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ABSTRACT  In practical gas turbines, high compression  is unfavorable  because it causes  large irreversible

]osses in the adiabatic  processcs. Though, for improvcment of  the thermal  etficiency  in thc region  of a high

pressure ratio,  the turbine inlet tempcrature  must  be increascd, it is restricted  by the endurance  of  the materials.

This study  proposes a gas-turbine cycle  consisting  of  isothermal expansion  cembustion  which  produces

mechanical  energy  rather  than  thermal  energy.  Analysis of  the cycle  analysis indicates that, compared  with  the

conventional  gas-turbine cycle,  the thermal  efTiciency  of  this isothcrmal expansion  combustion  gas-turbine cycle

is very  high in the casc  of  a high pressure ratio  without  maximum  tempcrature  ascent.  In addition,  the methods

and  problems oi' isothermal expansion  combustion  are  discussed.

Keywordsr Gas t"rbine, lsothermal exp

1. INTRODUCTION

    The Carnot cyc]c  is a well  known  cyc]c,  because it is
the most  desirable in terms  of  thc second  law ot'

rhermodynamics.  However, it is very  difficult to realize  the

Carnot cycle,  and  thus it is generally regarded  as  conceptual

and  is not considered  in the deye]opment of  practical
thermalcycles.

    One of  the characteristics  of  the Carnot cycle  is that it

has isotherma] processes. Under the first law of

thermodynamics  (6Q =  dU +SW  ), if dU  =  O is assumed,

we  have 6e=61V; this indicates that energy  added  in an

isothermal process is converted  to mechanica]  energy

instead of  therma]  energy,  If combustion  is controlled  in
order  to keep the temperature  constant,  the chemical  energy

of  the original  fuels can  be converted  dircct]y to mechanica]

encrgy;  howeyer, it is difficult te cstab]ish  such  a

combustion  field. [1]
    The  maximum  temperature  of  heat engincs  cannot  be

increased easi]y,  because it is restrictcd  by the endurancc  of

matcrials.  If isothermal combustion  is availab]e  for internal

ansloncombustion,  7hermal qffl'ciency

combustion  engines,  it wiil  be possiblc to compose  a high-
cfficiency  cyclc  without  incrcasing the maximum

temperature.

    This study  propeses a  gas-turbine cycle  with  an

isotherrnal expansion  combustion  process. [21 This cycle  is
expected  to achieve  high thermal  efficiency,  particularly in
the region  of  high pressure ratio.  In addition,  thc methods

and  problems of isothermal expansion  combustion  in gas
turbines are  discussed.

2. NOMENCLATURE

    A =  cross-sectional  area[m?]

    cp  =  spccific  heat at  constant  pressure [kJl(kg'K)]

    h =  enthalpyEkJ]

   M  =  Machnumber

    p =  pressure [Pa, atm]

    R 
=

 gasconstant[kJf(kg'K)]
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 r=

 s=T=U=W=W=

 x=

 E=

 7=

 n=nc

 
=n,

 
=nth

 
=

 K=

heat [kJ]pressure

 ratio  (=p,1 p,)

specificentropy[kJf(kg'K)]

temperature  [K]

internal energy  LkJl

mechanical  work  [kJ]

velocity  [mfs]

pressure parameter

compression  ratio (=v1/ v2)

density [kgf m]]

thermalefficiency

adiabatic  cfficiency of  compressor

adiabaticefficiencyofturbine

thermal  efficiency  of  Brayton cyc]e

adiabatic  exponent

3. CONVENTIONAL  GAS-TURBINE  CYCLE

    The therma]  efficiency of the  Brayton  cyclc  (the basic
cycle  of  a  gas turbine) shown  in Fig.1 is expressed  as thc

follewingequation.

     nfh 
=i-,(.l,y.  =i-..i.,  =i-e  (i)

This equation  indicates that thc cfficiency  of  the Brayton

cycle  is determined only  by the comprcssion  process; the

rnaximum  temperature  71 does not  affect  thc efficiency.  In

spite of these theoretical relationships,  high compression  is

not  genera]ly employed  to improye the thermal  efficiency in

actual gas turbincs.

     However  it is well  known  that, considering  the adiabatic

T

Figurc 1

                    s

7Ls diagram of  Brayton cyclc.

efficiency  of  compressor  n,, and  that of turbine n,, the

maximum  temperature  T} appears  in the equation  of  thermal

eruciencyl

n=(i-;l-)n,n,ntTli
 
-7h

7k-{n.+(i-n,)nth)T2
(2)

    Figure 2 shows  the efficiencies  of  the Brayton cycle

and  the cycle  including the adiabatic  efficiencics,  as

obtained  by Eq, (1) and  (2), respectively.  When  the

pTessure rutio becomes excessively  large, the efficiency  of

the Brayton cycle  n,, is improvcd; on  the other  hand, those
of  the cycle  including adiabatic  efficiencies  are  reduced

because the loss of  mechanical  work  increases. In order  to

improve the thermal  efficiency  ofan  actual  gas turbine by

applying  high compression,  the maximum  temperature  must

necessarily  bc higher. However, it is not  easy  to increase the

turbine inlet temperature  (TIT), which  is the maximum

tcmperature  in a  gas-turhine system,  bccausc ol' the

limitation of  material  endurance.

    Under the condition  that the maximum  tempcrature  is
restricted,  the shadcd  portions in the  7Ls diagram shewn  in

Fig. 1 weuld  be fi11ed for improvement in thermal

efficiency.  Thc lower portion could  be filled according  to a

bottoming cycle  such  as  thc Rankine cycle, and  the reheat

cycle  and  lntcrcooled gas-turbine cycle  can  utilize  thc upper

spaceeffectively.

4. ISOTHERMAL  EXPANSION  COMBUSTION  GAS-

TURBINE  (ITECT) CYCLE

4.1 Concept  of  Isothermal Expansien  Cembustion

    Combustion  is used  mainly  as  a  process for thc storage

of  thcrmal energy.  In heat engines,  first, thechemical

  O.7

  O,6:-O.5t`.ij

 O.4.9WO,3

  O.2

  O.1

   o

n,=n,=O,90

o10  20 30 40 50
pressure ratto  r

Figure 2 Efficiencies ofBrayton  cycle  and  gas-turbine

      cycle  considering  adiabatic  efficiencies.
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cncrgy  is convcrtcd  te thermal  energy  through  a  combustion

process and  then sequential)y  to mechanical  energy  (work)
by an adiabatic expansion  process. In general, the condition

of  combustion  is constant  prcssure or  constant  volume,  with

the result  that thc tcmperature  rises,  On  the contrary,  if

combustion  is controlled  just to compensate  for the

temperature  drop in the expansion  process, the isothermal

combustion  is rea]ized  [1].
     If the isothermal expansion  combustion  is available

for internal combustion  engines,  a high-eenciency cyele  can

be composed  without  incrcasing the maximum  temperature

which  is limited by material  endurance.  Though, as

mentioned  in the previous chapter, excessively  high

compression  is not  preferable in aetual  gas turbines, it is
cxpcctcd  to improve the gas-turbine cyele  incorporated with

the isothermal expansion  combustion.  Here the problem
ariscs  of where  the  isothermal cxpansion  combustion

should  occur  in a gas-turbine. The  expansion  proccss

generally occurs  in the turbinc; however, with  respect  to

attempting  te perform the isothermal expansion  combustion

in the turbine, it is difficult to complete  the combustion

Combustor
Isothermal expansion

combustion  nozzle

Figure 3 Schematic ofisothermal  expansion  combustion

                  gas turbine.

                 v

Figure 4 p-v and  T-sdiagrams ofITECT  cyc]e.

s

within  a short  passage such  as  that in a  stator  or  the rotor

blades.

     Accordingly, a  cenvcrging  nozzle  configured  to the

isothermal cxpansion  combustion  is arranged  between the

combustion  chamber  and  the turbine, as  shown  in Fig. 3.

This isothermal expansion  combustion  nozzle  enables  the

conversion  proccss from chemical  energy  to kinetic energy

which  means  that the flow is accelerated.  In the isothcrmal

expansion  combustion  nozzle, the velocity  increases with

the temperaturc  constant  and  the pressure and  density

dccrcascd. Thc  flow accelerated  in isothermal expansion

combustion  nozzle  is introduced inlo the guide vane  which

changes  the direction of  ffow and  do not  reduce  the static

enthalpy. Next, the fiow goes into the rotor  in which  the

static  enthalpy  is not  reduccd  likc a  rotor  of  the zero

reaction  stagc  and  here the kinetic energy  is converted  to

the work.  It appears  that cooling  must  be higher  because of
increase in total enthalpy;  however, the reLative  flow

velocity  at the retor  is small so that the requirement  of

cooling  is not  so  severe.[3][41

4.2 Composition  of  Isothermal Expansion  Combllstion

Gas- Ttirbine Cycle

     Incorporating the above  isothermal expansion

cornbustion,  the novel  gas turbine shown  in Fig, 4 is

proposed: we  name  it the Isothermal Expansion

Combustion Gas-Turbine cycle  (ITECT cyc]c)  and  it has

the fo11owing composition  [2].

1 -
 fadiabatic compressionl  

-
 A'[isobaric

combustion]  
-.

 B 
-

 [isothermal expans]on

eombustion]  
-

 3-  [adiabatic cxpansion  ] -
 4

-
 [cxhaust] 

-
 1.

     From  the point of  view  of  therrnal efficiency,  only

adiabatic  compression  for attaining  the maximum

tempcrature  is ideal, although  such  a compressor  
'is

current]y  impossible. Theret'ore, isobaric combustion  is
used  after  the adiabatic  compression  in which  the pressure
ratio  is higher than  that of conventional  gas turbines.

    The efficiency  of  the ITECT  cyclc  n is dcrived:

n

(-tT] e)"-i 
-i)+

 
it.-i

 7h in 
..(i".)..

          +tlt 7h [1 -(s" (1 - x)+x)  
}'Krc

 ])
     /l(Jll 

-TIErf-1
 )+ rci'] 7) ln 

Eyircx}+xl

(3)
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where  xi(pB  - p3Y(pB  -pi). The pressure parameter x

represents the magnitude  of the isothermal expansion

combustion;  x=O  corresponds  to the cycle  without

isothermal expansion  combustion  (that is, the Brayton cycle),
and  x=1  the cycle  without  adiabatic  expansion.

   It is assumed  that the ITECT  cycle  has the benefit

indicated by the shaded  portion in Fig.4, in comparison

with  the Brayton cycle.

5. CYCLE  ANAI;YSIS

   Here we  discuss the result  obtained  from Eq. (3). In

this analysis,  the maximum  temperature is fixed at  1500[K]
and  the adiabatic  efficiency  of  both compressor  n. and

turbine  n. is O.9,

   Figure 5 shows  the efficiencies  of  the  ITECT  cycle

with  variation  ofx.  The pressure ratios  are  20, which  is the

ordinary  leyel of conventional  gas turbines, and  40. With

increasing x, i.e. increasing the proportion of  the isothermal

expansion  combustion,  the eenciencies  of the ITECT  cycle

increase because the unfavorablc  etTect  of  thc adiabatic

ethciencics  is relatively  reduced.  However, when  the x

becomes  larger than  about  O.8, the efficiencies  decline

because thc exhaust  temperature  becomes high, with  the

result  that the  extracted  work  decreases,

    Figure 6 shows  the efficiency  of  the ITECT  cycle

compared  with  that of  the conventional  gas turbine  cycle.  In

the ITECT  cycle on this calculation, 7k is fixed at 850[K]
because it is sufficient  for using  the exhaust  gas to the

bottoming Rankine cycle  and  any  higher temperature  is

ineffective. Under the conditions  of 7},=1500[KJand

O,6

ge

℃
g o.4

I' o2 
s

n,･=O.9 , nt=O.9 , 7in,,.=1500LKI

Tla=850EK], we  obtain  O.68 and  O.84 as  the pressure

parameters x  for re20  and  40, respectively.  In Fig.5, it is
founcl that these are  close  to the points at which  the thermal

efficiencies are optimum.  The  efficiency of the ITECT

cycle  does not  decrease in the case  of  higher pressure ratios

unlike  the conventional  cycle;  in other  words,  by adopting

the isothermal expansion  combustion,  the gas turbine  can

be improved without  involving a temperature ascent.

Furthermore, in spite  of  high compression,  the temperature

of  the exhaust  gas of  the ITECT  cycle  can  be kept relatively
high due to the isothermal expansion  combustion,  with  the

result  that this cycle  is suitab]e  for the topping  of  a

combined  cycle.

             n.=O.9 , nt=O.9 , 7;,.,.=1500[K]

trhU=o'6urr2g:.-

O.6

O.4

O.2't11',J

ag

Isothermal expansion  combustion

gas turbine with  7la =850[K]

,ttt

T

V
      s

 turbine
T

Us

  % O.2 O.4 O.6 O.8 1
                  x

 Figure 5 Relationship between  efficiencies  of

isothermal expansion  combustion  cycle  and  pressure

              parameter x.

20 40  60
  Pressure ratio r80

 Figure 6 Comparison  of  efficiencies  between

isothermal expansion  eombustion  gas turbine  and

      conventional  gas turbine  cycle.

1.5

.ep i.O.-n'.cu

 O.5

7h=1500[K] 7Li=850[K]

     
O･%

 10 20 30 40 50 60

             pressure ratlo  r

  Figure 7 Ratio ofamount  ofheat  released  from

isothermal expansion  combustion  eB"o that from isobaric

             combustion  eAB･
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    Figure 7 shows  the ratio  of  an  amount  of  heat released

from isothermal expansien  combustion  eB] to that from
isobaric combustion  e., under  the condition  of  T.,=1500[K]

and  71t=850[K]. When  the pressure ratio  increases, the

isothermal expansion  combustion  forms a  larger part of

energy  conversion  process. This is one  of the reasons  why

the thermal efficiency of  the ITECT  cycle  is improved in

the region  of  high pressure ratio, because the isotherma]
expansion  combustion  has the potential to produce
mechanlcal  energy  instead of  thermal  energy.

the combustion  reaction,  isothermal expansion  combustion

is realized;  in the case  of  dT! O in Eq.(7), we  have

      (K-1)M2 ,Ltt-1-KM2  dh

     
Ll-M2

 A-1-M2  cpT'  
(9)

By  substituting  Eq.(9) and  the dcfinition of the Mach

number  for Eq.(4), the  following relationship  is obtained:

wdw=dh, (1O)

6. ADDITIONAL  CONSIDERATION

THERMAL  EXPANSION  COMBUSTION

    There are some

expansion  combustion

consider  two  of  them.

OF  ISO-

 points in applying  isothermal

in gas-turbine systems;  here we

6.1 RestrictionbyMachNumber

    In an  isotherma] expansion  combustion  nozzle,  working

gas is accelerated,  involving pressure descent; however, the

pressure descent in a single  stage  has a  limitation in that the

Mach number  should  be less than unity,  Here we  consider

the characteristics  oi' the isothermal expansion  combustion

nozzle  by means  of  basic equations  for a  one-dimensional

compressible  flow [5],
    Equa{ion (4) to (8) express  the changes  of  velocity,

pressure, density, temperature and  Mach number  in terms of
changes  in cross-sectional  area  and  enthalpy,  respectively.

dwW 1da 1dh

dr7

1-M2  A

M2  cL4

+

 1-M2  cpT  
'

1de

1-M2  cpT'

(4)

(5)

which  indicates that all energy  released  from the

combustion  is converted  to kinetic energy  (this is morc

easily derived from the first law of  thermodynamics),

    Substituting Eq.(9) for equation(4)  to (8), we  obtain

the expressions  in terms  of  cross-sectional  area  under  the

condition  ofd7LO,  as  fo]lows:

dww 1da

drr

1-,cM2  A'

nvvf2  [L4

ITKM2  A 
'

.ld2  [Ltl

(11)

opp1-,.vf2
 A'

(12)

dMM 1da

ILM2  A

(13)

(14)

    Substituting Eq. (13) for Eq, (14) and  performing the

integration, we  obtain  the fo1]owing re]ationship  between

pressures and  Mach  numbers:

P2ptexp(
 
rc

 
M1227

 
M22 } (15)

opp

1"M2  A

,alf2  c-4 icld2  dh

dTT

1-M2  A

(rc m1)M  
2
 ,ttt

1-M2  cpT'

1-M2  A

 1-,avf2 cth
+ ,

  1-M2  cpT

(6)

(7)

    ,tM
 i+K2-iM2aii  1+icM2  dh

     M=-  1-M2  A+pmcpT'  
(8)

    First, in the conventional  adiabatic  expansion  nozzle

with  `t4<O  and  dh =O  in equation(4)  to (8), the velocity  and

Mach  number  increase and  the temperature,  pressure and

density decrease,

    Next, we  censider  the isothermal expansion

combustion  nozzle.  If the temperature  drop due to the

cxpansion  is only  compensated  for by energy  released  from

Figure 8 shows  the static pressure drop in the

process with  the inlct Mach  number  Mi=O.

R-x
 Nq

Fig

1.0

O.5

isothermal

Mi=O

  o.o
    O,O O.2 O,4 O,6 O.8 1,O
                  M2
ure  8 Ratio of  static  pressures at  outlet  to that at

        inlet in the case  ofdltO
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    In thc  case  of  Mi=O  and  M!=1, the value  of  p!/ pi is

O.497, which  means  that, in the  isotherma] expansion

combustion  nozzle,  pressure is reduced  by halfat the most.

    For example,  we  considcr  the isethermal system  in
which  static  pressure is changed  from 40[atml to 10Latml.

Here wc  assumc  the dynamic pressure at  40[atml could  be
zero.  At first, the static  pressure is decreased to 201atml in

the isothermal expansion  combustion  nozzle,  and  next  an

zero-reaction  turbinc is uscd  in order  to retard  the flow and

extract  the work.  Further, the same  combination  of  nozzle

and  turbine reduces  the pressure from 20[atm] to 10[atm],

Therefore, two  pairs ef  isothermal expansion  combustion

nozzle  and  impulse turbinc  arc  ncedcd,

6.2 LeanCombustion

    High-temperature gas has a much  larger thcrma]

energy  than  kinetic cnergy,  so  that the temperature  descent

accompanying  the fiow acceleration  is not  largc, Assuming
that the condition  is adiabatic  (i,c., dh=O) and  substituting

Eq.(8) for Eq.(7), thc intcgration yic]ds thc fo11owing

relationship:

     z2 =

 1+ 
K

 2-1 
M
 12 

u
 
6)

     
71
 1+K-1M22

              2

    In the case  that the temperature  fa11 is maximum  with

M,=O  and  M,=1, wc  obtain  T},IT,=111.2; even  if still gas at
1500[K] is introduced into the adiabatic  nozzle  and

accelcrated  to M2=1,  the  temperature  drop is only  250[K],

In othcr  words,  the degree of  temperature  descent duc to

flow acceleration  is so  small  that lean combustion  is

necessary  for a  single  isotherma] cxpansion  eombustion

nozz]e,

    Hcrc, we  consider  a  proportion of  heat rclcascd  {'refn a

single  stage  of  isothermal expansion  combustion  to that

from the entire  combustion  process. Using Eq. (15), cncrgy
addcd  in an isothermal process is rcprcsented  as

    Q =  RT  in( pPI )= KRT(Mi  
M

 
M
 
t),
 a7)

where  we  obtain

       -[RT

    Q-  (18)
         2

in the casc  that Mach number  increases from O to unity.  In

the ITECT  cycle  including two stages  of  isotherma]

cxpansion  combustion  simi]ar  to the previous section,  the

ratio  of  encrgy  cstimated  from Eq. (18) to that from the

entire  combustion  process is about  O.24; in other  words,  a

quarter of  combustion  could  be executed  in a  single

isothermal expansion  combustion  nozzte,  In summary,

although  lean combustion  is necessary  for a  singLe  stage  of

isothermal cxpansion  combustion,  the effect  of  isothermal

expansion  combustion  on  the whole  system  is not  small,

    Although the fuel iajected into the isothermal
expansion  combustion  nozzle  must  be thinner than  that in a

conventionaL  combustor,  we  consider  that the ignition is

possible because the gas has a  yery  high temperature.

7. CONCLUDING  REMARKS

    Isothermal expansion  combustion  has the potcntia} to

produce mechanical  energy  instcad of  thermal  energy.  The

gas-turbine cycie  which  includes the isothermal cxpansion

combustion  process, is proposed. The following

characteristics  were  obtained  through  consideration  of  this

ITECT  cyc]e:

(1) Compared  with  the convcntienal  gas-turbipe cyclc,  the

ITECT  cycle has high efficiency  particularly in the high

pressure region,

(2) The ITECT  cycle  is suitablc  fOr thc topping  of  a

combined  cycle  because the temperature  of  the exhaust  gas
is relatively  high.

(3) In the isothermal expansion  combustion  nozzlc,  the

prcssure drop is restricted  by the cendition  that the  Mach

number  must  be less than  unity,  so  that pressure is reduccd

by halfat thc most.

(4) Lean combustion  is necessary  for the isothermal

expansion  combustion  nozzlc;  howcycr thc proportion of

the isothermal expansion  combustion  to the entire

combustion  process is not  small.
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