MECH 310 THERMODYNAMICS |
FINAL (OPEN BOOK 180 MINUTES) SOLUTIONS

2" June 2010

MULTIPLE CHOICE QUESTIONS
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PROBLEM 1

Insider diameter of the cylinder = 8 cm

Stiffness of the spring, S = 150 N/cm

Initial pressure of air, p; = 3 x 10° N/m?or 30 N/cm?
Initial volume of air, V;= 0.000045 m® = 45 ¢cm®
Initial temperature of air, T1 =20 + 273 =293 K
Specific heat at constant volume, ¢, = 0.71 kJ/kg K
Universal Gas constant for air, R = 0.287 kJ/kg K

See Figure Below,
Let, 00 = An arbitrary datum from which the position of the lower face of the piston is to be measured,
y = Distance of the lower face of the piston,
Y = Yo, When spring length is its free length, and
p = Pressure of air within the cylinder wheny = yo.
Now, force balance for the piston is given by
Ap =S (y - Yo) (i)

where, A = The area of the piston, and S = Stiffness of the spring.

With heat transfer to the air, let the pressure inside the cylinder increase by dp forcing the piston to move
upward by distance dy. Now the force balance for the piston is



A(p +dp) = S(y + dy - Yo) (i)

From eqgns. (i) and (ii), we have

Adp = Sdy (iii)
The increase in volume dV of the gas for the piston displacement is given by
dV = Ady (iv)
S
dp = A_Z av (V)
S .
p=zV+ C (vi)

The p-V relationship for the process is a straight line (see below) having a slope of = and pressure axis

intercept of C. The value of C can be found out from the knowledge of pressure and volume at any state
point.

| __—Vacuum

el

VWW

=n
v IS

F 3
Air I
| ¥4
Q 4+ p (Pressure)
l y 2
1
¥a
l c
0 ¥ L >V (Volume)
Now, substituting the values of ps, V1, A in eqgn. (vi), we get:
150
= ——FV+C
T ey
Or p=0.0594V+C (vii)
where p is in N/cm? and V is in cm®.
L p1=0.0594V; +C
30=0.0594 x 45+ C
C=27.33
Hence, p-V relationship for the process is,
p=0.0594V + 27.33 (viii)

During the process the piston is moved by a distance of 3.5 cm. This increases the volume of gas by



3.5 A2= 35x (E X 82):175.9 cm?
4

Hence, the final volume of air, V, =45+ 175.9 = 220.9 cm®
Substituting this value in equation (viii), we get
p( = p2) = 0.0594 x 220.9 + 27.33 = 40.45 N/cm?

The work done W during the process is given by

W Yo(pz + p1)(V2—Va) (ix)
%(40.45 +35)(220.9 — 45)
6196 N-cm or 61.96 N-m

It may be noted that work done does not cross the system boundary when spring and cylinder are considered
system.

Now, to find T, use the ideal gas relation:

piVi _ P2V,
T, T,
= P2VoT1 _ 4045x220.9x293 _ 1,939.3K
i1 30%45
The mass can be calculated from
m =2 = 30x45 = 0.0001605 kg

RTy 0.287x103x293X100
Now the change in the internal energy is given by:
AU =m X ¢,(T, —T;) = 0.0001605 x 0.71 x (1939.3 — 293) = 0.1876 kJ
According to first law,
Qi_, = AU+ W =0.1876 + 61.69 x 1073 = 0.2495 kJ

. Amount of heat added to the system = 0.2495 kJ.

PROBLEM 2

Assumptions

1. The heat pump operates steadily.

2. The kinetic and potential energy changes are zero.

3. Geothermal water is assumed to be in the liquid form at the inlet temperature given.

4. Steam table properties are used for geothermal water.

5. The pressure drops for the water stream and the R-134a stream in the evaporator are negligible (i.e.
constant pressure).

Two intensive properties for R-134a at the inlet and two intensive properties for R-134a at the outlet of the
evaporator are specified:

Inlet: T=20°Candx=0.15

Outlet: T =20°C and x = 1 (saturated vapour)

From Table B.5.1 for R-134a, we can determine the enthalpies of R-134a at the inlet and outlet. These are
given by:



Inlet (T = 20 °C and x = 0.15),

hrin = hgs + X hg sy = 227.49 + 0.15 x 182.35 = 254.84 k/kg
Outlet (T =20 °C and x = 1 (saturated vapour)),

From Table B.5.1 hg 4, = 409.84 ki/kg

Two properties for geothermal water at the inlet and two properties for the geothermal water at the outlet of
the evaporator are specified:

Inlet: T =50°C and x = 0.0 (Liquid)

Outlet: T =40 °C and x = 0 (Liquid)

Therefore from Table B.1.1, the enthalpies of water at the inlet and outlet are given by:
hw in = 209.31 ki/kg and hyy 5, = 167.54 ki/kg

The rate of heat transferred from the water is the energy change of the water from inlet to exit (i.e. energy
decrease of the water) which is equal to the energy increase of the refrigerant; i.e.:

QL = mw(hw,in - hW,out) = Mg (hR,out - hR,L'n)
From the given information Q, = 0.065(209.31 — 167.54) = 2,715.1 W = 2.715 kW

. 2.715
Al’ld mgr =

= 0984—zsaoa = 0.0175 kg/s (Answer to part (a))

(b) The heating Load,
Oy = 0, + W;,, =2.715 + 1.2 = 3.915 KW

(c) The COP of the Heat Pump is determined from its definition:

cop = 91— 395 _ 3 95

Win 1.2

The COP of a reversible heat pump operating between the same temperature limits is:
1

1
COPpay = = =12.92
max = 1T, /T, 1—(25+ 273)/(50 + 273)

Therefore the minimum power input to the compressor for the same load would be:

(d) Vi/in,min = _QH = 3915 = 0.303kW

COPpgy 1292

PROBLEM 3

Assumptions

1. This is a steady-flow process.

2. Kinetic and potential energy changes are negligible.

3. The only significant heat transfer occurs with the reservoirs.

4. The maximum (highest) and minimum (lowest) temperatures correspond to the saturation temperatures at
10 bar (1,000 kPa) and 0.2 bar (20 kPa) respectively. In other words, and from Table B.1.2, Tpax = Ty =
179.91 °C and Tpin = T = 60.06 °C.
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(b) The thermal efficiency for a heat engine is given by (Carnot Efficiency):

w,
Carnot Thermal Ef ficiency = net -1 &

Qu Qu

This is usually the maximum possible! For the case in hand the efficiency of our heat engine will be given
by:
. L _ Qc
Heat Engine Thermal Ef ficiency = 1 — Q_
B
Where Q- and Qp are the heats transferd in the condenser and boiler respectively. Note the thermal
efficiency of the real heat engine is always smaller than the ideal Carnot efficiency!

The heat transfer rates can be determined by carrying out a heat and mass balance over the condenser and
boiler to give the following:

Qc = m, (h, — h3)
Qp = mw(h1 - h4)

Thus the heat engine efficiency can be written as
(hy — h3)

Heat Engine Thermal Ef ficiency = 1 — ——
(hy = hy)

Note that the change in enthalpy in the boiler (i.e (h; — hy)) is equal to hs4, which is the latent heat of
evaporation of the water at the specified pressure of 10 bar (1,000 kPa). Therefore from Table B.1.2 we can
determine (h; — h,) = 2015.29 kJ/Kkg.

On the other hand, and from the information given in the diagram, we have two independent properties for
each of streams 2 and 3 and therefore we can determine the enthalpies from the following equation:

hz = hf,Z + thfglz
h3 = hf’3 + x3hfg’3

Using Table B.1.2 and at P=20 kPa (0.2 bar) we obtain the following:

h, =251.38 4+ 0.18 x 2358.33 = 675.88kJ
h; =251.38 + 0.88 x 2358.33 = 2326.71kJ



Substituting in the efficiency equation we get:

Heat Endine Th | Effici _ 1 (2326.7—675.88)_0181
eat Engine Thermal Ef ficiency = 501529 = 0.

Therefore the efficiency of the heat engine is 18.1%

On the other hand and in view of assumption 4, the Carnot ideal efficiency will be given by:
(60.06 + 273.15) 0.265

Carnot Thermal Ef ficiency = 1 — (179.91 + 273.15) =

Therefore the Carnot efficiency of a heat engine operating between the maximum and minimum temperature
is equal to 26.5%

PROBLEM 4

Assumptions:

1 This is a steady-flow process since there is no change with time.
2 Kinetic and potential energy changes are negligible.

3 The devices are adiabatic and thus heat transfer is negligible.

4 Air is an ideal gas with variable specific heats.

Properties:

Two intensive properties for the air at the inlet and two intensive properties for air at the outlet of the
compressor are specified:

Inlet: T =295K and p = 98 kPa

Outlet: T =620K and p = 1,000 kPa (1MPa)

Therefore the enthalpies and entropies at the inlet and outlet of the compressor can be determined from
Table A.71 (by interpolation for the inlet conditions and directly for the outlet conditions) to give:

hAIR,iTL = 295.45 kJ/kg and Sx(q)IR,iTl = 6.85224 kJ/kg'K
hAIR,out = 628.38 k\]/kg and SXIR,Out = 7.6109 k\]/kg'K

Similarly two properties for steam at the inlet and two properties for the steam at the outlet of the Steam
generator are specified:

Inlet: T =500 °C and p = 12.5 MPa (12,500 kPa)

Outlet: p =10 kPa and x = 0.92

Therefore from Tables B.1.3 and B.1.2, the enthalpies and entropies of the steam at the inlet of the generator
can be determined:

For inlet conditions and by interpolation from B.1.3, we obtain:
hsream,in = 3341.08 kJ/Kg and Sgrp4p in = 6.47035 kJ/kg-K

For outlet conditions, from Table B.1.2 and using equations, hsrgam out = by + Xouthrg aNd Ssrpam out =
S¢ + x4, We obtain:

hsteamour = 191.8 + (0.92) x 2392.8282 = 2393.20 kJ/kg and

SstEAMout = 0.6492 + (0.92) X 7.5010 = 7.55012 kJ/kg-K



There is only one inlet and one exit for either device, and thus m;,, = m,,; = m. We take either the steam
turbine or the compressor as the system, which is a control volume since mass crosses the boundary. The
energy balance for either steady-flow system can be expressed in the rate form:

E;n — Eyue = AE where for steady state conditions AE will be equal to zero; i.e. Ej, = Egye

Therefore for the turbine and compressor the energy balance equations will become:

Compressor: Wcompressor,in = mAIR(hAIR,out - hAIR,in)

Turbine Wiwrbineout = Msream(Rsteamin — Rsream,out)

Substituting the values from the given information we obtain:

Wieompressorin = 10 X (628.38 — 295.45) = 3,329.3 kW
Wirbineour = 25 % (3341.08 — 2393.20) = 23,697 kW

Therefore,
(a) Wnet,out = Wturbine,out - Wcompressor,in = 23,697 — 3,329.3 = 20,368 kW

Noting that the system is adiabatic, the total rate of entropy change (or generation) during this process is the
sum of the entropy changes of both fluids (or sum of entropy generated by each process, which are
equivalent):

Sgen = Sgen,compressor + Sgen,turbine = Myr (SAIR,out - SAIR,L'n) + MsTEAM (SSTEAM,in - SSTEAM,out)

Where
. ) P,
Myrr (SAIR,out - SAIR,in) = Myr {(SglR,out - SglR,in) — Rin P_l}
= 10 {(7.61090 — 6.85224) — 0.287In %} = 0.92 KW/K
And

mSTEAM(SSTEAM,iTL - SSTEAM,out) - 25 X (7.55012 - 6.4‘7035) - 26.99 kW/K
Substituting the above two values in the entropy generation equation we get:

Sgen = Sgencompressor T Sgenturbine = 0.92 + 26.99 = 27.91 kW/K



PROBLEM 5

*3 »

Given :p;=1bar; Ty =300 K ;Vy=0.018 m*; p, =5 bar ; ¢,= 0.718 ki/kg K ; R = 0.287 ki/kg K.

. V. 10°x0.018
The mass of air can be calculated from: m = 222 = ————_
RTy 0.287X10°X300

= 0.0209 kg

e Constant volume process 1-2:

Pi_ P2 7w P2 5\
BB or T,=T,x2 =300 x (%) = 1500k
- TZ
-~ Change in entropy, S, — S =mce,In (T—)
1
S, — S, = 0.0209 x 0.718 x In (%) = 0.0241 kJ/K

e Constant pressure process 2-3:
T3 = T1 - 300 K

The change in entropy will be given by:
T3 T3

S3— §; =mcyIn (T—2> = m(c, + R)In (T_2>

S;— S, = 0.0209 x (0.718 + 0.287) X 1n(

300
1500

) = —0.0338 kI/K
e Constant temperature (isothermal) process 3-1:
p3 == pz = 5 bar

The change in entropy will be given by:
ps3

Si— S =len<—)
1 3 P1(

S1 — S3=0.02090 x 0.287 X In %) = 0.00965 kJ/K
=~ The total net change in entropy will be given by:

(S, — S+ (S3— S)) + (S, — S3) = 0.0241 + (—0.0338) + 0.00965 = 0



BONUS PROBLEMS

P1

Almgsphara
25°C

— 55{: S
e )
W—r%rf/x -

Temperature of ice = —5°C (=-5 + 273 = 268 K)

Temperature of atmosphere = 25°C (= 25 + 273 = 298 K)

Heat absorbed by ice from the atmosphere (From Figure above)
= Heat absorbed in solid phase + latent heat + heat absorbed in liquid phase
=1%2093x[0-(-5)]+1x333.33+1x4.187 x (25-0)
=10.46 + 333.33 + 104.67 = 448.46 kJ.

Entropy increase of the universe is given by:
(As)universe = (As)atmosphere + (As)system

Entropy change of the atmosphere is given by:
Q 448
(As)atmosphere =TT T2 —1.5049 kJ/K

Entropy change of the system is given by:
(As)system = (Asl)system + (ASII)system + (ASIII)system

Where (As;)system IS the change of system as it gets heated from — 5°C to 0°C, (As;;)system IS the entropy
change as ice melts at 0°C to become water at 0°C and (Asy;;)system 1S the entropy change as water gets
heated from 0°C to 25°C.

Entropy change of system as ice gets heated from — 5°C to 0°C,

273 ar 273
(ASp) system = f268 mcp — = 1x2.093 lng = 0.0386 kJ/K
Entropy change of system as ice melts at 0°C to become water at 0°C,
(Asll)system = —333':3 = 1.2209 kJ/K

27
Entropy change of system as water gets heated from 0°C to 25°C,
298

298 ar
(ASi1)system = Jppy MCp = =1 X 4.187In== = 0.3668 kI/K

Therefore, the Total entropy of thesystem as ice melts into water:
(AS)system = 0.0386 + 1.2209 + 0.3668 = 1.6263 kI/K

Then the temperature-entropy diagram for the system as ice at — 5°C converts to water at 25°C is shown in
the figure below:
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(As)universe = (As)atmosphere + (As)system
= 1.6263 + (—1.5049) = 0.1214 kJ/K (Answer to (a))

To convert 1 kg of water at 25°C to ice at — 5°C, 448.46 kJ of heat have to be removed from it, and the
system has to be brought from state 4 to state 1 (Figure above). A refrigerator cycle, as shown in the figure
below, is assumed to accomplish this. The entropy change of the system would be the same, i.e., s4 — S1, with
the only difference that its sign will be negative, because heat is removed from the system (see below). i.e.:

(As)system = s, — s, (negative)

Atmosphere at
208 K

=T W

a0 =448.28 k)

1 kg water at
System ———» 25°C o ice at
— oz

The entropy change of the working fluid in the refrigerator would be zero, since it is operating in a cycle;
ie. (As)refrigerator =0.

The entropy change of the atmosphere will be positive and given by: (As)atmosphere = g.

Therefore the entropy change of the universe will be given by:
(As)universe = (As)refrigerator + (As)atmosphere + (As)system

+ W
¢ + (51— 54)

=0+



By the principle of increase of entropy:
(As)universe =0

Q+WwW
T

+(51_S4) 20

Q+w

> (s, —S1)
W=>T(s,—s1)— Q
Winin = T(s4 —51) = Q
Where Q = 448.46kJand T = 298K and (s, — s;) = 1.6263 kJ/K
Therefore:

Q =298 x 1.6263 — 448.46 = 36.17 kJ (Answer to (b))



BP2

Assumptions

1 The room is maintained at 20°C and 95 kPa at all times.

2 Air is an ideal gas with constant specific heats at room temperature.

3 The moisture is condensed at an average temperature of 4°C.

4 Half of the air volume in the refrigerator is replaced by the warmer kitchen air each time the door is
opened.

Properties:

The gas constant of air is R = 0.287 kPa.m3/kgK. The specific heat of air at room temperature is c, = 1.005
kJ/kg-k (Table A-5). The heat of vaporization of water at 4°C, i.e. hgg can be obtained from Table B.1.1 by
interpolation to be equal to 2492 kJ/Kkg .

The volume of the refrigerated air replaced each time the refrigerator is opened is 0.3 m® (half of the 0.6 m®

air volume in the refrigerator). Then the total volume of refrigerated air replaced by room air per year is
Vi repaced = (0.3m” )(8/day)(363 days/year) = 876 m” /year

The density of air at the refrigerated space conditions of 95 kPa and 4°C and the mass of air replaced per

year are:
P 05 kPa

a

- =1.195ke/m’
RT, (0.287kPam kg K)(4+273K) -

Po =

m, = ol =(1.195kg/m® ) (876 m® fvear) = 1047 kg/year
The amount of moisture condensed and removed by the refrigerator is
i = m1; (moisture removed per kg air) = (1047 kg air/yvear)(0.006 kg/'kg air)

v
‘molstiure

=628 kg/vear
The sensible. latent. and total heat gains of the refrigerated space become
Q;:iu.ﬂmibh =M Cp (V—— Inﬁ'igj
= (1047 kg/vear)(1.003 klkg "C)(20—4)°C = 16,836 kl/vear
@Edj;:mum = mmujbll.:uf?rg
= (6.28 kg/vear)(2492 kl/kg) = 15,650 kl/vear
an:u.mu] - Q_zm:e:s:ble + ani::laxmn: —16836+15,650 — 32 486 kl/year

Fora COPof 1 4, the amount of electrical energy the refrigerator will consume to remove this heat from
the1efigeraied space and 10s cosl ae

Quantotal _ 32486 kl/year | 1kWh | _ 6.45 K Whivear
coP 14 L 3600kS ) .

Cost of energy used (total) = (Energy used)(Unit cost of energy)
= (6.45 KkWh/year)($0.073/kWh) = $0.48/vear

Electrical energy used (total) =

If the room air 1s very dry and thus latent heat gain 1s negligible, th=n the amount of electrical energy the
refrigerator will consume to remove the sensible heat from the refngerated space and its cost become

Q;al.u_:e::ible 16,836 k.T."},'ear [ 1kWh ~.|1
cop 1.4 . 3600kT |

Cost of energy used (sensible) = (Energyused)(Unit cost of energy)
= (3 34 kWh/vear)($0.075kWh) = $0.25/year

— 334 EWhivear

Llectrical energy used (sensible) =



