Cycles_11

Consider a steam-power plant cycle in which saturated water vapor enters the turbine at 12.0 MPa (abs) and
saturated liquid exits the condenser at a pressure of 0.012 MPa (abs). The net power output of the cycle is 122 MW.

a.

Assuming that the isentropic efficiencies of the turbine and pump are 80%, determine the following:
i.  the mass flow rate of the water, in kg/h,

ii. the rate of heat transfer into the boiler, in MW

iii. the rate of heat transfer from the condenser, in MW, and

iv. the thermal efficiency of the power plant cycle.

Draw a T-s diagram for the cycle, clearly indicating the process paths, states, and isobar values.

boiler 1

pump
turbine —

T—3 condenser 2
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SOLUTION:
First determine the properties at each of the states.

At State 1:
We’re given that the water is in a saturated vapor phase and p; = 12.0 MPa (abs) = 120 bar (abs).
Using the Saturated Property Tables for water,
T =T sa=324.68 °C, hy = h;g = 2685.4 kJ/kg, and 51 = 57 = 5.4939 kJ/(kg.K)

At State 2:
We’re given that the turbine has an isentropic efficiency of 80%. In addition, since the pressure is
assumed to remain constant across the condenser, p» = p3 = 0.012 MPa (abs) = 0.12 bar (abs). At this
pressure, interpolating from the Saturated Property Tables for water,
15 = Trsa = 48.66 °C, hyr=203.73 kJ/kg, hos = 2588.9 kl/kg, s2r=0.68576 kJ/(kg.K), and s, =
8.10048 kJ/(kg.K).
The isentropic efficiency of the turbine is given by,

_ Wpycev hi—h,
Nturbine,isen = (1)

Thus,

h, = hy — Nturbine,isen (hq — hys), 2
To find /2y, assume the turbine operates isentropically from 1 to 2, so that 52, = s1 = 5.4939 kJ/(kg.K).
Thus,

__has—hay  Sp5—Sp2 _ _ _ S2s—S2f

Xos = Rag—ha; _ Sgz—ssz > hys = hyy + (hzg hzf) (Szg_SZf) . 3)
Using the values found previously, /., = 1748.33 kl/kg. Substituting into Eq. (2) gives,

hy =1937.41 kl/kg.
The quality for this state is,

i - s
Wby CV,isen hi—hsys

, =270 s = 0.7269. @)
hag—hay
The specific entropy at state 2 is then,
=>5; = (1 — x2)Sp5 + X35, => 52=6.07521 kl/(kg k). &)

Note that 52 > 51, as expected for adiabatic operation of the turbine.

At State 3:
We’re given that the water is in a saturated liquid phase and p3 = 0.012 MPa (abs) = 0.12 bar (abs).
Using the Saturated Property Tables for water and interpolating,
T3 = 48.66 °C, h; = 203.73 kJ/kg, vs = 0.0010012 m’/kg, and s3 = 0.68576 kJ/(kg.K)

At State 4:
We’re given that the pump has an isentropic efficiency of 80%. In addition, since the pressure is

assumed to remain constant across the boiler, pi1 = p4 = 12.0 MPa (abs) = 120 bar (abs).

The isentropic efficiency of the pump is given by,

_ Winto CV,isen __ hys—h3 6

npump,lsen —( Win)to v ha—hg > ( )
has—h

hy = hy + ——=, (7

Npump,isen
Assuming an isentropic process from State 3 to State 4s (i.e., s4s = 53 = 0.68576 kJ/(kg.K)) and since
the water can be treated as an incompressible substance at State 4s,
Tds =dh —vdp => dh=vdp => has— h3 = vi(pss — p3), (®)
Using the parameters calculated previously, along with ps, = 120 bar (abs),
has =215.86 kl/kg.
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Using Eq. (7),
hs= 218.89 kl/kg.
Applying Conservation of Mass to individual control volumes surrounding each component and assuming
steady flow gives,
m=m1=7’h2=m3=m4. (9)

Apply the 1* Law to a control volume surrounding the turbine and pump.

di% = Qinto cv — Wnet,by cv + Zinm(h + %VZ + gZ) - Zoutm(h + %Vz + gZ), (10)
where,

di% = 0 (Assuming steady state operation.), an

Qinto cv = 0 (Assuming adiabatic operation.), (12)

Wnet,by cv = Wby cv — I/i/on cV» (13)

Yint(h+2V2+ gz) = Touem(h + V2 + gz) = m(hs — hy + hy — hy). (14)

(The changes in kinetic and potential energies are assumed to be negligibly small.)
Substitute and simplify,

Whet by cv = m(hy —hy + hy — hy), (15)
s Wnet,by cv
m= (ha—ha+hi—hy)’ (16)

Using the parameters calculated previously in addition to the given net power output of 122 MW,
i =599*10° kg/h|.

The rate of heat transfer in the boiler is found by applying the 1* Law to a control volume surrounding the

boiler. .
. I_________:'Z/_I QintoCV
1 1
boiler 1
1 1
pum; bmmmmmmm e !
turbine —

I

condenser 2
diiv = Qintocv = Woycv + Zint(h +3V? + gz) — Zouein(h +3V? + g2), a7
where,
dz% = (0 (Assuming steady state operation.), (18)
Wyy cv =0 (A boiler is a passive device.), (19)
Zint(h+3V? + g2) = Bour(h +3V? + gz) = m(hy — hy). (20)

(The changes in kinetic and potential energies are assumed to be negligibly small.)
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Substitute and simplify,

|Qint0 cv =m(hy — hy), (21)
Using the parameters calculated previously in addition to the given net power output of 122 MW,
(Qinto v =411 MW,
To find the heat transfer from the condenser, apply the 1¥ Law to a control volume surrounding the
condenser.
4 .
boiler 1
pum
turbine ————
I PCTTTTTmTm
| |
3 condenser 2
1 _ZL ________ 1
Qout of CV
dE : ; , ;
TCV = _Qout of CV — Wby cv t Zin m(h + %VZ + gZ) - Zout m(h + %VZ + gZ), (22)
where,
di% = 0 (Assuming steady state operation.), (23)
Wby cv = 0 (A condenser is a passive device.), (24)
Yamm(h+ V2 + gz) = Touem(h + V2 + gz) = m(h, — hs). (25)
(The changes in kinetic and potential energies are assumed to be negligibly small.)
Substitute and simplify,
‘Qout of CV = m(hz - h3): (26)
Using the parameters calculated previously in addition to the given net power output of 122 MW,
‘Qout of CV =289 MM
Alternately, the rate of heat transfer out from the boiler could be found by applying the 1% Law to a
control volume that surrounds the entire cycle,
/ Qinto cv
_________________________ |
.4 . !
| boiler 1 !
1
pum :
turbine IE_> .
. 1 1 Wby cv
Won cv : !
| 4_[ |
' condenser 21
{____§__2%________________J
Qout of CV
dE . ; ; ,
TCV = Qnet,into cv — Wnet,by cv + me(h + %VZ + gZ) - Zoutm(h + %VZ + gz)’ (27)
where,
di% = 0 (Assuming steady state operation.), (28)
Qnet,into cv = Qinto cv — Qout of CV> (29)
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Ymt(h+V2+ gz) = Touem(h +1V2 + gz) = 0, (30)
(Since there is no mass transfer across the CV surface.)
Substitute and simplify,

Wnet,by cv = Qintocv — Qout of CV> (€29)
‘Qout of CV = Qinto cv Wnet,by cv| (32)
Using the value found previously for the heat transfer into the control volume and given net power done
by the cycle,
Qout o cv =289 MW,

which is the same value found previously.

The thermal efficiency of the power plant is,

n = W (33)
into CV
Using the parameters found previously,
=0.297,
12.0 MPa (120 bar)
T [OC] A
1 0.012 MPa (0.12 bar)
324.68
2s
48.66 2 \

» s [k)/(kg.K)]

0.68576
3.73624
5.4939
6.0752 [
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