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The Suction Air Cooling Gas Turbine with Vapor
Compression Refrigerator®
( 2nd Report, The Optimum Point of Cycle

and the Effect of Combination )

By Chuji MIZUNO*%, Masayoshi KOBIYAMA***,

Yutaka YOSHIDA**** and Kiyoshi ENOKI**%*

The thermodynamic optimum point of the suction air cooling gas
turbine cycle with a vapor compression refrigerator is investigated.
The maximum thermal efficiency and the maximum specific power increase
monotonously with a rise of the temperature ratio by the suction air
cooling, but the rate of increase of the thermal efficiency has a
tendency to give the optimum value and that of the specific power has a
tendency to decrease monotonously, compared with the conventional cycle.
The effeect of the reversed cycle ( refrigerator ) on the normal cycle (
heat engine ) is investigated. The effect on the thermal efficiency is
larger than that on the specific power in the region of high temperature

ratios.

1. Introduction

Great efforts have been made to improve
the performance of a. gas turbine in various
fields of technology. Among possible meas-
ures for such performance improvement,
including a method for improving the per-
formances of various equipment and machinery
constituting a gas turbine cycle, there are
possibilities consisting in lowering the
temperature of working fluid at the inlet of
compressor and in raising the temperature at
the inlet of gas turbine. Between these two
possibilities, the latter, that is, cycle
performance improvement with a gas turbine
inlet temperature established at a higher
level has been widely applied particularly
by means of developing effective heat re-
sisting materials, adopting turbine blade
cooling etc. If raising of the inlet tem-
perature of gas turbine is compared with
lowering of that of compressor by an amount
of the same temperature difference, the
latter is found, as a means to improve the
performance of the cycle, more advantageous
in general. The authors believe, conse-
quently, that it is necessary to intensify
further, as one of the means to improve the
performance of gas turbine, the effort to
lower the temperature of working fluid at
the inlet of compressor, in other words,
that of suction air.

Based on the above-mentioned discussion,
the authors have made an attempt to improve

# Receiced 10th April, 1978.
*% Professor, Muroran Institute of Tech-
nology, Muroran.
¥%% Technical Official, Muroran Institute
of Technology.
*%%¥* Assistant, Muroran Institute of Tech-
nology.

the performance of gas turbine cycle by
means of suction air cooling with a vapor
compression refrigerator and in the 1lst re-
port, carried out a performance analysis
with the performances of various equipment
and machinery constituting a gas turbine
cycle taken into consideration in order to
disclose various possibilities of the cycle
and at the same time, though within a limit-
ed range, to show its general characteris-
ties @ "In the present report, the authors
calculate the thermodynamic optimum point of
this cycle and at the same time show a ther-
modynamic limit of this combination cycle.
The authors also carry out analysis from the
standpoint of a combination of normal and
reverséd cycles, calculate the equivalent
atmospheric and maximum temperatures derived
from a definition that a performance im-
provement due to a combination of cycles
corresponds to that due to normal cycle only,
and propose a temperature criterion for the
performance evaluation of the Brayton cycle
to demonstrate effects of the combination.

Nomenclature

¢ : coefficient of performance Eq.(3)
7 : thermal efficiency
nex ¢ temperature-efficiency of regenerator
=(Ts—T2)/(Ts—T2) ’
6:: rate of equivalent atmospheric temper-
ature drop Eq.(13)
6 : rate of equivalent maximum temperature
rise Eq.(16)
g : ratio of suction air temperature drop
=Ty/To
¢ : ratio of specific heats at constant
pressure and volume
2 : specific power
z : ratio of maximum and atmospheric tem-
peratures =T:/To
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¢ : pressure ratio =FP/P

¢ : pressure ratio =g¢u«-ns-

x : rate of increase in thermal efficiency
or in specific power Eq.(11)

P : pressure, kg/cm? abs

t : temperature, °C

T : temperature, °K

s : specific entropy, Kcal/Kg®K

¢»: specific heat at constant pressure,
Kcal/Kg®K

G.: flow rate of air, Kg/s

L : power, Kg m/s

A-: thermal equivaleut of work, Kcal/Kg m

Subscripts

0 : optimum value, maximum value
SA: with suction air cooling ( suction air
cooling cycle )
CON: without suction air cooling ( conven-
tional cycle )
7 : thermal efficiency
4 : specific power
7 : ratio of maximum and atmospheric tem-
peratures
eq : equivalent value

2. An analytical cycle and
constitutions

The authors here utilize a cycle ar-
rangement, similar to that in the 1st re-
port. Since it is one of the aims in this
2nd report to search a limit which the per-
formance value of this cycle can attain, it
is assumed that the compression and expan-
tion processes at the side of Brayton cycle
( 1/¢/E ) ( normal cycle ) are, as shown in
Fig. 1, adiabatic, provided that for the
reason to be later described the quantity of
heat exchange in a regenerator will be pre-
scribed with its temperature-efficiency of
regenerator 7sx . As vapor compression
refrigeration cycle ( reversed cycle ), a
reversed Carnot cycle is utilized, the con-
densation and evaporation temperatures being
equal to those of the atmosphere 7, and at
the compressor inlet on the Brayton cycle
side T, respectively. It is also assumed
that the values of physical properties are
constant for both the normal and reversed
cycles neglecting the losses of flow rate
and heat. 1In Fig. 1, the number of each
part refers to the following :

S

Fig.1 7-S diagram for the gas turbine
cycle and the refrigeration cycle

0: the atmospheric condition, inside the
refrigerant condenser

1: inlet of the air compressor, inside
the refrigerant evaporator

2: inlet on the air side of the regenera-
tor

3: inlet of the turbine

4: inlet on the gas side of the regenera-
tor

5: inlet of the combustion chamber

6: outlet on the gas side of the re-
generator

3. Fundamental equations of
the cycle

If the values of various efficiencies
except 7zx are assumed to be equal to unity
in Egs.(17) .and (16) of the preceding 1st
report, then the thermal efficiency 7 and
the specific power 2 can be written as
follows
7= t(A—1/gE D) — (@ P —1)+(1—6)/e} )

T-‘(I—UEX)0¢("U/"—TUEX/¢(‘_”/‘

AL

2= e =T/ — (PP 1)+ (1=0) /&) wonri(2)

The coefficient of performance ¢ in the re-
frigeration cycle can be expressed by the
following equation on the basis of the con-
ditions established

=0/ (1—f) +rrverermrererarennisnimsnenninenes (3)

If 7sx=1 in Eq.(1), 7 is indefinite for
¢=1 and this does not suit the purpose of
this report, so that 7ex will be here taken
as an established value. Since under the
present conditions establishted, 7 and 2 are
monotonous functions of r, the ratio of the
maximum and the atmospheric temperatures,
let us consider also 7 to be another estab-
lished value. When ¢ and 7s=x are constant,
consequently, » and i are two-variable func-
tions of the pressure ratio ¢ and the ratio
of suction air temperature drop ¢, so that
the pressure ratio @w ( the optimum pressure
ratio ) and the ratio of suction air temper-
ature drop 6s ( the optimum ratio of suction
air temperature drop ) which gives 7 , the
maximum value of 7 ( the meximum thermal ef-
ficiency ), can be obtained as a solution of
the following simultaneous equations (4) and
(5), similarly 0. and 6u which give i , the
maximum value of 2 ( the maximum specific
power ), can be obtained as a solution of
the following equations (6) and (7), that is,
in the form of Egs. (8) and (9) :

From’ 87/6¢=0 ,
((26—1) (1—78x) —7878x) O*
+207(275x— 1)@+ [z (1—75x)
~{0—=(1=8)%/0) PsxF=0-eervereirnrnens (4)

From 47/49=0 ,

[ {(2—@)75x—1) +20(1—75x)16*
—2(1—7Ex) 00— (NEx/P—1)=0 --oeee (5)

From gi/4¢=0 ,

B— V7T/G =0 coereierenaiieiniiieiniiae (6)
From 6i/86=0 ,
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Where ¢ denotes ¢“»*. The solution Qo and
6ov of the simultaneous equations (L4) and
(5) was obtained by an iterative method and
considered to suit the purpose of the prob-
lem when the relative error of each value
between two subsequent iterations is less
than 10 ®. If @.and 6 obtained from the
above-mentioned procedure are substituted
into Egqs.(1) and (2), the maximum thermal
efficiency 7,sa(z.7ex) and the maximum specific
power Aosa(r) can be obtained. By assuming
6=1 in Eqs.(1),(2),(4) and (6), it is pos-
sible to determine these values 7 con(z, 78x)
and iocon(r) , Which correspond to a conven-
tional cycle without suction air cooling.
Since the Brayton cycle is used in the
form of 1/C/E, it is necessary that a re-
lation T.>T: holds. If T.=T:, that is 60=
/0 in Eq.(l4), then 7ex=0.5 and the above-
mentioned relation 7.>T: holds within a range
75x>0.5 . On the other hand, Eq.(6) shows
that 7.=T: and no regenerator is necessary in
the cycle which exhibits a maximum value of
the specific power. Since it appears how-
ever that between the values of pressure
ratio giving the maxima of the thermal ef-

80 o]
= T.sA’G !
R |
0 Dex
0.85
60 05
50
40 —— With suction
air cooling
—— Without suction
air cooling
| | L
3% ] 2 3 !

Ao

Fig.2 The maximum thermal efficiency
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ficiency and specific power, the latter is
larger as described in the previous report
and to be described later and the pressure
ratio in cycle design is in general lower
than that corresponding to the specific
power, and from the purpose of the present
report that a limit value of the cycle per-
formance is to be known, the authors adopt
as solution the values obtained from Egs. (k)
and (5) as well as from Egs.(8) and (9). It
is possible to apply these relations to the
cases where the gas turbine cycle is oper-
ated without suction air cooling.

4, Results and discussion

4.1 Investigation of the opti-

mum point
Figures 2 and 3 show the maximum ther-

mal efficiency 7 and the maximum specific
power 1, and the optimum pressure ratio Qo
and ., respectively, in comparison between
the cases with and without the suction air
cooling, with the two parameters i.e., the
ratio of the maximum and the atmospheric
temperatures iz and the temperature-
efficiency of regenerator 7zx. Figure L
shows the ratio of optimum suction air tem-
perature drop 6oy and 6o, under suction air
cooling. If 6 shown in this diagram is
substituted into Eq.(3), it is possible to
obtain the coefficient of performance . It
is necessary to cool with the atmoshpere the
working fluid ( which performs isobaric
changes from point 6 to point O ) as shown
in Fig. 1 and when the suction air tempera-
ture T: drops, 7Tsalso does. Consequently,
Fig. 5 is a graphical representation of 6o
which introduces the following relation
while utilizing Te>T: in order to confirm
Te>To

CTo/To>To/To=GP>1 wooeeeresesessnnsescsns (

To illustrate the effect of suction air
cooling, Fig. 6 shows the rates of increase
in thermal efficiency ¥ and in specific
power %, defined in the following :

. Xa(z, 7Ex)=[(0,54—%0,con)/o,conle,nex | |

- (11)
Xa(t)=[(Ao,54—Ao,con)/ Ao.con]= '

While the rate of increase Xo» in the
maximum thermal efficiency % tends to have a

and the maximum specific power 1.0
<
25— <
——With suction air cooling 09
S | — Without suction air
o cooling
20
08
15} "
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1.0 4.0 ' 80,2

Fig.3 The optimum pressure ratio

Fig.4 The rate of optimum suction air
temperature drop
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maximum value as a function of the ratio of
the maximum and the atmospheric temperatures
<s4 , the rate of increase . in the maximum
specific power 2 has a tendency, as shown in
Fig. 6, of monotonous decrease, and the
absolute values of increase in thermal effi-
ciency and specific power have, as shown in
Fig. 2, similar tendencies. The value of
Xon increases when the temperature-
efficiency of the regenerator 7ex decreases.
In addition, the value of ,; is high, in
other words, the suction air cooling remark-
ably increases the specific power and it ap-
pears that the disadvantage of equipment
being complicated as a result of cooling
cycle combination can be considerably com-
pensated.

The values ¢» are the optimum pressure
ratios obtained with and without suction air
cooling shown in Fig. 3, and it can be seen
that the values of the optimum pressure
ratio @.,» and ¢, giving the maximum thermal
efficiency and specific power are close to
each other in a conventional cycle without
suction air cooling and that suction air
cooling remarkably increases the value of
Qo1 . It can be also seen from Fig. L that
the ratios of the optimum suction air tem-
perature drop fe» and fo: giving the maximum
thermal efficiency and specific power ap-
proach each other when rsx decreases and on
the contrary the difference between them
becomes larger when 7zx increases.

Within the range of this calculation,
all the values of 60 shown in Fig. 5 satis-
fy the condition of Eq.(10). Without
suction air cooling, Ty/T,=¢ and its optimum
value @Gocon shown in Fig. 3 is larger than
800 shown in Fig. 5, so that it can be seen
that at the same values of r and 7sx, the ex-
haust gas temperature 7s is higher in a cycle
without suction air cooling.

4,2 The effect of the combina-
tion of normal and reversed
cycles

In general, the cycle of a heat engine

( normal cycle ) under consideration acts
between the atmospheric temperature ( the
lowest temperature of surrounding ) and the
established maximum temperatures. However,
such a normal cycle supported by a reversed
cycle as in the present research does not
always act within the above-mentioned tem-

2 14 1.6 18 2.0
(8,805

Fig.5 6¢0o giving the maximum thermal
efficiency and specific power

perature range and on the normal cycle (
Brayton cycle ) side the temperature at the
inlet of compressor is in general lower than
the atmospheric temperature. When a design
of the Brayton cycle presupposes the support
of a reversed cycle, it is not always neces-
sary to limit the lowest temperature of the
cycle to the atmospheric temperature, and
then a value, lower than the atmospheric
temperature can be established. Consequent-
ly, it is possible to represent the proper-
ties of normal-reversed cycles with an
apparent lowest temperature of cycle as a
whole, besides with the thermal efficiency
and specific power, used in the previous
report and the section 4.1 of this report,
and it appears that this value can be useful
for the performance evaluation of a cylce in
general and the Brayton cycle in particular.
Among the following normal-reversed combined.
cycles classified according to the objects,
consequently, (i) " a normal cycle supported
by the reversed ", taken up for the purpose
of the present research will be considered
and the effect of combination corresponding
to the performance improvement on the normal
cycle side will be discussed with calculated
results of an equivalent atmospheric temper-
ature ( an apparent lowest temperature ) to
be defined in the following and an equiva-
lent maximum temperauture ( an apparent
maximum temperature ) introduced under a
notion, similar to the above-mentioned :

(i) Cycle for improving the performance
of a normal cycle supported by re-
versed cycle.

(ii) Cycle for improving the performance
of the reversed cycle supported by
the normal cycle®,

(iii) Cycle for improving the performance
of both the normal and reversed
cycles supported mutually by either
of them.

4.2.1 Equivalent atmospheric
temperature Toe

For the purpose of determining the
equivalent atmospheric temperature, first
let 7« denote the ratio of the maximum and
the atmospheric temperatures zcon of a con-
ventional cycle without suction air cooling,
which has the same values as %,sa and 2os4, in
comparison with the ratio of the maximum and
the atmospheric temperatures =sa of a cycle
with suction air cooling. That is

%
= . N 0.75
. [+ o
<l ! !
I 1ex=0.95
mz
2Fq 6
0 1 | 1 )
20 22 24 26 28 30

Fig.6 The rates of increase in thermal
efficiency and in specific power
with the suction air cooling
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[70,54(=54,2) —70,c0N(Teasn) J2g ymconse. =0

A0,54(T54,2) —Ao,coN(Teqr2) =0

Using <« and arbitrary values of the
atmosphric temperature T, and the temperature-
efficiency of regenerator 7sx, the rate of
equivalent atmospheric temperature dorp 6
and the drop of equivalent atmospheric tem-
peraturé ATo are defined as follows

©o,7=(To—To,e0,7)/To=dT0,2/To }
=(Teqru—T54)/Teasn
Gos= (To—Tose052)/To=AT0,1/To }

=(Teqra—T54)/Tewrs

where Twne is the equivalent atmospheric tem-
perature, vwhich is determined as follows

Toseqn=To—ATo,n, Toseq;a=To—dTo,3--+(15)

Figure 7 shows @ and Fig. 8 shows 4T
at the atmospheric temperature, for example,

te= 15°C.

In Fig. T, the effect due to the sup-
port of a reversed cycle is more remarkable
in specific power than in thermal efficiency
below a straight line 6or=0..:, resulting in
a condition, where the lowest temperature of
cycle is further lowered. When zss, that is,
the maximum temperature rises, 6ov becomes
larger than .., the effect due to suction
air cooling appears, if estimated from the
working temperature width of cycle, more
remarkably in thermal efficiency, thus the
features of a cycle under suction air cool-
ing, different from the representation with

n and 2 in Fig. 6, can be observed and
based on the above-mentioned it can be seen
that the support of reversed cycle becomes
more important as the high-temperature tech-
nology advances and the other methods of
improving the cycle are developed. In ad-

18

16
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Fig.T The rate of equivalent atmospheric
temperature drop
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dition to the representation of performance
with the thermal efficiency and the specific
power, that with the working temperature of
cycle by means of such 6. as this demon-
strates the possibility of suction air cool-
ing through vapor compression refrigerator(“
in addition to the cycle investigated in the
present research, considers comprehensively
the cycles to facilitate thier performance
comparison, gives the evaluation of cycle
performance a temperature reference etc. and
in this way it appears that this is a method
of representation, which is useful for show-
ing the effect of combined normal-reversed
cycles. From Fig. 8 where 6 is represented
by temperature, it 1s possible to know con-
cretely suction air cooling, that is, the
apparent lowest temperature of normal cycle
supported by the reversed one and it can be
seen that Toe is considerably lowered with
an increaseing 7sa.

4.2.2 Equivalent maximum tempera-
ture Ts,eq

Using « determined from Eq.(12), ac-
cording to the preceding paragraph, define
the following rate of equivalent maximum
temperature rise @ and the rise of equiva-
lent maximum temperature 4T: for arbitrary
values of the maximum temperature 7s and the

temperature-efficiency of regenerator 7Zex:

Os,5=(Ts,eqn—T3)/Ta=AT3,3/Ts
=(Teqn—754)/7s2

Os,1=(Ts,eq0s—T12)/ Ts=ATs,;/Ts
=(Teqa—7s4)/Ts4

where Ts.. is the equivalent maximum tem-
perature, which can be determined as follows

Ts,eqon=Ts+ ATs,r, Tsyequi=Ts+ATs,2 - (17}

Fig.8 The drop of equivalent atmospheric
temperature
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Figures 9 and 10 show respective values
of 6 and 4Ts. ©: shown in Fig. 9 has a
tendency, similar to & shown in Fig. T.
4Tsn in Fig. 10 remarkably rises with an in-
creasing ts4+ and this fact suggests that it
is necessary not only to more improve the
high-temperature technology of gas turbine
blade but also to introduce actively a
support by reversed cycle, for example,
suction air cooling with a vapor compres-—
sion refrigerator.

5. Conclusions

The authors investigated the thermody-
namic optimum point in a suction air cooling
gas turbine cycle with a vapor compression
refrigerator and determined a thermodynamic

limit, which this cycle can attain, concern-.

ing the ratio of the maximum and the atmos-
pheric temperatures as well as the
temperature-efficiency of regenerator. From
the standpoint of normal-reversed combina-
tion cycle, they also investigated the
effect of the reversed cycle on the normal
and obtained the following conclusions be-
sides those shown in the 1st report

(1) With suction air cooling, the maximum
thermal efficiency and the maximum specific
power monotonously increase with a rise in
the ratio of the maximum and the atmospheric
temperatures and as for their rates of in-
crease in comparison with those of a cycle
without suction air cooling, the rate of in-
crease in thermal efficiency tends to have a
maximum, whereas that in specific power has
a tendency of nomotonous decrease.

(2) The optimum pressure ratio and the
optimum ratio of suction air temperature
drop, which give the maximum thermal ef-
ficiency and specific power, do not coincide

Fig.9 The rate of equivalent maximum
temperature rise

with each other except in some special cases.
The optimum pressure ratio is considerably
higher than that in a cycle without suction
air cooling and the difference of the opti-
mum pressure ratio concerning thermal effi-
ciency from that concerning specific power

is larger than the corresponding value in a
conventional cycle.

(3) Equivalent atmospheric and maximum tem-
peratures are proposed and the effect of the
reversed cycle in comparison with that of
the normal is clearly demonstrated. When
estimated from the working temperature width
of cycle, it can be confirmed that when the
ratio of the maximum and the atmospheric
temperatures is higher, the effect of the
support of reversed cycle appears more re-
markably in thermal efficiency and the use-
fulness of combination of a normal cycle
with a reversed one increases with the pro-
gress of the high-temperature technology of
gas turbine.

Finally, the authors express their
sincere gratitude to Prof. T. Saito, Toyo-
hashi University of Technology and Prof. H.
Taniguchi, Hokkaido University for their
cordial instructions and advices on the
present study.
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temperature

NI | -El ectronic Library Service



