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Btu — B r i t i s h  thermal un i t
— degree Celsius

CIT — compressor inle t tempera ture
•0 cm 2 

— square cen t imeters
DLPB — pressure drop for combustor or burner

hea t exchan ger
CLPK - pressure drop for cooler
DLH~XH — pressure drop for recuperato r heat exchanger ,

high—pressure  cold—side
DLPHXL — pressure drop for recuperato r heat exchanger ,

low—pressure hot—side
— degree Fahrenhei t

F — fuel f low
FG — cycle addition of fuel flow

hp - horsepower
i n .  — inch ~~ SfCtIbIl 0
- 2 NM5CPIC~ 0

- in. — square inch
- 3 — joule — -. °K — degree Kelvin  .-... 

- 

~ I U USrl$/*WRaIUl! MU• kg — kilogram
~~~~
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lb f — pound force
m — meter
m2 — square meter
MB — gas flow , bleed
MC — gas flow , compressor
MCT - gas flow , compressor t u rb ine
MMIX — gas flow , mixed turbine exit with bleed

MPT — gas flow , power turbine

MT — gas flow , tu rb ine  expansion -.
N — newton •.

psia — pounds per square inch absolute 
- .

— degree Rankine
RC — pressure rat io , compressor, =
RCT — pressure r at io , compressor turbine 

- -

RIT — recuperator inlet temperature

RPT — pressure ratio , power turbine - -

sec — second
SFC — specific fuel consumption -
SPHP — net output  power -.
PIT — tu rb ine  inlet temperature
WC — compressor power absorbed 

- -

WCT - compressor powe r suppl ied 
- -
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I LIST OF SYMBOLS

J CPC — constant pressure specif ic  hea t
I throug h compresso r , Btu I ~
T 

lb .~0R [k g_ OK

I CPT — cons tan t pressure specific hea t

through turbine , Btu I J
lb— °R [kg_ OK

P — pressure , ].bf/in .2 (N/cm2)
I s — entropy , Btu/lb— °R (J/kg— °K)

‘I — temperature , °R (°K)

~~‘~1 r — recuperato r pressure loss
— ratio of specific heats throug h compressor

~~ — r a t i o  of specif ic  heats th roug h t u r b i n e

Ii C~ . — recuperato r e f f e c t i v e n e s s
— burner  or ex ternal  hea ter e f f i c iency
— compressor e f f i c iency
— gas gene ra to r  e f f i c iency
— turbine efficiency

— thermal  cycle e f fi c i e n c y

-
~~ N u m e r i c a l  Subsc r ip t s

1 - compressor in le t
2 — compressor e x i t

T 5 — heater  in le t
6 — max imum cycle tempera ture  and TIP
8 — compressor (absorbed ) t u rb ine  ex i t  and intermed iate

exp.insion s ta te—point
9 — final turbine expansion state—point

9R — cooled turbine exhaust and recuperato r inlet (for re—
cuperated cycles

10 — first heat rejection state—po int

I
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ABSTRACT

To quan titatively compare open and closed Brayton

systems for their possible recuperated and simple cycle

versions, a general per formance analysis is developed. The

resul ts of this analysis are summarized in open and closed

cycle design point per formance maps . The maps present the

performance output (such as cycle efficiency) over ranges

of design values for the important cycle parameters of re—

cu pera tion , gas turbine inlet temperature, and pressure ratio .

For possible open and closed Bray ton  systems , cycle e f f i c i e n c y
increases wi th  either increasing values of recuperation or

turbine inlet temperature , or both . To q u a n t i f y  these p e r f o r m —
H ance e f f e c t s , the open and closed cycles are opt imized w i t h

respect to pressure ratio . The effic iency improvement of

recupera ted open and closed Brayton cycles over simple cycles

is abou t +8 po in ts (for typ ical val ues o f e f fec t iv eness of
0.90). This increase in effic iency for recuperated cycles

-• holds over a reasonable  range  of t u r b i n e  in le t  t empera tu res
of 1400 degrees F ( 7 6 0  degrees C) to 2200 degrees F (1200 degrees
C). Since higher value s of cycle effic iency can be achieved

w i t h  recuperated cycles compared to simpl e cycles at constant
tur b ine inle t temper atur e; the co ro l l a ry  also holds tha t ,
for  constant  val ue s of e f f i c i e n c y ,  t u r b i n e  in le t  t empera tu re
will ,  be lower for recuperated cycles compared to simple cycles.

The reduction in turbine inlet temperatures at constant

efficiency for recuperated over simple cycles is about 400

degrees F (220 degrees C) over a reasonable range of cycle

effic iencies of 30 percent to 45 percent. Up to a recuperator

effec tiveness of 0.85, the open Brayton cycles have lower

required turbine inlet temperatures to achieve the same

cycle efficiencies as the closed Brayton cycles. For highly

recupera ted cycles (effectiveness of 0.90 to 0.95), the

open and closed Brayton cycles have competitive turbine

inlet temperatures for competitive cycle efficienc ies.

PAS— 78—15 1 
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INTR ODUCTI ON

The comparison of open and closed Bray ton ~~stems for
the ir rec uperated and s impl e cycle vers ions will  be fund-
amen t al ly  based on their  common thermodynam ic cycle. The
four processes of the genera l  thermodyn amic Brayton cycle
common to both open and closed systems are in order :
ad iaba tic (no heat tr ans fe r ) com pression of the gas ,
constant—pressure heat addition to the gas , ad iaba tic
expansion of the gas , and finally constant—pressure heat

rejection to return the gas to its or iginal conditions.

If the compression and expansion of the gas are  accompl ished
by turboinachinery, then the Bray ton cycle can be termed
the gas turbine cycle also.

In a gas tur b ine cycle , the turbine exhaust is nearly

always apprecia bly hotter than the gas e x i t i ng the compres-
sor. Obviously the amount of heat input to the cycle can

be reduced by the use of a hea t exchan ger in wh ich the hot
tur b ine exhaus t gas g ives up hea t to the r e l a t ive ly  cool
gas from the compressor. Gas turbine arrangements that

have such hea t exchangers are called regenerated or re-
cupera ted , as opposed to the simpl e cycle versions that
do not. What distinguishe s open from closed systems is

the manner  in which hea t add it ion to —— and heat reject ion
from — — the Brayton cycles are accomplished .
In the open Brayton cycle, heat addition takes place in

a com bus tor by bu rn ing  the fue l in the work in g air stream ,

wi th the resul tant products of combustion mixing with and

becoming part of the working gas. Open Brayton cycle heat

rejection is accomplished by discharging the low—pressure

exhaust gas into the system surround ings and recharging

the open Bray ton cycle with amb ient air. The closed Brayton

cycle gas flow is not allowed to mix with the system sur-

roundings; therefore heat addition and heat rejection must

- ; PAS—78—1 5 2
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I

be accomplished throug h heat  exchangers :  a h i g h — t e m p e r a t u r e
heater and a low—temperature cooler , respectively. The

manner  in which the general Br ay ton cycle ana lys is  de f i n e s
the per t inen t componen t param e ters and models prac tical
open and closed gas turbine systems for per formance compar i—

j sons are detailed in the two Description sections found

later in this report.

The development of advanced gas turbines will rely,

a t least par ti a l l y ,  on improv emen ts in their  com ponen t

designs . How g rea t wil l  be the per formance improvemen ts
of advanced gas turbines is also dependent on the cand idate

systems developed . There are many options for Brayton cycle

componen t improv emen ts tha t the gas tur b ine indus try  m ay
consi de r~~

3. The objective of this stud y is to present a basis

fo r  compar ison of open and closed Brayton cycle systems
tha t wil l  approx ima te the per form ance of possi ble advanced
gas turbine cand idates.

- •  
To determ ine where open and closed Br ay ton systems

for  possi ble rec upera ted and simple cycl e vers ions  are
compet i t ive , a general performance analysis is developed .

This ana lys is u ti l i zes  a un ive r sa l  Bray ton  cycle ( for  ope n
and closed , s imple and recupera ted  systems) f l ow  schemat ic
w i t h  the fl ex i b i l i t y  to model most gas t u r b i n e  c o n f i g u r a t i o n s
(f rom single to m u l t i p l e  stages ) to de t e r m i n e  the pe r fo rmance
ef fects of the impo r tan t componen t param eters over r ang es
of feasible design values. The approach used to summar ize

the numerous  gas tur b ine possi b il i t ies was to genera te  a
deta iled per formance map for each type of Bray ton system
(open and closed). The maps present the performance results

1Superscr ip ts re fe r to s i m i l a r l y  num bered en tr i e s  in the
References  at the end of the tex t .

PAS—78—l5 3 
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over ranges of gas t u r b i n e  pressure r a t i o  ( RC *) ,  max imum
turbine inlet temperature (PIT), and recuperator effective—
ness (C r). These performance maps over ranges of RC, TIP
and £r present possible cho ices for the importan t gas tur-
bine component parameters along with their tradeoff effects

as their  design l im its are approached (as de tailed in the
Approach and Resul ts sections of this report). The ability
of the analys is  to ou tpu t performance values such as thermal
cycle e f f i c i ency  ( r~~~) and specific fuel consumption (SFC),
over ranges of variabl e component parameters (such as RC ,
PIT , and C r )i allows for selecting optimum values for design
cho ices.4 5  It is adv an tageous for one to selec t a system
that uses the best component design values available for

the ma terial technology the particular appl ication

can u t i l i z e .6 7  Fur thermore , performance gains due to
possible improvements in component technology 8 l 2

( e . g . ,  h ighe r  va lues  of C or TIT) can be approx ima ted by
this  study , as shown in the Conclus ions  sec t ion of this
report)

DESCRIPTION OF UNIVERSAL BRAYTON CYCLE

GENERA L BRAYTON CYCLE

Figure 1 is the basic thermod ynamic (T—s) diagram for
the general Brayton cycle)3’14 This general Brayton cycle
illustrates the state—po ints and processes common to both
open and closed gas turbines for their recuperated and simple
cycle versions. All the processes are irreversible , meaning
tha t ac tual componen t pressure losses and tur bomachinery
ineffic ienc ies are considered . The total gas flow , MC , is
compressed from its lowest temperature , T1, to a h igher
temperature and pressure state—po int 2. The ideal process

*Defjnitjons of abbreviations appear on pages i and Ii.

PAS—78—l5 4 



I
to achieve the pressure ra tio (RC—P 2/P1) is the revers i ble
adiabatic or isentropic compression . The actual compressor

power needed is g rea t e r  than the ideal by the reciprocal

of the compressor efficiency ( nc), where

nc = ideal compression power

- 
actual compressor power absorbed .

At the compressor exit, a small portion of the gas flow
- may be bled—off (MB) to supply turbine cool ing , gas bear ing ,

or other tur bomachinery requ i r emen ts, af ter which it  r e t u r n s
- -  to the cycle at the turbine exit, state—point 9.

- - 
The major por tion of the gas flow fol lows a hea t add i t ion

-. process from compressor exi t to turbine inlet. Dur ing the

ini tial part of the heat addition process, the gas tempe r-
ature is raised from compressor exit temperature through

in termed iate tempera tures which  are s t i l l  lower than the
f i n a l  tur b ine exhaus t temper ature , T9R. Therefore , hea t

transfer is possible from the hot—side (turbine—exhaust—side)

to the cold—side (compressor—exit—side) if an intermediate

heat exchanger (recuperator) is included . Open and closed

Brayton  cycles wi th  such i n t e r m e d i a t e  hea t exchan gers are

-. 
termed “ recupera ted cycles as opposed to the “simple cycle.”

Open and closed recuperated cycles have the performance

1 advantage of utilizing heat from the turbine—exhaust—side

that would otherwise have to be rejected. This heat transfer

to the cycle heat addition process reclaims (or “regenera tes”)

some of the cycle ’s wa ste hea t, which in t u rn  reduces the

I heat addition required externally to the cycle (from state—

points 5 to 6). A reduction in external heat addition in—

creases the cycle effic iency 
~~TH~ • This recupera tion effect

can be quantified by the heat exchanger performance

parameter , called effec tiveness C r. Effectiveness is de—

1 fined as the actual heat transferred div ided by max imum heat

_ _  

ii



transfe r possible between the temperature limits of the
two flow streams.14 ’-1 5 Highe r recuperated (effectiveness) . -
open and closed Brayton cycles require less external
heat addition than lower rec uperated cycles and the
simpl e Br ayton cycle ( £~ = 0). Therefore , as C r
increases , T1TH increases wi th all other per formance
parame ters (T6, Tic, RC, pressure losses, T , n~)
rema in ing f i x e d . E ffec tiveness is no t the only  cycle
per form ance  effec t of the rec upera tor ; the other main
e f f e c t  is the add it ional pressure loss (parame ter ~ P/PJ~~)
it adds to the open or closed Brayton cycle.

The cold—side of the recuperato r has a pressure loss

(DLPHXH ) that is larger than the pressure loss associated

wi th the portion of the heater heat exchanger it replaces

in the closed Bray ton cycle , or the pressur e loss associated
wi th the por tion of the hea ter combus tor it repl aces
in the open Brayton cycle. There is also pressure

loss (DLPUXL) assoc iated with the hot—side of the recuper—

ator for both open and closed Brayton cycles. These
additional pressure losses (DLPHXH and DLPHXL) have
a negative effect on the cycle per formance ( T ~~~~~) for
any Bray ton cycle , open or closed . Therefore , in per—

formance comparisons for recuperated and simple cycles ,
considerations of the positive influence of effective-

ness (C r ) and the negative influence of additional

pressure losses (DIJPHXH and DLPHXL) must be made. The
performance gains for increasingly higher values of effect-
iveness (Cr ’s ) should exceed the per formance penalties

of the associated higher recuperator pressure losses

(t~P/PJr ’s, where AP/PI r DLPHXH and DLPHXL) for both open
and closed Brayton systems (although the per formance trade—

offs for open and closed are different ).

PAS—78— 15 6
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I
Aft ?r internally transferring hea t across a recuper—

a tor , if one is used , ex te rna l ly  suppl ied hea t add i t ion
(distinguished by a combustor in open cycles and a heater

hea t exchanger in closed cycles) raises the gas flow to
i ts max imum cycle tempera ture , (T6), which is also taken
to be turbine inlet temperature (TIT). There is an as—

sociated pressure loss (DLPB) for this external heat

addition. The pressure ratio now available for open or

closed Bray ton tur b ine ex pansion (P6/P9) has been reduced
due to the pressure losses of the heat transfer components

men tioned above. There is one additional pressure loss for

the closed Bray ton cycle cooler (DLPK ) that mus t be
accoun ted for in closed systems.

j Par t of the turbine expansion power is absorbed

d r i v i n g the compressor , which  is shown in Fi gure 1, as
process 6 to 8. The remaining turbine expansion (pressure

r a t i o , P8/P 9 ) produces the ne t ope n or closed Bray ton
cycle power.  The t u r b i n e  gas f l ow  (bI T)  may change  d u r i n g
the ex pans ion process if b lade  cool ing and/or stag ing
is used . The actual turbine expansion power is lower than

the ideal process (isentropic expansion) power by the

tur bi ne e f f i c i e n c y  (Ti TH),  where

1TH = ac tual tur b ine power pro duced
ideal expansion power .

F i n a l l y ,  heat rejection (state—points 10 to 1) r e t u r n s
the general (open and closed , recuperated or simple ) Brayton

cycle to its original state—point 1. Heat rejection In the

open cycle is accomplished by discharg ing the low—pressure

gas flow to the atmosphere. At state—point 1, the gas flow
is recharged with ambien t—temperature air from the atmosphere.

Heat rejection in the closed cycle Is accompl ished by passing
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the gas flow through a cooler un t i l  its temperature is r e t u r n e d
to P1.

FLOW SCHEMATIC W ITH SYSTEM , COMPONENT AND ARRANGEMENT

FLEXIBILITY

A f low schematic that  models the Brayton cycle ( F i g u r e
1 ) for general mass flows is shown in Figure 2. This sche-

matic  is un iversal in that  it can be used for closed or open
Brayton systems by specifying cycle flow throug h a heat

rejection cooler (denoted by the closed—loop component
K) ,  or as exi t ing the open cycle at an ambien t pressure
exhaust. Common nomenclature can be used for both closed

and open sys tems , since mass balances have been satisfied
for all possible flowpaths. Two of the more important mass

balances are: (1) for the closed Brayton cycle , fuel—flow (.FG)

is not added to the gas—flow (this means for the closed

cycle FG = 0); and (2’ the gas- flow that is compressed must
equal the gas—flow that expands through the turbine plus any

by—pass flow (MC = MPT + MB) for either the closed or open
Brayton systems. For the open cycle , the flow th rou gh the
compressor turbine and power turbine stages is Increased by

the value of the fuel-flow (MCT + FG and MPT + FG, re-
spectively). If there is any gas—flow addition between

tur b ine stages , the turbine gas—flow must increase (MPT>MCT).
The turbine stages that prov ide compressor power (WCT, where
WCT = WC/’lGG) and those that prod uce net output power (SPHP)
may be physically separated in to a compressor tu rb ine
componen t (denoted by CT) and a power tur b ine componen t

(denoted by PT), or may be integrated into one turbine.

If the open or closed Brayton system has an ind iv idual
power turbine , it may be physically coupled to the corn—

pressor turbine (usually referred to as a single—shaft

eng ine), or it may be decoupled from the other turbo—
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machine ry in a freepower turbine arrangement. This

arrang em ent flex ibility is shown in Figure 2 as dashed

lines tha t represent a possible physically connec ted

system. The flow schematic can model any of the above

componen t arrang ements by the selection of the proper set

of numer ical values for mass flows and component parameters.

As an exampl e , for small—outpu t—power Brayton eng ines,

the turbine can be modeled as a single component with a

single by— pass gas—flow , as in the case of the DTNSRDC

Closed Brayton Laboratory Eng ine (CCPS 40—1). 16

When the true componen t design value s were put into the

f low model , the actual design performance of 31.0 percent
was calculated .

The o f f — d e s i g n  e f f i c i e n c ie s of s pe c i f i c  gas t u r b i n e s
resul t from their off—desig n component par ameters (such

T as r~ ,flT, and PC). There is a un ique set of off—design

component par ameters for each case of par t-power for a

par ticular gas turbine. If the off—design component param-

eters are kno wn , based on known value s of part—power
ma tchpo in ts, then the i r  va lues  can be put in to  the f low
model and the off—design efficienc ies for the particular

gas turbine can be calculated . This approach was

u ti l ized by Bowen 17, where the componen t e f f i c i e n c ies
were assumed as a func tion of power. However , wha t is
u s u a l l y  known is the p e r f o r m a n c e  charac t e r i s t i cs  of the
ind iv idual componen ts of the particular gas turbine , and
each part—p ower case must  be solved by f ind ing the matchpoint
common to all the components. Such off—design performance

pred ic t ions of spec i f ic  gas tur b ine eng ines have been
developed by others , e.g., the well—known NEPCOMP method 18

for simple cycle eng ines and the recent extension to

closed Brayton cycle engines by Knauss. 19

Advanced open and closed Bray ton eng ines would be
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expected to have m u l t i p l e  t u r b i n e  stages wi th  several
by—pass gas—flow requirements. A general flow schematic

for  advanced open and closed sys tems woul d use separa te
tur b ine componen ts for model ing tur b ine stag ing wi th  the
effect of by—pass flows included . Figure 2, wi th i ts comple te
set of gas—flows and components , can be used to gene ra l ly
model advanced open and closed Brayton systems. Potential

pe r fo rmance  improvemen ts, for either open or closed systems,

will be the results of improved component per formances. As

disc ussed above , major cycle performance improvements are

possi ble for h i gher e f fec t iveness recu pera tors if  the hea t

exchanger temperatures can be tolerated . Likewise , pe r formance
improvemen ts are possi ble for hi gher max imum tempera ture
cycles (for both simple and recuperated). It may be simpler

to increase the max imum tur b ine inle t tempera ture than
to increase recuperator effectiveness , or vice versa ,
as the design limits of one or the other are approached .

These componen t performance trade—offs change at different

val ue s of both Cr and TIP in both open and closed Bray ton
systems , al though again these parametric effects are depen-
den t on the type of system (open or closed). By hav ing

a general  f low schematic ( F i g u r e  2) tha t  can model both
open and closed Brayton systems over ranges of e f fec t ive-
ness and turbine inlet temperatures , per formance trade—offs

due to these component parameters can be exam ined for

open and closed systems and comparisons between the types

of Brayton systems can be made. The descript ion of how the

componen t design values were selected and analyzed by a gen-

eral Brayton cycle prog ram , and the approach used to generate

performance trade—offs , follow in the nex t two sections.
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I
DESCRIPTION OF BRAYTON CYCLE PROGRAM

INPUT FOR BRA Y TON CYCLE ANALYSIS

- I.
To be able to compare open and closed Brayton  sys tems

- - for t he i r  c u r r e n t  s ta te  of the art to possible advanced
versions , it is necessary to choose values for the component
parame ters that can remain constan t over ranges of pressure

• ratio CR C), max imum turbine inlet temperature (TIT), and
recupera tor effectiveness ( ce.). Values for these componen t
efficienc ies and pressure d rops , as well as typical turbo—

machine flowr atios, are given in Table 1. Since the burner
- -  

efficiency (n 8) for the open cycle is synonymous to the
- 

combustor efficiency and Joes not include a heat exchanger

effic iency (as does the closed cycle burner efficiency) ,
- .  

~~ 
is three points higher for open cycle systems compared

- , to closed cycle systems . The other componen t parame ter
that is different for the closed and open systems is the

- -  
addit ional pressure d rop DLPK the closed cycle mus t have

-
~~ for a cooler . It should be noted tha t since the effective-

ness of state—of—the—art coolers is generally so high (~ -l .0 ),

the compressor inlet temperature (CIT) for the closed cycle

can be considered e q u i v a l e n t  to tha t of the open cycle.

The on ly  other f ixed  inputs  for  the open and closed
Brayto n cycle a n a l y s i s  a re  the w o r k i n g  f l u i d  p roper t i e s .  It
is possible to use numerous  gase s in closed Bray ton  cycles ,
such as the iner t gases argon, hel ium , etc. However , corn—

- -  
porient performance (turbomachinery efficienc ies and pressure

losses) are thermodynamically and fluid mechanically dependent

on the propertie s of each particular working gas. The

ability to compare the per formance 
~~~~ 

of open and closed

Bray ton cycles as thermodyn am ically related to the amoun t of

11 
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rec uperat ion ( Cr ) or the maximum t u r b i n e  inlet  temperature
(P I T ) ,  for ranges of the ir feas ib le  desig n values , r e q u i r e s
using the same w o r k i n g  gas , a i r . Any d i f f e r e n c e s  in the
perform ance  ( n ,~8) of open and closed Brayton eng ines for
their  rec uperated or simpl e cycles would , t he re fo re ,
be related to d i f f e r e n c e s  in the ir physical componen t

pa r ameters ( i .e . ,  
~ ~“~ 1 r for equ iva len t  

~~~~~~~~ 
as explained

below) and not to d i f f e r e n c e s  in f l u id  p roper t ies  due
to d i f f e r e n t  gases. It was not  w i t h i n  the scope of th is
study to consider the physical  e f fec t s  on tur bomachinery
and r ecupera to r s  tha t d i f f e r e n t  closed cycle w o r k i n g f l u i d s
would have. Cycle temperature effects on air properties

were considered as given in Table 2.

The r e m a i n i n g inpu t parameter  for the Brayton cycles ,
recupera tor pressure  d rop 

~~~~~~~~ 
mus t be var ied over

the range of recuperato r effectiveness (Cr ) for both
open and closed systems. A common design approach for

heat exchangers is the NTU (number of transfe r units)

method .2° A rela tionship to determine the NTU per formance

as a func tion of pressure drop has been der ived by Aronson 21

for compact heat exchangers. This function can be described

as
NTU =

The per formance can be related to the more classical per-

formance of effectiveness when the heat exchanger geometry

is considered ,
tr = f 2 (NTU, geomet ry ) .

This r e l a t i o n s h i p  has been ex tens ive ly  examined in texts
suc h as Kays and London .22 For a f ixed  geometry heat  ex-
changer (recupera tor ), the curve shape , c~. = f2 (NTU), has
been der ived . Us ing the approach as referenced above , a
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I
r e l a t ionsh ip  for ir f 3 ~“1r~ 

can be found . Typical
recuperator  per formance results  are given in Figure  3.

Pressure  losses (~~P/P]r )  are lowe r in the closed re—
cuperators  (dashed l ine) than in the open recupera tors  (sol id

1 l i n e ) .  This  can be explained by d i f f e r e n c e s  in their  f low
condi t ions  at an equ iva len t  open and closed recuperator per—

1 formance r a t i ng  ( E r ) .  Recuperator  pressure  loss (A P/ P J r ) has
a direc t relationship to its physical geometry and the velocity

of the gas flow passing through i t .  Al so , rec uperator  p er fo rmance
t ( C r ) ~ S related to its physical geometry and to its NTU rating

as explained above (and in Kays and London).22 NTU ra t ing is
fur ther related to gas flow .20 Ther efo re , for open and closed
recuperators with equivalent physical geometr y and performance

T ( Cr ) and equ iva len t  gas flow r ate s, any d i f fe rence  in pressure
loss ( 

~~~~~~ 
is due only to a difference in gas flow velocity.

T Gas fl ow veloc ity wil l  be lowe r in the closed rec uperato r
than in the open recuperator because of the advantage of

- - pressurizing the closed Brayton cycle gas flow . There—

fore , a closed cycle recuperator with equ ivalent physical

- -  
geometry, performance (c r)~ 

and gas flow as an open cycle

-
~~ recupera tor , will have a lower pressure loss (t~

P/P ) r) than
the open cycle recuperator due to the lower closed cycle

flow velocity. The lower pressure loss (
~~P/PJ r) for the

closed recuperato r can be seen In Figure 3. It is in—

teresting to note that since Kays and London’s recuperator
per formance (t r) curves 22 approach the val ue of 1.0
as the values of NTU approach I n f i n i t y , and NTU is d i rec t ly
rel ated to recuperato r pressure loss 

~~~~~~~~ 
the recup—

era tor curves  of F igure  3 would approach i n f i n i t e  value s
of tmP/PJ at c —  1.0. Open and closed recuperated Brayton

cycles can tolerate only reasonable values of pressure loss

j ( 
~ ~
I
~’r~ 

before  the rec uperator pressure loss C t~~/PJ r )
becomes disproportionately large compared to other component
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pressure losses ( i . e . ,  DLPB) . Therefore , ~. P/PJ~~) for both
open and closed recupera tors  was l im i ted to 6 percent as a
reasonable max imum val ue wi th  regard  to the other Brayton
cycle pressure  losses , as discussed above .

CALCULATION OF BRAYTON CYC LE PERFORMANCE

The overall energy conversion performance of a thermal

cycle is usually quantified as the net output power (i.e.,

shaft) produced for the thermal input power required . The

d imensionless conversion ratio of output div ided by input

is defined as thermal cycle efficiency ( 1nl TH~~ flTH is no t
dependen t on the absolute magni tude of the ou tpu t and the
inpu t, bu t is solely dependen t on the degree to which the
cycle conver ts the input into the output. To emphasize the

fuel  r equ i r ed to supply the thermal  cycle inpu t for a ne t
output , the convers ion ra tio of fue l energy div ided by
output energy yields the performance quantity called

specific fuel consumption ( SFC) . SFC is numer ically de—

penden t on the sys tem of un its used but , (as wi th
is independent of the magnitudes of the cycle output.

and SFC are simpl y d imensionally different forms to

express the same degree to wh ich the cycle per forms
the overall  energy convers ion .  To be independen t of the
absolute magni tudes  of ene rg ie s  conver ted , bo th and SFC
are independent of the rate with wh ich the conversion occurs.

The ra te of ener gy conversion for a thermal cycle ( open or
closed ) is directly depend ent on the flow rate of Its working

f l u i d , which in turn is rela ted to the absolute physical size

of the components . The re fo re , 
~TH and SFC are  independent of

the cycl e f low ra te  and its r e l a t i o n s h i p  to system physical
size . Working fluid energies prod uce or absorb work in the

turboinachinery. If the absolute flow rate is used in corn —
ponen t £‘er formance calculations , then the ra te of these

L~±. -1-TT-T 
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I
energy conversions , or cycle absolute powers , are calculated .
If equivalent  size components are used , then component
performance may be calculated on a un i t—flow—rate  basis.
Therefore , componen t powers may be calculated on an absolute
or u n i t  basis depend ing on a s imi la r  choice of f low r a t e s ;
however , the overal l cycle per formance C T’)~~I~~ or SFC) is in—
dependen t of the flow ra te  cho ice , as ment ioned above. Open
or closed Brayton cycle per formance  is calculated by the
computer sub rou t ine  l is ted in Append ix A. Component para-
metr ic values are  pu t into the appropr ia te  var iables in the
equa tions. The equations contain flowrate terms , so that

absolute or per un it—flow powers (for WC, WCT and SPHP)

T can be calculated . Therefore , the subrou t ine can ou tpu t
either type of turbomachinery powers by inputting either

absolute or unit flow rate s (for MC, MCT , and MPT + FG ,
respec tively) . For exampl e, ne t ou tpu t powe r , SPHP, can be
calculated in e i the r  absolute u n i t s  ( h p )  for the paramet r ic
u n i t s  in the equa t ion , or as a speci f ic value (hp/ lb/sec)
by inpu t t ing  MPT and FG as e i t he r  absolute f low ra te s ( lb/ sec)
or as f low r a t i o s  of MC ( lb/ sec/ lb/ sec ) ,  r e spec t ive ly .

ERAYTON CY CL E PERFO RMANCE OUTPUT

The per formance  of any  Brayton  cycle (open  or closed ) is
usua l ly  q u a n t i f i e d  in terms of its t e m p e r a t u r e — a n d — p r e s s u r e
state—po ints and the output quantities defined above (i.e.,

£ 
~TH , ~~~ SPHP, etc.). Some of the open and closed Brayton

cycle state—points are specified by the physical and mate r ial

lim its of their components (such as TIT and PIT), wh ile other

state—points are the resul ts of the performance of the cycles.

By using the general componen t parameter s discussed above

and utilizing the subroutine of Append ix A , open and closed

Bray ton cycle performance over ranges of pressure ratio (PC) ,

max imum turbine in le t  temperature (TIT), and recuperato r ef-
fec t iveness  ( C r ) are  calculated . These p er fo rmance  value s
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in the output  l i s t in g  are s pe c i f i c  fuel consumpt ion ( S F C ) ,
thermal  e f f i c i e n c y  

~~TH~~’ 
spec i f i c  horsepower (SPHP )  and

fuel—air (working fluid) ratio. For each case of recuperator

e f f ec t i venes s  (C r ) with a specified turbine inlet temperature

( T I T ) ,  there is a range  of compressor pressure  ra t ios tha t
resul t in open or closed Br ay ton  cycles wi th  ou tput  p ower .
Therefore , the open and closed Brayton  ana lys i s  ca lcula tes
the output  p er f o r m a n c e  over a r ange of p rac t ica l  pressure
ra t ios  for eac h case of r e cupe ra t i on  and t u r b i n e  in le t
t empera tu r e .  F igure  4 is an exam ple of the ou tpu t perform-
ance for a possible case of PIT and C r over a range of RC.
In the ex ample g iven (Figure  4 ), the value of PC = 3.00 would
g ive  the “ opt imum ” or h ighes t  o utp u t  thermal  e f f i c i e n c y  

~~TH =
0.422) for the case of TIP and r g iven . By analyzing many

case s of C y. and TIT , the per formance e f fec ts of the design
parame ters can be genera ted and the outpu t compared for many
poss ible Bray ton cycles (open or closed) . An approach to
analyze ope n and closed Bray ton cycle per formanc e over pos-
sible ran ges of the impo r tan t component  pa ram eters  is di s-
cussed in the nex t sec t ion.

APPROAC H

To compare the per formance of recuperated and simple

Brayton cycles for open and closed systems , i t is necessa r y
to optim ize the selection of cer tain component parameters ,

and to exam ine the e f f e c t s  on pe r formance tha t var iable desigr
paramete rs  have over reasonable ranges  of t h e i r  va lues .  An
approach to ana lyz ing  the many possible cho ices for e i ther
open or closed Brayton systems is to summar ize the performance

of numerous cycles in a design point p er f o r m a n c e  map.  Such
maps presen t the per formance ou tpu t as the resul ts of the more
importan t component design parameters. As discussed above ,

open or closed Brayton cycle per formance increases with

increas in g PIT and increas ing values  of recu pera t ion (once
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I
I the pressure loss effects are exceeded). Therefore , perform-

ance maps (of open and closed Bray ton cycles) for ranges of
-; PIT and C would present possible cho ices of these impor tant

component parameters  and would compare the i r  t r a d e — o f f s  when
their design l imit s  are approached .

I
For each case of recuperation analyzed , cycle thermal ef—

fic iency (Ti TH ) can be plotted as a function of TIT and RC.
- Figure  5 i l lustra tes this cycle behav ior approx ima tely for

r simpl e Brayton cycles 
~~ 

= 0). It can be seen from Figure
5 tha t for each value of TI T there is a va lue  for RC tha t
gives a h igher value of than any other RC and the same
PIT. Hence, for every TIT there is an optimum cho ice for

compressor pressure  r a t io (RCOPT, shown as the sol id l i ne
in Figure 5). The optimum value of pressure ratio (RC OPT~- 

for each combination of C
r and TIP can be found in the computa—

I t ional  ou tpu t  listing . The complete design po int performance

map can be genera ted from these opt imum com bina tions of RC

fo r  TIP an d Cr va lues , as illustrated in Figure 6.

-. Wi th a detai led per form ance ma p for each type of Bray ton
sys tem (open or closed) , comparisons of the effects of re—

-- cupera t ion  ( C )  and max im um tur b ine in let tempera ture  (TIP )

- - 

can be ma de. In add i tion , the open and closed Bray ton sys tems
can be compared a t impor tant  par ame ter design choices to see
if the ir per formance  is compe titive. These detai led per form-
ance maps for open and closed Brayton cycles are presented In

the next  section .
.4

RESULTS

As discussed in prev ious sections , performance maps sum-
m a r i z e the r e su l t s  of each type of Brayton system (open and

closed). F igures  7 and 8 presen t the performance  maps of open
I and closed Brayton cycles , respectively. These figures plot
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the resul tant Brayton cycle ef f ic iency  
~~~~ 

over range-s
of the following importan t componen t desig n—po int parame ters:
max imum tur b ine inlet temperature  ( P I T ) ,  rec uperator effect-
iveness ( e r), and optimum compressor pressure ratio (RC0pr).

As can be seen in Figures 7 and 8, the performance ( nIJ~~~~)

gains for increasingly higher value s of effectiveness (due to

the red uction in heat input to the open or closed Brayton cycle)

do exceed the performance penal ties of their associated pressure

losses. For the open and closed Brayton systems (Figures 7 and

8, respectively ), this per formance tradeoff occur s at an effec-

tiveness ( C )  of approx imately 0.60, wi th the performance advan-

tage of recupera tion becoming increasingly greater over the ef-

fectiveness range of 0.60 < £ 
~ 0.95. For current technology the

performance improvemen t of recuperation in the open or closed

Brayton cycle over the simple cycle is about + 8 points in 
~TH

(for C r = 0.90). This compar ison holds over a reasonable rang e

of turbine inlet temperature of 1400 degrees F (760 degrees C)<

TIT<2200 degrees F (1205 deg rees C). The performance pay—off

for  increasing the amoun t of recupera t ion above Cr 0 .90
is about 1/2 po int in thermal  cycle e f f i c iency for eac h one
point in e ffec t iveness .  Th i s  p er fo rmance  e f f e c t  can be ex-
pressed as the recuperat ion in f luence  fac tor

~TH — 
0.5 point

C y. 1 po in t

(for the ranges of 0.85 < < 0.95 and 1400 degrees F (760  de-
grees C) < TIP < 2200 degrees F (1205 degrees C) in Figures 7 and 8)
These resul t s  show q u a n t i t a t i v e l y  tha t  the open or closed
Brayton cycle performance 

~~~~ 
effect of recuperation in-

creases rapidly at high values of effectiveness (as does re—

cuperato r s i z e) .  ( I t  too k a 90 poInt  increase In ~,. ( f rom 0 .00
to 0 . 9 0 )  to get an 8—p o int ga in  in 

~TH’ but then only  a 10—point
increase In C r ( from 0.85 to 0 .95 )  to get a 5—point  ga in  In
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1
Since higher values of can be achieved wi th  higher

val ue s of at cons tan t TIT’s; the corol lary  also holds
that for constant val ues of FI TH, lower values of TIT can

be used wi th higher  val ue s of C r~ 
An example of this , in

F igure  7 , is tha t for a constan t value of = 35 percent ,
the required turbine inlet temperature with t r = 0.90 is
TIT = 1325 degrees F (720 degrees C) wh ich is 400 degrees F

- 

(220 deg ree s C) lowe r than the r equ i r ed tur b ine inle t tempera ture
wi th C r = 0.00 of TIT = 1725 degrees F (940 degrees C). This

- reduct ion  in TIP ( f o r recuperated compared to the simpl e cycle)
of approx imately 400 degrees F (220  degrees C) hol ds for design
cases of thermal cycle efficiency over the range of 30 percent

~~ ~ 45 percent for both open and closed systems.

The performance trade—offs when comparing recuperated

to simple Brayton systems are , the re fo re , considerations of
- .  

possible r~p~ improvemen ts if PIT can be m a i n t a i n e d  constant
(over  the range  of C r ) i or the pos~dble reduc t ions  in required

- TIP to main ta in a cons tan t  in rec uperated open or closed
• Bray ton cycles.

When selec t ing the compon en t parame ters for a gas tur b ine
eng ine , the open or closed Brayton cycle conditions must be
compared to the limiting material capabilities. Mater ial

technology dic ta tes no t only the max imum turbine  inle t temper-
a tu r e ( P I T ) ,  but  also the max imum rec uperato r inle t tempera ture
‘RIT)  if the open or closed Brayton cycle is recuperated .
There fore , va lue s for PIT a re  g iven in the p er fo rmance  maps

7 ( F igure s  7 and 8) so tha t the mate r ial technology needed
can be determined . For high val ues of PIT and ~~~ rec uperator
inlet  temperatures  r ang e from 1200 degrees F (650  degrees C)
to 1600 degrees F (870 degrees C ) ,  see F igu re s  7 and 8.
Mc Donald and others  23—26 have surveyed rec uperato r technology

1 over possibl e gas t u r b i n e  per formance ranges.  It is suggested
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that  sta inl ss steel recuperators  can be used in advanced gas
turb ine  appl ications for RIP ’ s of 1200 degrees F (650 degrees C)
to 1400 degrees F (760 degrees C), after which superalloy recuper—
ators  could be used to a max imum RIP of approx imately 1800
degrees F (980 degrees C ) .  Usua l ly ,  mar ine gas t u r b i n e  m a t e r i a l s
are l im i ted to 1600 degrees F ( 870 degrees C) for uncooled
par ts  27 to avoid sul f ida t ion  cor ros ion .  There fo re , in mar ine
appl icat ions the m a x i m um RIP should be l im i ted to 1600 degrees F
(870  degrees C ) .

As discussed above , w i t h  a detai led p er fo rmance  map for
both types of Brayton system s (open and closed , F igures  7 and 8 ,
respect ively)  possible cand id a tes , specified by the design per-
formance  T1~~~~) r equ i red , can be compared for  compet i t iveness .
The performances of open and closed systems will differ due to

differences in their component parameters. Open Brayton systems

have two performance advantages tha t closed Brayton systems do

not have. As discussed above , these advan tages are a hi gher
hea ter e f f i c i ency  

~~~ 
and fue l fl ow add ition to the work ing

flu id for the open cycle (see Figure 2). Closed Brayton re-

cuperated systems have the performance advan tage of lower

pressure  losses ( t~
.P/P]r) in the recuperator. The Figures 7

an d 8 per formance  ma ps show where the advan tages of one type
of system are greate r than the advantages of the other. The

r equ i r e d TIP and C~. values of d i f f e r e n t systems can be com-
pared to determine if they are competitive . As an example,

to obta in a performance of T1TH = 4 0 percen t, ope n and
closed cand id a te system s can be found in Figures 7 and 8.

Up to an e f f ec t iveness  ( C r ) of 0.85 the open Brayton  systems
have lower r equ i red  TIP’ S than closed systems ( e . g . ,  1650
degrees  F (900  degrees C) com pa r ed to 1750 degrees F (955  degrees
C) at  Cr = 0.85). For highly recuperated cycles, the open
and closed systems have compet i t ive  TIP ’ S of about 1620 degrees
F (880 degrees C) at  c~. — 0 .90  and 1480 degrees F (805 degrees
C) at Cr — 0.95 .  Othe r design e f f i c i e n c ies 

~I’H ’5~ can be

PAS—78 — 15 20 

-~~~~ — 
— -  - -  - — ------- —-~~~~-— -—_ - -- -——--

~
--—



I
compared s imi la r ly  by Figures 7 and 8, for wha tever perform—
ance the pa r t i cu l ar appl ication r e q u i r e s .

I CONCLUSIONS

I It is advantageous to select an open or closed Brayton

system that uses a combination of performance improvements

and sa tis fac tory componen t temperature  and size requiremen ts
I for  the pa r t i cu l a r  appl ica t ion .  Figures  7 and 8 approx imate

the design per formances of possible open and closed Brayton
systems for the component technolog y that  one may want  to con-
sider .

Fur thermore , the per formance gains due to possible im—

provements  in component technolog y ( e . g .  h i g h e r  values  of TIP
or C r) can be approx imated . By e x a m i n i n g  the p er f o r m a n c e  maps

1 (Figures 7 and 8) for the p a r t i c u l a r  design c o n s t r a i n t s , the
per formance pay—offs of possible cand idate Brayton systems

(open and closed ) can r ap id ly  be compared . These per formance
improvements  can be quan ti f ied  as approx ima tely an increase of
+8 po ints  in or as a red uct ion of 400 degrees F ( 2 2 0  degrees

T C) in required PIT for recuperated open or closed Brayton cycles

compared to simpl e cycles , or as o ther design t r ade—of f s  as dis—
cussed above. Up to an e f f ec t iveness  ( Cr ) of 0.85, the open
Brayton systems have lower r equ i r ed turb ine  inle t temperatures
(TIP’S) to achieve the same cycle efficienc ies 

~~~~~~~ 
as the

I closed Brayton systems. For highly recuperated cycles (0.90

I < Cr 
< 0.95), the open and closed systems have competitive

I TIP’ s for compet i t ive  
~TH ’

~~•

I In add i t ion  to being able to make p er fo rmance  com-
par i sons of genera l  open or closed Brayton cycle systems ,
the ana lys i s  developed can model any un ique gas t u r b i n e

I
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cand id a te whose design val ue s are defined in typical com-
ponent parame ters.  The ab i l i t y  of the analysis  to calculate
open or closed Brayton cycle p er f o rm a n c e  values  over selec ted
ranges of var iable design p o i n t  pa r ameters ( such  as RC , C e.,
and TIP) allows for the opt imiza tion  of the se desig n p o in t
pa ramete r s .
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I Table 1 Component Input for  Open and Closed Brayton Cycle Analys is

I Paramet.~r Notation Value

I Open Closed

Compressor e f f i c iency 0.85 0.85

Turbine efficiency 
~T 0.90 0.90

Gas gene rato r e f f i c i e n c y  
~GG 0.99 0 .99

Burner efficiency TI
5 0.98 0.95

Pressure drop for burner DLPB 0.03 0.03

Pressure drop for cooler DLPK — 0.001

Bleed gas flow MB 0.01 0.01

Compresso r turbine gas flow MCT 0.97 0.97

Power turbine gas flow MPT 0.99 0 .99
4.

Compressor inlet temperature CIT 70°F (21°C) 70°F (2l°CJ
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Table 2. Cycle Temp erature  E f f ect s  on Ai r  Properties

Parameter Notation Value

Constan t—pressure specific heat

throug h compressor CPC 0.240 Btu (1000 .1)

lb— °R kg— °K

Ratio of specific heats throug h

compressor ‘rc 1.400

Constant—pressure specific heat

through turbine CPT 0.274 Btu (1050 J

ib— °R kg— °K

Ratio of specific heats through
1.330

turbine -
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