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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 field.
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Gas Turbine Recuperator Technology

Advancements

C. F. McDONALD

a = riInimwn free flow ai ,ea, sq ft

A = exchanger heat-transfer surface area,

sq ft

AFR = exchanger frontal area, sq ft

b = passage height, in.

C = flow stream capacity rate, Btu/hr-

deg F

C P = specific heat at constant pressu:
Btu/lb-deg F

d = hydraulic diameter, tube diameter,

in.

f = fanning friction factor

g = proportionality factor in Newton's

Second Law, ft/sec t

h = heat-transfer coefficient, Btu/sq ft-

hr-deg F

hA = thermal conductance, Btu/hr-deg F

hp = horsepower

j = Colburh factor

L = exchanger flow length, in.

N = fins per inch

NTU = number of heat transfer un '..

modul

Re = Reync H

SFC = specific fuel consumption:.

Sp

XT	= transverse tube pit,:

XL	= longitudinal tube pit__

R	= surface compactnes,

= denotes different

a = denotes proportioriai

p = density, lb/

(AP/P) = exchai

$ = dolla.:
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in tro la-,, ter, l ear_ t«e ao Curt i .e nab

become established as a reliable and competitive

prime-mover in the industrial field. In the

first 20 years of its development, the main em-

phasis had been in the aviation 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-

tial 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 is 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 designed 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

efficiencies 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,

have run virtually maintenance free for over

100,000 hr of operation.

In the open-cycle gas turbine, the recuper-

ator, unlike the ubiquitous 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

cycle plant. With an ever-increasing demand for

power, and strong emphasis being placed on mini-

mum pollutant emission, 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 is necessary.

It is expected that the role of the recuper-

tOirb.fle 1i, Ltue	on yeti S'LS Y: .;.I I LoO U.:..

significant in the vehicular, industrial, marine,

and closed-cycle nuclear gas turbine fields. In

spite of a long history of heat exchanger utilize-

tion in large gas turbine plants, their success

has been fairly limited for small industrial,

portable, or mobile gas turbines. The heat ex-

changer for a competitive small gas turbine mu:;

1 Be compact to maintain	"..

over the diesel engine

2 Have an initial cost lo ,:, e;;, to

overall economic justificatio,

3 Withstand the severe thermal stresses duri:.

engine transient operation, and demonstrate:

4 Not overly restrict the gas turbineo c:ulti-

fuel capability.

For many years, the heat exchanger has 000f_

the nemesis of the small gas turbine design engi-

neer, but with progressive development, promi:;ir,..

results have been achieved by AiResearch with

both compact plate-fin and tubular units. The

main emphasis in this paper is to show that uri:_

zation of compact, efficient heat-transfer suu-

faces, and fabrication techniques, developed

primarily for aerospace heat exchangers, can

sult in substantial reduction in weight, vole.;.,

and cost for vehicular, industrial,

nuclear gas turbine recuperators.

It is beyond the scope of ti,

into a detailed comparison between the fixeo

boundary metallic recuperator, and the rotar;

ceramic regenerator; however, some guideline:

included regarding the selection of gas turbi: ,

heat exchanger type. The first heat exchanges

gas turbine to go into large volume productio,

will probably be the regenerative engine for

truck application in the 300- to 500-hp power

range. Utilization of these prime-movers wil.

likely be extended to non-vehicular markets, suc__

as generator sets and varied marine applications.

In these areas, consumers will become more awr_c

of the low specific fuel consumption potential

of the regenerative or recuperative cycle. Ft-

the many industrial operations currently usir_;_

natural gas fuel, simple cycle gas turbines a;

utilized, but with the projected increase in

costs over the next few years, the economics

gas turbine operation will be substantially

proved by incorporating an efficient, relit.

recuperator.

Recent work done at AiResearch has
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mat a viable, cost-effective recaperator 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 obstacle to the wider application of gas

turbines has been the relatively low efficiency

of simple-cycle units. Inherent in the simplicity

of the cycle, and the metallurgical limitations

imposed for practical operation, are large specific

airflow and high exhaust gas temperature. Some

degree of waste heat recovery in the gas turbine

is imperative in order to achieve specific fuel

consumptions 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 outlined 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 air 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 this 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, the combustor is

transposed to a position between the turbine and

the heat exchanger. This results in an engine

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 (1), l the main attractive feature of the

exhaust heated cycle 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.

Liquid Coupled System

The liquid-coupled system consists of two

1	Underlined numbers in parentheses designate

r e fe enc o c at md o ra	.

independent heat exchangers, linked together Ly

a liquid metal heat-transfer loop. This syc,te;s.

affords considerable flexibility in packagin;;

because it is comprised of two separate unit..,

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 pup.

For industrial application, the principal disad-

vantages of the liquid-coupled system are uncer-

tain reliability,	ct:. lex.t i , ii:i;_ cct, and

volume penalty.

Waste-Heat Cycle

An effect tie Let .od of inpro^irg the t:mr al

efficiency of the industrial gas turbine (for

total energy applications) is to utilize a waaL:

heat boiler. Because the turbine exhaust conia7r,

nearly all the original oxygen, supplementar.; fir-

ing between the turbine and the boiler can be

adopted. The basic gas turbine can be either

recuperative or non-recuperative. A combined

waste-heat cycle employing a two-phase Rankin:

cycle, in conjunction with a gas turbine, ha,

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 thro.:-:.

a common gear-box. These specialized topics

have been reported in depth r :?cnr z ci<:ur. ()

and Sheldon (3).

Closed-Cycle Gas Turbine U i:_ Conventional I'ue.r

As reported by Keller (4), many closed air

cycles have been used for power and heating applI--

cation in the range of 2000 to 30,000 kw. The :e

plants have utilized coal, oil, and natural

fuels. More recently, a low pollution close(:

Brayton cycle gas turbine, using air as the c-: !;-

ing fluid, has been proposed by Pietsch (5) for

vehicular application. A unique feature of thi:

cycle is the combined heater/combustor which

utilizes premixed fuel and air in a near stoich-

iometric ratio with a slight excess of air, suci:.

that the temperature is limited to minimize the

formation of the oxides of nitrogen, while esser^-

tially burning all _.

only carbon dioxin

In these cic,

recuperator is an essent.

overall plant efficienc; a::.._

rejection to environment,

Closed-Cycle Nuclear Gas Turbi-

As reported by Keller (4), a aevelopme::

of gas-cooled reactors with high outlet tempo -

d
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D : rhIDronrno RECUPERATOR	
rCOM9UCT0R

a. CONVENTIONAL OPEN CYCLE

WITH RECUPERATOR

CLOS
L I QU
META
LOOP

c. LIQUID COUPLED SYSTEM

PREHEATER

COMBUSTOR/HEATER

	

b.	EXHAUST HEATED CYCLE

COMBUSTOR

	C 	T	GEAR

BOILER	
BOX

PUMP

STEAM
TURBINE

CONJUL%SER

U. WASTE HEAT CYCLE

COOLER

REACTOR

COOLER

RECUPERA	
RECUPERATOR

I	)	 CLOSED
♦	I	 HELIUM LOOP

CLOSED AIR LOOP

e. CLOSED CYCLE USING CONVENTIONAL FUEL	1. CLOSED CYCLE NUCLEAR GAS TURBINE

Fi-. 1	Ileat exchariged has turbine	cles

bir.ea in a direct circu-t, and can ,cu.; be util-

ized without additional pressure and temperature

losses, 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

air plants. Again, the recuperator is an essen-

tial component for high plant efficiency and,

hence, reduced thermal rejection to the environ-

ment. The cooling water requirement for a closed-

cycle helium gas turbine is 1/3 to 1/5 of a com-

parative steam turbine plant.

SELECTION OF HEAT EXCHANGER TYPE

Tne. .>I , :i 1 Ce fo ,l Cu r:: LLr.l tior, of a ;a" ti_ar-

rie can be atib:; tar.`: Lull: reduced h: apirlyind;

heat energy from the exhaust gas to preheat tine

compressed air, thus reducing the temperature

in the combustion chamber. For vehicular gas

turbines the heat exchanger is an essential,_i

not the most important, component of the power:

plant. The most important benefit of the hear

exchanger, particularly for vehicular application,

is the marked reduction in part load fuel consump-

tion. For two-shaft vehicular gas turbines with

a free 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

riot rrtSi:.	It ::1ouia b.. noted „__at the iii-

I
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— SIMPLE CYCLE, FIXED GEOMETRY GAS

TURBINE, WITH HIGE PRESSURE RATIO,
0 65	— --+	+-	AND HIGH TURBINE INLET TEMPERATURE

060 —
LOW — LOW PRESSURE RATIO, HEAT EXCHANGED,
FIXED GEOMETRY GAS TURBINE

LOW PRESSURE RATIO, HEAT EXCHANGED

GAS TURBINE WITH VARIABLE GEOMETRY

C 50	 —	— 

c^

Iu RBO CHARGED DIESEL ENGINE J

0.35	10	20	30	40	6	7	R	90

POWER - PERCENT

Fig. 2	Typical part-load
v vr-_ou:; t,O W.r^ r

provement	l i _r t .I r , .	 ---.

variable geouetry machine is due to the interac-

tion of nozzle variation and heat exchanger. 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.

There are two main types of heat exchanger

currently being used for gas turbine applications.

One is 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 is a per-

iodic flow regenerator, like the common Ljungstrom

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 air 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 rotary

unit was the use of more compact surfaces than

the fixed boundary type, to give a reduced heat

exchanger volume, for a given effectiveness and

the gas turbine regenerator has the problem of

excessive wear and leakage of the seals betwee

the high-pressure cold compressor discharge:

and the low-pressure hot turbine exhaust go

Early vehicular and industrial gas turbine:,'

ized metallic regenerator units of both dru

disk type of construction. With recent dee:

ments in the ceramic field, current vehicul;

development engines are being endurance rur.

twin disk ceramic regenerators. Even after ex:

sive development programs, the metallic-to-cerai:i.

seal problems, of low leakage and long life, have

not been resolved. Many types of regenerators

been evaluated over the years, and these inclu^

ceramic and metallic disks and drums, toroidal

configurations, heat pipe designs, and pebble

types. It is not the purpose of this paper to

fully describe the rotary regenerator, since t

many variants have been reported in depth by

Penny (6), (7), Lanning ( 8 ), Weber (9), Selfo

(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, marl.--

locomotive, aircraft, vehicular, and closed-c1c--.

applications, and has demonstrated a high degr<.

of reliability. The type of heat exchanger to

used, and the material from which it is construct-

ed, essentially depends upon the cycle selected

and the application of the gas turbine. Appro.'-

mate boundaries for gas turbine heat exchanger

selection are shown in Fig. 3. The basic curvy

array relates turbine inlet temperatures, comp'_ -

sor pressure ratio, and heat exchanger gas ill].
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RECUPFF.:

CURVE ARRAY BASED ON
RE GENERATOR	BOIJNDGi-'

OVERALL TURBINE	EFFICIENCY	35	PERCLNT  CERAMIC	RFf.FNIPAifil

TU R BINE PRESSURE	RATIO
CERAMIC	RECUPERAII]1-

COMPRESSOR
B,

PRESSURE	RATIO TUBULAR	RECUPLRATCI-

5600 ® PLATE-FIN RECUPFR,.i
OR TUBULAR RICUPFRI

METALLIC	OR	CERAMIC	-!
.1400 TUBULAR	OR	PLATE-FIN	VFC,O'I

3000
APPROXIMATE	OPERATING	ZONE`,	-.
VARIOUS APPLICATIONS

3200 L .. 1	ADJPNCFD	VEHICUTAP	GAS	'.

a.JO

CERAMICS(CERCOR

SILICONE	NITRIDE)

JO
ADVANCED
.MILITARY
GAS	TURBINE

ZONE
2200

2400	/
REFRACTORY

2100 ALLOYS

2000

1900L COBALT \	 .+
BASE	ALLljY

1800 • HAYNES 25
•	;AYNES	188

•'4155
:,	1 700

NICKEL BASE ALLOYS }	mot;`
0C • INCONEL 625

• INCOLOY 800
• HASTELLOY X

300 SERIES	 7.

STAINLESS STEEL	250

0.35225	_

200 200400 SERIES
STAINLESS	STEEL	

_	
0.40

I!i0 17S

 150	 0.4^^
HSO

MILD	STEEL	 125

LINES OF SPECIFIC POWER	i00 I^^  

HP/LB/SEC
30C 75

LINES	OF	SPECIFIC	FUEL

700 CONSUMPTION LB/HP-HR

500 -
INDUSTRIAL AND MARINE 

APPROXIMATE TEMPERATURE	GAS TURBINE	ZONE 8
LIMITATIONS	FOR EXTENDED 

cc - HEAT EXCHANGER LIFE 1p
12

14	̂OMPRLS:430 18	16	
PRESSUFH
RATIO

Fig.	J	Approximate boundaries	1c t	l

_mo.t-YC,har	ox'	r etr:C'tI _._
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1

a. PLATE FIN EXTENDED
	

WAVY
SURFACE GEOMETRIES

PLAIN TUBULAR

PLAIN RECTANGULAR

PERFORATED

RECTANGULAR OFFSET

PLAIN TRIANGULAR

S .'

LOUERV	E[
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PRIME SURFACE GEOMETRY	STRIP FINNED TUBE	CONCENTRIC FIN',_ -'.iOS

b. TUBULAR, PRIME AND EXTENDED SURFACE TUBULAR GEOMETRIES

	Fig '. 	Ftecuyorator ,;urf'ace eoet^_cs

ari	for the difier'e. -_t foaL	; isfa.<<So Y' L.i pee, to-

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 efficiencies; nevertheless, they

do show typical values for the various gas turbine

operating regimes.

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

pla°:t e	The retenerator, , r:ade frog: e'_t}ir 1 :r tai

or ceramic materiai, is used for fairly low-pre:;-

sure ratio cycles (up to about 6:1). To realize

the true potential of the gas turbine, it is de-

sirable to operate at higher compressor pressure

ratios and turbine inlet temperatures. These in -

creased specific power cycles introduce struc;uay

complexity, and seal wear and leakage problem.,

which tend to offset the potential low-cost a_.u:_.

tage of the ceramic regenerator which is best

ed for gas turbines of relatively low power Lou

are used where limited life is acceptable. I

heavy-duty, vehicular industrial, and marine

turbine power plants, the regenerator, whether

of ceramic or metal, does not look as attractive

as the fixed boundary recuperator.

C_earl,:, thorn_ i, no ::onnlo e ..;er to . -
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EXISTING COMPACT PU+TE-FIN RLCUPERATOR,
OFFSET SURFACES FOR VEHICULAR AND
INDUSTRIAL GAS TURBINES

ADVANCED	RECUPERATOR REGIME UTILIZING
COMPACT EFFICIENT SURFACES DEVELOPED
PRIMARILY FOR AEROSPACE HEAT EXCHANGERS

APPROXIMATE REGIME FOR CURRENT CERAMIC
SURFACES USED IN ROTARY REGENERATIVE
HEAT EXCHANGERS FOR VEHICULAR GAS TURBINES

_ VERY COMPACT PLAIN_
TRIANGULAR SURFACE
GEOMETRY USED IN
HIGH PRESSURE RATIO _
VEHICULAR GAS TUR-
BINE RECUPERATOR
OUTLINED	IN REF.	13

\ \	
/

\_\.
'7

__
\:..//

j T^	/ AUTOMOTIVE RADIATJ
REGIME	FOR	COMPARI`1:,'

i	!{
\%' INCREASING

NUMBER OF

\'
\ FINS/IN.

CONVENTIONAL PLAIN
` SURFACES USED	IN	EARL''

T

RECUPERATORS FOR LARGL
INCREASING

^

STATIONARY	INDUSTRIAL
PASSAGE HEIGHT GAS TURBINES

Fig. 5	Heat exchanger surface compactness spec-

trum for plate-fin recuperator poortenrIes

question of what type of neat exchanger is tiie

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 availa-

ble for vehicular and industrial application.

RECUPERATOR SURFACE GEOMETRIES

The two coot a i::cr1l . .n ed . ee.,I r: t i

surface geometries are tubular and plate-fin con-

structions. The early industrial heavy-duty

gas turbines utilized tubular geometries, anc

construction techniques were based on establi_t_eo

boiler code practice, where the tubes were weluen

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 tliu

turbomachinery. Concentrated developments in

^_:e o rcra Of; _eat erc,r:r ._ef f'_elds have tOeiIof
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VERY COMPACT TUBULAR SURFACE
GEOMETRY USED IN SMALL XT	FLOW
RECUP ERATOR MODULES AS OUT-
LINED	IN REFERENCE	14

d

SURFACE GEOMETRY DETAILS

ADVANCED,	HIGH PERFORMANCE,
TUBULAR SURFACES DEVELOPED
FOR AEROSPACE HEAT EXCHANGER

?:\ \ \^ APPLICATION.

COMPACT TUBULAR SURFACE GEOMETRIES
CONSIDERED FOR LIGHTWEIGHT RECUPERA-
TIVE GAS TURBINES FOR HELICOPTER

--	- APPLICATION.	 --

' ••

TURBINE RECUPERATORS

yF
srF	̂

jyoF.

oy
GB

Ff	-

'°,gckFO	̂

INCREASING Sp
TUBE DIAMETER

hFgFs

PLAIN TUBULAR SURFACES
TUBE
PITCH

USED IN EARLY RECUPERATORS PARAMETC
FOR LARGE INDUSTRIAL AND

X7 xLMARINE GAS TURBINES.

Fig. 6	Heat-exchanger surface compactness spec-

and tubular types, which have been successfully	shown in Fig. 4, and are briefly discussed

used in compact recuperators for industrial,	following. Heat-transfer and performance aspi',:.

vehicular, and aircraft gas turbines. Represen-	of the various surface geometries are discusse.
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(Ig	PLATE-FIN DESIGNS

CROSS FCC W
C.	MUL-IPA;SS CROSS CGUNTERFLO,r

S	r
r -►

c. C0TERFLOW COVFISURATIONS

TUb Lr.R UrS(,S

ISSFLOW

~	 f—

RJ_ IPASS CRJSS CO'J\TFRFLOW

d. ANNULAR CROSS CO'_NTERFLOW

Fig. 'j	kecuIerator floe; conf_g;uratio:.s

in a latoor section.

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. Considerable flexibility is afforded

with this type of geometry in that the air and

gas side passage heights and fin form can be var-

ied 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

I'_.: aurfacc arc c1iown In Fig. 4(a).

The simplest forms are the plain rectangular

and triangular fins, but these are rarely usea In

recuperators because of, their inherently poor ,

heat-transfer characteristics which result in,

units of excessive volume, weight,•and cost. Sev-

eral simple modifications can be made to these

geometries to enhance their heat-transfer charac-

teristics.

In the wavy or herringbone fin, the geometry

is formed such that the periodic change in fluid

direction breaks up the boundary layer so as to

yield higher heat-transfer coefficients. Louvered

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

11
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HEAT EXCHANGER EFFECTIVENESS

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 increase 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-

tn e a	Aide can ech off .:t f .^. ^1^,.: ^ t;	curl

heat transfer and friction characteristics and

are used extensively in aircraft air-to-air heat

exchangers, and gas turbine recuperators.

Pin-fins are another example of the plate-

fin system, where the purpose is to achieve very

high heat-transfer conductance by maintaining thin

boundary layers on the fins. By constructing the

fins from small diameter wires as shown, the ef-

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 occurs on the pins. This t-,:pe of

surface has not found wide acceptance for en::

turbine heat exchanger application.

Tubular, Tube-Fin, and Prime Surface Gcoclet is

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 air and gas sides of the unit.

Flow areas and hydraulic diameters can be changed

independently by variations 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 limit to how close the tubas

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 i:,

afforded the tubular design in that the high-pre. -

sure air, or low-pressure gas, can flow inside o;

outside the tube bundle, and this is discussed in

a later section comparing the merits of various

flow configurations. Various tubular surface geo-

metries are illustrated in Fig. 4(b).

The plain tubular surface geometry has four.::

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 coefficient because of boundary-Lyre

buildup, compared with the much higher external

coefficient (because of vortex shedding from the

staggered tube rows). For pressure drop limited

designs, this effect, combined with the fact that

the internal and external areas are essentially

the same, results in units of large volume and u . -

attractive geometry proportions because of t!c

thermal conductance unbalance.

For liquid applications (where large plea-

sure losses can be tolerated), the internal coef-

ficient can be improved by using internal strips

or turbulators. For recuperator applications,

_u of ore 't	. O	_ „curet ' . f i rt 1 r:;3 _	_oat	,_ ..._ t'u" .
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-59300-A

coefficient auesentation (one that naxilci000 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

side represents an inefficient use of surface

area, and thus results in a high weight, expensive

design.

In some high-pressure, closed-cycle gas

turbines, recuperators of pure counterflow con-

figuration have been successfully demonstrated

with concentric stri -. fin tubes fornes 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 is characterized by a series

of formed elements which, when laid together,

form the tube functioning channel. Because of the

poor heat-transfer coefficients associated 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 designs can be reviewed for propor-

13
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CAPABILITY IS BASED	ON	I	PERCENT
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Fig. 11 Stress capability of several

tive recuperator materia. -_.
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Fig. 10 Sheet metal costs for a range of repre-

sentative recuperator materials

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 (/3). 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 is shown in Fig.

5. Early plate-fin units had /3 values around 300

sq ft/cu ft, and this compares with typical auto-

mobile radiator surface geometries. Existing

industrial recuperators have /3 values in the or-

der of 600 sq ft/cu ft, and in advanced units,

this will probably increase to around 1000 sq ft/

cu ft. A very compact recuperator described by

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 sq ft/cu ft have been

used in AiResearch heat exchangers for aircraft

arid er,,ro	silo :ap}.ilcatiene.	Hi r heat.- .ra.r.

coefficients are riot necessarily synonymous wit'
high surface compactness geometries, and while

the very dense surfaces do give small core vol-

ume, some relaxation in compactness is often nec-

essary to give good core face aspect ratios, gin:::

acceptable counterflow lengths.

A compactness array for tubular surface

geometries is shown in Fig. 6, and it can be

that early tubular recuperators had /3 values in

the order of 40 sq ft/cu ft. The current large

plain tubular recuperators being built for cloe;i-

cycle helium gas turbine plates have 13 value.- 'n

the order of 100 sq ft/cu ft. Compact tubular

geometries used for lightweight recuperative .=-a.o

turbines for helicopter application have surf:-lc

compactness around 400 sq ft/cu ft. A very co:-

pact tubular recuperator surface geometry des-

cribed by Wheeler (14) had a /3 value approach'!:,'

700 sq ft/cu ft, which is comparable with advar.cU

surfaces used in lightweight aerospace heat ex-

changers. Use of very small hydraulic diametc,_: - ::

implies a large number of tubes (and welded Si.:;.

brazed joints, etc.), and, as in the case of

plate-fin designs, some relaxation is often nec-

essary to get practical core shapes. 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 compactre....

map for randomly packed sphere beds, with :c

average voidage of 40 percent.

From the curves, it can be clearly sc--r:

that there is an overlap between the geometric:

of different types. The motivation for usin;-

cc:-1ac1,	a:^.'fac- - , . 00 h _r	r	IE at-t U_.sfex
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FLOW LENGTH
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2

A T 2 = T G - TA = - [GEFF (T G - TA ) - T  1 - TA
2	I	t	I	I	I)

WHEN AEFF AND G
EFF^

I.0
 T 1

  AND p T —^0

GAS TEMP EFFECTIVENESS,

FOR THE COUNTERFLOW CONFIGURATION
TEMPERATURE DIFFERENCE AT EXTREMITIES

	TA 	TAAIR TEMP EFFECTIVENESS, A	=	2
EFF	T	- T
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4
MINIMUM	AT AT EXTREMITIES AS A

EFF 
AND

	EFF —^
1.0

( TG 1	- TA
)	1/2

	(TG I	- TA
)

I/n	TG I	- TA )

Fig. 12 'Effect of heat-exchanger flow configura-

tion on core steady state thermal grad'--

ent::

perm n:ance in a ::.inirn ua hacka ;e • wit:, .r,inL x:i

weight and cost. Generally speaking, compact

plate-fin surfaces have a much lower cost per

square foot of transfer area, and moreover have

a higher conductance than the less compact tubular

surfaces. Because of the higher ratio of friction

factor to heat-transfer coefficient (f/j), the

very compact surfaces tend to have smaller dimen-

sions in the flow direction and, consequently,

higher temperature gradients in the flow direction.

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 Fig. 7. Because of the limiting effectiveness

level of 50 percent (at a capacity 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

be kept substantially below the as inlet te_per-

ature.

For the plate-fin variant, either crossflow,

cross counterflow, or counterflow configurations

can be used. The single pass crossflow and mult`-

pass cross counterflow arrangements are simple,

in that the heat exchanger is virtually self-head-

ering. As will be mentioned later, the simpl:=

crossflow unit is rarely used, because, in addi-

tion to the volume penalty at high effectivern-so

levels, the large temperature gradients in thc:

core adversely affect the structural integrit;,.

In Fig. 8, the ratio of heat exchanger volume to

counterflow volume is shown as a function of ef-

fectiveness and number of passes for a cross cct-

erflow arrangement. From the figure, it can t,-
seen that at high levels of effectiveness, wl.e:c

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 variar.t:>

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

counterflow portion of the core. These triangu-
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TYPICAL START-UP TRANSIENT

GAS IN
f
F	j	AIR IN

FINS

1	
TIME

SHE

--TUBE SHEET AND FINS

SEALING

BARS

TYPICAL COUNTERFLOW PLATE-FIN CORE ARRANGEMENT
w	ATM	 HOLLOW

w '^ '—	REINFORCING BARS
SOLID

TIME

o	SOLID	
BARS

`	 CONVENTIONAL HOLLOW	CHANNEL	WELDED FORMED
N ~ /,'HOLLOW	 SOLID BARw	 i^	END SEAL

TIME	
VARIOUS METHODS OF IMPROVING
THERMAL COMPATIBILITY BEFWEF"N

y	 — SHEET	 TUSE SHEET AND SEAL
w
W

a	 HOLLOW BARS
o	SOLID BARS
V

Fig. l5 Transient tirerr al stresses in plate-fin

recuperator co:1e matrix

lar or rectangular sections 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 this, 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 units.

For similar reasons to those discussed in

the foregoing, single plass crossflow tubular

units are rarely considered. For plain tube de-

signs, the pure counterflow configuration is not

attractive because of the low heat-transfer coef-

ficients associated with the axial flow outside

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, with 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 con:.pact, .:tall E;ae ta_ tine ;,.

Fur =i-r du_' _ ial am aircraft ta:; turf_ ir;e aI;I lica-

tion, the most commonly used flow configuration

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 air flows through the plain tubes,

their number will be small and their length larL;c,

owing to the fact that the flow resistance of t:_e

tube bundle crossed by the low density gas is

high, so that small velocities and, hence, lar; -,e

flow areas are needed for this gas. This arrange-

ment, nevertheless, can yield low volume, light-

weight designs of practical dimensions by utii'..:1,:5

ring-dimpled tubes to improve the inside heat-

transfer coefficient. Since the exhaust gas is

the lower pressure fluid, lighter weight recupe_•r-

tors generally result with the exhaust gas outside

the tubes, because in addition to the above heat-

transfer considerations, the shell weight will :;e

lower, and the tubes will have thinner walls w:_c:_;

loaded in tension with internal pressure tha:.

when loaded with external pressure.

The baffles separating the shEll sin s	c 	e:

can be either arranged such that the flow is de-

flected within the core or in annular passages at

t:i.. bundle onset' ._a._ .;e, ,	r._nNJ , tie	:..	I5ac-
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a. MECHANICALLY
	

b. BRAZED JOINTS
	

C. WELDED AND BACK-
EXPANDED
	

BRAZED JOIN

!4II iit
d. WELDED JOINTS

e. END SEAL HEADER INTEGRALL',
FORMED FROM TUBE WALL. CL=
BE OF BRAZED OR WELDED COL;-
STRUCTION FOR LIGHTWEIGHT
APPLICATIONS

Fig. 14 Typical end "Pal used in tut ulcer he;':

exchanp;er::

tical flow configuration is the annular design

shown in Fig. 7. In this type of flow pattern,

the interpass turns occur in plain annular passages

at the core inner and outer diameters. This type

of design 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, is necessary for high effectiveness appli-

cation. The counterflow design, whith axial tem-

perature gradients in the flow direction only,

is the best from .thestructural standpoint, and

this will be discussed in a later section.

HEAT-TRANSFER CONSIDERATIONS

involves detailed considerations of both heal.

transfer between the fluids, and the pumping pc;::

expended to overcome fluid friction in moving tl. ,

fluid through the matrix elements. The process

choosing the optimum recuperator cannot be inde-

pendently carried out, but must include conside7

tions of the affects of the heat exchanger on

the overall power plant. In many cases, prelimi-

nary designs based on turbomachinery considerate_

alone have "fixed the cycle conditions, and spec -_-

fied the heat exchanger," without considering ti

overall packaging and cost penalties that may oc-

cur as a result of this design philosophy. For

given problem statement, the relative effect of

cycle parameters on exchanger size is independett

of recuperator type, and thus, detailed analyser.

can be carried out for various surface geometri::.

to identify a solution that satisfies the rep:,:'.

ments for the particular application.

Detailed optimization techniques are n<:^,

outlined in this paper, since each company ir'........

in heat-exchanger development has its own coll-

prehensive computer programs to identify the

mum unit from the standpoints of minimum volume,

weight, etc., for each particular application.
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Fig. 15 Plate-fin recuperator core stack assem-

bly
Fig. 16 Typical effectiveness performance nap

for compact plate-fin recuperator

have been reported by Aronson ( 15 , 16 ), Rohsenow
(17), Shepherd ( 18 ), Hryniszak (1), and Ohlgren

(20).

Detailed investigations of various exchanger

surface geometries have been reported by Kays and

London ( 21 ), Gel'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 (I)

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 Fig. 9, the design data fixes a

point on the horizontal scale, with high Reynolds

number 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

ccr2 ^,1P-;door	hive lie tre eatest. a v aritrc-e in

medium Reynolds number 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 surfac.:

are utilized for minimum volume and weight. With

this type of surface, the fins are systematicalli

pierced in the direction of flow and offset normal

to the direction of flow. This provides periodic

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 Per-

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 minimum:.

volume and weight, and thus represent a verb; ef-

fective type of secondary surface.

For tubular surface geometries, it can bc,

seen that enhancing the inside coefficient by

means of tube. wall dimpling will result in a

eor.nned;^raLlEn eeuiocticn 1 ratrex vo^urne wi:ile, at

1S
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30

22

3 20

NON-RECUPERATIVE ENGINE COST $25/HP, SFC	0.480 LB/HP-HR	 4 /

RECUPERATIVE ENGINE COST 330/HP, SFC	0.400 LB/HP-HR
3	NUMBER OF

	_ ___	COMPACT PLATE-FIN RECUPERATOR OF 85:' EFFECTIVENESS AT 20;" OF ENGINE COST -	-	- --	/	 RELUPERATC^.
REPLACEMENTS_

OPERATING COST INCLUDES	 -	 PER ENGINE

CURVES DRAWN SO THAT CORRESPONDING	/	 2	OVERHAUL

1) INITIAL ENGINE COST	__ -____-_ POINTS ON EACH CARPET ARRAY 	/
CAN BE CONNECTED' AS SHOWN

2) ENGINE AMORTIZATION OVER FULL	FOR INTERPOLATION AT	 /
	/ 	ENGINECUPERATIIE

LIFE CYCLE OF 150,000 HRS	DIFFERING FUEL COSTS --	/
 

ENGINE-

3) FUEL COST AS SHOWN	 -/ /

4) ASSUMED 20 PARTS COST	 4	7
REPLACEMENT AT EACH OVERHAUL 

5) ENGINE ASSUMED TO OPERATE AT. 80. OF 
MAXIMUM RATING OVER FULL LIFE	 3 	

0

PERIOD	 /

	/ 	 5

10
15

/	NCt;-RECUPERATIVE	_^	NUMBER OF I:ECUPERATOR	ENGINE TB-
4	/	ENCI,NE	---	-	--	ENGINEEMEN-S PER	 h MRS X 10^'

/	 I	ENGINE OVE! HAUL

----	C• FUEL COST ISOQ/10 5 BI'.^

/	 -	 1	 LIQUID ^ 3¢/LB
	-- ---	----y=	-- It - --- -- -	- - -_.._ . .-	.. _. ^' -- -- -	---	- - ------ 	----- GAS 1

	
g -

	

- - -	----- 	- - \----- - - -	r=---- y ---	--- _--	 /	 FOR MODULAR TYPE RECUPERATORS SOQ; IO''FT
	/ 	 PARTIAL REPLACEMENT OF THE

 ---	 -- --.._ . 2-- --------.. ._. .------	 -	----	10 HEAT EXCHANGER ELEMENTS IS

30 25 ` 0	15	POSSIBLE

NUMBER OF 	NE TBO
NON-RECUPERATIVE	 RECUPERATORh HRS X 103

- ENGINE	 -- FEPLACEMENTS	-'• 
PER ENGINE OVERHAUL	B) FUEL COST IOOQ/10 6 BTU 

16 
0 LIQUID - 2Q /LB

GAS	- IOOQ/10 3 FT3

FOR FULL LIFE SPECIFIC COST SAVINGS
BETWEENRECUPERATIVE AND NON-
RECUPERATIVE ENGINE WITH A TBO OF

-20,000 NPS, SEE =TG. 18 

A) FUEL COST 504/106 BTU

LIQUID - IQ/LB

GAS	501/103 FT 3

0

20 -I, ENGINE TBO30 25 
h MRS X 10 3

F-n, 17 Comparison of operating costs between

a recuperative and non-recuperative

, 500-hj; _,__dust° , :i_al and	trine-t vp - _ -aa
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the sacs t i;ie	_ ✓ ing a cc.. .,_ .-ic,re attiactiVO

dimensions (reduced tube length) and better struc-

tural characteristics. The benefit from the

dimpling feature is 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.

Frontal Area A FR a f/j

Core Volume V a d f/j 3

Core Weight W (and material cost) a f/j 3

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/,j) is desirable to minimize flow frontal

area, and thus give a heat exchanger package that

is 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 unit 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 (i.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 variants, the optimum

geometry of the end sections must be established

to give minimum pressure loss, good flow distribu-

length, the conduction effect carp be signiz'icarrt.

It has been shown earlier that a flat SFC-pow::r

curve is necessary if the gas turbine is to b^

competitive with the diesel engine. To realic:;

this, high levels of effectiveness at part lord

are necessary, and in the heat-transfer optimiza-

tion, configurations must be identified which can

satisfy this requirement (i.e., the basic heat-

transfer data and the influence of axial condi-

tion at low airflows must be examined in detail;.

Many references are available in the liter-

ature with optimization techniques for heat-ex-

changer design, and they include work reported

by Fax (21), Snell ( 28 ), Hendry (), and Fairall

( 30 ). The influence the cycle conditions have

on the heat-exchanger selection have not been cur_-

sidered in detail in this paper, since they are

very much dependent on the particular applicati-:ur.

Work reported by Demetri (31), Wood (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 cor: iuer

ations must be factored into the detailed optii.i-

zation studies. If the recuperator is to find

acceptance for a variety of high volume gas tu--

bine applications, then optimization technique:;

must be directed toward the minimum cost solutice.

In high volume vehicular production, it is asscnred

that close to 80 percent of the heat-exchanger

cost will be the basic material; hence, surface

geometries, core constructions, and material

types, must be carefully ideritified darir.f tree

analytical and design phase.

tion into the core, and satisfy the structural	RECUPERATOR MATERIAL CTdi ili'r;lA`T'Ic'_I,1

requirements. The effect of pressure loss split

between the two streams is a variable that influ-	The factors of plecarec :,riiancc _

-ences the core shape, and values can be readily	selection of recuperator materials are rnechan_cal

identified which give balanced thermal conductances properties, hot-corrosion resistance, fabricabil-

and, hence, minimum heat exchanger volume and	ity, compatibility with brazing filler metals,

weight,	 metallurgical stability, and cost. These consider-

In counterflow heat exchangers of high ef-	ations are discussed in the following.

fectiveness, the temperature gradient that exists	A recuperator material must have adequate

in the matrix is at a maximum value, as the hot	mechanical properties to withstand the stresses

end of the core is essentially at maximum fluid	due to thermal transients, and to both fluctuatin

temperature. The flow of heat through the metal	and steady-state pressure differentials, durindd

in this type of situation results in a loss of	its design lifetime. It is insufficient merel-,;

,-heat from the hot end and addition of heat to the to measure the properties of new, unexposed mater-

cold end, both of which have adverse effects on ial, because mechanical properties are most always.

heat-exchanger performance. This axial conduction degraded by environmental attack and by metallur-

effect, which has been fully described in the	gical changes, such as aging reactions and carbide_

literature, must be included in the recuperator	precipitation. Metallurgical stability and corro-

design, and, for units made from the very compact sion resistance cannot be considered apart and _uee

surfacer, with lar;e frontal area", and small fle	;r),rortar_t in evelreatjra e eccienloal I c 'i,ic:...
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TihC rrcu1:eieUor alloy L uOt :;c uapabic of reoiotiul	ll:icr tal y affected by interi_a1 r;1vtallat'bica1

simultaneously the effects of high temperatures	changes, such as carbide precipitation, sigma

and high stresses, particularly in the presence of formation, internal oxidation, or diffusion reac-

contaminants. In such cases, corrosion can take	tions between dissimilar materials, e.g., between
place in certain materials,	 base metals and filler metals or coatings.

Hot-corrosion is the attack on metal alloy Cost is a factor of prime importance in all

components caused directly, or indirectly, by con- recuperators. For the recuperator to find a wide

tact with products of combustion of gas turbine range of acceptance in gas turbine applications,

engines. Included in this term are all synergistic the cost must be reduced by utilizing lower cost

effects that contribute to hot-corrosion, such as materials and types of construction to minimize

sulfidation, oxidation, erosion, stress corrosion, the manufacturing labor content. For high volume

and both static and cyclic stresses. In spite of vehicular production it is projected that close

their sensitivity to stress corrosion, the austen- to 80 percent of the heat-exchanger cost will be

itic stainless steels used in many recuperators	the basic material. Thus, it is mandatory to be-

have proved to be excellent in operation at 1300	lect the best surface geometry to give the lowest

F. The creep strength and corrosion resistance of specific weight (lb/hp) and the best material to

steel can be greatly improved by the addition of	give acceptable recuperator specific costs ($/hp).
certain alloying elements. The addition of such	Cost data for several materials, in the thin foil
elements as nickel, cobalt, and molybdenum in-	form, that have been used for plate-fin recupera-
prove the strength characteristics at elevated	tors are shown in Fig. 10. Descriptions are giver
temperature. The most important element for in-	in the following of representative materials frorr
creasing the corrosion and oxidation resistance	the various alloy classes in order of ascending
is chromium. The chromium forms a tightly adher-	costs, increasing oxidation resistance, and elevat-
ent layer of chromium-rich oxide on the surface	ed-temperature btr:i;hth.

of the metal, retarding the inward diffusion of

oxygen and inhibiting further oxidation. In	Mild Steel

plain carbon steel, the amount of scaling in air	Many gas turbine recuperators, of both tofu-

is negligible below about 1000 F, and many recu-	lar and plate-fin geometries, have been manufac-

perators for large industrial gas turbines, oper-	tured using mild steel with brazed and welded type;

ating below this temperature, have been made from of construction. Most of these units have been

mild steel, and have demonstrated a high degree	used in conservatively designed, large industrial

of reliability,	 plants, where the gas temperatures have been be-

Materials selected for formed parts, such	low 1000 F and oxidation has not been a problem.

as fins and pans, must have adequate formability	These units of the types described by Caughill

at room temperature and must be amenable to	(34), Wolfe (3), Howitt (36), and Holm (37) have

brazing, welding, and all other contemplated man-	accumulated high degrees of reliability. Mild

ufacturing operations. The strength at time and	steel has outstanding attributes of low cost,

temperature, or creep properties, must be high	good fabricability, good weld and brazeability,

enough to prevent deformation and rupture of these but is temperature limited to 1000 F because of

thin foil formed parts, made to the gages selected the poor oxidation resistance,

for the particular desien atplication.

Since brazing is the most economical means

of producing recuperator structures, the compati-

bility of structural materials 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 in 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-

Treated Mild Steel

As mentioned previously, the oxidation re-

sistance of carbon steel can be substantially

improved by the additon of chromium. This car

be done by adding the chromium during the steel-

making process or by surface enrichment treatment

of the mild steel by the aluminizing or chromizing

process. Aluminized sheet is 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 characteris-

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 oxidation resistance, but this is not considered

a serious problem, since these imperfections would
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RECUPERATOR
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z	BETHEEN ENGINE
OVERHAULS__

22

3 20 FOR EXISTING RECUPERATOR
-- - TYPE6 PRODUCED IN SMALL-

QUANTITIES

1B

16o0 PROJECTED DATA FOR
-- ADVANCED RECUPERATOR

I'	14 CONCEPTS MANUFACTURED

_ IN LARGE VOLUME QUAN-
q TITLES FOR VEHICULAR

12 AND INDUSTRIAL GAS
-- - ----

10

TURBINE APPLICATION ___\,
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3
IOU

6 1000
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800 —

LL^
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200 -

	IOU	 I	3500 HP INDUSTRIAL GNS TURBINE —._

	

2	ENGINE T80 20,000 MRS

	

C	-	-	-.- 3	80" PMBER RATING OVER ENGINE
LIFE OF 150,000 885

	

V -IOC	 I	DATA FROM FIG. I7

-200

8

6

4

2

50	100	He	200 CENT/ 1 00 BTU, CENT/103 FT '.
0	I	2	3	4 CLNr/LB LI0UI0 FUEL

FUEL COST	 _.

Pig. 18 Influence of fuel price on the operating

cost differential between ;aL recuperative

and nonrecuperative 3500-hp industrial

gas turbine

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, 436, 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 (in 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 stainless steel is 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. Brazeabilty of Type 3-7 -is

22

	0 . I - I	 I I

.30	.40	.'0	.60	.70	,80	.90	I.,

CML0/100/ESS

Fig. 1') Plate-firs recuperator coed data

excellent, and formiability is good. Type f7 ha.

good creep strength and hot-corrosion resistance

for long-tine service at elevated teaperature:i.

Incoloy 800
Incoloy ',tC i., a low-cost, iron-base super-

alloy containing a nominal 32 percent nickel an-c

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

stress corrosion. Because of its chromium con-

tent, the alloy displays outstanding oxidation

resistance and good resistance to hot corrosion.

The iron content ic_part: _ ,esistance to :..Il ti l-

tion.

Inconel 6L5
Ineoriel UZ j i:-, a relatively new alloy, , wr. _ci.

is similar in composition to Hastelloy X and ha:o:

comparable strength and oxidation characteristics.

The distinguished feature of Inconel 6.25 is its

improved ductility at elevated temperatures. I-:s

resistance to low-cycle fatigue, therefore, _..

exceptionally good. Inconel has been used for a

number of aircraft heat exchangers and lightwei-:'e.t

gas turbine recuperators, but, its high cost

makes it prohibitive for irl ,1a :teii, -,- eo ic'iia

ant co-r,merc'al application.
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Ir

Fig. 20 Recuperative gas turbine for helicopter

propulsion

Fig. 21 Compact, lightweight tubular recuperator

matrix

Hastelloy X

Hactelloy X is a favorite :;ncct octal alloy

for use in combustion liners and not ducting in

gas turbine engines. It is a high-cost alloy

and is produced in large quantities. The high

cost has virtually eliminated it as an attractive

material 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

McClean ( 38 ), and it is expected that similar de-

velopment efforts will be applied to the fixed

boundary treat ex.cliande5.

RECUPERATOR STRUCTURAL CONSIDERATIONS

The structural design of the tubular on

plate-fin core matrix must consider combined

stresses due to internal pressure loadings, and

thermal stresses incurred 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 yield 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 in Fig.

11. Where local transient stresses exceed the r.a-

terial yield strength, a plastic analysis must be

used to demonstrate that the number of cycles to

failure is well above the expected number of load

cycles. Also, where vibratory stresses are in-

volved, the relevant steady and alternating stress

levels must be evaluated to demonstrate fatigue

resistance. The recuperator must be designed for

sustained pressure operation at maximum operatirrc.

23
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a

♦ HOCI:IE_' TG.: TURBOSI'/CFT 1110INE WITH	BOLT	ON'

U.IRESEARCH TUBULAR RECUPERATOR
•	ONLY RECUPERATIVE ENGINE	0 HAVE POWERED A HELICOPTER
•	SPECIFIC POWER APPROX.	00 HP/LB/SEC
•	SFC = 0.55
•	FOLDED CROSSFLUW RECUPERATOR CONFIGURATION
•	RECUPERATOR EFFECTIVENESS 0.60
•	RECUPERATOR PRESSURE LOSS 10.0 PERCENT
•	RECUPERATOR SPECIFIC WEIGHT 17.9 L6/LB/SEC
•	RECUPERATOR SPECIFIC WEIGHT 0.179 LB/HP
•	RECUPERATOR TOTAL WEIGHT/TUBE WEIGHT = 2.57

•ADVANCED LIGHTWEIGHT ENGINE DESIGN WITH INTEGRAL RECUPERATOR (REF US;
•	SPECIFIC POWER	193 HP/LB/SEC
•	SFC - 0.365
•	TWO PASS CROSSCOJNiERFLON RECUPERATOR CONFIGURATION 4
•	RECUPERATOR EFFECTIVENESS 0.65
•	RECUPERATOR PRESSURE LOSS 6.0 PERCENT
•	RECUPERATOR SPECIFIC WEIGHT OUR L8/LB/SEC
•	RECUPERATOR SPECIFIC WEIGHT 0.05 LB/HP
•	RECUPERATOR TOTAL WEIGHT/TUBE WEIGHT ,. 1.76

MATRIE
PRESSURE

6	LOSS

-- .--_-

UP/P;S

io

0.10	0.50	0.60	0.70	0.80	0,90

EFFECTIVENESS c

Fig. 22 Specific weights of lightweight, compact

tubular recuperators for aircraft gas

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 transient type which occur 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 with the

other various configurations discussed in an

earlier section. Transient metal temperature

differentials are more elusive 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 subjected 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. Typical components in the

plate-fin matrix that have inherent metal temper-

ature lag are the heavier reinforcing bars and

heay. .:n	ai ill:,. Unlc	Ca."- i--

Fig. 21 Vehicular 7a:-, turblee glate-i'i, coveter-

1'

taken, a critical area In ,r_e core I: t'_e cub

sheet adjacent to the sealing bar near the ma .....

extremity where the transient thermal stress can

often exceed the material yield strength. The

typical effect of transient thermal stresses in

a plate-fin recuperator matrix is shown in Fig.

13. For long life, it is obviously mandatory to

achieve thermal inertia compatibility between the

various elements of the core and parts attached

to the core. Methods of reducing the time con-

stant of the sealing bars include utilization of

hollow and channel sections, and, more ideally

for complete compatibility, the seal:, can b(

tegrally formed from the plate it; elf,

RECUPERATOR FABRICATION PROCES:,F:',

In previous sections, devi .oL app ose}Ie„ °or

surface geometry and flow path optimization have

been outlined; however, some departures from the

ideal heat-transfer solution are often necessa -

to give practical mechanical designs that can

be readily constructed. In the simplest form,

tubular designs are assembled into drilled head.;r

plates or can be designed to interlock or inte-

grally form the header at the tube ends. The

joining process can be done either using weldi:_

or brazing techniques, and typical end seals for

tubular heat exchangers are shown in Fig. li+. II'_

the lightweight tubular recuperators developed

for aircraft gas turbines, small tube diameter:-

and compact geometries (close tube pitching) a

utilized, and this virtually necessitates braz'i,,:

the assembly together. For this type of applicn-
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LET I I:I', 	,FIG J IL , TI'.:`:

•	
F. EAT LXCHANGCR CONSTRUCTED

 FROM COMPACT OFFSET FIN SURFACES ^

•	BRAZED MATRIX ASSEMBLY L = 4.5"
•	HEAT EXCHANGER LIFE L _ 4 0"

GOAL 10,000 MRS

L = 5.5" ,
o	LINES	OF RECUPERATOO.

MATRIX FRONTAL
AREA

FT2 /LB/SEC

0.90 Imo	L = 3.5 '

ro

L	=	3.0"

0.87 5

0 	85

i:.

L = 2

LINE OF SPECIFIC—/ ---1,
FUEL CONSUMPTION	I	\

\\OF 0.40 LB/HP-HR

EFFECTIVENESS

6	5

LINES OF RECUPERATOR
COUNTERFLOW

7	'IM TRIX
PRESSURE'

LENGTH L INS. L05S

1.70
	

171

16:

15

41

3

.20
	

IA

I 021
	

LL, 10

9

I-

58

Fig. 24 Counterflow plate-fin unit for vehicular

gas turbine
0.50

Fig. 25	Specific sizes and weights of compact

plate-fin recuperators for vehicular	;as
by utilizing very compact geometries, in which turbine application
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 forming and assembly operations would be done br

limited by the requirement for welded tube-to-head- automatic machine tools.
er joints.	The resultant large tube pitch arrange- The final joining of the matrix elements
ment gives units of extremely large volume rather can be done using brazing or welding teohniqu..

like steam boilers, where a similar all-welded The majority of recuperator cores are designed

construction has been called for traditionally, for brazing, and welding of the basic matrix i.e

For the efficient secondary surface designs, only used where there are only a few parts and

the highest degrees of specialization are associated are readily accessible.	Braze alloys for reouper-

with the operations required to produce the heat- ator applications are typically nickel-base and
transfer surfaces themselves.	There the object is available in powder form.	This material in the
to make the desired part from thin gage raw foil powder or slurry form may be sprayed, brushed,

at a high rate of production.	As mentioned in the or rolled on the surfaces to be joined, and this

surface geometry section, high-performance fins could be either on the tube plate itself or or.

of the rectangular offset type demand forms and the corrugation nodes.	Again, in high volume

shapes more critical in terms of die wear than the production, this process would be automated.	There

other types of surfaces.	These die-forming ma- is an obvious cost incentive to use the minimum

chines are special presses that have combined amount of braze alloy to give the required joint

braking, feeding, cutting, and forming capabili- structure properties, and, as London (^) points

ties, out, the roughness associated with the braze alloy

The assembly of plate-fin recuperators, is layer can adversely affect the heat-transfer and

done with the aid of special tools and fixtures, friction characteristics for very compact surface:

In these fixtures, the parts are assembled to geometries.	The resultant slight increase in fric-

form the recuperator matrix with its alternating tion factor will be tolerated in practical recu-

high- and low-pressure passages.	For low volume perators, since the rich layer of braze alloy on

production, the cores are manually stacked in the fins and plates gives good oxidation resist-

the type of assembly fixture shown in Fig. 15. ante, and will help to give long life to unit..

For high volume production on, as envisioned for made from the cheaper, low-cost steels.

the vehicular gas turbine market, the component Brazing can be carried out either	:.:_ a va-
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^^ac	 a __^^	̂ci^ s.:;u	to	ove r.iebl^aa.	nor reported by Miller ( el ) hay s._^;.^..

oxides and provide an uncontaminated environment	that fouling is a strong function of recuperate;.
for braze flow. A problem associated with the	metal temperature. An increase of surface tesLf.ci-
conventional vacuum-furnace technique of brazing	ature above about 700 F very rapidly eliminates

is the long cycle time required for large recuper- any previously accumulated deposits, typically

ator cores. The main problem to be avoided during within seconds of running time. In such cases,

the braze cycle is to eliminate high thermal gra-	heat transfer and pressure loss performance wa-.

dients in the core which could distort the compo-	returned to initial values typical of new surf cr-•:

nents or cause a loss of contact between faying	The simplest and most effective way of removin.,
surfaces. A forced convection hydrogen process,	fouling deposits is to incorporate an air side
similar to that utilized in the steel heat-treat-	heat-exchanger bypass duct. This provides the

ing industry, has been developed for brazing large capability of periodic heating of the core to c:-

heat-exchanger cores. With this process, recuper- sentially full gas temperature and thus resin ii

ator cores weighing several hundred pounds can be	accumulated carbon deposit. This feature ha:

brazed with floor-to-floor cycle times of less	been successfully incorporated in a number ci'

than one hour. With the combined radiant and	AiResearch recuperative engines and has elir--_
forced convection heat inputs, the temperature	engine performance degradation due to heat ex-

gradients in the heat-exchanger core during the	changer fouling for a wide range of fuels. Wit

braze cycle are very low. The reduced time re-	increasing emphasis on cleaner combustion for i.;,.

quired to bring the core into the alloy liquidus	pollutant emission, the problem of rec

range minimizes the possibility of erosion due to	fouling will be completely eliminated.

excessive exposure at elevated temperatures. For	As outlined by McDonald ( 42 ), s___
the vehicular gas turbine, this braze process could have arisen where fires have occurred in gas t:,-

be developed in a semi-automated operation that	bine recuperators. Most of the fires reported

would be capable of a high rate of production. The were due to either inadequacies in the engine de-

importance of good fixturing and a controlled	sign, which allowed excess fuel to become trapped

braze operation to minimize distortion and hold	in the ducts and heat-exchanger matrix, or to con-

the heat transfer elements within close tolerance	trol malfunction. To eliminate the possibility or'

:should be emphasized, since London ( 40 ) has shown	fires in gas turbine recuperators under normal
that in laminar flow, the local passage deformation modes of operation, the following should be ob-

and tolerance stack-up can•result in adverse Yieat	served. A good drainage system should be incor:c_-

transfer and friction effects.	 ated which prevents fuel from becoming trapped it
For future vehicular and industrial gas	the ducts and matrix for all engine altitudes. A

turbines, designs that offer low material costs,	relay in the starter system should be provided to
reduced number of parts, reduced labor effort,	prevent repeated start attempts, after an abort._;
and adaptability to high volume production methods start, until some of the excess fuel has drain(:

are required to demonstrate the viability of the	away or vaporized. As a further precaution aft , ;_
fixed boundary recuperator.	 an aborted start, the system should be purge.;

thoroughly by motoring the engine over on ti:•
ENVIRONMENTAL ASPECTS	 starter for a period of 20 to 30 sec. By ut li.]

mnnd i-Lode-n nrontinn AiRccconnh hdc OQinar3 mnr

Over the years, many questions have Teen

asked about the applicability of the fixed bound-

ary recuperator in open-cycle engines, where un-

certainties regarding the effects of fouling,

fires, dust congestion, and marine salt spray,

have existed. 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-

moval by means of steam jets was necessary. With

today's vehicular, industrial, and marine gas

turbines burning lighter fuels (Diesel No. 2),

careful attention to the combustor design has

mare cc l_	1	'd to c?	i'.r 	iii? -. fit,_.	?.

thousands of hours of recuperative engine expe_•'-

ence without the advent of a fire in a

stainless-steel plate-fin recuperator.

To obtain information on the eff

sive contaminants, a sand and dust test was pea-

formed on an AiResearch plate-fin recuperator. T?:

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--ra-
tion, no plugged passages were observed on eithe.^

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.
T
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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 micro-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

condition 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 of Reynolds numbers. 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 given to the problem of securing

uniform flow distribution. There are several

techniques for achieving proper flow distribution,

including the use of contoured headers, splitter

vanes, and variable resistance through the matrix.

Variations of the flow pattern at engine off-design

conditions must also be considered in accurate

recuperator performance calculations.

In gas turbine 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 the walls by conduction in the axial direc-

tion is undesirable, since it tends to unify the

wall temperature. This adverse effect on thermal

performance is dependent on material conductivity,

conduction path length, cross-sectional area, and

flow configuration. In the thermal analysis, the

effect of axial conduction r:iust be considered In

sizing of the recuperator to satisfy performance

goals. Axial conduction effects are usually si_,-

nificant at part flow conditions and must be exo--

mined in detail for applications where hiirh level:-.

of effectiveness are required at engine part-lea

power.

A typical effectiveness performance aj fo

a compact plate-fin recuperator is shown in Fit:,

16. The influence on effectiveness of varyint-

either the air of 	ue Ieo. car ... cl . _ 1. . _ _

ECONOMIC CONSIDEYATION=P

In the preceding sections, the iriportai_ue

of such aspects as surface geometry, core co-

struction, and material selection, as they i:: ]..-

ence recuperator size, cost, and durability, hav:

been discussed in detail. While engines are usu-

ally compared on the basis of the same specific

fuel consumption, it is 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 dependent

on the particular application, and load profil;.,

fuel cost, life requirement, and initial plant

cost. Gas turbine initial plant cost data is

usually of a proprietary nature and, again, lv

very dependent on the application and the peo;iuc-

tion quantities involved. In work reported t ; ;

Gasparovic ( 43 ), optimal surfaces were ident'i' ea

to give power plant and fuel costs of minima:.

value. In the work reported by Dyste ( 44 ), opti-

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 this 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 is necessary to emphasize that the data pre-

sented has the basic objective of showing trend-,

that are to be expected, and that a specific ap-

plication and its anticipated duty cycle must be

studied in detail to give actual economic data.

A comparison of operating costs between a

recuperative and nonrecuperative industrial tfpe

of gas turbine, in the 3500-hp class, is shear

in Fig. 17. The assumed engine has a compact
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plate-fin recuperator of 6j percent effectiveness,

with an initial cost of 20 percent of the overall

engine cost. The estimated engine 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

increase substantially [as indicated in reference

(a)] , 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

it 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 life to show an overall economic ad-

vantage over the simple-cycle engine. For this

industrial type of engine, 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 engine

problem statement, but instead a simple technique

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 applications, volume and weight

considerations must be considered in conjunction

with economic 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 isolated battle areas, engine plus fuel weight

is important, since the units (with their fuel

supply) must be flown in. The additional weight

of the recuperative variant is made up for in fuel

alleviates the fuel logistics problcnn:.

In this paper, no attempt has been made to

identify the recuperator effectiveness to give

maximum cost savings, since this is very dependent

on the type of engine and the load profile for a

particular application. Fig. 19 is 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 (in excess of 90 percent) are util-

ized in closed nuclear cycle gas turbines, for

example, where, in addition to achieving high

levels of cycle efficiency, the size of the are-

cooler at i.l _• covr.pee cn inlet ca__ be robebantially

reducer.

CAS TURBINE '_'ECUCEPATC * AI}LICATIO!I"

The ✓ a_ :oub ;ac- Carbine aepi' acioL 

fixed boundary recuperators of various types have

been utilized, are briefly outlined in the follow-

ing.

Aircraft Tu^uU:;Cai't Cray Thrbii^e :

Recuperators have not found acceptance fbrr

helicopter or fixed-wing aircraft application, '..

spite of considerable engineering and experimental

programs to develop lightweight heat exchanger.„

The only recuperative engine to have powered a

helicopter was a modified T65 engine, with an

AiResearch tubular recuperator, and this engir ,-

is shown in Fig. 20. A more detailed view of '.;_._

lightweight recuperator, constructed from dimpled

thin-walled tubes, is shown in Fig. 21. This en-

gine, with essentially a bolt-on recuperator, per -

formed satisfactorily, demonstrated the struct..1

integrity of the heat exchanger, and increased

the specific range of the helicopter by 25 per-

cent. In work reported by McDonald ( 46 ), it li:v.

been shown that lightweight engines can be de -

signed when the recuperator is considered a. _.

integral part of the engine during the desi.r

phase. Specific recuperator weights for al:rrec_r,

gas turbines are shown in Fig. 22. For fligia;

times in the order of 2 hr, maximum net weight

savings can be realized with effectiveness level..

between 60 and 70 percent. One aspect, which may

be influential in selection of recuperative en-

gines for military helicopters in the near future.

_,_i; err	1i' 
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DATA BASED ON CERAMIC HEAT TRANSFER
MATRIX WITH A SURFACE COMPACTNESS OF
1700 FT 2 /FT 3 AND POROSITY OF 0.70.

LINES OF MATRIX
DISC THICKNESS L INS
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IJJ
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rd
C
W
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- 10
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DISC THICKNE`S
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^^ Ir	SEAL Al,D HUB ELJCKAGE

Z w	LQW	^j	 ROTAJ IJNAL
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m
W J	 \'\ /

0

X	PRESSURE	ROTARY REGENERATOR FLOW CONFIGURATIONz W
AIR

a

4.00
33

3.30

3.60
36

.40

APPROXIMATE AREA

20	
OF INTEREST FOR

34	 CURRENT VEHICULAR	o
GAS TURBINES 

3.00	 •s

2.30	32

LINE OF	!
2.00	SPECIFIC FUEL	̂c

30	CONSUMPTION OF	o
"C	2.40	0.40 LB/HP-HR 

2.20

xMAXIMUM DISC SIZE	̂,	! %'`2,00 

2	
CURRENTLY USED IN
6 x 	GAS TURBINES BEINGI.30 	-oDEVELOPED FOR	̂̂j

TRUCK APPLICATION 
24

I-0	 js

1.40	 !\^	\
22 Q

,20
20	3

1.00
4

	

0.80	MATRIX	5

	

6	PRESSURE	6 i
0.60	LOSS (AP/P)%

\	 0.85

0.80	
/ 1

0.75	EFFECTIVENESS

0. 70	 E
7

Fig. 26 Specific sizes of rotary ceramic regene-

ator for typical low-pressure ratio ye-

hicular as tearbi e eri:ine cycle

noruecuyerative variante.	 elff-hiyhwa equipment. Utilization of low-.co :t

materials, efficient heat-transfer surfaces, and

Vehicular Gas Turbines	 high volume manufacturing techniques, as described

Perhaps the biggest challenge for the heat-	in other sections of this paper, are necessary

exchanger manufacturer is the vehicular gas tur-	to keep the initial cost of the recuperator to an

bine field which includes automotive, truck, and	acceptable value. Counterflow, plate-fin un'ts

29

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
://a

s
m

e
d
ig

ita
lc

o
lle

c
tio

n
.a

s
m

e
.o

rg
/G

T
/p

ro
c
e
e
d
in

g
s
-p

d
f/G

T
1
9
7
2
/7

9
8
1
8
/V

0
0
1
T

0
1
A

0
3
1
/2

3
9
0
7
9
0
/v

0
0
1
t0

1
a
0
3
1
-7

2
-g

t-3
2

.p
d
f b

y
 g

u
e
s
t o

n
 2

0
 A

u
g
u
s
t 2

0
2

2



1y ^

r, J

Fig. 27' Recuperative gas turbine with rear-mount-

ed plate-fin heat exchanger

±$I T:

iL :I;

h	r	 -

Fig. 28 Large plate-fin recuperator for indus-

trial gas turbine application

of the types shown in Figs. 23 and 24 have been de-

veloped for vehicular gas turbines and have satis-

fied the required performance goals and structural

integrity. Because of the small quantity in-

volved, traditional manufacturing methods involving

a high labor content have been used, and this has

• HEAT II,
''0	CUMPAC^	 I	I.'.	 LF.l :il l

. :	—..	 ._..

• BRAZED MATRIX i.SSEMALY

HEAT EXCHANGER LIFE GOAL 150,000 ,IR

LINES OF RECUPERATOR
C3UNTERFLOEf LENGTH L IN._ 	\ L=11 IN. 

L 12 IN.

	C q0-- 	̂._i	 LINES OF RECUPERATOR

,^ 2 , 0	—.	_\'T-	7__ _	MATRIX FRONTAL	_

Q	I	AREA FT'/LB/SEC

-	-^I^-	\o	 LI N;S OC SPECIGI_
,-	C' CL CONSUMPTION

/

120 ..-_..	--NYC.	 \ -	 + L^ IN.- - 1

oo F^IEC LIVENESS	-y	^ay

^^`,` \3

\ T	6

—	 —	- ^ RIX PRESSURE LOSS

Fig. 29 Specific sizes and weights of compac -„

plate-fin recuperators for industrial

1

ile _ull low-cost pole*.dial, a hibh volume aut::-

mated manufacturing method must be utilized.

Specific sizes and weights of compact plur.-

fin recuperators for vehicular gas turbine apF_ -

cation are shown in Fig. 25. This type of cur .

array clearly illustrates what influence effec'.;-

iveness and pressure loss can have on the core

size and weight. The curves are for a counter- Li..

design, with a brazed matrix assembly embodyir,

efficient, compact offset fin surfaces. The

terial type and thickness were selected to giv.

estimated recuperator life of 10,000 hr in the

cyclic type of environment associated with the

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 it has not been the purpose of ':-

paper to make direct comparisons between rotary

regenerators and fixed boundary recuperators, Fib;

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 currer'

maximum disk diameter of 28 in, limits the pow -

to 400 to 500 hp for the twin disk variants w_
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Ind t al an	Ta i e Ga:r. T,.rbirie

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 turbine regenerator set with a rear-

mounted recuperator is shown in Fig. 27. The unit

has quick disconnect features which facilitate

rapid removal of the recuperator for routine in-

spection or maintenance. The simple ducting and

accessible combustor on this type of engine ena-

bles a change in mode of operation from simple cy-

cle to recuperated, with only a minor modifica-

tion to the plumbing. A further example of a

larger recuperator made from compact plate-fin

Furfaces, 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 is 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 engine application, a modular

recuperator approach, as shown in Fig. 30 can be

utilized. The basic module size is 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 easily 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 section 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

weight between existing low compactness plain sur-

faces, and the high-performance surfaces men-

tioned in the foregoing. It can be seen that the

volume and weight of the large plain surface type

of recuperators currently in service on large

industrial and marine gas turbines can be reduced

by an order of magnitude by using high-performance,

heat-transfer surfaces.

Closed Nuclear Cycle Gas Turbines

	For the	all hrayto-_ ('(1€ space powo^'

I (	p cie. loped, a r c t a-anal  i.	.	e.,x_.

to give good cycle efficiency and, hence, reduc-

heat rejection from the radiator. High effect''v:

mess recuperators of plate-fin construction naac;

been successfully built and tested to meet ti

demanding performance, structural, and life re-

quirements for space application.

For the many fossil burning closed-cyc ,:

gas turbines, developed and built in Switzerlar::i

over the years, tubular recuperators have beci.

utilized. Plate-fin recuperator technology

been developed to the point where units designer

for high-pressure, closed-cycle systems offer

stantial volume savings and can be more readil,a

integrated with the turbomachinery and heat soa_•co.

An example of a compact plate-fin recuperator

used in a closed-cycle nitrogen system has been

described by Bridgnell (47). The successful ccc.-

pletion of the development program, and subsegt.-^:_t

satisfactory performance of the recuperator in the

system tests, demonstrated that recuperators using

compact plate-fin heat-transfer surfaces have

definite 	tcrtixl ir, ale	ci-c cle ;a:: CL[ irirz

systems.

As In ;__e_ tr:.i;:; 1St _.i_e cjcic	n	t,os.. 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 corn

and one steam cycle for power generation). A ^>-

MW(e) helium closed-cycle gas turbine plant is

presently under construction in Germany, and th::

recuperator details have been reported by Bamme-t

( 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-

cuperators constructed from plain, small diamettl

tubes are very large compared with the rotating,

machinery. Various recuperator types and flow

configurations have been reported by Lys (49)

and Malherbe ( 50 ), and the potential of the d-

ect gas turbine cycle for advanced gas-cooled

reactors has been reported by Melese-d'Hospitai

()

High levels of recuperator effectiveness

are necessary to improve the cycle efficiency

and, hence, reduce the thermal rejection to ti

environment, which can be significant for the

large power plants of the future. While it is

hard to relate the essentially thin-foil recuper-

ator technology described in this paper with the.,-

large tubular recuperators, it is felt that by

utilizing enhanced surface geometries of the tyre

outlined, the unit sizes can be reduced. Close

attention to the headering areas, manifolding,

ma ducting Hie 1a r: salt in a structurall :o U
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W' -IH THE IOP PiOEL RE500FD, HE SKETE,
SHOWS HOW MODULES CAN BE I TFTED FROM
1HE REC'JPERA'GR ASSEMBLY

RECUPERATOR
"HOT BOX" —

WITH THE SIDE PANELS REMOVED, THE SKETCH
SHOWS HOW AN INDIVIDUAL MODULE CAN BE
REMOVED. LIKE A DRAWER FROM THE RECUPERATOR
ASSEMBLY

Fig. 30 View showing a modular plate-fir, rec.z} L-

ator assembly for large indu::,

rlari:_c gas turb r e	'rl cst

neat exchanger of reduced volume (arid initial	of gas turbine plant can benefit f	cl^-

cost), and this is. important for the integrated	sion of a heat-recovery device to improve the c„-

type of plant.	 cle efficiency. For the open-cycle gas turbin(,

the utilization of a heat-recovery system is oF-

DISCUSSION	 tional and is very dependent on the application_.

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

Excluding the aircraft field, all other forms closed-cycle gas turbine, using either air, hel'j

H.
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Fig. 31 Comparison of plate-fin recuperator

specific sizes for industrial and marine

gas turbine applications using convention-

al surfaces and high-performance surfac.:-

developed In-on eer ,, ,f ace hat-cxc:_a_ ,:;ez

technologli

5-65I-6

oe ! lonatot.,ic :.;a:. .iI ai a:: a:; tne edo.J , iu_QS ,

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

-cone try t ban-achinery Lee a relatively flat

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-load
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Fig. 32 Compact plate-fin recuperator used in

closed-cycle gas turbine system

condition.

The main emphasis in this paper has been on

the fixed boundary recuperator, as opposed to the

rotary regenerator and liquid coupled systems,

since, with its inherent simplicity, 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 utilize either a periodic

flow or fixed boundary heat exchanger. There is

no 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 being used in fairly low-pressure ra-

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

true potential 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 increased structural complexity,

seal wear, and leakage problems associated with

current rotary designs.

It has been shown that tubular designs, using

small hydraulic diameter thin-walled tubes, are

_i1;1C, t:	ai1 io GI tic .LUWer Surface col;ipactrleoo :01 L:^.

Because of the high cost of the tubes themselves_,

the lightweight tubular recuperator has been uso.

only for military aircraft gas turbine applica-

tion, and is not economically attractive for cor-

mercial and industrial application. At the c r. ..

end of the operating spectrum, tubular units

very low surface compactness are being used f'c;_

large closed-cycle plant. In the future, it '..

expected that the more compact, efficient, pl_:.e-

fin surfaces will find acceptance in these elo - -

cycle gas turbines where effectiveness level:>

in excess of 90 percent are required.

To minimize the surface area requiremerr.

and make the recuperator economically accepta

nigh-performance heat-transfer surfaces are nc-

essary. In future designs, there would seem

be only a very limited application for plain

kular or plain extended surface geometries.

has been shown that heat-transfer augmentatio
-ry means of boundary-layer disturbance can br

i;rovisioned in practical tubular and plate-fl

.urface geometries. In the case of tubular i--

:.igns, simply ring dimpling of the tube wa.''

Troves the inside heat-transfer coefficier:

(which usually controls) substantially. 0

rectangular fins are the most efficient of al

secondary surfaces, and by virtue of their ve .

high heat-transfer coefficients, result in un,_

of minimum surface area (hence cost). They also

possess good friction-to-heat transfer relation::,

which result in low frontal areas that facilitat

packaging and compatibility with the turbomachir:

cry. The offset fins can be formed in much h-,

er surface compactness values than the tubula_

variants, and this results in recuperator corgi

of small volume.

For high effectiveness requirements, it

been shown that counterfiow configurations arc

necessary for plate-fin designs. Detailed at

tion must be given to the header and manifoldix,

design to minimize pressure losses and give good

flow distribution into the pure counterflow p , _

tion. For high effectiveness tubular design.,

multi-pass cross counterflow configurations a

necessary, and the internal flow circuitry (i,

high-pressure air inside or outside the tube::',

much dependent on structural and packaging - -

quirements for the particular application.

One of the main problems in early rep_..

tors was that of prolonged structural. interity

the cyclic environment associated with gas turbi'

operation. Many designs experienced fatigue

ures, resulting from the high transient therm'

stresses associated with the thermal inertia

compatibility of the core components. In cur

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
://a

s
m

e
d
ig

ita
lc

o
lle

c
tio

n
.a

s
m

e
.o

rg
/G

T
/p

ro
c
e
e
d
in

g
s
-p

d
f/G

T
1
9
7
2
/7

9
8
1
8
/V

0
0
1
T

0
1
A

0
3
1
/2

3
9
0
7
9
0
/v

0
0
1
t0

1
a
0
3
1
-7

2
-g

t-3
2

.p
d
f b

y
 g

u
e
s
t o

n
 2

0
 A

u
g
u
s
t 2

0
2

2



has eliminated the high thermal stress problem

and has resulted in configurations that satisfy

the necessary long life goals required of the heat

exchanger.

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, it 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

(lb/hp) and the best material to give acceptable

recuperator specific costs ($/hp). In all heat-

exchanger and engine 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 is 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 commercial

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 engines, an approach based on operating

costs for recuperative and nonrecuperative engine

variants has been presented. The economics of

engine operation are very dependent on the assump-

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 is very

a.t}.aruT_^	ha*' o}er' tir , :;o: ),	 ti:-,.:_ to

fuel cost, and for a continuous duty machine,

burning a relatively expensive fuel, the operat;

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 nor:r

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 industrial gas turbine market. The

added cost of the heat exchanger can often be paid

for in fuel savings after only a few hundred

of operation. Similarly, the extra weight art

volume of the recuperator can be recouped fad.

quickly, and this is important for military

marine applications where fuel __c:i.tics

tate the choice of prime-move. , .

For each application, dF a,_le a	:	of o :

are required to define the engine-heat-exchange:

interface to give the most cost-effective packat:

that satisfies the particular envelope. In the

current rotary regenerative engines, the heat ex-

changer is integrated with the turbomachinery, bt

it is not obvious that this is the most attractive

configuration from the standpoint of simple main-

tenance. The heat exchanger must be located rela-

tive to the turbomachinery to give attractive gee

flow paths. The recuperator can be either inte-

grated (and could possibly form the turbomachinery

backbone) or be an attached element. Certainly,

for vehicular, industrial, and marine applications,

the recuperator in the form of bolt-on module(::)

is attractive, in that it can be quickly removed

from the power plant for rode: ::r t, :o t	1_-

spection, or maintenance.
As regards future trer.(i:_;, t},er_% _ IA b'

continued efforts to identify more efficient

heat-transfer surfaces and lower cost method. c f

construction. Long-term goals must include t;,;

utilization of ceramic materials, which offer

virtually unlimited temperature potential ai_

low cost. With their poor thermal conductivity

and the high-pressure loading and manifold prob-

lems in the core, considerable development work

will be required before a viable ceramic recuper,-

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 O.

A fairly comprehensive list of reference:>

is included in this paper to cover various rcnc_r.-

perator technology advancements over the be

30 year-..

a
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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 emis-

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

associated increase in thermal efficiency will re-

sult in reduced thermal rejection to the environ-

ment. An obvious goal is to reduce current engine

size and lower the initial cost ($/hp) by utili-

zing higher specific power cycles (i.e., increased

compressure pressure ratios). For the higher

pressure ratio cycles, the fixed boundary recuper-

ator will offer a more reliable heat-exchanger

solution, because of the increased structural com-

plexity and seal leakage problems associated 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 weight 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 aircraft 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 wide 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/lb) used in the cur-

rent recuperators is necessary.

Plate-fin recuperator designs lend themselves

to the use of efficient 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 engine.

Looking into the future, it would seem that

the , 1 ,	r `.;r	n±'	 11

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 eaL

gas turbine applications. Current development;

programs at AiResearch on advanced recuperatc=r

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 consider-

ably less than 1 lb/hp can be achieved, and for

high volume production, the recuperator cost

should be no more than 10 percent of the overall

engine cost.

Utilization of low-cost ceramic material-,

for all the high-temperature components, includir^F_

the fixed boundary recuperator, will enable the

full thermodynamic potential of the gas turbi__c

to be achieved, while at the same time satisfy-

n^; '.lie ctema:_. is g ( conic ;;oafs.

APPENDIX 1

VOLUME CONTRIBUTION IN PLATE-FIN CONSTRUCTION

In order to make the method as general au

possible, and apply to both primary and secondar - ;

surface construction, the fin efficiency in the

extended surface case is assumed equal to unity,

and the blockage due to finite fin thickness is

considered negligible. The hot and cold sides,

of the heat exchanger should be treated separate-

ly and the contribution to each side to the total

volume obtained.

Considering the cold side only, the fullc;,;-

ing corrugation propert-cn arre defined:

Hydraulic diameter d = 4aL
A

Core Volume V = AFF,

FLOW LENGTH,

COLD
AIR

3G
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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 is de-

fined as:

h - j W Op/Pr 2/3
a

Substituting for h and A,

(M) =
P r
 2/3 - W • d - L . C	 (1)-

The pressure drop is given by the usual equation

The core volume of a heat exchanger is equal to

the heat-transfer area divided by the surface

compactness which, in turn, is inversely propor-

tional to the hydraulic diameter, i.e., Area a

V/d, and since material weight and cost are relat-

-,d to area, it follows that:

2
:ore weight W (hence core material cost .) O'\f!73 ' pP ( )

VJ	v

Prod the foregoing, it has been shown that the

volume contribution is proportional to

d	f
.3

However, this parameter varies with the type of

4fLW 2 1	(2)	surface and Reynolds number. The Reynolds number
QP - d \aJ 2gP	 is implicit in the velocity as de'..ermined by equa-

tions (1) and (2).
From equation (1)

hA Pr2/3 d_
W d	

(9)
L=

	W C (3)
Re=

ai-

2W	2g pd Combining equations (1)	and (2)	_jives the relatCen-

From equation (2)	(a)	4fL (4) ship:

Combining equations (3) and (4) gives
Re a d\/j/f	 (10)

/3
If the parameter, d	on a vertical scale

	

2f hA	W	•	Pr2

a	- j	AP	9PC
plotted against de	f/j	on a horizontal scale, a

P
given design problem immediately fixes a point on

the horizontal scale, irrespective of the surface

..Heat Exchanger Frontal Area APR used.	The vertical reading is then proportional

to the volume contribution of various surfaces

W	hA
a	f/j	pP

giving identical thermal conductance and pressure
(5) loss values.

In Fig. 9, values of	d	3

(proportionality assumes constant fluid proper-
(suitably corrected in the case of tubular  too-

ties)
metrics) have been plotted against

Combining equations (3) and (5) gives the core Re 

J

Jt

volume, V d

r for a number of different surface georetries.
V	a	fJ (6)d	/j Ww These surfaces, which include tubular and a vari-

ety of plate-fin variants, are shown merely as

examples of the relative merit of different geo-
(for a liven flow, effectiveness, and pressure

trio	,^_^	Pcr k a..	̂. zrbi_^e	recuperator• applicat-or,
loss)

and since hA = W	C p	tc-	Crrin/dmax1_r - "v'
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