SecondLaw_35

The figure below shows a simple vapor power plant operating at steady state with water as the working fluid. Data
at key locations are given in the table. Stray heat transfer and kinetic and potential energy effects may be neglected.
The mass flow rate through the system is 109 kg/s.

State | p [bar (abs)] | T[°C] | x[-]
) . 1 100 520
turbine V= W,
steam 2 0.08 0.90
Qin generator 3 0.08 0
2 4 100 43
6 5 1 20
condenser [ % 6 1 35
4_
5
3
Determine:
a. the net power developed by the system,
b. the thermal efficiency of this power cycle,
c. the isentropic turbine efficiency,
d. the isentropic pump efficiency,
e. the mass flow rate of the cooling water in the condenser, and
f. the rates of entropy production for turbine, condenser, and pump.
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SOLUTION:

SecondLaw_35

First determine the specific enthalpy and specific entropy at all of the states using the property tables for water and
the compressed liquid approximations.

State | p [bar (abs)] | T[°C] | x[-] phase h [kJ/kg] | s [kJ/(kg.K)]
1 100 520 N/A SHV 3426.4 6.665
2 0.08 41.51 | 0.90 SLVM" 2335.96 7.46382
3 0.08 41.51 0 sat. liquid 173.08 0.59249
4 100 43 N/A CL* 190.152 0.612250
5 1 20 N/A CL* 86.199 0.296480
6 1 35 N/A CL* 146.725 0.505130

* Calculation of specific enthalpy and specific entropy for an SLVM,

h, = (1 = x3)hsy + X0y, and s, = (1 = x3)8p, + X35,

where /i = 173.84 k/kg, he = 2576.2 kl/kg; sp = 0.59249 kl/(kg K), se2 = 8.2273 kl/(kg K)

* Calculation of specific enthalpy and specific entropy for a compressed liquid,
he,(@,T) = he(T) + [P — Dsare (T]vp(T) and  s¢ (p, T) ~ 5¢(T)
T4 =43 °C, psa@43c = 0.086508 bar (abs); ha = 180.07 kJ/kg, va = 0.0010091 m*/kg; su = 0.612250 kJ/(kg.K)
T5 =20 °C, psar@zorc = 0.023393 bar (abs); hs = 83.914 kJ/kg, vis = 0.023393 m’/kg; s55 = 0.296480 kJ/(kg.K)
Ts = 20 °C, psar@ssec = 0.056290 bar (abs); hw = 146.63 kJ/kg, vs = 0.0010060 m*/kg; s =0.505130 kJ/(kg.K)
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SecondLaw_35

Apply the 1% Law to a CV surrounding the turbine,

T = Yk + ke +pe) = Loue(h + ke +pe) + Qin — Woue, (3)
where,

dz% = (assuming steady state operation), 4

Linm(h + ke + pe) = Yoy 11(h + ke + pe) = m(hy — hy), ®)

(neglecting kinetic and potential energy changes; from COM m, = i, = m)

Qin = 0 (assuming adiabatic operation), (6)

Wpe =2. (7
Substitute and solve for the power,

Wy = m(hy — hy). (®)

Using the data from the table and the given mass flow rate,

W,,. = 118.86 MW.

Applying the 1 Law to a CV surrounding the pump,

dEcy

~ = Yin(h + ke + pe) — Loy (h + ke + pe) + Qi + Wi, ©

where,

dz% = (assuming steady state operation), (10)

Linm(h + ke + pe) = Yoy 11(h + ke + pe) = m(hs — hy), ))

(neglecting kinetic and potential energy changes; from COM m; = m, = m)

Q;n = 0 (assuming adiabatic operation), (12)

W, =2. (13)
Substitute and solve for the power,

Wiy = m(h, — hs). (14)
Using the data from the table and the given mass flow rate,

W, = 1.86 MW.

Using the power in and power out results,
Woutner = Woue = Wi = 117.00 MW (15)

To determine the thermal efficiency for the power cycle, we need to first calculate the rate of heat addition into the
steam generator. This value may be found by apply in the 1% Law to a CV surrounding the steam generator,

dE , ; . ;
d(t:V = Zinm(h + ke + pe) - Zoutm(h + ke + pe) + Qin - Wout’ (16)

where,

dz% = (assuming steady state operation), a7

Linm(h + ke + pe) — Yoy (h + ke + pe) = m(hy, — hy), (18)

(neglecting kinetic and potential energy changes; from COM m, = rm, = m)

Qin =2, (19)

Woue = 0 (the steam generator is a passive device). (20)
Substitute and solve for the rate of heat transfer,

Qin = m(hy — hy). (21)

Using the data from the table and the given mass flow rate,
Qi = 352.75 MW.

The thermal efficiency for the power cycle is,
n = ~eainet = (332 = 33.2% (22)

in
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The isentropic efficiency of the turbine is,
—_ Wout — hl - hZ 2 3
nturbme,tsen. Wout,isen h1—hzs’ ( )

where, for the isentropic case, p2s = 0.08 bar (abs) and s2; = s1 = 6.665 kJ/(kg.K). Using the property tables for
water,

Xy = % = 0.79537, (24)
where sps = 0.59249 kJ/(kg.K) and sgs = 8.2273 kl/(kg.K). Using this quality,
hys = (1 = x6)hpps + Xp0hgps = 2084.61 kl/kg, (25)

where hps = 173.84 kJ/kg and hgs = 2576.2 kJ/kg. Substituting this value and the values from the table back into
Eq. (23),
|nturbine isen. = 0.813 = 81.3%|.

Similarly, the isentropic efficiency for the pump is,

n i _ Win,isen _ hys—h3 (26)
pump,isen. Win ha—hs 5

where, for the isentropic case, pss = 100 bar (abs) and s4s = 53 = 0.59249 kJ/(kg.K). Using the property tables for
water we note that at ps; = 100 bar, s4r= 3.3606 kJ/(kg.K) > 545 = 0.59249 kJ/(kg.K). Thus, state 4s must be a
compressed liquid. The temperature, saturation pressure, and saturated liquid specific enthalpy from the SLVM
table for this specific entropy are,

Tus = 41.51 °C, psaarss = 0.08 bar (abs), vy= 0.0010085 m*/kg, and hus = 173.84 kl/kg.
Thus,

hys = hf (Tas) + [Pas — Psac (T4s)]vf (Tys) = 183.92 kl/kg. (27)
Substituting this values and the values from the table back into Eq. (63),

Moump.isen. = 0.635 = 63.5%].

To find the mass flow rate of the cooling water, apply the 1% Law to a CV surrounding the condenser,

T = Yin ik + ke +pe) = Louem(h + ke +pe) + Qin — Woes (28)
where,

dz% = (assuming steady state operation), 29)

Linm(h + ke + pe) = Yoy 111(h + ke + pe) = (1hh, + ey hs) — (hs + ey hs), (30)

(neglecting kinetic and potential energy changes; from COM m,; = 1, = m, mg = Mg = Mey)

Q;n = 0 (assuming adiabatic operation), 3D

W, = 0 (the condenser is a passive device). (32)
Substitute and solve for the cooling water mass flow rate,

0 = (mh, + meyhs) — (mhs + Mmeyhe), (33)

Mew (he — hs) = m(h, — hs), (34)

S (M) (35)

he—hs

Using the data from the table and the given mass flow rate of the cycle,
gy = 3900 kg/d.

Page 4 of 5



SecondLaw_35

The rates of entropy production for the turbine, pump, and condenser are found by applying the Entropy Equation to
each component’s control volume. For the turbine,

ds . . 8Qin .

%: ZinmS_Zoutms +fb T‘FO’, (36)
where,

dz% =0 (assuming steady state operation), 37

Zin mS - Zout ms = TI"l(Sl - 52)7 (38)

fb BQT"" = (assuming adiabatic operation), 39)

O.-turbine :?’ (40)
Substitute and re-arrange to solve for the rate of entropy generation,

0= m(sl - 52) + d-turbinw (41)

O.-turbine = m(sz - 51)~
Using the values listed in the table,
Grurnine = 87.071 KW/K].

For the pump,
dScy _ . . SQin .
ar LinMS — Loyt MS +fb T‘FO’, (36)
where,
dz% =0 (assuming steady state operation), 37
Zin mS - Zout ms = TI"l(S3 - 54-)7 (38)
fb BQT"" = (assuming adiabatic operation), 39)
O.-pump =?5 (40)
Substitute and re-arrange to solve for the rate of entropy generation,
0= m(SS - 54-) + O.-pumpa (41)
O.-pump = TI"l(S4 - 53)-

Using the values listed in the table,
(G pmp = 2.1538 KW/K].

For the condenser,

B 5 ths = Souetis + f, 22+ 6, 42)
where,

dZiV =0 (assuming steady state operation), (43)

Lin™s — Yoy s = (1hs, + Mgy ss) — (s + MheySs), (44)

fb BQT"" = (assuming adiabatic operation), 39)

Ocondenser =1 (40)
Substitute and re-arrange to solve for the rate of entropy generation,

0 = (s, + Meyss) — (M3 + MewSe) + Gcondenser (41)

Ocondenser = MU(S3 — S2) + Mgy (Sg — Ss).
Using the values listed in the table,
condenser = 63.735 KW/K]
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