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Thermodynamics Il Class 2010-2 Final Exam

1) A wet cooling tower is to cool 25 kg/s of cooling water from 40 °C to 30°C at a
location where the atmospheric pressure is 96 kPa. Atmospheric air enters the tower
at 20°C, and 70 percent relative humidity and leaves saturated at 35°C. Make up
water is available at 20°C. Neglecting the power input to the fan, determine (a) the
volume flow rate of air into the cooling tower and (b) the mass flow rate of the
required makeup water. (20 marks)
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Warm water in

System: Air & Water flow through a cooling tower : \L

Assumption : SSSF, neglect Q_,, W_,, AKE, APE

cv!? cv!?

Analysis =
o o Cold water out Make up water

o]
air mass balance: Mai =Maz2 =Ma 1)
o] (0]
Water mass balance: Zmui =Z Mue
(o] o] o] (o] o]
M3+ My + mmakeup =Ma+ M2
(0] (0] 0] (0] 0]
M3+ @, Mat + Mmakeup = Ma+ @, Ma2
[o] 0o ]
but M3 =Ms = My (2)
0] (0]
therefore, Mumakewp = Ma(@, —@,) ()  Answer

Properties determination:
to determine specific humidity, @ at each state point:

P 0.622P, .
o= Fg (whereP, =P, o) and o= (P—P) (kg water / kg dry air)
Energy Balance: Q. +> mih  =Wo +> meh, (4)

[m b +msh]= [m., h, -+Msh, + Musep he]
Ma(h, —h,) + Moaseup N = Ms h, —ma h,
Ma(h, —h) +Ma(@, @) h, = mu(h, —h,)
o ma(h, —h,)
(h§ —h)+ (@, —w)hy

then Vi=V,Ma (6)  Answer
to determine enthalpy, h at each state point:
h=h, +wh, (kJ/kgdryair)
where; h, =1.005*T, and h, =2500.9+1.82*T,, orh, =hy atTy,

Water side: All states are Subcooled liquid
therefore, h=h, atT

(5)

specific volume of air at inlet, v, = % m®/ kg da.
1



Thermodynamics Il Class 2010-2 Final Exam

Properties and Calculations

Row | Variable Formular State 1 State 2 Unit
1 Thd Given 20 35 C
2 RH Given 70 100 %
3 P Given 96.00 96.00 kPa
4 Pg Steam Table Psat@Tdb 2.3390 5.6280 kPa
5 Pv %RH*Pg1 1.6373 5.6280 kPa
6 CpAir Constants 1.005 1.005 kJ/kg-K
7 CpVap Constants 1.82 1.82 kJ/kg-K
8 CpLiq Constants 4.19 4.19 kJ/kg-K
9 hfRef Constants 2500.90 2500.90 kJ/kg
10 ha Cpair*Tdb 20.10 35.18 kd/kg
11 hv hfRef+(CpVap*Twb) 2537.30 2564.60 kd/kg
12 w 0.622*Pv/(P-Pv) 0.01079 0.03874 kg/kg da.
13 h ha+(w*hv) 47.48 134.52 kJ/kg da.
14 v (0.287*(Tdb+273.16))/(P-Pv) 0.8916 0.9786 m3/kg da.
Row Variable Formular Value Unit
15 T3 Given 40 C
16 T4 Given 30 C
17 m3 Given 25 kg water/s
18 h3 hf at T3 167.57 kJ/kg
19 h4 hf at T4 125.79 kd/kg
20 m air dot eqn (5) 12.51 kg da/s
21 V air dot m air dot x val 11.15 m3/s answer
22 m makeup eqn(3) 0.35 kg water/s answer
23 Water loss 1.40 %

(a) the volume flow rate of air into the cooling tower is 11.15 m¥%s  Answer

(b) the mass flow rate of the required makeup water is 0.35 kg/s

Answer
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2) Methane (CHy,) is burned with an unknown amount of air during a combustion
process. An analysis of the combustion products on dry basis is as follow: CO, =
10.00%, CO =0.53%, O, = 2.37%, N, = 87.10%. Determine (a) the air-fuel ratio
(b) the dew-point temperature of the products, and (c) the percentage of theoretical
air used during this process. (10 marks)

System: CH, + Air; Combustion

Dry Products

Assumption: Ideal gas Fuel: CH4 combustion | CO2=10.00%
Analysis: %n; = %V; Air Chamber 22— 0:53%
AF = ma e R o2z
%theore air = AFacal/ AFiheor»100% AFratio=?  H20=?
Solution %thore. air =?

(a) Combustion egn. based on 100 kmol of DRY PRODUCTS
XCH, +a(0, + 3.76 N,) ---> 10.00CO, + 0.53CO+ 2.370, + 87.1N, + bH,0
C balance: x=10.00 +0.53 =10.53

N, balance: a = 87.1/3.76 =23.16
H, balance: b = 4x/2 =21.06
O, balance: 2a = 46.33 = 2*10.00 + 0.53 + 2.37*2 + b =46.33 check

Divided by x to get the combustion equation based on 1 kmol of fuel

CH,4 +2.20(0, + 3.76 N,) ---> 0.95CO, + 0.05CO+ 0.230, + 2H,0 + 8.27N,

mass of air, m;;, = NM = (2.20*4.76 kmol)(28.97kg/kmol) = 303.4 kg
mass of fuel, mge = NM = (1.0 kmol)[(12+4)kg/kmol] = 16.0 kg
Air-Fuel ratio = (Nm)air/(Nm)fuel = (303.4kg)/(16kg)
= 18.96 kg air/kg fuel Answer

(b) Theoretical Combustion

CH;+2 (0, +3.76 Ny) --> CO, +2H,0 + 2*3.76N,
mass of air, m;;, = NM = (2.0*4.76 kmol)(28.97kg/kmol) = 275.8 kg
mass of fuel, mge = NM = (1.0 kmol)[(12+4)kg/kmol] = 16.0 kg
Theoretical Air-Fuel ratio = (Nm)air/(Nm)fuel = (275.8)/(16kg)

AF theoretical
%EXxcess air

17.2372 kg air/kg fuel
[AFactual/AFtheoretical] x 100%

(18.96kg air/kg fuel)/( 17.24kg air/kg fuel) *100
110.0 %  Answer
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3. Benzene gas (C¢Hs) at 25°C is burned during a steady-flow combustion process
with 95 percent theoretical air that enters the combustion chamber at 25°C. All the
hydrogen in the fuel burns to H,O, but part of the carbon burns to CO. If the
products leave at 1000 K. Determine the heat transfer from the combustion chamber

during this process.

System: cv combustion chamber:
Combustion: CgHg + Air

Assumptions:

1. SSSF process

2. W =0, AKE=APE=0

CeHe(g), 25 °C /QCV
—

(15 marks)

Combustion | Products 1000 K

95% Theor.|  chamber | CO, COH,0N,

Air,25°C

3. Air and combustion gases are ideal gas

Analysis:

%CO=7?
Qcv =7

1. Write the combustion equation equation based on 1 kmol of CsHg

2. Apply 1 st Law to determine Q.

Qe +EN; hi =W, +ZN, he

ZNi h| :ZNe he

INg £+ (h—h°)3g ==Np {0+ (h—h°)3p

-+ reactants are at reference state(h— h_o)R =0

=N {h23g =ENp£h9+(h—h°)}p

Theoretical Combustion equation equation based on 1 kmol of C6H6
Ce¢Hg +7.5(0, + 3.76 N,) --> 6 CO, + 3H,0 + 28.2N,

Combustion with 95% theoretical air

CeHg +0.95*%7.5(0, + 3.76 N;) --> xCO, + yCO+ 3H,0 + zN,

C balance: x+y= 6
O balance: 2x+y+3= 0.95*7.5*2 =14.25
2x +y = 11.25
X = 1125-6 =
y = 6-5.25 =
4 = 0.95*7.5*3.76 =

5.25
0.75
26.79

therefore the combustion equation is (Tp = 1,000K, so water is in vapor form)
C6H6 (g) +7125(02 + 3.76 Nz) -->5.25 C02 +0.75CO+ 3 HzO(g) + 26.79 N,
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Energy analysis of the combustion process
Reactants at 25 °C: Hr = h%(CsHg) = 82,930 kJ/kmol

Products at 1000 K

Components n hof thOO hzgg (ht-hzgg) nh
(Kmol) (kdkmol) | (kdkmol) | (kd/kmol) | (kd/kmol) (k)

CO2 5.25| -393,520 42,769 | 9,364 | 33,405 | -1,890,603.8

CcO 0.75| -110,530 30,335 8,669 | 21,666 -66,648.0

H20 3.00 | -241,820 35,882 9,904 | 25,978 -647,526.0

N2 26.79 - 30,129 | 8,669 | 21,460 574,913.4

Sum (Hp) | - 2,029,864.4

Qcv =Hp-—Hr = -2,112,794.4 kJ/kmol fuel
Mfuel =78 kg/kmol
qcv = -2,112,794.4 (kJ/kmol fuel)/79(kg/kmol)
= -27,087.1 kJ/kg
the heat transfer from the combustion chamber is 27,087.1 kJ/kg fuel Answer
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4. Consider a supersonic wind tunnel as shown in the figure below. Air enters a
converging-diverging nozzle at 4 MPa and 25°C with a low velocity. The cross-
sectional area of the test section is equal to the exit area of the nozzle, which is 5
m?. If it is required that the velocity of the air entering the test section is one and a
half time of the speed of sound (Mach number, Ma = 1.5).

(a) Calculate the pressure, temperature, velocity, and mass flow rate in the test

section. (10 marks)
(b) Explain why the air inside this system must be very dry. (5 marks)

System: Air, Conv.-Div.Nozzle Supersonic Wind Tunnel

Assumption: Ideal gas, constant sp.ht. , ,

Isentropic flow B s -t | |
Analysis:V1= 0 then ; M=15 N

Tol =Tl and Pol =P1 A=50m’
Isentropic flow: Po2 = Pol, To2=Tol > Fest Section \
Mdot = Rho*A*V

V=MC 1 p2="2

Solution: P1=4 MPa \T/22::??

Po=4  MPa =4000kPa T1=25°C o= 2

To=25°C = 298K vVi=0omss

At the exit plane
Using Table A-34 for M = 1.5, P/Po =0.27240 , and T/To = 0.68965
P, = 0.2724 Po 0.2724 * 4000 kPa = 1,089.6 kPa  Answer
T, = 0.68965 To 0.68965*298 K = 2055K Answer
Table Al, A2 for air at 300K; R = 0.287 kd/kgKkand k=14

Sonic velocity, ¢ = VART = (1.4*(287J/kgK)*205.5K) = 287.4 mls

Velocity, V = Mc = 15*287.4m/s = 431.0 m/s  Answer
Density, p = P/RT =(1,089.6 kPa)/(0.287 kJ/kgK*205.5K)
= 1847 kg/m’®

The exitarea, A= 5 m’
The mass flow rate of air, mdot = pAV = (18.47 kg/m*)(5m?)(431.0 m/s)
= 39,8134 kgls Answer
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