfidation, oxidation, erosion, stress corrosion,
and both static and cyclic stresses, In spite of
their sensitivity to stress corrosion, the austen-
itic stailnless steels used in many recuperators
have proved to be excellent in operation at 1300
F. The creep strength and corrosion resistance of
steel can be greatly improved by the addition of

certain alloying elements, The addition of such
elements as nickel, cobalt, and molybdenum im-

prove the strength characteristics at elevated
temperature. The most important element for in-
creasing the corrosion and oxldation resistance
1s chromium, The chromium forms a tightly adher-
ent layer of chromium-rich oxide on the surface
of the metal, retarding the inward diffusion of
oxygen and inhibiting further oxidation. In
plain carbon steel, the amount of scaling in air
is negligible below about 1000 F, and many recu-
perators for large industrial gas turbines, oper-
ating below this temperature, have been made from
mild steel, and have demonstrated a high degree
of reliability.

Materials selected for formed parts, such
as fins and pans, must have adequate formability
at room temperature and must be amenable to
brazing, welding, and all other contemplated man-
ufacturing operations. The strength at time and
temperature, or creep properties, must be high
enough to prevent deformation and rupture of these
thin foil formed parts, made to the gages selected
for the particular design application.

Since brazing is the most economical means
of producing recuperator structures, the compati-
bllity of structural materilals with candidate
brazing filler metals is of primary importance.
The selected base metal/filler metal combinations
must satisfy general requirements which include
the following: A compatible brazing temperature
must exist to avoid metallurgical changes 1n the
parent material during the braze cycle., There
should be minimum erosion and penetration into the
base metal, fins, plates, tubes, or headers. The
Joint should have adequate strength and corrosion
resistance and little or no embrittlement of the
parent material due to braze alloy diffusion.

The mechanical properties and corrosion
resistance of the chosen materials must not be de-

Primentaliy affected by imternal metallurgical
changes, such as carbide precipifation, sigma
formation, internal oxidation, or diffusion reac-
tions between dissimilar materials, e.g., between
base metals and filler metals or coatings.

Cost is a factor of prime importance in all
recuperators, Fer the recuperator to find a wide
range of acceptance in gas turbine applications,
the cost must be reduced by utilizing lower cost
materials and types of construction to minimize
the manufacturing labor content. For high volume
vehicular production it is projected that close
to 80 percent of the heat-exchanger cost will te
the basic material. Thus, it is mandatory to se-
lect the best surface geometry to give the lowest
specific weight (1b/hp) and the best material to
give acceptable recuperator specific costs ($/hp).
Cost data for several materials, in the thin foil
form, that have been used for plate-fin recupera-
tors are shown in PFig. 10, Descriptions are given
in the followlng of representative materials from
the various alloy classes in order of ascending
costs, increasing oxidation resistance, and elevat-
ed-temperature strensth.

Many gas turbine recuperators, of both tubu-
lar and plate-fin geometries, have been manufac-
tured using mild steel with brazed and welded types
of construction. Most of these units have been
used in conservatively designed, large industrial
plants, where the gas temperatures have been be-
low 1000 F and oxidation has not been a problem.
These units of the types described by Caughill
(34), Wolfe (35), Howitt (36), and Holm ﬂéz) have
accumulated high degrees of reliability. Mild
steel has outstanding attributes of low cost,
good fabricability, good weld and brazeability,
but is temperature limited to 1000 F because of
the poor oxidation resistance.

Treated Mild Steel
As mentioned

previously, the oxidation re-
sistance of carbon steel can be substantially
improved by the additon of chromium. This can

be done by adding the chromium during the steel-
making process or by surface enrichment treatment
of the mild steel by the aluminizing or chromlzing
process. Aluminized sheet 1is not considered a
likely candidate because it is not easy to braze,
but chromized mild steel demands serious consider-
ation, since it has excellent brazing characterics-
tics and is much cheaper than the various 400 and
300 series stainless steels. Should the chromized
layer be incomplete, the base material would have
no oxldation resistance, but this is not considered
a serious problem, since these imperfectlons would
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be covered by a layer of filler metal during the
braze process.

Ferritic Stainless Steels (400 Series)

Typical of the ferritic stainless steels
are Types 430, 434, U436, 405, and these steels
have approximately one-third of the rupture and
creep strength of austenitic stainless steels.
These alloys have excellent oxidation resistance,
a low thermal expansion, are readily formable,
and can be easily brazed., A strong advantage of

the 400 series alloys (1n addition to the low cost)

is the fact that they do not contain nickel. Ex-
clusion of such a critical element is very impor-
tant for the projected high volume vehicular gas
turbine market.

Type 347 Stainless Steel

Type 347 stalnless steel 1s an excellent
recuperator material and has been used widely in
these applications. Carbide precipitation in
grain boundaries, and consequent sensitization to
chemical corrosion at low temperature, is mini-
mized by the addition of columbium, which forms
stable carbides. Brazeability of Tyrpe #47 is

2
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excellent, arnd formability 13 good. Type 347 hae
good creep strength and hot-corrosion resistance
for long-time service at elevated tewmperatures.

Incoloy 800

Tncoloy GGC 18 a2 low-cost, drom-base super-
alloy containing a nominal 32 percent nickel anu
21 percent chromium. The high percentage of
nickel keeps the alloy austenitic and ductile af-
ter long exposure to elevated temperature, con-
tributes to oxidation and general corrosion re-
sistance, and makes the alloy nearly immune to
Because of its chromium con-
tent, the alloy displays outstanding oxidation
resistance and good resistance to hot corrosion.
The iron cewbent impart: resistance To sulilda-
tion.

stress corrosion.

Inconel 625

Incencil A5 kel 2 rellaitifve I§MEawe oy, wikE o
is similar in composition to Hastelloy X and has
comparable strength and oxidation characteristics.
The distinguished feature of Inconel 625 is its
improved ductility at elevated temperatures. Itu
resistance to low-cycle fatigue, therefore, i
exceptionally good. Inconel has been used for a
number of alrcraft heat exchangers and lightweight
gas turbine recuperators, but its high cost
makes 1%t prohibitive for industrizl, vehlgcular,

ard commercial applicaficn.

| - ., o BT
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Fig., 20 Recuperative gas turbine for helicopter
propulsiorn:

Hastelloy X

Hastelloy X 15 a favorite sheet metal alloy
for use in combustion liners and hot ducting in
gas turblne engines, 1t 1s a high-cost alloy
and is produced in large Quantities. The high
cost has virtually eliminated it as an attractive

materlial for gas turbine recuperators.

Cobalt Base Alloys

N-155 is a mixed-base alloy containing
nominally 20 percent nickel, 20 percent cobalt,
20 percent chromium, and the balance iron, While
this alloy, together with Haynes 25 and 188, are
widely used in gas turbines, their high cost
makes them unattractive for commercial recupera-
tor application,

Ceramics

Ceramic materials offer unlimited tempera-
ture potential and low cost, but, to date, they
have been utilized in the rotary regenerator only.
With poor thermal conductivity and the high pres-
sure loading and manifolding problems in fixed
boundary units, considerable development work will
be required before a viable ceramic recuperator
can be utilized for vehicular and industrial gas
turbines, Because these materials lack ductility,
new design approaches must be taken to match the
unique characteristics of the particular ceramic
considered, Utilization of ceramic materials
for various stationary gas turbine parts (nozzles,
combustors, scrolls, and ducting), as well as
the rotating components, have been outlined by

Fig, 21 Compact, lightweight tubular recuperator

matrix

MeClean (38), and it is expected that similar de-
velopment efforts will be applied to the fixed

boundary neat exchanger.
RECUPERATOR STRUCTURAL CONSIDERATIONS

The struetural design of the tubular or
plate-fin core matrix must consider combined
stresses due to internal pressure loadings, and
thermal stresses lncurred by steady-state and
transient metal temperature differentials, between
the elements in the core. In order to retain
structural integrity during the design life of
the unit, the level of steady-state, long-term
operating stresses should be kept below the stress
for 1 percent creep in 10,000 hr (or the specified
design life) and, where possible, the peak short-
term stresses kept below the yleld strength of the
material. In each case, the material strength at
the appropriate metal temperature should be con-
sidered, The stress capability of several repre-
sentative recuperator materials is shown 1n Fig.
11, Where local transient stresses exceed the ma-
terial yield strength, a plastic analysis must be
used to demonstrate that the number of cyecles to
failure is well above the expected number of load

cycles. Also, where vibratory stresses are in-

volved, the relevant steady and alternating stresc

levels must be evaluated to démonstrate fatigue
resistance. The recuperator must be designed for

sustalned pressure operation at maximum operating

V28
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Filg. 22

turbine application

temperature throughout the entire design life.
Established analytical techniques are used to en-
sure that acceptable pressure stress levels exist
in the core, headers, and manifolds,

Thermal stresses in recuperator modules are
of: (a) the steady-state, long-term type which
exist during most of the operational life, and
(b) the translent type which occcur during engine
start-ups, shutdowns, and load changes. Fig. 12
is included to illustrate that the steady-state
thermal gradients are a minimum for counterflow
recuperators by showing a comparison wlth the
other various configurations discussed in an
earlier section., Translent metal temperature
differentials are more eluslve and are the most
critical in determining the gages and materials
that must be used to give the required life,

Transient metal temperature differentials
occur when the recuperator is subJjected to rapid
temperature fluctuations. These differentials
occur during thermal transients and are caused by

the temperature-time lag of the relatively heavier

sections in the core. Typilcal components in the
plate-fin matrix that have inherent metal temper-
ature lag are the heavier reinforcing bars and

heavy i wmanllclds., Unlaess sotigls cava 1o
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Fig. 2%

Vehlcular gas

turbine plate-fin recuper-

N

taken, a crifiecal area in *he corc s the tube
sheet adjacent to the sealing bar near the matiix
extremity where the transient thermal stress cau
often exceed the materiai yield strength, The
typical effect of transient thermal stresses in

a plate-fin recuperator matrix is shown in Flg.
13. For long life, it 1s obviously mandatory to
achleve thermal inertia compatibility between the
various elements of the core and parts attached
to the core., Methods of reducing the time cori-
stant of the sealing bars include utilization of
hollow and channel sections, and, more ideally
for complete compatibility, the seals can be ine-
tegrally formed from the plate ituell.

RECUPERATOR FABRICATION PROCESSES

In previous sections, deslgn approaches for
surrace geometry and flow path optimization have
been outlined; however, some departures from the
ideal heat-transfer solution are often necessary
to give practical mechanical designs that can
be readily constructed., In the simplest form,
tubular designs are assembled into drilled headar
plates or can be designed to interlock or inte-
grally form the header at the tube ends. The
Joilning process can be done either using welding
or brazing techniques, and typical end seals for
tubular heat exchangers are shown in Fig. 14. In
the lightweight tubular recuperators developed
for aireraft gas turbines, small tube diameter:
and compact geometries (close tube pitching) are
ubilized, and this virtually necessitates brariig
the aasembly together,
vEony, axtradely Lis

For this type of appllul—

chtwaght Jeslgns cow Devannd owdd
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Fig. 24 Counterflow plate-fin unit for vehicular
gas turbilne

by utilizing very compact geometries, in which
the tube ends are extruded into the form of squares
of hexagons and brazed together to form the header.
For the large, closed-cycle, nuclear gas turbines,
the surface compactness of the tubular units is
limited by the requirement for welded tube-to-head-
er joints. The resultant large tube pitch arrange-
ment gives units of extremely large volume rather
like steam bollers, where a similar all-welded
construction has been called for traditionally.

For the efficient secondary surface designs,

the highest degrees of specialization are associatedare readily accessible.

with the operations required to produce the heat-
transfer surfaces themselves, There the obJject is
to make the desired part from thin gage raw foil
at a high rate of production., As mentioned in the
surface geometry section, high-performance fins

of the rectangular offset type demand forms and
shapes more eritical in terms of die wear than the
other types of surfaces, These die-forming ma-
chines are special presses that have combined
braking, feeding, cutting, and forming capabili-
ties.

The assembly of plate-fin recuperators, 1s
done with the ald of special tools and fixtures.
In these fixtures, the parts are assembled to
form the recuperator matrix with its alternating
high- and low-pressure passages, For low volume
production, the cores are manually stacked in
the type of assembly fixture shown 1n Fig. 15.
For high volume production on, as envisioned for
the vehicular gas turbine market, the component
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Specific sizes and weights of compact
plate-fin recuperators for vehicular gzas
turbine application

forming and assembly operations would Le done by
automatic machine tools.

The final Jjoining of the matrix elements
can be done using brazing or welding techniques.
The majority of recuperator cores are designed
for brazing, and welding of the basic matrix is
only used where there are only a few parts and
Braze alloys for recuper-
ator applicatlons are typically nickel-base and
available in powder form. This material in the
powder or slurry form may be sprayed, brushed,
or rolled on the surfaces to be Jjoined, and this
could be elther on the tube plate itself or on
the corrugation nodes. Again, in high volume
production, this process would be automated, There
is an obvious cost incentive to use the minimum
amount of braze alloy to glve the required joint
structure properties, and, as London (22) points
out, the roughness associated with the braze alloy
layer can adversely affect the heat-transfer and
friction characteristics for very compact surface
geometries. The resultant slight increase in fric-
tion factor wlll be tolerated in practical recu-
perators, since the rich layer of braze alloy on
the fins and plates gives good oxldation resist-
ance, and will help to give long life to units
made from the cheaper, low-cost steels.

Brazing can be carried out elther in a va-

25
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oxides and provide an uncontaminated environment
for braze flow. A problem associated wlth the
conventional vacuum-furnace technique of brazing
is the long cycle time required for large recuper-
ator cores. The main problem to be avoided during
the braze cycle 1s to eliminate high thermal gra-
dients in the core which could distort the compo-
nents or cause a loss of contact between faying
surfaces, A forced convectlon hydrogen process,
similar to that utilized in the steel heat-treat-
ing industry, has been developed for brazing large
neat-exchanger cores. With this process, recuper-
ator cores weighing several hundred pounds can be
brazed with floor-to-floor cycle times of less
than one hour., With the combined radiant and
forced convectlon heat inputs, the temperature
gradients in the heat-exchanger core during the
braze cycle are very low. The reduced time re-
quired to bring the core into the alloy liquidus
range minimizes the possibility of erosion due to
excessive exposure at elevated temperatures. For
the vehicular gas turbine, this braze process could
be developed in a semi-automated operation that
would be capable of a high rate of production, The
importance of good fixturing and a controlled

braze operation to minimize distortion and hold

the heat transfer elements within close tolerance
should be emphasized, since London (40) has shown
that in laminar flow, the local passage deformation
and tolerance stack-up can-result in adverse Heat
transfer and friction effects.

For future vehicular and industrial gas
turbines, designs that offer low material costs,
reduced number of parts, reduced labor effort,
and adaptability to high volume production methods
are required to demonstrate the viability of the

fixed boundary recuperator.
ENVIRONMENTAL ASPECTS

Over the years, many questions have been
asked about the applicability of the fixed bound-
ary recuperator in cpen-cycle engines, where un-
certainties regardlng the effects of fouling,
fires, dust congestion, and marine salt spray,
Pertinent comments in each of
these areas are outlined in the following.

With the early large, heavy oil (Bunker C)
burning gas turbine plants, deposits of a carbon-
ous soot material in the heat-exchanger gas side
passages were experienced, and periodic soot re-
With

have existed,

moval by means of steam Jets was necessary.

today'!s vehicular, industrial, and marine gas
turbines burning lighter fuels (Diesel No. 2),
careful attention to the combustor design has

norg or lasg eldijrated the eocuparator fouliig

froblem. Work reported by Miller (41) has shown
that fouling 15 a strong function of recuperat::
metal temperature., An lncrease of surface teuper-
ature above about 700 F very rapidly eliminates
any previlously accumulated deposits, typically
within seconds of running time. In such cases,
heat transfer and pressure loss performance wa#
returned to initial values typical of new surfzces,
The simplest and most effective way of removing
fouling deposits is to incorporate an air side
heat-exchanger bypass duct. This provides the
capability of periodic heating of the core to &s-
sentlally full gas temperature and thus removins
accunulated carbon deposit., This feature ha:
been successfully incorporated in a number c¢Ir’
AiResearch recuperative engines and has eliminaisd
engine performance degradation due to heat ex-
changer fouling for a wide range of fuels. With
increasing emphasis on cleaner combustion for iu.d
pollutant emission, the problem of recumaraics
fouling will be completely eliminated.

As outlined by McDonald (42), situstisns
have arisen where fires have ocecurred in gas tus-
bine recuperators. Most of the fires reported
were due to either inadequacies in the engine de-
sign, which allowed excess fuel to become trapped
in the ducts and heat~exchanger matrix, or to con-
trol malfunction. To eliminate the possibllity of
fires in gas turbine recuperators under normul
modes of operation, the following should be ob-
served, A good dralnage system should be incorpur-
ated which prevents fuel from becoming trapped in
the duects and matrix for all engine altitudes. A
relay in the starter system should be provided to
prevent repeated start attempts, after an aborts
start, until some of the excess fuel has drained
away or vaporized. As a further precaution arftav
an aborted start, the system should be purged
thoroughly by motoring the engine over on tn#
starter for a period of 20 to 30 sec. By utilizi
good design practice, AiResearch has galned manw

thousands of hours of recuperative engine experi-
ence without the advent of a fire in a
stailnless-steel plate-fin recuperator.
To obtain information on the effgd® oi wro-
sive contaminants, a sand and dust test was pelr-
formed on an AiResearch plate-fin recuperator., Tha
sand and dust were injected into the gas turbine
engine at an average concentration of 0.0008 gm/cu

ft of engine inlet airflow. After 150 hr of op=sra-
tion, no plugged passages were observed on eithey

side of the heat exchanger. No appreciable
amount of dust was deposited on the actual heat-
transfer surfaces, and no signs of erosion or
appreciable change in the performance character-
istics were observed.,

Lot T

Te cliEsh: Yme= efisgd al 2 marinsg soviconmsnt .
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the AiResearch plate-fin recuperator was removed
for inspection from an Orenda OT-4 600-hp engine
that had been used aboard the Minesweeper USS
Kingbird, The marine service life had been two
calendar years, and the engine was reported to
have had 1753 hr of operation. This record indi-
cates that the engine components were subjected
to both static and dynamic conditions in a marine
environment. Although severe corrosion was ob-
served on some of the external engine components,
the recuperator core showed no sign of corrosion,
erosion, or fouling. Leakage and pressure drop
tests showed no change from the new recuperator
values., Samples of the stainless-steel core were
selected from the highly stressed areas of the
unit and mounted for mlcro-examination. No corro-
sion was found in any of the brazed fin-to-plate
joint sections. The metallurgical condition of
the core was excellent, and scaling damage was

very slight (in the range of 0.0000 to 0.0001 in.).

The weld joints throughout the core were in good
conditlon and showed no signs of corrosion damage.

RECUPERATOR PERFORMANCE CONSIDERATIONS

For the accurate assessment of recuperator
performance, the heat-transfer characteristics of
the selected surface geometries must be known
over a range Good flow dis-
tribution is important where high effectiveness
and low-pressure losses are required., Where high-
flow rate designs are considered, several recuper-
ator modules may be required. As the number of
modules increases, the complexity of the header-
ing and manifolding also increases, and greater
attention must be gilven to the problem of securing
uniform flow distribution. There are several
techniques for achileving proper flow distribution,
ineluding the use of contoured headers, splitter
vanes, and variable resistance through the matrix.

of Reynolds numbers,

Variations of the flow pattern at engine off-design

conditions must also be considered in accurate
recuperator performance calculations.

In gas turblne recuperators, where high
effectiveness necessitates a counterflow arrange-
ment, the axial temperature gradient that exists
in the core is at a maximum. The axial flow of
heat through the metal in this situation results
in a loss of heat from the hot end and addition of
heat to the cold end, both of which have adverse
effects on recuperator performance. This heat
flow in
tion is undesirable, since it tends to unify the
wall temperature. This adverse effect on thermal
performance 1s dependent on material conductivity,
conductlon path length, cross-sectional area, and
flow configuration., In the thermal analysis, the

the walls by conduction in the axial direc-

effect of axial conduction must be considered inm
sizing of the recuperator to satisfy performance
goals, Axial conduction effects are usually sig-
nificant at part flow conditions and must be exa-
mined in detail for applications where high leve
of effectiveness are required at engine part-loau

power,
A typical effectiveness performance wap foi
a compact plate-fin recuperator is shown in Fig.
16. The influence on effectiveness of varying
either the air or gas {los

camn o6& clearls ssan.,

ECONOMIC CONSIDERATIONS
In the preceding sections,

of such aspects as surface geometry, core cori-
struction, and material selection, as they ilaiiu-

the importanmce

ence recuperator size, cost, and durability, havs
been discussed in detail. While engines are usu-
ally compared on the basis of the same specific
fuel consumption, it i1s often more meaningful to
relate actual operating costs and examine, for
instance, the influence of recuperator effective-
ness on plant initial cost and operating cost
over the life of the machine. The validity of
comprehensive economic analyses are very deperulent
on the particular application, and load profils,
fuel cost, life requirement, and initial plaut
Gas turbine initlal plant cost data ic
usually of a proprietary nature and, again, 1=

cost.

very dependent on the application and the produc-
tion quantities involved. In work reported bty
Gasparovic (43), optimal surfaces were identifien
to glve power plant and fuel costs of minimum

In the work reported by Dyste (44}, cpti-
mum recuperator effectiveness values for maximum
savings were shown to be very sensitive to fuel
costs and life requirements,

A comprehensive survey of operating costs
is obviously beyond the scope of thils paper, be-
cause it involves a multitude of combinations of
fuel costs, varying load profile, power levels,
overhaul periods, and time between recuperator re-
placements for a wide range of applications. For
the purpose of this paper, it was, therefore,
necessary to make some assumptions in an attempt
to identify a method of comparing operating costs
of simple-cycle and recuperative engine variants.
It 1s necessary to emphasize that the data pre-
sented has the basic objective of showing trends
that are to be expected, and that a specific ap-
plication and 1ts anticipated duty cycle must bte
studied in detall to give actual economic data.

A comparison of operating costs between =z

value,

recuperative and nonrecuperative industrial type
of gas turbine, in the 3500-hp class, is shcwn

in Fig. 17. The assumed engine has a compact
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plate-fin recuperator of ¢5 percent effectiveness,
with an initial cost of 20 percent of the overall
engine cost, The estimated englne operating costs
are based on an 80 percent, power rating over the
life of the machine, together with the other as-
sumptions given in the figure. It can be seen
that the operating economics of the gas turbine
are very sensitive to fuel cost, and if fuel costs
inerease substantially [és indicated in reference
(32)], then the recuperative cycle will become
more attractive to the prime-mover owner., Since
the reliability and life of heat exchangers has
not reached the level of the rotating machinery,
the influence of recuperator expendability on
power plant operating cost is shown in Fig. 17.
Again, the effect is sensitive to fuel cost, but
1t can be seen (based on the defined assumptions)
that even at the low-fuel costs, the recuperator
does not necessarily have to be designed for the
full engine 1life to show an overall economlic ad-
vantage over the simple-cycle engine. For this
industrial type of englne, a modular recuperator
approach could be provisioned as necessary. For
the same engine, the influence of fuel price on' the
operating cost differential between the recupera-
tive and nonrecuperative variants is shown in Fig.
18. Again, the economic effect of recuperator re-
placements between engine overhauls can be seen

to be a strong function of fuel cost. The effect
of downtime inconvenience for recuperator replace-
ment has not been included in the foregoing data.

In the two curves described in the forego-
ing, there has been no attempt to directly dupli-
cate a particular manufacturers specific englne
problem statement, but instead a simple technigue
has been demonstrated to relate operating costs,
rather than merely specific fuel consumptions.

In the preliminary design phase of a new engine,
a family of simple curve arrays of the type shown
enable a meaningful assessment to be made of the
relative recuperative-nonrecuperative engine eco-
nomics.

For some appllcations, volume and weilght
considerations must be considered in conJunction
with economie goals. For marine applications,
for instance, the volume of the engine plus fuel
is important, and while the heat exchanged engine
itself occupies a larger space, it can be readily
shown that the additional volume of the recupera-
tor is recoupled in a few hours of operation due
to the reduced fuel consumption. For military
gas turbine generator sets, required to operate
in 1sclated battle areas, englne plus fuel weight
is important, since the units {(with their fuel
supply) must be flown in. The additional welght
of the recuperative variant is made up for in fuel
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alleviates the fuel logistics probles.

In this paper, no attempt has been made to
1dentify the recuperator effectiveness to give
maximum cost savings, since thils is very dependent
on the type of engine and the load profile for a
particular application, Flg. 19 1s included to
show the influence of effectiveness on specific
cost ($/hp). Again, cost factors are related to
engine type and volume production, and, hence,
bands of data are shown. The lowest cost data are
projected values for recuperators to be used on
automotive type gas turbine power plants, where
very high volume production quantities are postu-
lated. Clearly, recuperator sizes, weights, and
costs increase significantly at effectiveness lev-
els above about 80 percent. Very high levels of
effectiveness (1n excess of 90 percent) are util-
ized in closed nuclear cycle gas turbines, for
example, where, in addition to achieving high
levels of cyecle efficlency, the size of the rre-
cooler at the comprzicoy inlet can be
reduced.

®AS TURBINE BECUPERATCH AFPFLICATIONS

The vapious gos furbire applications, wEare
Iixed boundary recuperators of various types have
been utilized, are briefly outlined in the follow-
ing.

Alrcraft Tusboahaft Gas Turbinga

Recuperators have not found acceptance Tor
helicopter or fixed-wing alrcraft application, i:
spite of considerable englneering and experimental
programs to develop lightweight heat exchangers,
The only recuperatiqe engline to have powered a
helicop®er was a modified T63 engine, with an
AiResearch tubular recuperator, and this engira
is shown: in Fig. 20. A more detalled view of tie
lightweight recuperator, constructed from dimplea
thin-walled tubes, 1s shown in Flg. 2l1. This en-
gine, with essentially a bolt-on recuperator, pex-
formed satisfactorily, demonstrated the structuwal
integrity of the heat exchanger, and lncreasec

the specific range of the helicopter by 25 per-
cent., In work reported by McDonald (Eé), it has
been shown that lightweight englnes can be deo-
signed when the recuperator is consldered as zn
integral part of the engine during the design
phase, Speclfic recuperator welghts for aivcraitf
gas turbines are shown in Fig. 22. For flignht
times in the order of 2 hr, maximum net welght
savings can be realized with effectiveness levels
between 60 and 70 percent. One aspect, which may
be influential in selectlon of recuperative en-
glnes for military helicopters in the near future.
pivh the

is tha yedlted TR sSighcvoe e Y Pl

substantially
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nonrecuperative variants.

Vehicular Gas Turbines

Fig. 26 Specific sizes of rotary ceramic regene?r-
ator for typical low-pressure ratic ve-
e ulians Sgals soimbiyee Gngine cycle

sif-highway sguipment., Utilization of low-cost
materials, efficient heat-transfer surfaces, and

high volume manufacturing techniques, as described

Perhaps the blggest challenge for the heat-
exchanger manufacturer is the vehicular gas tur-
bine field which includes automotive, truck, and

in other sectlons of this paper, are necessary
to keep the initial cost of the recuperator to an
acceptable value. Counterflow, plate-fin units

Z9)
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Fig. 27 Recuperative gas turbine with rear-mount-

ed plate-fin heat exchanger

Flg. 28 Large plate-fin recuperator for indus-
trial gas fturbine application

of the types shown in Figs. 23 and 24 have been de-
veloped for vehicular gas turbines and have satis-
fled the required performance goals and structural
integrity. Because of the small guantity in-
volved, traditional manufacturing methods involving
a high labor content have been used, and this has

roglhed bicigmh vatupeletol: cattas 0Tl
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Flg. 29 Specific sizes and weights of compact

plate-fin recuperators for industrizl
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tne full low-cost potential, a high volume aute-
mated manufacturing method must be utilized.
Specific sizes and welghts of compact platz-
fin recuperators for vehilcular gas turbine appli-
This type of curws
array clearly illustrates what influence effeci-

cation are shown in Fig. 25.

iveness and pressure loss can have on the core
size and weight., The curves are for a counterflow
design, with a brazed matrix assembly embodyirg
efficlient, compact offset fin surfaces. The -
terial type and thickness were selected to giv# an
estimated recuperator life of 10,000 hr in the
cyelie type of environment associated with tne
vehicular gas turbine., With an average speed ={
50 mph, this would give a recuperator overhaul
life of 500,000 miles for a typical vehicular .
plication.

Although 1t has not been the purpose of this
paper to make direct comparisons between rotary
regenerators and fixed boundary recuperators, Fig.
26 is included to show specific regenerator sizes
for typical low-pressure ratio vehicular gas tur-
bine cycles. For these cycles, with specific
powers in the order of 100 hp/lb/sec, the currert
maximun disk diameter of 28 in, limits the powsay
to 400 to 500 hp for the twin disk variants with
el fs

cELvs23s valuas dn Lhd arder of 90 perpant,
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Both plate-fin and tubular recuperators have
been used for generator sets, pumping units, and
marine propulsion turbines. In previous sections
it has been shown that utilization of compact
plate~fin surfaces results in units that are com-
patible with the turbomachinery. An example of
a small gas turbilne regenerator set with a rear-
mounted recuperator is shown in Fig. 27. The unit
has quick disconnect features which facllitate
rapid removal of the recuperator for routine in-
The simple ducting and
accessible combustor on this type of engine ena-

bles a change in mode of operation from simple cy-

spection or malntenance.

cle to recuperated, with only a minor modifica-
tion to the plumbing. A further example of a
larger recuperator made from compact plate-fin
surfaces, also used for industrial gas turbine
application, is shown in Fig. 28.

A curve array showing specific sizes and
weights of compact plate-fin recuperators for in-
dustrial and marine gas turbines 1s shown in Fig.
29. For these heavy-duty applications, material
thicknesses and surface geometries were selected
to give a recuperator life of approximately 20
years,

For large englne application, a modular
recuperator approach, as shown in Fig. 30 can be
utilized. The basic module size 1s determined by
manufacturing limitations and economic aspects.
The packaging of the basic cores can be varied
depending on the application, performance require-
ments, and required engine envelope., Ease of
routine inspection and maintenance for this type
of recuperator is emphasized by the fact that
the individual modules can be easlily removed as
shown. For the modular approach, this type of
packaging concept, where the basic box forms
the gas side ducting, represents a cost-effective
recuperator for large engine application.

In a previous sectlon of this paper, the
merits of using compact, high-performance fin
surfaces, developed for aerospace heat exchangers,
have been discussed. Fig. 31 is included to
show a comparison of specific core volume and
welght between existing low compactness plain
faces, and the high-performance surfaces men-
tioned in the foregolng. It can be seen that the
volume and welght of the large plain surface type
of recuperators currently in service on large
industrial and marine gas turbines can be reduced

SWice

by an order of magnitude by using high-performance,
heat-transfer surfaces.

Closed Nuclear Cycle Gas Turbines
For

whie smal il Brawronm aucle space Loten

ator 1=

3/80cidd Latng develcrped, 2 rocupaesd rece s
to glve good cycle efficiency and, hence, reduced
heat rejection from the radiator., High effective
ness recuperators of plate-fin construction have
been successfully built and tested to meet ths
demanding performance, structural, and life re-
quirements for space application.

For the many fossil burning closed-cycic
gas turbines, developed and bullt in Switzerlan:
over the years, tubular recuperators have been
utilized. Plate-fin recuperator technology ha:
been developed to the point where units designed
for high-pressure, closed-cycle systems offer
stantial volume savings and can be more readily
integrated with the turbomachinery and heat sowscs.
An example of a compact plate-fin recuperator
used in a closed-cycle nitrogen system has been
described by Bridgnell (47). The successful com-
pletion of the development program, and subsequi
satisfactory performance of the recuperator in the

siabi—

IG;

system tests, demonstrated that recuperators using
compact plate-fin heat-transfer surfaces have

definite potential inm cloued-cycle gas Lurvine
systems.
As nighewr tempsratuwse nucleay yeacfor® are

developed, direct gas turbine cycles become at-
tractive, in that lower capital costs should be
possible by using a simple gas cycle instead of
two loops (one gas loop to cool the reactor core
and one steam cycle for power generation). A ZF-
MW(e) helium closed-cycle gas turbine plant is
presently under construction in Germany, and ths
recuperator details have been reported by Bamme:f
(48). Even with the very high system pressure
levels and helium working gas, both of which re-
sult in high heat-transfer coefficients, the re-
small diameter
tubes are very large compared with the rotating
machinery. Varilous recuperator types and flow
confilgurations have been reported by Lys (49)

and Malherbe (50), and the potentlal of the di:-
ect gas furbine cycle for advanced gas-cooled

cuperators constructed from plain,

reactors has been reported by Melese-d!Hospital
(51).

High levels of recuperator effectiveness
are necessary to improve the cycle efficiency
and, hence, reduce the thermal rejection to tns
environment, which can be significant for the
large power plants of the future. While it is
hard to relate the essentially thin-foil recupecr-
ator technology described in this paper with these
large tubular recuperators, it 1s felt that by
utilizing enhanced surface geometries of fthe tyre
Close
attention to the headering areas, manifolding,

outlined, the unit sizes can be reduced.

and ducting should resalt in a structurally mound

3
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WITH THE TOP PAtMEL REMCVED, THE SKETCH
SHOWS HOW MODULES CAN BE ILIFTED FROM
THE RECUPERARUGR ASSEMBLY

RECUPERATCOR
"HOT BOX"

WITH THE SIDE PANELS REMOVED, THE SKETCH "’7
SHOWS HOW AN INDIVIDUAL MODULE CAN BE

REMOVED. LIKE A DRAWER FROM THE RECUPERATOR

ASSEMBLY

S-£G|
Fig. 30 View showing a modular plate-fin recupsr-
ator assembly for large indusupial o
mariece gas turbliee zprlieztion
neat excnanger of reduced volume (and initial of gas turbine plant can benefit from ha irmclu-
cost), and this 1s. important for the integrated slon of a heat-recovery device to improve the c¥-
type of plant. cle efficlency. For the open-cyele gas turbine,

the utilization of a heat-recovery system 1s op-

DISCUSSION tional and is very dependent on the application,

39

the load profile, and fuel cost, etc, For the

Excluding the aircraft fleld, all other forms closed-cycle gas turbine, using either alr, heiluur,
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Fig. 31 Comparison of plate-fin recuperator

speclfic slizes for industrial and marine
gas turbine applications using convention-
al surfaces and high-performance surface:

developed from aernspace neat-aXCcndniel
technology
O WOLATONMC #as n¥Riuren aw thd rorksees ¥lasds, geomebtry turbomachinery, gives a relatively flat

a recuperator is essential to give good cycle

efficiency and hence, reduce the heat rejection
to the environment. It has been shown that the
recuperative cycle, in conjunction with variable

specific fuel consumption over a wide range of
power, and this is important, particularly for
the vehicular gas turbine, where a considerable
portion of the operating life may be at part-icad

33

220z ¥snbny oz uo 3senb Aq ypd-ze-16-z2-1.£0E 1 0}.00A06.L06€2/LE0V LOLLO0A/8L86./2.61 1D/Hpd-sBulpesd0.d/] /610 swse uonos)jodjenbipawse//:dyy woly papeojumoq




Fig. 32 Compact plate-fin recuperator used in
closed-cycle gas turbine system

condition.

The mailn emphasis 1n this paper has been on
the fixed boundary recuperator, as opposed to the
rotary regenerator and liquid coupled systems,
since, wilth its inherent simplicilty, high relia-
bility, zero leakage, and potential low cost, the

recuperator can be utilized over the full gas tur-
bine operating spectrum., The low horsepower vehi-

cular gas turbine could utlilize elther a periodic
flow or fixed boundary heat exchanger. There 1s
ne single criteria that dictates which of the two

types offers the most viable solution. The regen-
erator, made from either metal or ceramic material,
is currently beilng used in fairly low-pressure ra-

tio cyecles (up to about 5:1). To realize the

true potentlal of the gas turbine, it is desirable

to operate at higher compressor pressure ratios
and turbine inlet temperatures., These increased

specific power cycles tend to favor the recuperator

because of the inereased structural complexity,
seal wear, and leakage problems associated with
current rotary deslgns.

It has been shown that tubular designs, using

small hydraulic diameter thin-walled tubes, are

lighte® Chai plaie-fin s@friants byt larger ia vol-

RE]

Li®, Decause ol the lower surface coupacthness valuas.,

Because of the high cost of the tubes themselve:,
the lightweight tubular recuperator has been use:id
only for military aircraft gas turbine applica-
tion, and is not economically attractive for com-
mercial and industrial application., At the cihsr
end of the operating spectrum, tubular units ci
very low surface compactness are being used fuow
large closed-cycle plant. In the future, it 4=
expected that the more compact, efficient, plata-
fin surfaces will find acceptance in these clo%ed-
cycle gas turbines where effectiveness levels

in excess of 90 percent are required.

To minimize the surface area requirements
and make the recuperator economically acceptanis,
nigh-performance heat-transfer surfaces are n&so-
essary. In future designs, there would seem &l
be only a very limited application for plain iu-
bular or plaln extended surface geometries. It
has been shown that heat-transfer augmentatiom
y means of boundary-layer disturbance can be
provisioned in practical fubular and plate-fia
surface geometries. In the case of tubular d#-
signs, simply ring dimpling of the tube wail im-
proves the inside heat-transfer coefficieny
(which usually controls) substantially. Cffs=t
rectangular fins are the most efficient of all
secondary surfaces, and by virtue of thelr very
high heat-transfer coefficients, result in uniis
of minimum surface area (hence cost). They also
possess good friction-to-heat transfer relations,
which result in low frontal areas that facilitats=
packaging and compatibility with the turbomachiri=
ery., The offset fins can be formed in much high-
er surface compactness values than the tubula?
variants, and this results in recuperator cores
of small volume.

For high effectiveness requirements, 1t s
been shown that counterflow configurations ars
necessary for plate-fin designs. Detailed atten-
tion must be given to the header and manifolding
design to minimlize pressure losses and glve good
flow distribution into the pure counterflow pai-
tlon. For high effectiveness tubular design:s.
multi-pass cross counterflow configurations ave
necessary, and the internal flow circuitry (i.s
high-pressure air inside or outside the tubes) is
much dependent on structural and packaging re-
gquirements for the particular application.

One of the main problems 1in early recupaT™h-
tors was that of prolonged structural, integrity in
the cyelic environment associated with gas turbine
operation. Many designs experienced fatigue rgil-
ures, resulting from the high transient thermal
stresses associated with the thermal inertia ia=
compatibility of the core components, In current
resuperagtors, carafil strention t= the oore deslgn
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has eliminated the high thermal stress problen

and has resulted in configurations that satisfy
the necessary long life goals required of the heat
eXxchanger,

With the new designs, where strong emphasis
is placed on achieving low stress levels in the
core, the utilization of the lower grade alloys
becomes a reality. For high volume vehicular pro-
duction, 1t is projected that close to 80 percent
of the heat-exchanger cost will be the basic ma-
terial, Thus, it is mandatory to select the best
surface geometry to give the lowest specific weight
{1b/hp) and the best material to give acceptable
recuperator specific costs ($/hp). In all heat-
exchanger and englne cycle analyses, there is a
big incentive in selecting designs and components
that do not have to contain nickel and cobalt, and
exclusion of such critical elements 1s very impor-
tant for the projected high volume automotive gas
turbine market. A much closer examination of the
practicality of using mild steel (surface enriched
to give good oxidation resistance) for many re-
cuperator applications will be observed in the
future.

For the recuperator to be a viable compo-
nent for high volume production vehicular gas
turbines, designs involving a minimum of manual
labor are mandatory. Although it is hard to draw
an analogy between recuperators and commercilal
heat exchangers, manufacturing techniques developed
by the automotive industry for radiators, oil
coolers, condensers, etc., will be applicable,

Problems experienced in early recuperators
in the areas of fouling, dust congestion, fires,
and operation in a marine environment have all
been fully evaluated in both rigs and engine hard-
ware, Since a full understanding of these pheno-
mena now exists, design features have been incor-
porated in new engines which obviate the foregoing
problem areas.,

One of the main reasons the recuperator has
not found wide acceptance for industrial gas tur-
bine plant has been the high initial cost of the
heat exchanger. This has resulted from the cus-
tom design of recuperators for each engine appli-
cation and the very low production level. Rather
than merely comparing specific fuel consumptions
of various englnes, an approach based on operating
costs for recuperative and nonrecuperative engine
The economics of
engine operation are very dependent on the assump-

variants has been presented.

tions made by each manufacturer, and the values
given in this paper do not correspond to any par-
ticular problem statement, but are included to

show a conveninet way of assessing engine economics
during the preliminary design phase. It 1is very

arparent ©hat wer B3G9 ve LO

O G G IIRCE ~e OBl =l e =)

fuel cost, and for a continuous duty machine,
burning a relatively expensive fuel, the operating
cost rapidly approaches the basic fuel cost per
hour. It has been shown that for this type of
operation, the heat-exchanged variant is far mor:
economic, even allowing for periodic recuperator
replacement, If the projected increases in both
liquid and natural gas fuel costs are significant,
then the recuperative cycle will find more accept-
ance in the 1ndustrial gas turblne market. The
added cost of the heat exchanger can often be paid
for in fuel savings after only a few hundred acuis
of operation. Similarly, the extra weight amd
volume of the recuperator can be recouped faizl¥
quickly, and this is important for military and
marine applications where fuel
tate the cholce of prime-mover.
For each application, detailed invemiigaticnc
are requlred to define the engine-heat-exchanger
interface to give the most cost-effective packaua
that satisfies the particular envelope. In the
current rotary regenerative engines, the heat ex-

icgiotics way Ale-

changer 1s integrated with the turbomachinery, vutl
it is not obvious that this is the most atfractive
configuration from the standpoint of simple maln-
tenance. The heat exchanger must be located rela-
tive to the turbomachinery to give attractive ga=
flow paths.
grated (and could possibly form the turbomachinery
Certainly,
for vehicular, industrial, and marine applicaticus,
the recuperator in the form of bolt-on module(s)

is attractive, in that it can be quickly removed

The recuperator can be elther inte-

backbone) or be an attached element.

I
=0

from the power plant for reyplacspent, voulilne
spectlion, or maintenance.

As regards future trends, thers Wwill bs
continued efforts to identify more efficlent
heat-transfer surfaces and lower cost methods ¢7

Long-term goals must Iinclude tic

construction.
utilization of ceramic materials, which offer
virtually unlimited temperature potential ard
low cost., With their poor thermal conductivity
and the high-pressure loading and manifold prob-
lems in the core, considerable development work
wlll be required before a viable ceramic recuperi-
tor can be utilized for vehicular and gas tur-
bines. Because these materials lack ductility,
new design approaches must be taken to match the
unique characteristics of the particular ceramic
considered. Such work on an industrial gas tur-
bine that utilizes a cycle with an "equi-pressure’
ceramic recuperator has been reported by Miwa (5:).
A fairly comprehensive list of references
is included in this paper to cover various recu-
perator technology advancements over the last

30 years.
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CONCLUSIONS

It is postulated that the gas turbine will
find an ever-increasing role in the vehicular,
industrial, marine, and closed nuclear cycle mar-
kets and may, by virtue of its low pollutant emls-
sions, high reliability, and compact nature,
emerge as the dominant prime-mover in the future.

The expected increase in both liquid and
natural gas fuel costs makes the recuperative
cycle look economically more attractive, and the
assocliated increase 1n thermal efficlency will re-
sult in reduced thermal rejectlon to the environ-
ment., An obvious goal 1s to reduce current engilne
size and lower the initial cost ($/hp) by utili-
zing higher specific power cycles (i.e., increased
For the higher
pressure ratio cycles, the fixed boundary recuper-

compressure pressure ratios).

ator will offer a more reliable heat-exchanger
solution, because of the increased structural com-
plexity and seal leakage problems assoclated with
the rotary ceramic regenerator,

It has been shown that utilization of com-
pact, efficient heat-transfer surfaces (together
with design and manufacturing techniques) developed
primarily for aerospace application, can signifi-
cantly reduce the volume and welight of the recu-
perator, and hence lower initial plant costs.
While compact plate-fin and tubular recuperators
have limited application to date, related high-
performance alrcraft heat exchangers, operating
under high stress conditions in high-temperature
environments, have accumulated millions of opera-
ting hours and have demonstrated a high degree of
reliability. Technology, gained from related
aerospace projects, has been utilized in the de-
sign and manufacture of recuperators currently
being developed for a wlde range of gas turbine
applications.,

To achieve attractive specific costs ($/hp)
for the vehicular, industrial, and marine markets,
utilization of the low-cost alloys, as opposed to
the superalloys ($1.50 to $6/1b) used in the cur-
rent recuperators is necessary.

Plate-fin recuperator designs lend themselves
to the use of efficlient compact surfaces, are
adaptable to automation in high volume production,
and can be made in forms possessing excellent heat
transfer and flow friction characteristics. There
is no reason to doubt that with development, the
recuperator reliability will be made equal to that
of the other major engine components. This being
the case, the maintenance costs of the recupera-
tive engine should essentially be the same as
the simple-cycle engilne.

Looking into the future, it would seem that
the al=

bg-Lin Sypa of ecpgbruteion will Lind 4n-

(6

creasing utilization by virtue of its high per-
formance per unit of volume and cost and will re-
place tubular units currently being used for soue
gas turbine applications., Current development
programs at AiResearch on advanced recuperatcr
concepts have shown that by departing from tra-
ditional construction methods, significant per-
formance, cost, reliability, and manufacturing
advancements can be realized. With these new
designs, plate-fin recuperator weights considar-
ably less than 1 1b/hp can be achieved, and for
high volume production, the recuperator cost
should be no more than 10 percent of fthe overall
engine cost.

Utillzation of low-cost ceramlic materials

for all the high-temperature components, Includirng

the fixed boundary recuperator, will enable the
full thermodynamic potential of the gas turbine
to be achieved, while at the same time satlsfy-

ing the demanding dconomic goals,

APPENDIK L

VOLUME CONTRIBUTION IN PLATE-FIN CONSTRUCTION

In order to make the method as general as
possible, and apply to both primary and secondary
surface construction, the fin effiliciency in the
extended surface case 1s assumed equal toc unity,
and the blockage due to finite fin thickness i:
considered neglligible. The hot and cold side:
of the heat exchanger should be treated separats-
ly and the contribution to each side to the total
volume obtained,

Consildering the cold side only, ths
ing corrugation properties are defined:

Follcvi-

Hydraulic diameter d = 533

Core Volume V = AFR i

FLOW LENGTH, &

Rl

COUNTEAFLOW MODULE
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It is now necessary to express this volume
contribution in terms of the required heat trans-

fer, allowable pressure drop, and fluid properties

of the cold side of the heat exchanger. As men-
tioned previously, the heat-transfer requirements
are best expressed as the product (hA)c for the
cold side., The heat-transfer coefficient 1s de-
fined as:

hrm J \;—’CD/PI‘Z/3

Substituting for h and A,

i 4
(hA) = Pr2/3-w-3-L.cp (1)

The pressure drop is given by the usual equation

Ra Tl (ﬁ)z, g i (2)
T a 2gp
From equation (1)
L= hA Pr2/3 d
4 W Cp (3)
s 2g pd Ap
From equation (2) (;) S} (4)

Combining equations (3) and (4) gives

5]
, 2EPA W - pr?/
g« =1 P gpcp

. Heat Exchanger Frontal Area AFR

C’[‘F/T\/w B (5)

(proportionality assumes constant fluld proper-
ties)

Combining equations (3) and (5) gives the core
volume, V

A 5 oy (6)

W AP

(for a given flow, effectiveness, and pressure
loss)

=i o"

hidtsice = (WESgiNGE o8 oI

it follows that hA « W and equation (6) becomes

e
vad Ved i Lk

The core volume of a heat exchanger is equal to
the heat-transfer area divided by the surface
compactness which, in turn, 1s inversely progpor-
tional to the hydraullc diameter, i.e., Area «
V/d, and since material welght and cost are relat-
2@ to area, it follows that:

—

e
Core weight W (hence core material cost &) 01\/% \/%3(8)
g

irog the foragoing, it has been smown that the
volume contribution is proporticnal to

d i
I

However, this parameter varies with the type of
surface and Reynolds number. The Reynolds number
1s implieclt in the velocity as detfermined by equa-
tions (1) and (2).

()

=

Re = ~——
ajs

Combining equations (1) and (2) gives the relation-
ship:

Reddv’/-j}f (lo)

If the parameter,ciJ;z;i on a vertical scale it
plotted against ?5 f/j on a horizontal scale, a
given design problem lmmediately fixes a point on
the horizontal scale, irrespective of the surface
used. The vertical reading 1s then proportional
to the volume contribution of various surfaces
giving ldentical thermal conductance anc pressure
loss values,

In Fig. 9, values of d Vf/j°

(suitably corrected in the case of tubular geo-
metries) have been plotted agains:

R e
d—e\/T/J

for a number of different surface geometries,
These surfaces, which include tubular and a vari-
ety of plate-fin varilants, are shown merely as
examples of the relative merit of different geo-
pmatries for gas turbire recuperator aprlicaticr.
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