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The engine cycle is named after George Brayton (1830—
1892), the American engineer who developed it, although it
was originally proposed and patented by Englishman John
Barber in 1791. It is also sometimes known as

the Joule cycle. The Ericsson cycle is similar to the Brayton
cycle but uses external heat and incorporates the use of a
regenerator. There are two types of Brayton cycles, open to
the atmosphere and using internal combustion chamber or
closed and using a heat exchanger.
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Simple Brayton Cycle

** Brayton Cycle
® Reactor systems that employs gas coolants offer the potential for operating as direct Brayton
cycle by passing the heated gas directly into a turbine.

® Ideal for single-phase, steady-flow cycles with heat exchange and therefore is the basic cycle
for modern gas turbine plants as well as proposed nuclear gas-cooled reactor plants.

® The ideal cycle is composed of two reversible constant-pressure heat-exchange processes
and two reversible, adiabatic work processes

® The compressor work, or “backwork," is a larger fraction of the turbine work than is the
pump work in a Rankine cycle.
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** Brayton Cycle
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EXAMPLE 7-12 Compressing a Substance in the Liquid versus
Gas Phases

Determine the compressor work input required to compress steam isentropi-
cally from 100 kPa to 1 MPa, assuming that the steam exists as (a) satu-
rated liquid and (b) saturated vapor at the inlet state,

(@ V= Vg o = 0.001043 m’/kg  (Table A-5)

Weewin = J vdP = v (P, — P))
1

1 kJ
= (0.001043 m"’;’kg}[{l[]ﬂi} — 100) kPa] (—1)
1 kPam-

= 0.94 kJ/kg
(b) 2 2
Wevin = J vdP = J- dh = hz - h|
I I

Tds=dh—vdP (Eq.7-24)

v dP = dh
ds = 0 (isentropic process) }

P, = 100 kP hy = 2675.0kJ/k

State 1 ' a} | ke (Table A-5)
(sat. vapor) s, = 7.3589 kI /kg*K
P, =1MP

State 2: : a} h, = 3194.5kl kg (Table A—6)
82 = 8

Weewsn = (3194.5 — 2675.0) kJ/kg = 519.5 kJ/kg

Simple Brayton Cycle
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Simple Brayton Cycle

** Brayton Cycle Analysis
® Pressure or compression ratio of the cycle

p ol D
P Pa

® For isentropic processes with a perfect gas, constant Cp

T (r-Dly (r-1)
HECAEORREE
T, ), Py vV,

7-1 A

TV ™'=c Tp” =c¢

® For a perfect gas, because enthalpy is

Temperature, T

a function of temperature only

and the specific heats are constant.

Y

M=CPAT

Entropy, s



*» Brayton Cycle Analysis
® Entropy change of ideal gas

From the first T ds relation
du P dv du = C, dT

ds = +
T T P = RT/v
dT dv
ds =c,— + R —
T v
: dT Vs
SZ_SIZJI CV(T)7+R1H71
V5

) _
S5 — 8] = CyaveIn — + R1In —
2 v.avg Tl v,

Simple Brayton Cycle

— Thermodynamics
: An Engineering Approach
¢ Bight Edition in $I Units.

From the second T ds relation
dh v dP

ds = — —

T T

Yunus A. Gangel, Michael A. Boles

Y. A. Cengel

dh = c,dT vy = RT/P

Jz % ar P,
S — 8 — C - n —
S S | P,



Simple Brayton Cycle

** Brayton Cycle Analysis

® Isentropic Processes of Ideal Gases
T Vs

S» — S| = Cyave IN — + Rln — R=c,—-c,, y=c,/c,, Ric,=y-1
. R & Vi
R/c,
O:cVInT—2+RInV—2 = InT—Z:—EInV—Z:In[ﬁj
Tl Vl Tl CV Vl V2
y-1
T—Z = Y For isentropic process, ideal gas
Tl V2
T’:- P’) _ . _ 1 . 7/—1
S = 8| = Cpave IN 77 — RIn — R=c,-c,, y=¢c,/c, Ric,=l-—=~—
) DR & P, Yoy
R
— (r-Dly
R P P, |% P
O=Cp|nT—2—RIn& = InT2= In -2 :In[—zj =In(—2j
T P, T, ¢, R P P

T P (r=Dly
[_2] — L—Zj For isentropic process, ideal gas



Simple Brayton Cycle

*» Brayton Cycle Analysis
® Isentropic Processes of Ideal Gases

G BHT = @

Tv’ ! = constant

TPU'-7)7 = constant

Valid for

Ideal gas

Isentropic process
Constant specific heats

Pv’ = constant



** Brayton Cycle Analysis
® Turbine work

WT = mfp(ﬂ. -T,)= m'fprl (

® Compressor work

Wep = tirc, (T, —T,) = nc, T, [

L

I

} = e, T3 [(7,) """ = 1]

Simple Brayton Cycle
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** Brayton Cycle Analysis

® The heat input from the reactor

QR = mi‘p(‘Ti - Tz ) = meTL |:?3 - [rp)'f‘”"f}

L_&(y—l)/y rE&:&
T, P, S R

® The heat rejected by the heat exchanger

()T,

T_4 ) &(y—l)/y rgﬁzﬁ
T, P, Y R

; - : 1 T,
Qux = mc, (T, *?]]=mcp?;|: __1]

Simple Brayton Cycle
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Simple Brayton Cycle

** Brayton Cycle Analysis
® Maximum useful work

. : ' T )
Wu. max — QR = mcp?‘l [?.:ﬁ(rp )Y If‘f}

® Thermodynamic efficiency

W =Wy _ B[1-0/ ) =Ty [1-07 ¢y ]

g

Wu.max Tl [(T% /T|)—(rp )Y_”Y]
A
] JIOROITRK) el 3
DY
(r, 11 - -
. . . £ 4
o Optlmum pressure ratio for maximum net work & ®
500 R
T ®
T ¥/2(y-1) -
_ 3 ntropy, s "
(ru )olJtimum - [?1] (WT_WCP)’ =0 Entropy



Simple Brayton Cycle

Example 6.7: First Law Thermodynamic Analysis of a Simple Brayton Cycle
PROBLEM

Compute the cycle efficiency for the simple Brayton cycle of Figures 6.8 and 6.24
for the following conditions:

1. Helium as the working fluid taken as a perfect gas with
¢, = 1.25 Btu/Ib °R (5230 J/kg K)
y=1.658
m in Ib/s (English units) or kg/s (SI units)
2. Pressure ratio of 4.0

3. Maximum and minimum temperatures of 1750°R (972 K) and 500°R (278 K),
respectively

A
Q 1750 R (972 K) 3
»| Reactor

Temperature, T’

=
3
L]
=
]
2
Y

flow stream EntFOPY. S



Simple Brayton Cycle

Example 6.7: First Law Thermodynamic Analysis of a Simple Brayton Cycle

SOLUTION

/] e (i) e U U U

Wamo L[ /-]

. W - Worlim r,=4 y=1658 T, =278K T, =972K
H{j.rﬂ.ﬂl"‘m
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2
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3
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\_/ k& ®
—— Elect s
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S
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Heat exchanger £ » 4
()
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Simple Brayton Cycle

Example 6.7: First Law Thermodynamic Analysis of a Simple Brayton Cycle

Wi 1 :
? — CPT3 [1 - (—,‘))Y '/—Y:| =1..25 (1 750)[1 = W]

I
= 925.9Btu/lb (2.150M)/kg)

CpTl[(rh)*/ \y _ ]l = 1.25 (500) [(4.0)0.307 _ "

= 458.67Btu/Ib (1.066 MJ/kg)

1

WJ max ]3 -1/ 1750 0.397
e = ? —_— - )7 ¥ — 125 500 o ——— 40

= 1103.8Btu/Ib (2.560 MJ/kg)

g W= Wep)/ _ (925.9 - 458.7] 100 (English units

Es

W, max /M 1103.8 5

_ (“5 ‘1'066) 100 (Sl units) 5
256

= 42.3%

Y

Entropy, s



Simple Brayton Cycle

Example 6.7: First Law Thermodynamic Analysis of a Simple Brayton Cycle

Foax = Toin _ 972K = 278K

n(:arnnl - = 0'?1 4
Tz 972K
/2= 1.658/2(0.658)
h 972
(% Joptimum = | = =1 = 4.84
T 278
0'7 Tesegerev-palleivovespraralenses $unssndesvas] pesesissorspevenqressufonsngessasfecsageocsahecsadenncchacsaduncns; PV =" yoo 7W
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FIGURE 6.25 Thermal efficiency of an ideal Brayton cycle as a function of the compression ratio. y= 1.658.



Simple Brayton Cycle

Example 6.7: First Law Thermodynamic Analysis of a Simple Brayton Cycle

The highest temperature in the cycle occurs at the end of
the combustion process (state 3), and it is limited by the
maximum temperature that the turbine blades can
withstand. This also limits the pressure ratios that can be
used in the cycle.

For a fixed turbine inlet temperature T3, the net work
output per cycle increases with the pressure ratio, reaches a
maximum, and then starts to decrease. Therefore, there
should be a compromise between the pressure ratio (thus
the thermal efficiency) and the net work output.

With less work output per cycle, a larger mass flow rate
(thus a larger system) is needed to maintain the same power
output, which may not be economical.

In most common designs, the pressure ratio of gas turbines
ranges from about 11 to 16.
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7. More Complex Brayton Cycles



More Complex Brayton Cycles

Example 6.8: Brayton Cycle with Real Components

Compute the thermal efficiency for the cycle depicted in Figure 6.26 if the isen-
tropic efficiencies of the compressor and the turbine are each 90%. All other
conditions of Example 6.7 apply.

SOLUTION [\

Reactor

i

FUF WT: Compressor ? ‘;U Turbine
iy Actual work out of turbine = Wiy mc,(T; — Ty) ‘//WT
> Ideal turbine work W, mc, (T3 = Tye) / Heat \
W, exchanger
‘ . ] T 1 BYAYAVAVAN-S 4

i WT — rlTWTi — ]’]-I-["h(_‘P(T-3 — T‘;.\) = nTmeT;(] _ .4‘) ’—/\/\\/—|

I, ) v
. 1 ‘ g
= T]TITJCPT; [1 == ir){—_“y:| =Nm 9259 = (0.9)925.9) m A
2 1750 R (972 K) 3

= 833.3 mBtu/s (1.935 m MJ/s or MW)

(y-1)1 ;
R “
T3 P3 ¥ p] p-d-

(278 K)

Y

Entropy, s



More Complex Brayton Cycles

Example 6.8: Brayton Cycle with Real Components

Compute the thermal efficiency for the cycle depicted in Figure 6.26 if the isen-
tropic efficiencies of the compressor and the turbine are each 90%. All other
conditions of Example 6.7 apply.

SOLUTION [\

Reactor
2 3

Compressor ‘;U Turbine
For W(_'p: ‘//p:’/.r
— Ideal compressor work Wep; mcy(Ty = T)) ’ g \
CRsI = - = c exchanger
Actual compressor work Wy mc,(T, = T) ) AR YA 4
=
- m ' % ' ;
WCP = _Cp(TZS e TI) = icp-rl(Th e ]) = M
Ner Ner h 0.9 .
= 509.7 m Btu/s (1.184 m MW) kot ks ’
(r=D1y
L_R
T S T P
WNET = WT — W{jp =m {8‘;33 - 509?} ! ! 2

= 323.6 mBtu/s (0.752 m MW)

(278 K)

Y

Entropy, s



More Complex Brayton Cycles

Example 6.8: Brayton Cycle with Real Components

Compute the thermal efficiency for the cycle depicted in Figure 6.26 if the isen-
tropic efficiencies of the compressor and the turbine are each 90%. All other

conditions of Example 6.7 apply.
SOLUTION

Gk = G, (T; = Ty)

Wer = e, (T — T}) = 458.7 i Btu/s = 1.066 i MW,

Li=T= V,VC" - ,W“" = 0T . 409 R (226.5K)
mc, MCc,Ncp 1.25(0.9)

I,=407.7 + T, =407.7 + 500 = 907.7°R (504.3 K)

k =(1.25(G-T,)m =1.251750 - 907.7)m
= 1052.9 m Btu/s (2.45 m MW)

Wi 0.752 .
N = (.;:T = (ﬁ] 100 (Slunits) = 30.7%

L

Reactor

2 o 3
Compressor 4 U Turbine
\/ :
W
Heat \
exchanger
BYAYAVAVAVE 4

Temperature, T

1750 R (972 K)

(278 K)

Y

Entropy, s



More Complex Brayton Cycles

Example 6.9: Brayton Cycle Considering Duct Pressure Losses

PROBLEM Compute the cycle thermal efficiency considering pressure losses in the reactor
and heat exchanger processes as well as 90% isentropic turbine and compressor

efficiencies. The cycle is illustrated in Figure 6.27. The pressure losses are charac-
terized by the parameter B where

= -

All other conditions of Example 6.7 apply.

ba
A
,_Q_, 1750°R (972 K)

P3
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2
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y / 2
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oy
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More Complex Brayton Cycles

Example 6.9: Brayton Cycle Considering Duct Pressure Losses

SOLUTION

- . Ty : 1
Wi = m-mcpn[l - i) = MGyl | 1= ———— 7
TB (p;fp;jf)

T_4 ) & (r-Dly
T3 Ps

_Plp
b P
=1y _ 1=y
Because B is defined as [p—“ : &] B = [-P“--‘D—E—J = TS
P P B Ps

-1/
| Ps o _ (Palpy - P2/ps)T 1T _ p
" ps (p2/p) " ()"

1.05
(4)0139?

{r )T-ir'? ] — ??65!’” Btu;s I:] 803”’! MWJ
P



More Complex Brayton Cycles

Example 6.9: Brayton Cycle Considering Duct Pressure Losses

SOLUTION
mc el 5 dl mce I el '
Wi = e i ”'( 2 —1]= ! (&] —1| = M1.25600) ;2398 1 0
Nce T Necp P 0.9
= 509.7m Btu/s (1.184 m MW)
rePlps
P/ Ds

Q= ricy(T; - Ty)

mcp(Ty — Th) WLP, : _
P = = h - b 4
MNer e, (T, )~ Wer where Wep; was calculated in Example 6.7

“T-T = Weei __438.7  _ 407 7R (226.5K)
cNer  (1.25)(0.9)

=12 =500+ 407.7 =907.7°R (504.3 K)

- Qx = mc,(1750 - 907.7) = 1052.9 m Btu/s (2.45m MW)



More Complex Brayton Cycles

Example 6.9: Brayton Cycle Considering Duct Pressure Losses

SOLUTION
Wier 266.9 . :
= — = 100 (English units
Mih O [TOSZ.‘JJ (English units)
0.620 '
= | ——— | 100 (Slunits) = A
( W ] f. ) 25.3%

Toax = Tmin 972K = 278K

=0.714
e 972K

= 30.7%

= 25.3%



More Complex Brayton Cycles

Example 6.10A: Brayton Cycle with Regeneration for Ideal Turbines and Compressors

PROBLEM Compute the cycle thermal efficiency first for ideal turbines and compressors but
with the addition of a regenerator of effectiveness 0.95. The cycle is illustrated in
Figure 6.28. Regenerator effectiveness is defined as the actual preheat tempera-
ture change over the maximum possible temperature change, that is,

_TL-T
S

All other conditions of Example 6.7 apply.

LN i
1750°R (972 K) 3
Reactor | P e e eeeeeeeeeeeeeaaay ‘
; 2
WC 3 > < 3
\__/ i
Regenerative ~
heat exchanger g
=
SN NN - O
v
8,
e T R
Compressor C Turbine &
1 6 4
T | 500R 5
Heat (278 K) 1
exchanger

Entropy, s

Y



More Complex Brayton Cycles

Example 6.10A: Brayton Cycle with Regeneration for Ideal Turbines and Compressors

Solution
[ T-Vy
ng = mc,(T, = T)) = mc, Ty [%] - 1] = 458.6 m Btu/s (1.066m MW)
1
- (as in Example 6.7).
Wy = mc, (T, = Ty) = me,Ty | 1- { }lﬁ] = 925.9m Btu/s (2.150m MW)
Ip

Qﬂ = fﬁCp{T?. - Ts)

§ (effectiveness of regenerator) = s _? =095 —— T; =(T, - ,)0.95) + T, = 0.957, + 0.057,
4 — 12
T_4 ) & (r-11y T_2 ) i (r-Diy , E&=&
T,) | P, T,) (P S
Ts = 10.951[{ }f’_w} + 0.057,(r,)" "7 = (0.95)(0.5767)(1750) + (0.05)(500)(1.7338) = 1002.1°R(556.7 K)
A

Qrx = mc,(1750 —1002.1) = 934.9m Btu/s (2.172m MW)



More Complex Brayton Cycles

Example 6.10A: Brayton Cycle with Regeneration for Ideal Turbines and Compressors

Solution

-y
= mc,(T, = T) = mcpT; [%) - 1] = 458.6m Btu/s (1.066m MW)
1

Ve,

(as in Example 6.7).

Wy = mc, (T, = Ty) = me,Ty | 1-

( ]:_.1,:',] = 925.9m Btu/s (2.150 m MW)
I

Qﬂ = fﬁCp{T?. - Ts)

Wigr = W = Wep = m(925.9 — 458.7) = 467.2 m Btu/s (1.084 m MW)

Wi 1.084
Nih = [\'ET = {

—]100(5Iunft5} = 50.0% Nh = —=  42.3%
Qx 2.172 Q

With regeneration Without regeneration



More Complex Brayton Cycles

Example 6.10B: Brayton Cycle with Regeneration for Real Turbines and Compressors

Waer

Qx

N = =38.3 %

With regeneration

Waer

Qx

Nin = =30.7%

Without regeneration

Example 6.11: Brayton Cycle with Regeneration for Ideal Turbines and
Compressors at Elevated Pressure Ratio

Waer (0993 oy

N = O _[MJIOO{Slumts} =
With ti h=tr=lt
ith regeneration, '» =" "=
I; > T, Not desired!

e = ML _ [%]mocsmmtsm = 50.0%
O \2172
=8 | regeneration, p P, e
= & = & =8

. : _
Without regeneration 7 P P



Example 6.11: Brayton Cycle

More Complex Brayton Cycles

with Regeneration for Ideal Turbines and

Compressors at Elevated Pressure Ratio

bett
rege

with an ideal
regenerator

: without a
i regenerator
ith Ti/T3=0.2
?r:evréﬂ;of <> a regenerator 3
| Ti/T3=0.25
| T1/T3=0.3

Ip, cr p



Intercooler

A gas-turbine engine with two-stage compression with intercooling, two-stage
expansion with reheating, and regeneration and its T-s diagram.

More Complex Brayton Cycles

1
1
I
A 1
T N H : 1
VA ! Reheating by :
1) I just fuel spraying I
Hgh A :
concéhtration| pahaater 1
Combustion ox{gen 1
chamber : :
1
@ -
____________ 1
n ,

Turbine I Turbine I 23

=8



- Net work of gas turbine = (turbine work output)
— (compressor work input)

- Efficiency enhancement by
-> Decreasing the compressor work input
-> |ncreasing the turbine work output

P A

Polytropic

process paths

/ Work saved
-~ as aresult of
Py—— 17 intercooling
Intercooling
Isothermal

process paths

<Y

More Complex Brayton Cycles

-2
Wieyin = J vV dP
1

Steady flow compression or expansion
work is proportional to the specific
volume of fluid.

1. As the number of stages increases,
the compression becomes nearly
isothermal at the inlet temperature.

-> compression work decrease.

Intercooling

2. Similarly, turbine work between the two
pressure levels can be increases by
expanding the gas in stages and reheating
it -> multistage expansion with reheating.

Reheating



More Complex Brayton Cycles

Example 6.14: Brayton Cycle with Reheat and Intercooling

PROBLEM Calculate the thermal efficiency for the cycle employing both intercooling and
reheat as characterized below. The cycle is illustrated in Figure 6.29. All other
conditions of Example 6.7 apply.

Pi _ P

Intercooling: = === T'=T T

_P2_PiP2_ 2
ppi p

— 4 ,
P1 P1DP1 P

Reheat: 2 = ;D_: =rn T'=T
Pa P3

1750 °R (972 K)

Y

WC] Heat

exchanger v
& W(_"l 3
, N

%ompressor ﬁompressor
A

w1y

Turbine Turbine\

Temperature, T

T Heat
exchanger

Entropy, s

v



TABLE 6.9

Results of Brayton Cycle Cases of Examples 6.7 through 6.14

Parameter

P3P
Component isentropic efficiency (1,)
Regenerator effectiveness (§)
Pressure ratio ()
Intercooling

Reheat

Turbine work (W, /) Btu/lb MJ/kg

Compressor work (Wc /) Btu/lb
MlJ/kg

Net work (Waer /7 Bru/lb MJ/kg

Heat in (Qy /) Btu/lb MJ/kg

Cycle thermal efficiency (m,,)(%)

More Complex Brayton Cycles

Ex. 6.14
1.0

0.920
656.5

1.524
1890.8

4.391
34.7




More Complex Brayton Cycles

SOLUTION

1
Reactor

Wep = mc, (T = Th) + mcy(T; = T”)

Compressor Turbine Turbine

Compressor

- : T SO (i
Wep = mcpT,(?' - 1)-{- mc, T (?,— }

1 1

el &

T Heat
exchanger

= mc, KR =1+ me, T (7)™ = 1)
= 2mc, )™ =11 = 2mc, T2 -1
= 395.96 m Btu/s (0.920 m MW)

A

1750 °R (972 K) 3 3”

Intercooling; Pl o P g Tr=T

m S
P P é
P 1 p, —
— === r, =4
P 2 p p
7"lll= T

Entropy, s

v



SOLUTION

Wi = mey(Ty = T3) + mcy(Ty = TJ) = me,Ty (1 = ?]+ me,Ty [1 -

Again for the isentropic case:

|

- —1.""'
{0 L

nﬁzzm%nﬁ—

= 1052.5m Btu/s (2.444 m MW)

Reheat: 2 = p_: =n =T
P P3
E — 1 . F] Ti

J = 2m(1.251 ?50[1 -

3

1

p_1ps
Pa 2 p,
7"3”=T3

1750 _ 1750

2]{1. 397

= —0
Lo

b= =y
(B *

T2 T 1.317

= 1329°R(738.3K)

More Complex Brayton Cycles

L 1
Reactor

Turbine

Temperature, T’

1750 °R (972 K) 3 3”

Entropy, s



SOLUTION

C}R . rhCI)IIT_; - TE} + fhcp( i”_ :r';:]

= mc,[(1750 — 658.4) + (1750 - 1329.0)]
= 1890.8 m Btu/s (4.391m MW)

where T; = T"()*™"" and T”= T, = 500°R (278K)
= T4 = (500°R)2°% = 658.4°R(365.8K)

W’\JET = L“;.J'{r = ll-‘r";":;_'p = ﬁ"‘.‘“ 0525 - 395-96}

= 656.5m Btu/s (1.524m MW)

N = Wher [E}1UD{51units}
Ok 4.391

= 34+?ﬂfu

More Complex Brayton Cycles

L .
Reactor

Turbine

Temperature, T’

1750 °R (972 K) 3 3”

Entropy, s



