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Chapter 4
ENERGY ANALYSIS OF CLOSED SYSTEMS

Moving Boundary Work

4-1C It represents the boundary work for quasi-equilibrium processes.

4-2C Yes.

4-3C The area under the process curve, and thus the boundary work done, is greater in the constant
pressure case.

4-4C 1kPa-m> =1k(N/m?)-m®> =1kN-m=1kJ

4-5 A piston-cylinder device contains nitrogen gas at a specified state. The boundary work is to be
determined for the polytropic expansion of nitrogen. l

Properties The gas constant for nitrogen is 0.2968 kJ/kg.K (Table A-2).

Analysis The mass and volume of nitrogen at the initial state are

N,

3

_RY _ (130kPa)(0.07 m") —0.07802 kg 130 kPa
RT;  (0.2968 kJ/kg. K)(120 +273K) 120°C

_ mRT, _ (0.07802 kg)(0.2968 kPa.m? /kg.K)(100 + 273 K)
P, 100 kPa

v, =0.08637 m’

The polytropic index is determined from
PV = P,V ——(130kPa)(0.07 m?)" = (100 kPa)(0.08637 m*)" — n =1.249
The boundary work is determined from

_ PV, —PV, (100kPa)(0.08637 m”)— (130 kPa)(0.07 m")
1-n 1-1.249

=1.86kJ

Wy
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4-6 A piston-cylinder device with a set of stops contains steam at a specified state. Now, the steam is
cooled. The compression work for two cases and the final temperature are to be determined.

Analysis (a) The specific volumes for the initial and final states are (Table A-6)
B =1MPa P, =1MPa

v, = 0.30661 m*/kg
T, = 400°C T, = 250°C

}uz =0.23275m’/kg
Noting that pressure is constant during the process, the boundary

work is determined from

W, = mP(v, —v,) = (0.3kg)(1000 kPa)(0.30661 — 0.23275)m>/kg = 22.16 kJ

(b) The volume of the cylinder at the final state is 60% of initial
volume. Then, the boundary work becomes

Steam
0.3 kg
1 MPa
400°C

o ¥

W, = mP(v, —0.60v,) = (0.3kg)(1000 kPa)(0.30661 - 0.60 x 0.30661)m>/kg = 36.79 kJ

The temperature at the final state is
P, =0.5MPa

3 7, =151.8°C (Table A-5)
v, =(0.60x0.30661) m’/kg

4-7 A piston-cylinder device contains nitrogen gas at a specified state. The
final temperature and the boundary work are to be determined for the
isentropic expansion of nitrogen.

Properties The properties of nitrogen are R = 0.2968 kJ/kg.K , k= 1.4
(Table A-2a)

Analysis The mass and the final volume of nitrogen are

RV (130 kPa)(0.07 m?)
RT, (02968 kJ/kg.K)(120+273K)

=0.07802 kg

N
130 kPa
120°C

PV = PV ——(130kPa)(0.07 m*)"* = (100 kPa),* —— ¥/, =0.08443 m*

The final temperature and the boundary work are determined as

PV, (100 kPa)(0.08443 m*>)

- =364.6K
mR  (0.07802 kg)(0.2968 kPa.m> /kg.K)

T,

_ PV, —PV, (100kPa)(0.08443m’)—(130kPa)(0.07 m")
1-k 1-1.4

Wy

=1.64kJ
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4-8 Saturated water vapor in a cylinder is heated at constant pressure until its temperature rises to a
specified value. The boundary work done during this process is to be determined.

Assumptions The process is quasi-equilibrium.

Properties Noting that the pressure remains constant during this process, the specific volumes at the initial
and the final states are (Table A-4 through A-6)

Fi =300 kpa 0.60582 m>/k -
v, =v =0. m
Sat. vapor 1 2@300 kPa g (kPa
P, =300 kPa 3 1 2
v, =0.71643 m" /k 4
T, =200°C } 2 s 300
Analysis The boundary work is determined from its definition to be
2
Waow = | PAV = PV, = V) = mP(v, ~ ) v
’ 1

= (5 kg)(300 kPa)(0.71643 — 0.60582) m3/k i
g g 3
1kPa-m

=165.9 kJ

Discussion The positive sign indicates that work is done by the system (work output).

4-9 Refrigerant-134a in a cylinder is heated at constant pressure until its temperature rises to a specified
value. The boundary work done during this process is to be determined.

Assumptions The process is quasi-equilibrium.

Properties Noting that the pressure remains constant during this process, the specific volumes at the initial
and the final states are (Table A-11 through A-13)

P, =900 kPa 3
Sat. liquid Vi =V r@oo0 kpa = 0.0008580 m”/kg (ka )
: a
P, =900 kPa ;
. v, =0.027413 m” /kg 1 )
T, =70°C 900

Analysis The boundary work is determined from its definition to be

v 0.2m’
m=-"L = o =233.1kg v
V) 0.0008580 m*/kg

and
2
Woow = | PAV = PV = V) = mP(v, ~v))
’ 1
3 1kJ
= (233.1kg)(900 kPa)(0.027413 — 0.0008580)m’ kg ———
1 kPa-m

=5571kJ

Discussion The positive sign indicates that work is done by the system (work output).
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4-10 EES Problem 4-9 is reconsidered. The effect of pressure on the work done as the pressure varies from
400 kPa to 1200 kPa is to be investigated. The work done is to be plotted versus the pressure.

Analysis The problem is solved using EES, and the solution is given below.

"Knowns"

Vol_1L=200 [L]

x_1=0 "saturated liquid state"
P=900 [kPa]

T_2=70[C]

"Solution"
Vol_1=Vol_1L*convert(L,m"3)
"The work is the boundary work done by the R-134a during the constant pressure process."

W_boundary=P*(Vol_2-Vol_1)

R134a
"The mass is:" 150_ ' ' ]
125 E
Vol _1=m*v_1 -
- - 100 -

v_1=volume(R134a,P=P,x=x_1) i
Vol 2=m*v_2 75

v_2=volume(R134a,P=P,T=T_2) l sol ]
"Plot information:" |[ 251 1 900 kPa
v[1]=v_1 -
v[2]=v_2 or ]
P[1]=P .25 1
P[2]=P 5ol . . |
T[1]=temperature(R134a,P=P,x=x_1) o4 103 102 101
TI2I=T_2 3
v [m°/kg]
P Wbounda
[kPa] k] 105 — Risda
400 6643
500 6405
600 6183 104 .
700 5972
800 5769 /_\ 2
900 5571 L 10° 19 < .
1000 5377 k \
1100 5187 > 102
1200 4999
101 ' '
104 10-3 10-2 10-1

v [m®/kg]
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4-11E Superheated water vapor in a cylinder is cooled at constant pressure until 70% of it condenses. The
boundary work done during this process is to be determined.

Assumptions The process is quasi-equilibrium.

Properties Noting that the pressure remains constant during this process, the specific volumes at the initial
and the final states are (Table A-4E through A-6E)

;1 :ggolstla }ul —15.686 ft>/Ibm (pz’ia)
P, =40 psia
Xy =023 }Vz =Vt Ny w0 | 2 1
=0.01715+0.3(10.501-0.01715)
=3.1623 ft*/lbm
Analysis The boundary work is determined from its definition to be v

2
Wy = [ PAV = POy =) = mP(; ~0))

= (16 1bm)(40 psia)(3.1623 —15.686)ft*/Ibm &3
5.4039 psia - ft

=-1483 Btu

Discussion The negative sign indicates that work is done on the system (work input).

4-12 Air in a cylinder is compressed at constant temperature until its pressure rises to a specified value.
The boundary work done during this process is to be determined.

Assumptions 1 The process is quasi-equilibrium. 2 Air is an ideal gas.
Properties The gas constant of air is R = 0.287 kJ/kg.K (Table A-1). P

Analysis The boundary work is determined from its definition to be
2

2 V. R
W, o = I PdV = PYIn-2 = mRTIn -1 T=12°C

bou = | v v P
1

— (2.4 ke)(0.287 kl/kg - K)(285 K)ln 120 kP2
600 kPa v

=-272 kJ

Discussion The negative sign indicates that work is done on the system (work input).
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4-13 Nitrogen gas in a cylinder is compressed at constant temperature until its pressure rises to a specified
value. The boundary work done during this process is to be determined.

Assumptions 1 The process is quasi-equilibrium. 2 Nitrogen is an ideal gas.

Analysis The boundary work is determined from its definition to be P
2
Wp our = J. PdV:P]VIInﬁ:plullnﬂ ,
. ' v 2
T=300K
— (150 KPa)(0.2 m)| In 0P | 1
800 kPa )| 1kPa-m ]
=-50.2 kJ ,

Discussion The negative sign indicates that work is done on the system (work input).

4-14 A gas in a cylinder is compressed to a specified volume in a process during which the pressure
changes linearly with volume. The boundary work done during this process is to be determined by plotting
the process on a P-{/ diagram and also by integration.

Assumptions The process is quasi-equilibrium.

Analysis (a) The pressure of the gas changes linearly with volume, and thus the process curve on a P-V/
diagram will be a straight line. The boundary work during this process is simply the area under the process
curve, which is a trapezoidal. Thus,

P, =aV, +b=(~1200 kPa/m*)(0.42 m* )+ (600 kPa) = 96 kPa P
kPa
P, = aV, +b=(—1200 kPa/m>)(0.12 m* ) + (600 kPa) = 456 kPa (kPa) 5

and P, | YV-F b
P +P
Whyou = Area = 1 > 2 W, -V P+ 1

1k
_ (96+456)kPa 425 OKPa 12— 0.42)m? (—J - ] Y
1kPa-m
0.12 0.42 3
- -82.8kJ (m")
(b) The boundary work can also be determined by integration to be
2 2 V2 _ VZ
Wh.out =J PdV:j(aV+b)dV:a%+b(Vz—%) I
? 1 1
2 2,6 GAS
= (-1200 kPa/m?) (0.127 ~0427)m” (600 kPa)(0.12—0.42)m*
=-82.8KkJ P=aV+b

Discussion The negative sign indicates that work is done on the system (work input).
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4-15E A gas in a cylinder is heated and is allowed to expand to a specified pressure in a process during
which the pressure changes linearly with volume. The boundary work done during this process is to be
determined.

Assumptions The process is quasi-equilibrium.

Analysis (a) The pressure of the gas changes linearly with volume, and thus the process curve on a P-V
diagram will be a straight line. The boundary work during this process is simply the area under the process
curve, which is a trapezoidal. Thus,

At state 1: p

P =aV, +b (psia)

P=aV+b
15 psia = (5 psia/ft*)(7 ft*) + b 100 -+ 2
b =-20 psia /

At state 2: 151 :

P, =aV, +b

100 psia = (5 psia/ft* ), + (=20 psia) 7 (f%)

v, =24 ft°

and,

P 4P 100 +15)psi | Bt
W, —Ara= T2y gy (100F1psia o ol IBW
» R 3
2 2 5.4039 psia - ft

=181 Btu

Discussion The positive sign indicates that work is done by the system (work output).

4-16 [Also solved by EES on enclosed CD] A gas in a cylinder expands polytropically to a specified
volume. The boundary work done during this process is to be determined.

Assumptions The process is quasi-equilibrium.

Analysis The boundary work for this polytropic process can be determined directly from

n 1.3
vV, 03m’
P =p| ] —(sokpa 28M | 1274 kpa P
v, 02m’ (kPa
o
and, 150
PV, - PV,
Wy o = fpw:# Py
’ 1-n 5
~ (12.74x0.2-150x0.03) kPa - m’ 1kJ
1-1.3 1kPa-m? Y/
0.03 02 (md
=6.51 kJ

Discussion The positive sign indicates that work is done by the system (work output).
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4-17 EES Problem 4-16 is reconsidered. The process described in the problem is to be plotted on a P-/
diagram, and the effect of the polytropic exponent n on the boundary work as the polytropic exponent
varies from 1.1 to 1.6 is to be plotted.

Analysis The problem is solved using EES, and the solution is given below.

Function BoundWork(P[1],V[1],P[2],V[2],n)
"This function returns the Boundary Work for the polytropic process. This function is required
since the expression for boundary work depens on whether n=1 or n<>1"

If n<>1 then

BoundWork:=(P[2]*V[2]-P[1]*V[1])/(1-n)"Use Equation 3-22 when n=1"
else
BoundWork:= P[1]*V[1]*In(V[2]/V[1]) "Use Equation 3-20 when n=1"

endif
end
"Inputs from the diagram window"
{n=1.3
P[1] = 150 [kPa]
V[1] = 0.03 [m"3]
V[2] = 0.2 [m"3]
Gas$='AIR"}
"System: The gas enclosed in the piston-cylinder device."
"Process: Polytropic expansion or compression, P*VAn = C"
P2]*V[2]*n=P[1]*V[1]"n
"n = 1.3" "Polytropic exponent"
"Input Data"
W_b = BoundWork(P[1],V[1],P[2],V[2],n)"[kJ]"
"If we modify this problem and specify the mass, then we can calculate the final temperature of
the fluid for compression or expansion"
m[1] = m[2] "Conservation of mass for the closed system"
"Let's solve the problem for m[1] = 0.05 kg"
m[1] = 0.05 [kq]
"Find the temperatures from the pressure and specific volume.
T[1]=temperature(gas$,P=P[1],v=V[1]/m[1])
T[2]=temperature(gas$,P=P[2],v=V[2]/m[2])

8 T T T T T T T T T
n W, [kJ]
11 7.776 7.5
1156 | 7.393
1211 | 7.035
1267 | 6.7 7
1.322 | 6.387
1.378 | 6.094 6.5
1.433 | 5.82
1.489 | 5.564 b
1544 | 5.323 v 6
1.6 5.097

5.5
5
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4-18 Nitrogen gas in a cylinder is compressed polytropically until the temperature rises to a specified
value. The boundary work done during this process is to be determined.

Assumptions 1 The process is quasi-equilibrium. 2 Nitrogen is an ideal gas.
Properties The gas constant for nitrogen is R = 0.2968 kJ/kg K (Table A-2a)
Analysis The boundary work for this polytropic process can be p

determined from 5
Wy o = IdeV _bBY,-RY _mR(T, -T)
’ 1 1-n 1-n PV'=C
_ (2 kg)(0.2968 kl/kg - K)(360 —300)K
- 1-1.4 I
=-89.0 kJ

Discussion The negative sign indicates that work is done on the system (work input).

4-19 [Also solved by EES on enclosed CD] A gas whose equation of state is v(P+10/v 2= R,T expands

in a cylinder isothermally to a specified volume. The unit of the quantity 10 and the boundary work done
during this process are to be determined.

Assumptions The process is quasi-equilibrium. =

Analysis (a) The term 10/ v 2 must have pressure units since it
is added to P.

Thus the quantity 10 must have the unit kPa-m®kmol®.

(b) The boundary work for this process can be determined from T=300K
p_RT 10 _ RT 10 _ NRT 10N’
v v? V/IN W/N? VP ; >V
and
Wy ou = LZPdV = J‘:ENI(Q;T - 1(()/]\2/2 Jd(/ = NRuTln%j+10N2(Vi2—%]

4m’

= (0.5 kmol)(8.314 kJ/kmol - K)(300 K)In o
m

+(10kPa~m6/km012)(0.5kmol)2( 13— 13j{ 1k 3J
— 864KkJ 4m° 2m’ | 1kPa-m

Discussion The positive sign indicates that work is done by the system (work output).



4-20 EES Problem 4-19 is reconsidered. Using the integration feature, the work done is to be calculated
and compared, and the process is to be plotted on a P-{/ diagram.

Analysis The problem is solved using EES, and the solution is given below.

"Input Data"

N=0.5 [kmol]
v1_bar=2/N "[m"3/kmol]"
v2_bar=4/N "[m"3/kmol]"
T=300 [K]

R_u=8.314 [kJ/kmol-K]

"The quation of state is:"
v_bar*(P+10/v_bar*2)=R_u*T "P is in kPa"

"using the EES integral function, the boundary work, W_bEES, is"
W_b_EES=N*integral(P,v_bar, v1_bar, v2_bar,0.01)

"We can show that W_bhand= integeral of Pdv_bar is
(one should solve for P=F(v_bar) and do the integral 'by hand' for practice)."
W_b_hand = N*(R_u*T*In(v2_bar/v1_bar) +10*(1/v2_bar-1/v1_bar))

"To plot P vs v_bar, define P_plot =f(v_bar_plot, T) as"

{v_bar_plot*(P_plot+10/v_bar_ plot*2)=R_u*T}

" P=P_plot and v_bar=v_bar_plot just to generate the parametric table for plotting purposes. To
plot P vs v_bar for a new temperature or v_bar_plot range, remove the '{' and '} from the above
equation, and reset the v_bar_plot values in the Parametric Table. Then press F3 or select Solve

Table from the Calculate menu. Next select New Plot Window under the Plot menu to plot the
new data."

Pvsyv

Ppiot Vplot 650 — ba
622.9 4 600L 1 ]
560.7 4.444 5500 ]
509.8 4.889 5000 b
467.3 5.333 as50f ]
431.4 5.778 = 400f b
400.6 6.222 Qa5 h
373.9 6.667 = ook ]
350.5 7.111 § 250 ]
329.9 7.556 a2 200f Area =Wy o hdary R
311.6 8 1500 h
1001 .
50 ]
ol 0 vy

35 40 45 50 55 6.0 65 7.0 75 8.0

©
o

Vplot [m23/kmol]
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4-21 CO, gas in a cylinder is compressed until the volume drops to a specified value. The pressure changes

during the process with volume as P =al/ 2 . The boundary work done during this process is to be
determined.

Assumptions The process is quasi-equilibrium. p

Analysis The boundary work done during this process is determined from

2 2
Wy o ='[Pd(/:j S 7Y I S
’ ! v? v, %

(8 kPa-m®) 11 1kJ
0.1m> 03m’ | 1kPa-m?

=-533 kJ 0.1 03 (m?

Discussion The negative sign indicates that work is done on the system (work input).

4-22E Hydrogen gas in a cylinder equipped with a spring is heated. The gas expands and compresses the
spring until its volume doubles. The final pressure, the boundary work done by the gas, and the work done
against the spring are to be determined, and a P-{/ diagram is to be drawn.

Assumptions 1 The process is quasi-equilibrium. 2 Hydrogen is an ideal gas.

Analysis (a) When the volume doubles, the spring force and the final pressure of H, becomes

1 3
Fo— ke, =k 2Y ~ (15,000 89 >~ 75,000 1bf
* A 3 ft?

F. 75,000 Ibf [ 112 2
P, = P, +—==(14.7 psia) + — > - |=188.3 psia
A 3ft 144 in ]

(b) The pressure of H, changes linearly with volume during this process,
and thus the process curve on a P-{/diagram will be a straight line. Then

the boundary work during this process is simply the area under the 15 30 (f\t}3\
process curve, which is a trapezoid. Thus,
P +P
Wy o = Area = ——2(, —V))

1 Btu

_ (188.3+14.7)psia
5.40395 psia - ft°

2

(30—15)ft3[ ] =281.7 Btu

(¢) If there were no spring, we would have a constant pressure process at P = 14.7 psia. The work done
during this process would be

2
Wb,out,no spring — J-lpd‘/ = P(V2 - Vl)

1 Btu

= (14.7 psia)(30-15) ft’| ———
5.40395 psia - ft

J =40.8 Btu

Thus,
/4

S|

pring Wb - Wb,no spring — 281.7-40.8 = 240.9 Btu

Discussion The positive sign for boundary work indicates that work is done by the system (work output).
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4-23 Water in a cylinder equipped with a spring is heated and evaporated. The vapor expands until it
compresses the spring 20 cm. The final pressure and temperature, and the boundary work done are to be
determined, and the process is to be shown on a P-{/ diagram.

Assumptions The process is quasi-equilibrium.

Analysis (a) The final pressure is determined from

P=p + 5o p B (250 kpay + L0 KNMO-2m) [ 1 kPa J: 450 kPa

A A 0.1 m? 1 kN/m?

The specific and total volumes at the three states are
T, =25°C 3 P
B =250 kPa}vl 2V, 0 5sc = 0.001003 m/kg
Y, = my, = (50 kg)(0.001003 m*/kg) = 0.05 m*
V,=02m’
Vy =V +xy34, = (0.2m%) + (02 m)(0.1m*) =022 m’
v

vy = % = 0'52021:;13 = 0.0044 m’/kg

At 450 kPa, v = 0.001088 m’/kg and v, = 0.41392 m’/kg. Noting that v;< v; < v, , the final state is a
saturated mixture and thus the final temperature is

Iy = Tsat@450 kPa — 147.9°C

(b) The pressure remains constant during process 1-2 and changes linearly (a straight line) during process
2-3. Then the boundary work during this process is simply the total area under the process curve,

P, + P.
Wyou =Area= P (V, —V))+ - > : Vs -v,)
1kJ
= ((250 kPa)(0.2—0.05)m> + (250+450) kPa (0.22-0.2)m> j -
2 1kPa-m’

=445 kJ

Discussion The positive sign indicates that work is done by the system (work output).
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4-24 EES Problem 4-23 is reconsidered. The effect of the spring constant on the final pressure in the
cylinder and the boundary work done as the spring constant varies from 50 kN/m to 500 kN/m is to be
investigated. The final pressure and the boundary work are to be plotted against the spring constant.

Analysis The problem is solved using EES, and the solution is given below.

P[3]=P[2]+(Spring_const)*(V[3] - V[2]) "P[3] is a linear function of V[3]"
"where Spring_const = k/A’"2, the actual spring constant divided by the piston face area squared"

"Input Data"

P[1]=150 [kPa]

m=50 [kg]

T[1]=25 [C]

P[2]=P[1]

V[2]=0.2 [m"3]

A=0.1[m"2]

k=100 [kN/m]

DELTAx=20 [cm]
Spring_const=k/A*2 "[KN/mA5]"
V[1]=m*spvol[1]
spvol[1]=volume(Steam_iapws,P=P[1],T=T[1])

V[2]=m*spvol[2]
V[3]=V[2]+A*DELTAXx*convert(cm,m)
V[3]=m*spvol[3]

"The temperature at state 2 is:"
T[2]=temperature(Steam_iapws,P=P[2],v=spvol[2])
"The temperature at state 3 is:"
T[3]=temperature(Steam_iapws,P=P[3],v=spvol[3])

Whnet_other=0

W_out=Wnet_other + W_b12+W_b23

W_b12=P[1]*(V[2]-V[1])

"W_b23 = integral of P[3]*dV[3] for Deltax = 20 cm and is given by:"
W_b23=P[2]*(V[3]-V[2])+Spring_const/2*(V[3]-V[2])"2

K [kN/m] | P3[kPa] | Wou [KJ]
50 350 43.46
100 450 44.46
150 550 45.46
200 650 46.46
250 750 47.46
300 850 48.46
350 950 49.46
400 1050 50.46
450 1150 51.46
500 1250 52.46
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4-25 Several sets of pressure and volume data are taken as a gas expands. The boundary work done
during this process is to be determined using the experimental data.

Assumptions The process is quasi-equilibrium.

Analysis Plotting the given data on a P-{/diagram on a graph paper and evaluating the area under the
process curve, the work done is determined to be 0.25 kJ.

4-26 A piston-cylinder device contains nitrogen gas at a specified state. The boundary work is to be
determined for the isothermal expansion of nitrogen.

Properties The properties of nitrogen are R = 0.2968 kJ/kg.K , k= 1.4 (Table A-2a).

Analysis We first determine initial and final volumes from ideal gas relation, and find the boundary work
using the relation for isothermal expansion of an ideal gas

v - mRT _ (0.25kg)(0.2968kI/kg K)(120+273K) _ ) o 3
P (130 kPa)
. . : N
v, = mRT _ (0.25kg)(0-2968 kI/kg K)(120+273K) _ ) 11,13 130 l2<Pa
P, (100 kPa)
120°C
v 3
W, = PV, In| 22 | = (130 kPa)(0.2243 m* ) | 22210™ | _ 7 65kJ
v, 0.2243 m*

4-27 A piston-cylinder device contains air gas at a specified state. The air undergoes a cycle with three
processes. The boundary work for each process and the net work of the cycle are to be determined.

Properties The properties of air are R = 0.287 kJ/kg.K , k= 1.4 (Table A-2a).

Analysis For the isothermal expansion process:
v - mll;?T _(0.15 1<g)(0.2872 gggkgq@so +273K) _ 0 01341
1 (2000%Pa) Air
0.15 kg)(0.287 kI/kg.K)(350+ 273K 2 MPa
v, = RT _ O15kg)O 28T K)E0+2B3K) _ ) 5364 3 350°C
P, (500 kPa)
3
W, ., = PV In| 22| = (2000 kPa)(0.01341 m*)In m = 37.18kJ
’ v 0.01341m

For the polytropic compression process:

PV = PWS" ——(500 kPa)(0.05364 m*)'* = (2000 kPa)l; > —— ¢, =0.01690 m*

PV, —PV. . ) : ’
) 31 ,Vs _ (2000 kPa)(0 01690m1)1 ;500kPa)(0 05364m°) _ a4 get ]
_n - .

For the constant pressure compression process:
W54 =Py(V) —V5) = (2000 kPa)(0.01341— 0.01690)m* = -6.97 kJ
The net work for the cycle is the sum of the works for each process

W =Wy 1o + Wyss + Wy =37.18 + (~34.86) + (~6.97) = -4.65 kJ

n
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Closed System Energy Analysis

4-28 A rigid tank is initially filled with superheated R-134a. Heat is transferred to the tank until the
pressure inside rises to a specified value. The mass of the refrigerant and the amount of heat transfer are to
be determined, and the process is to be shown on a P-vdiagram.

Assumptions 1 The tank is stationary and thus the kinetic and potential energy changes are zero. 2 There
are no work interactions.

Analysis (a) We take the tank as the system. This is a closed system since no mass enters or leaves. Noting
that the volume of the system is constant and thus there is no boundary work, the energy balance for this
stationary closed system can be expressed as

Ein - Eout = AEsystem
\_W—J \ﬂ—d
Net energy transfer Change in internal, kinetic, R-134a
by heat, work, and mass potential, etc. energies 160 kPa

Oin =AU =m(u, —u;) (sinceW =KE =PE =0)

Using data from the refrigerant tables (Tables A-11 through A-
13), the properties of R-134a are determined to be

P =160kPa | v, =0.0007437, v, =0.12348 m3/kg
x =04 uy =31.09, u g =190.27kl/kg

vy =V, +xv, =0.0007437+0.4(0.12348 - 0.0007437) = 0.04984 m?/kg
uy =uy+x1u 4, =31.09+0.4(190.27) =107.19 ki/kg

P, =700 kPa P 2
u, =376.99 kJ/kg (Superheated vapor)
(v =v))
Then the mass of the refrigerant is determined to be
[Z 0.5m’
m=-t=— 2T ___ _10.03 kg
vy 0.04984 m’/kg 1
(b) Then the heat transfer to the tank becomes v
Oin =m(uy —uy)

= (10.03kg)(376.99 —107.19) kl/kg
= 2707 kJ
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4-29E A rigid tank is initially filled with saturated R-134a vapor. Heat is transferred from the refrigerant
until the pressure inside drops to a specified value. The final temperature, the mass of the refrigerant that
has condensed, and the amount of heat transfer are to be determined. Also, the process is to be shown on a
P-vdiagram.

Assumptions 1 The tank is stationary and thus the kinetic and potential energy changes are zero. 2 There
are no work interactions.

Analysis (a) We take the tank as the system. This is a closed system since no mass enters or leaves. Noting
that the volume of the system is constant and thus there is no boundary work, the energy balance for this
stationary closed system can be expressed as

Ein Eout - AEsystem
e -
Net energy transfer Change in internal, kinetic,
by heat, work, and mass potential, etc. energies

—Qout =AU =m(uy —uy) (since W =KE =PE =0)
Ooue =m(uy —u,)
Using data from the refrigerant tables (Tables A-11E through A-13E), the properties of R-134a are
determined to be
P, =160 psia } VI = V@60 psia = 0-29316 ft*/Ibm

sat. vapor Uy =Ug@i60 psia = 108.50 Btu/lbm

P, =50 psia | v, =0.01252, v, =0.94791 ft*/lbm R-134a
(vy=v)) | u;=24832, ug, =75209Btwlbm 160 psia
' ’ Sat. vapor

The final state is saturated mixture. Thus,
1) = Tst @ 50 psia = 40.23°F

(b) The total mass and the amount of refrigerant that has condensed are

V 3
m:—l:L:&%QZ Ibm
v, 0.29316 ft3/Ibm P
v, v _
o =27l 0.29316-0.01252 _ .

ve o 0.94791-0.01252

m, =(1-x,)m=(1-0.300)(68.22 Ibm) = 47.75 lbm

Also, 2
Uy =uy + XU 4 =24.832+0.300(75.209) = 47.40 Btu/Ibm

(c) Substituting,
Qout = m(ul - u2)
=(68.221bm)(108.50 — 47.40) Btu/lbm
=4169 Btu
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4-30 An insulated rigid tank is initially filled with a saturated liquid-vapor mixture of water. An electric
heater in the tank is turned on, and the entire liquid in the tank is vaporized. The length of time the heater
was kept on is to be determined, and the process is to be shown on a P-v diagram.

Assumptions 1 The tank is stationary and thus the kinetic and potential energy changes are zero. 2 The
device is well-insulated and thus heat transfer is negligible. 3 The energy stored in the resistance wires, and
the heat transferred to the tank itself is negligible.

Analysis We take the contents of the tank as the system. This is a closed system since no mass enters or
leaves. Noting that the volume of the system is constant and thus there is no boundary work, the energy
balance for this stationary closed system can be expressed as

Ein - Eout = AEsystem H,O
R — 2
Net energy transfer Change in internal, kinetic, V = const.
by heat, work, and mass potential, etc. energies
W, =AU =m(u, —u;)  (since Q = KE = PE=0)

VIAt =m(u, —u;)

The properties of water are (Tables A-4 through A-6)

B =100kPa | v, =0.001043, v, =1.6941m’/kg
x =025 u, =417.40,  u, =2088.2 ki/kg

v =V, +xvp, =0.001043+[0.25% (1.6941-0.001043)] = 0.42431 m*/kg 2
wy =y +xu, =417.40+(0.25x 2088.2) = 939.4 ki/kg

v, = v, =0.42431 m*/kg

v
sat.vapor }uz = Ug@oarsimtig = 22962 Kiike
Substituting,
1 A
(110 V)(8 A)Ar = (5 kg)(2556.2 — 939.4)kJ/kg(%)
s

At =9186 s =153.1 min
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4-31 EES Problem 4-30 is reconsidered. The effect of the initial mass of water on the length of time
required to completely vaporize the liquid as the initial mass varies from 1 kg to 10 kg is to be investigated.
The vaporization time is to be plotted against the initial mass.

Analysis The problem is solved using EES, and the solution is given below.

PROCEDURE P2X2(v[1]:P[2],x[2])

Fluid$='Steam_IAPWS' 350
If V[1] S V_CR'T(F|u|d$) then [ T T T T T T T T T T T T T T T T T ]
P[2]=pressure(Fluid$,v=v[1],x=1) 300
x[2]=1
else 250
P[2]=pressure(Fluid$,v=v[1],x=0)
x[2]=0
EndIf = 200
End =
§‘150
"Knowns" S 100
{m=5 [kg]} £
P[1]=100 [kPa] b
y=0.75 "moisture" 50
Volts=110 [V] 0 , , | | ! ! ! L
1=8 [am ' ' ' ' ' I I I I
[amp] 1 2 3 4 5 6 7 8 9 10
"Solution" m [kg]

"Conservation of Energy for the closed tank:"

E dot_in-E_dot out=DELTAE_dot
E_dot_in=W_dot_ele "[kW]"
W_dot_ele=Volts*I*CONVERT (J/s,kW) "[kW]"
E_dot_out=0 "[kW]"
DELTAE_dot=m*(u[2]-u[1])/DELTAt_s "[kW]"
DELTAt_min=DELTAt_s*convert(s,min) "[min]"
"The quality at state 1 is:"

Fluid$='Steam_IAPWS'

x[1]=1-y

u[1]=INTENERGY (Fluid$,P=P[1], x=x[1]) "[kJ/kg]"
v[1]=volume(Fluid$,P=P[1], x=x[1]) "[m"3/kg]"
T[1]=temperature(Fluid$,P=P[1], x=x[1]) "[C]"
"Check to see if state 2 is on the saturated liquid line or saturated vapor line:"
Call P2X2(v[1]:P[2],x[2])

u[2]=INTENERGY (Fluid$,P=P[2], x=x[2]) "[kJ/kg]"
v[2]=volume(Fluid$,P=P[2], x=x[2]) "[m"3/kg]"
T[2]=temperature(Fluid$,P=P[2], x=x[2]) "[C]"

700 Steam
Atpin m I
[min] L) 600 1
30.63 1 r
61.26 2 500 1
91.89 3 r
122.5 4 gz 400 1
153.2 5 B r
183.8 6 T 300 .
214.4 7 I
245 8 200 1
275.7 9 100
306.3 10 T
isss§:$\\
0 ) ) ) 0.05,01‘0.2\0.5§\

10-3 10-2 101 100 10" 102 103
v [m3/kg]
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4-32 One part of an insulated tank contains compressed liquid while the other side is evacuated. The
partition is then removed, and water is allowed to expand into the entire tank. The final temperature and the
volume of the tank are to be determined.

Assumptions 1 The tank is stationary and thus the kinetic and potential energy changes are zero. 2 The
tank is insulated and thus heat transfer is negligible. 3 There are no work interactions.

Analysis We take the entire contents of the tank as the system. This is a closed system since no mass
enters or leaves. Noting that the volume of the system is constant and thus there is no boundary work, the
energy balance for this stationary closed system can be expressed as

Ein - Eout AEsystem
e [ —
Net energy transfer Change in internal, kinetic,
by heat, work, and mass potential, etc. energies Evacuate
0=AU =m(u, —u;) (since W =Q =KE =PE=0) Partition
U =1y

The properties of water are (Tables A-4 through A-6)

P, =600 kPa | v; = v g60:c =0.001017 m’/kg
T, = 60°C Uy Zu a0 =251.16 kl/kg

We now assume the final state in the tank is saturated liquid-vapor mixture and determine quality. This
assumption will be verified if we get a quality between 0 and 1.

Py=10kPa | v, =0.001010, v, =14.670 m’/kg
(uy = uy) up =191.79,  u, =2245.4 kl/kg

U —uy 251.16-191.79

X, = =0.02644
U 2245.4
Thus,
Ty = =Ty @ 10kpa = 45.81 °C
v, =v, +x,0, =0.001010+[0.02644 % (14.670—0.001010)] = 0.38886 m" /kg
and,

V=muv, =(2.5 kg)(0.38886 m’/kg) = 0.972 m*
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4-33 EES Problem 4-32 is reconsidered. The effect of the initial pressure of water on the final temperature
in the tank as the initial pressure varies from 100 kPa to 600 kPa is to be investigated. The final
temperature is to be plotted against the initial pressure.

Analysis The problem is solved using EES, and the solution is given below.

"Knowns"

m=2.5 [kq]
{P[1]=600 [kPa]}
T[1]=60 [C]
P[2]=10 [kPa]

"Solution"

Fluid$="'Steam_IAPWS'

"Conservation of Energy for the closed tank:"
E_in-E_out=DELTAE

E_in=0

E_out=0

DELTAE=m*(u[2]-u[1])
u[1]=INTENERGY(Fluid$,P=P[1], T=T[1])
v[1]=volume(Fluid$,P=P[1], T=T[1])
T[2]=temperature(Fluid$,P=P[2], u=u[2])
T_2=T[2]

v[2]=volume(Fluid$,P=P[2], u=u[2]) 700 | | Steam
V_total=m*v[2]
600
|:)1 T2 500
) C] ~ ao0|
100 45.79 &
200 45.79 ~ 300}
300 45.79
400 45.79 200
500 45.79
600 45.79 oo,
0 ) ‘ ‘ ous:ow\:uzﬁ:u\sk
104 103 102 10 100 101 102 103
3
v [m /kg]
50 T T T T T T T T T
40} ]
30} i
o
~ 201 ]
=
101 ]
0 L 1 L 1 L 1 L 1 L
100 200 300 400 500 600

P[1] [kPa]
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4-34 A cylinder is initially filled with R-134a at a specified state. The refrigerant is cooled at constant
pressure. The amount of heat loss is to be determined, and the process is to be shown on a 7-v diagram.
Assumptions 1 The cylinder is stationary and thus the kinetic and potential energy changes are zero. 2
There are no work interactions involved other than the boundary work. 3 The thermal energy stored in the
cylinder itself is negligible. 4 The compression or expansion process is quasi-equilibrium.

Analysis We take the contents of the cylinder as the system. This is a closed system since no mass enters
or leaves. The energy balance for this stationary closed system can be expressed as

Ein - Eout = AEsystem
— S
Net energy transfer Change in internal, kinetic,
by heat, work, and mass potential, etc. energies
= Qout =Wy ous = AU = m(uy —uy)  (since KE = PE = 0) Q
0 =) R-134a N7
— =m —
out b~ 800 kPa
since AU + W, = AH during a constant pressure quasi-

equilibrium process. The properties of R-134a are

(Tables A-11 through A-13) T ]
P, =800 kPa
hy =306.88 kl/kg
T, =70°C )
P =800kpa|, —72.34 KI/k
T, =15°C 2 = Nr@isec = /4. g

Substituting,  Qou = - (5 kg)(72.34 - 306.88) ki/kg = 1173 kJ

4-35E A cylinder contains water initially at a specified state. The water is heated at constant pressure. The
final temperature of the water is to be determined, and the process is to be shown on a 7-v diagram.
Assumptions 1 The cylinder is stationary and thus the kinetic and potential energy changes are zero. 2 The
thermal energy stored in the cylinder itself is negligible. 3 The compression or expansion process is quasi-
equilibrium.

Analysis We take the contents of the cylinder as the system. This is a closed system since no mass enters
or leaves. The energy balance for this stationary closed system can be expressed as

Ein _Eout = AE

system
Net energy transfer Change in internal, kinetic,
by heat, work, and mass potential, etc. energies
O Wy ou =AU =m(uy —u;) (since KE = PE = 0) Q
O =mlhs ~) o
.=m —_
in 2 120 psia
since AU + W, = AH during a constant pressure quasi-equilibrium
process. The properties of water are (Tables A-6E)
v o2f
v =L = =4 ft*/Ibm -
m  0.51bm 5
P, =120 psia 1

3 hy =1217.0 Btu/lbm
v, =4 ft°/Ibm

Substituting,
200 Btu = (0.5 Ibm)(#, —1217.0)Btu/lbm
hy, =1617.0 Btu/lbm

Then,
P, =120 psia

T, =1161.4°F
h, =1617.0 Btu/Ibm
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4-36 A cylinder is initially filled with saturated liquid water at a specified pressure. The water is heated
electrically as it is stirred by a paddle-wheel at constant pressure. The voltage of the current source is to be
determined, and the process is to be shown on a P-vdiagram.

Assumptions 1 The cylinder is stationary and thus the kinetic and potential energy changes are zero. 2 The
cylinder is well-insulated and thus heat transfer is negligible. 3 The thermal energy stored in the cylinder
itself is negligible. 4 The compression or expansion process is quasi-equilibrium.

Analysis We take the contents of the cylinder as the system. This is a closed system since no mass enters
or leaves. The energy balance for this stationary closed system can be expressed as

Ein - Eout = AEsystem
— —

Net energy transfer Change in internal, kinetic,

by heat, work, and mass potential, etc. energies
Wein +Wowin =Wpou =AU (since O = KE = PE = 0) H,O
P = const.

We,in + pr,in = m(hz - hl)

(VIAD) + W10 = m(hy —hy) W,

since AU + W, = AH during a constant pressure quasi-equilibrium
process. The properties of water are (Tables A-4 through A-6)

P =175kPa)| h =h;giss pa = 487.01kl/kg
sat liquid }ul =V @175 pa = 0.001057 m’/kg
P, =175 kPa
x, =05

U 00w mz — 4731 kg P
v 0.001057 m’/kg

}hz = hy +x,h, = 487.01+(0.5x 2213.1) = 1593.6 kl/kg

Substituting,
VIAt + (400kJ) = (4.731 kg)(1593.6 — 487.01)kJ/kg 1 2
VIAt =4835k]

_ 4835kJ (1000 VA
(8 A)(45x605s)| 1kJ/s

J =2239V v
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4-37 A cylinder is initially filled with steam at a specified state. The steam is cooled at constant pressure.
The mass of the steam, the final temperature, and the amount of heat transfer are to be determined, and the
process is to be shown on a 7-v diagram.

Assumptions 1 The cylinder is stationary and thus the kinetic and potential energy changes are zero. 2
There are no work interactions involved other than the boundary work. 3 The thermal energy stored in the
cylinder itself is negligible. 4 The compression or expansion process is quasi-equilibrium.

Analysis We take the contents of the cylinder as the system. This is a closed system since no mass enters
or leaves. The energy balance for this stationary closed system can be expressed as

Ein - Eout = AEsystem
\_w__d
Net energy transfer Change in internal, kinetic,
by heat, work, and mass potential, etc. energies
_ W, =AU = - ince KE=PE =0
Qout b,out m(“2 ul) (SIIICG ) H20 /‘7 Q
_Qout :m(hZ _hl) 1 MPa
since AU + W, = AH during a constant pressure quasi- 450°C
equilibrium process. The properties of water are (Tables A-4
through A-6)
R =1MPa) y, = 0.33045 m*/kg T
T, =450°C| h =3371.3kJ/kg 1
4 2.5m’
m=-t= 2T _7565kg 2
v 0.33045 m’/kg
(b) The final temperature is determined from
v

P, =1MPa| T, =Ty@ mpa =179.9°C
sat. vapor

(c¢) Substituting, the energy balance gives
QOout = - (7.565 kg)(2777.1 — 3371.3) kl/kg = 4495 kJ
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4-38 [Also solved by EES on enclosed CD] A cylinder equipped with an external spring is initially filled
with steam at a specified state. Heat is transferred to the steam, and both the temperature and pressure rise.
The final temperature, the boundary work done by the steam, and the amount of heat transfer are to be
determined, and the process is to be shown on a P-v diagram.

Assumptions 1 The cylinder is stationary and thus the kinetic and potential energy changes are zero. 2 The
thermal energy stored in the cylinder itself is negligible. 3 The compression or expansion process is quasi-
equilibrium. 4 The spring is a linear spring.

Analysis We take the contents of the cylinder as the system. This is a closed system since no mass enters

or leaves. Noting that the spring is not part of the system (it is external), the energy balance for this
stationary closed system can be expressed as

Ein _Eout = AE

system
—
Net energy transfer Change in internal, kinetic,
by heat, work, and mass potential, etc. energies
. L Q
O ~Wyow =AU =m(uy —u;)  (since KE = PE = 0) Hzl? 4
' 200 kPa
Oin =muy —t))+ Wy oy 200°C
The properties of steam are (Tables A-4 through A-6)
P =200 kPa | v, =1.08049 m*/kg
T, =200°C u; =2654.6 kl/kg P 2
A
v, 0.5m’
m=t=— 2T _04628kg 1
Vi 1.08049 m’/kg
Vv, 06m’
vy =22 =" 12966 m/kg
m  0.4628 kg

P, =500 kPa 7, =1132°C
v, =1.2966 m>/kg | u, = 4325.2 kl/kg

(b) The pressure of the gas changes linearly with volume, and thus the process curve on a P-V diagram will
be a straight line. The boundary work during this process is simply the area under the process curve, which
is a trapezoidal. Thus,

1kl

kPa-m

P 200+ 500)kP
Wy = drea=—— v, —(4):%(0.6—0.5)&(
1

3J:35kJ

(c) From the energy balance we have
Oin = (0.4628 kg)(4325.2 - 2654.6)kJ/kg + 35 kI = 808 kJ
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4-39 EES Problem 4-38 is reconsidered. The effect of the initial temperature of steam on the final
temperature, the work done, and the total heat transfer as the initial temperature varies from 150°C to
250°C is to be investigated. The final results are to be plotted against the initial temperature.

Analysis The problem is solved using EES, and the solution is given below.

"The process is given by:"

"P[2]=P[1]+k*x*A/A, and as the spring moves 'x' amount, the volume changes by V[2]-V[1]."
P[2]=P[1]+(Spring_const)*(V[2] - V[1]) "P[2] is a linear function of V[2]"

"where Spring_const = k/A, the actual spring constant divided by the piston face area"

"Conservation of mass for the closed system is:"
m[2]=m[1]

"The conservation of energy for the closed system is"

"E_in - E_out = Deltak, neglect DeltaKE and DeltaPE for the system"
Q_in - W_out = m[1]7*(u[2]-u[1])

DELTAU=m[1]*(u[2]-u[1])

"Input Data" 50 . — : . . . .
P[1]=200 [kPa] I ]
V[1]=0.5 [m~3] a0l ]
"T[1]=200 [C]"
P[2]=500 [kPa] sl I
V[2]=0.6 [m~3] E
Fluid$="'Steam_IAPWS' ER .
; r 4
m[1]=V[1]/spvol[1] 101 i
spvol[1]=volume(Fluid$, T=T[1], P=P[1]) 1
u[1]=intenergy(Fluid$, T=T[1], P=P[1]) 0 T S W
spvol[2]=V[2]/m[2] 150 170 190 210 230 250

T[1] [C]

"The final temperature is:"
T[2]=temperature(Fluid$,P=P[2],v=spvol[2])

u[2]=intenergy(Fluid$, P=P[2], T=T[2])

Whnet_other = 0

W_out=Wnet_other + W_b

"W_b = integral of P[2]*dV[2] for 0.5<V[2]<0.6 and is given by:"
W_b=P[1]*(V[2]-V[1])+Spring_const/2*(V[2]-V[1])"2

Qin T1 T2 Wout

[kJ] [C] [C] [kJ]
778.2 150 975 35
793.2 175 1054 35

808 200 1131 35
822.7 225 1209 35
837.1 250 1285 35




P [kPa]

Q;, [kJ]

T[2] [C]

105

1031

102f

10"

100

103

840

830

820

810

1300

170 190 210 230 250
T[1] [C]

1250

1200

1150

1100

1050

1000

950

150

170 190 210 230 250

T[] [C]
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4-40 A cylinder equipped with a set of stops for the piston to rest on is initially filled with saturated water
vapor at a specified pressure. Heat is transferred to water until the volume doubles. The final temperature,
the boundary work done by the steam, and the amount of heat transfer are to be determined, and the
process is to be shown on a P-vdiagram.

Assumptions 1 The cylinder is stationary and thus the kinetic and potential energy changes are zero. 2
There are no work interactions involved other than the boundary work. 3 The thermal energy stored in the
cylinder itself is negligible. 4 The compression or expansion process is quasi-equilibrium.

Analysis We take the contents of the cylinder as the system. This is a closed system since no mass enters
or leaves. The energy balance for this stationary closed system can be expressed as

Ein - Eout AEsystem
Net energy transfer Change in internal, kinetic, 300 kPa
by heat, work, and mass potential, etc. energies — —
O ~Wyonw =AU =m(u;z —u;) (since KE = PE = 0) H,0
250 kP:
Qin = m(u?s —Uy ) + Wb,out Sat. Vapj)r
The properties of steam are (Tables A-4 through A-6)
B =250 kPa | v; = v 50 1pa = 0.71873 m'/kg
sat.vapor Up = Ug@sokpa = 2536.8 kl/kg P
2
3 3
v 0.71873 m’/kg ;
v, lé6m’
vy=2 =20 14375 m¥kg
m 1.113kg
P, =300 kPa T, =662°C v
v, =1.4375 m’/kg | u3 = 3411.4 kl/kg

(b) The work done during process 1-2 is zero (since /= const) and the work done during the constant
pressure process 2-3 is

&3} ~ 240 KJ
[P

3
Wy out = J PdV = P(V, —V,) = (300 kPa)(1.6 —O.8)m3[
’ 2 a-m
(c¢) Heat transfer is determined from the energy balance,

O =m(uy —uy) + Wy o
= (1.113kg)(3411.4-2536.8) kl/kg + 240 kJ = 1213 kJ
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4-41 Two tanks initially separated by a partition contain steam at different states. Now the partition is
removed and they are allowed to mix until equilibrium is established. The temperature and quality of the
steam at the final state and the amount of heat lost from the tanks are to be determined.

Assumptions 1 The tank is stationary and thus the kinetic and
potential energy changes are zero. 2 There are no work

interactions. TANK A TANK B
Analysis (a) We take the contents of both tanks as the system. 2 kg 3 k?
This is a closed system since no mass enters or leaves. Noting 1 MPa 151% g
that the volume of the system is constant and thus there is no 300°C X=0.

boundary work, the energy balance for this stationary closed

system can be expressed as ( >
Q

Ein - Eout - AEsystem
— | —
Net energy transfer Change in internal, kinetic,
by heat, work, and mass potential, etc. energies

— Qou =AU 4 + AUy =[m(uy —uy)], +[m(uy —u)];  (since W = KE = PE =0)
The properties of steam in both tanks at the initial state are (Tables A-4 through A-6)

P4 =1000kPa |y, , =0.25799 m* /kg
T, =300°C  |u, , =2793.7 ki/kg

Tip= 150°C}uf =0.001091, v, =0.39248 m’/kg
x, =0.50 u, =631.66, ug, =1927.4klkg

Vg =V, + X0 =0.001091+[0.50%(0.39248 - 0.001091)] = 0.19679 m*/kg
Uy g =, +XU 5 =631.66+(0.50x1927.4)=1595.4 kl/kg

The total volume and total mass of the system are
V=V,+Vy =m, , +myv, 5 =(2kg)(0.25799 m’/kg) + (3kg)(0.19679 m*/kg) =1.106 m’
m=my+mp=3+2=5kg

Now, the specific volume at the final state may be determined

vV 1.106m?
Vy=—=—-—"7—

=0.22127 m°/kg
m S5kg

which fixes the final state and we can determine other properties
T, = Tsat@SOOkPa =133.5°C
£, =300 kPa }x v,-v,  0.22127-0.001073
2

v, 022127 m¥kg| © vo—v, 0.60582-0.001073
Uy =1, + X g, = 561.11+(0.3641x1982.1) = 1282.8 ki/kg

=0.3641

(b) Substituting,
= Qo =AU, + AU, = [m(u2 —u )]A + [m(u2 - ”1)]3
= (2kg)(1282.8 — 2793.7)kJ/kg + (3 kg)(1282.8 — 1595.4)kI/kg = ~3959 kJ
of Oy =3959kJ
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4-42 A room is heated by an electrical radiator containing heating oil. Heat is lost from the room. The time
period during which the heater is on is to be determined.

Assumptions 1 Air is an ideal gas since it is at a high temperature and low pressure relative to its critical
point values of -141°C and 3.77 MPa. 2 The kinetic and potential energy changes are negligible,
Ake = Ape = 0 . 3 Constant specific heats at room temperature can be used for air. This assumption results
in negligible error in heating and air-conditioning applications. 4 The local atmospheric pressure is 100
kPa. 5 The room is air-tight so that no air leaks in and out during the process.

Properties The gas constant of air is R = 0.287 kPa.m’/kg.K (Table A-1). Also, ¢, = 0.718 kJ/kg.K for air
at room temperature (Table A-2). Oil properties are given to be p = 950 kg/m® and ¢, =2.2kl/kg.°C.

Analysis We take the air in the room and the oil in the radiator to
be the system. This is a closed system since no mass crosses the

system boundary. The energy balance for this stationary constant- 10°C Room
volume closed system can be expressed as 2 Q
Eirl - Eout = AEsystem Rad|ator

v R L
Net energy transfer Change in internal, kinetic,
by heat, work, and mass potential, etc. energies

(Vf/in - Qout)At = AUailr + AUoil
=[me, (T, - T))]

air

+[mc, (I, —T))]y; (since KE = PE =0)
The mass of air and oil are

PV, }
PV _ (100 kPa)(50 m>) 6232 ke

" RT,  (0.287kPa-m°/kg-K)(10+273 K)
Mgy = ponVoi = (950 kg/m?)(0.030 m?) = 28.50 kg

Substituting,
(1.8-0.35kJ/s)Ar = (62.32 kg)(0.718 kl/kg - °C)(20—10)°C + (28.50 kg)(2.2 kJ/kg - °C)(50 —10)°C

——>Ar=2038 s =34.0 min

Discussion In practice, the pressure in the room will remain constant during this process rather than the
volume, and some air will leak out as the air expands. As a result, the air in the room will undergo a
constant pressure expansion process. Therefore, it is more proper to be conservative and to using AH
instead of use AU in heating and air-conditioning applications.
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Specific Heats, Au and Ah of Ideal Gases

4-43C 1t can be used for any kind of process of an ideal gas.

4-44C It can be used for any kind of process of an ideal gas.

4-45C The desired result is obtained by multiplying the first relation by the molar mass M,
Mc, = Mc, + MR

or c,=¢,+R,

4-46C Very close, but no. Because the heat transfer during this process is Q = mc,AT, and ¢, varies with
temperature.

4-47C It can be either. The difference in temperature in both the K and °C scales is the same.

4-48C The energy required is mc,AT, which will be the same in both cases. This is because the ¢, of an
ideal gas does not vary with pressure.

4-49C The energy required is mc,AT, which will be the same in both cases. This is because the ¢, of an
ideal gas does not vary with volume.

4-50C For the constant pressure case. This is because the heat transfer to an ideal gas is mc,AT at constant
pressure, mc AT at constant volume, and c, is always greater than c,.

4-51 The enthalpy change of nitrogen gas during a heating process is to be determined using an empirical
specific heat relation, constant specific heat at average temperature, and constant specific heat at room
temperature.

Analysis (a) Using the empirical relation for ¢ ,(T) from Table A-2c,
¢, =a+bT+cT*+dl’
where a=28.90, b=-0.1571x107, ¢ = 0.8081x107, and d = -2.873x10”°. Then,
— 2_ 2 5 ;
sk = [ & (yar = | la+67 + 72 + ar* T
1 1
=a(y =) +3b(T3 =)+ $e(T5 - 1) +5d(T5 - T)
= 28.90(1000 - 600) — £.(0.1571x107%)(1000* - 600°)
+1(0.8081x107%)(1000° - 600%) — 1.(2.873 x107%)(1000" — 600*)

=12,544 kJ/kmol

Ah 12,544 kJ/kmol
M 28.013 kg/kmol

(b) Using the constant ¢, value from Table A-2b at the average temperature of 800 K,

Ah = =447.8 kJ/kg

Cpave = Cpasoox = 1.121kI/kg-K
Ah =c, (T, = T)) = (1.121 kJ/kg - K)(1000 — 600)K = 448.4 kJ/kg
(c) Using the constant ¢, value from Table A-2a at room temperature,
Cpave = Cp@soo k = 1.039 kl/kg-K
Ah=c,,..(I,—T)=(1.039 kl/kg - K)(1000 — 600)K = 415.6 kJ/kg

pavg
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4-52E The enthalpy change of oxygen gas during a heating process is to be determined using an empirical
specific heat relation, constant specific heat at average temperature, and constant specific heat at room
temperature.

Analysis (a) Using the empirical relation for ¢, (7') from Table A-2Ec,

¢, =a+bT+cT*+dI’
where a = 6.085, b =0.2017x102, ¢ = -0.05275x10”, and d = 0.05372x10”. Then,
2
— 2 3
[ e @ar - r[a+bT+cT +dT* T

Ah

= a(Ty =)+ 36T + ) + 1Ty - T) + 2d(T5 - 1)
= 6.085(1500 —800) +1.(0.2017x107)(1500% —800°)
~1(0.05275x107°)(1500° —800%) +1(0.05372 x107%)(1500" - 800%)

= 5442.3 Btu/lbmol

Ah _ 5442.3 Btw/lIbmol
M 31.999 Ibm/Ibmol
(b) Using the constant ¢, value from Table A-2EDb at the average temperature of 1150 R,
Cpave = Cp@l1150 R = 0.255 Btu/Ibm-R
Ah=c T, —T)) = (0.255 Btw/lbm - R)(1500 —800) R =178.5 Btu/lbm
(¢) Using the constant c, value from Table A-2Ea at room temperature,

Cp’avg = CP@537 R — 0219 Btu/lbm . R
Al =, g (Ty = T}) = (0219 Btw/lbm - R)(1500 — 800)R = 153.3 Btu/lbm

Ah = =170.1 Btu/lbm

p,avg(

4-53 The internal energy change of hydrogen gas during a heating process is to be determined using an
empirical specific heat relation, constant specific heat at average temperature, and constant specific heat at
room temperature.
Analysis (a) Using the empirical relation for ¢, (7') from Table A-2¢ and relating it to ¢, (T) ,
¢,(I)=¢,-R,=(a—R,)+bT +cT* +dT’
where a=29.11, b =-0.1916x107, ¢ = 0.4003x10~, and d = -0.8704x10”. Then,
2 2 5 3
s = [ e mar = | (a—R,)+ b7+ T2+ ar* T
1 1
=(a=RXT, =)+ 3b(T + T7) + (T3 =) + 4d(Ty = T;Y)
= (29.11-8.314)(800 - 200) — 1 (0.1961x107%)(8007 - 200%)
+1(0.4003x107°)(800° — 200%) — 1.(0.8704 x107%)(800* — 200%)
= 12,487 kJ/kmol
A _ 12,487 ki/kmol
M 2.016 kg/kmol

(b) Using a constant ¢, value from Table A-2b at the average temperature of 500 K,
CU,an = CV@SOO K = 10.389 kJ/kg . K

At = ¢, 4o (T~ T}) = (10.389 kl/kg - K)(800 — 200)K = 6233 kJ/kg

(c) Using a constant c, value from Table A-2a at room temperature,
Co@sook =10.183 kl/kg-K

T, —T;) = (10.183 kl/kg - K)(800 — 200)K = 6110 kJ/kg

= 6194 kJ/kg

cu,avg =

Au = cv’avg(
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Closed System Energy Analysis: Ideal Gases

4-54C No, it isn't. This is because the first law relation Q - W = AU reduces to W = 0 in this case since the
system is adiabatic (Q = 0) and AU = 0 for the isothermal processes of ideal gases. Therefore, this
adiabatic system cannot receive any net work at constant temperature.

4-55E The air in a rigid tank is heated until its pressure doubles. The volume of the tank and the amount of
heat transfer are to be determined.

Assumptions 1 Air is an ideal gas since it is at a high temperature and low pressure relative to its critical
point values of -141°C and 3.77 MPa. 2 The kinetic and potential energy changes are negligible,
Ape = Ake = 0 . 3 Constant specific heats at room temperature can be used for air. This assumption results

in negligible error in heating and air-conditioning applications.

Properties The gas constant of air is R = 0.3704 psia.ft’/Ibm.R (Table A-1E).

Analysis (a) The volume of the tank can be determined from the ideal gas relation,
mRT, (20 Ibm)(0.3704 psia - ft*/Ibm-R)(540 R)

B P B 50 psia

v =80.0 ft>

(b) We take the air in the tank as our system. The energy balance for this stationary closed system can be
expressed as

Ein - Eout = AEsystem
[ —
Net energy transfer Change in internal, kinetic,
by heat, work, and mass potential, etc. energies
Qin =AU ZdAlllir)l
m
Oin =m(uy —uy)=mC, (T, =Ty) 50 psia
The final temperature of air is 80°F “\
Q
RV PV P.
il LA AN 7, :—2T1 =2x(540R) =1080 R
T, T, A

The internal energies are (Table A-17E)
U =g ssr =92.04 Btu /1bm

Substituting,
Oin = (20 Ibm)(186.93 - 92.04)Btu/Ibm = 1898 Btu

Alternative solutions The specific heat of air at the average temperature of Ty, = (540+1080)/2= 810 R =
350°F is, from Table A-2Eb, ¢, = 0.175 Btu/lbm.R. Substituting,

O = (20 Ibm)( 0.175 Btw/Ibm.R)(1080 - 540) R = 1890 Btu

Discussion Both approaches resulted in almost the same solution in this case.
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4-56 The hydrogen gas in a rigid tank is cooled until its temperature drops to 300 K. The final pressure in
the tank and the amount of heat transfer are to be determined.

Assumptions 1 Hydrogen is an ideal gas since it is at a high temperature and low pressure relative to its
critical point values of -240°C and 1.30 MPa. 2 The tank is stationary, and thus the kinetic and potential
energy changes are negligible, Ake = Ape =0 .

Properties The gas constant of hydrogen is R = 4.124 kPa.m’/kg.K (Table A-1). The constant volume
specific heat of hydrogen at the average temperature of 450 K is , ¢y = 10.377 kl/kg K (Table A-2).
Analysis (a) The final pressure of hydrogen can be determined from the ideal gas relation,

BV PV T K
-2 P,=-%P :&(ESOkPa):159.1 kPa
Tl T2 Tl

550K

(b) We take the hydrogen in the tank as the system. This is a closed system since no mass enters or leaves.
The energy balance for this stationary closed system can be expressed as

Ein - Eout = AEsystem
[ —
Net energy transfer Change in internal, kinetic,
by heat, work, and mass potential, etc. energies H
— frl 2
Qout AU 250 kPa
Qout =AU =—m(uy —uy) =mC, (T, = T) 550K ™\
A
where
. Q
PV 250 kPa)(3.0
m=— = ( 9)3.0m’) 03307 kg

RT,  (4.124 kPa-m>/kg-K)(550 K)
Substituting into the energy balance,
Oou = (0.33307 kg)(10.377 kJ/kg-K)(550 - 350)K = 686.2 kJ
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4-57 A resistance heater is to raise the air temperature in the room from 7 to 23°C within 15 min. The
required power rating of the resistance heater is to be determined.

Assumptions 1 Air is an ideal gas since it is at a high temperature and low pressure relative to its critical
point values of -141°C and 3.77 MPa. 2 The kinetic and potential energy changes are negligible,
Ake = Ape = 0 . 3 Constant specific heats at room temperature can be used for air. This assumption results
in negligible error in heating and air-conditioning applications. 4 Heat losses from the room are negligible.
5 The room is air-tight so that no air leaks in and out during the process.

Properties The gas constant of air is R = 0.287 kPa.m’/kg.K (Table A-1). Also, ¢, = 0.718 kJ/kg.K for air
at room temperature (Table A-2).

Analysis We take the air in the room to be the system. This is a closed system since no mass crosses the
system boundary. The energy balance for this stationary constant-volume closed system can be expressed
as

Ein - Eout = AEsystem
— —
Net energy transfer Change in internal, kinetic,
by heat, work, and mass potential, etc. energies
Wi =AU = me, 0 (T ~T,) (since 0 = KE = PE =0)

or, /
. 4x5%6 m’
We,inAt =MCy avg (TZ - Tl) 7°C
e
The mass of air is % AIR
W,
V=4x5x6=120m’ —
3
m:ﬂ— (100 kPa)(120 m’) _ 1493 ke

RT, (0.287 kPa-m’/kg-K)(280K)
Substituting, the power rating of the heater becomes

(1493 kg)(0.718 kl/kg* C)(23—7)°C
ejn —
’ 15x60 s

=1.91 kW

Discussion In practice, the pressure in the room will remain constant during this process rather than the
volume, and some air will leak out as the air expands. As a result, the air in the room will undergo a
constant pressure expansion process. Therefore, it is more proper to be conservative and to use AH instead
of using AU in heating and air-conditioning applications.
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4-58 A room is heated by a radiator, and the warm air is distributed by a fan. Heat is lost from the room.
The time it takes for the air temperature to rise to 20°C is to be determined.

Assumptions 1 Air is an ideal gas since it is at a high temperature and low pressure relative to its critical
point values of -141°C and 3.77 MPa. 2 The kinetic and potential energy changes are negligible,
Ake = Ape = 0 . 3 Constant specific heats at room temperature can be used for air. This assumption results

in negligible error in heating and air-conditioning applications. 4 The local atmospheric pressure is 100
kPa. 5 The room is air-tight so that no air leaks in and out during the process.

Properties The gas constant of air is R = 0.287 kPa.m’/kg.K (Table A-1). Also, ¢, = 0.718 kJ/kg.K for air
at room temperature (Table A-2).

Analysis We take the air in the room to be the system. This is a closed system since no mass crosses the
system boundary. The energy balance for this stationary constant-volume closed system can be expressed
as

Ein - Eout = AEsystem
Net energy transfer Change in internal, kinetic, 5,000 kJ/h
by heat, work, and mass potential, etc. energies
On +Whanin = Qou =AU = mcvjavg(Tz —T,) (since KE = PE =0) ROOM /
or,
) AW . —O. AL = T —T 4m x 5m x 7m
(Qm fan,in Qout) mcv,avg( 2 1)
.. Steam
The mass of air is —> &
V =4x5%7 =140 m* ; __' 10,000 k/h
W
3
RV _ (100 kPa3)(14Om) 4k ;
RT, (0.287 kPa-m’/kg - K)(283 K)

Using the ¢, value at room temperature,
[(10,000 - 5,000)/3600 kJ/s+0.1 kJ/s]At =(172.4 kg)(0.718 kJ/kg-°C)(20-10)°C

It yields

At=831s
Discussion In practice, the pressure in the room will remain constant during this process rather than the
volume, and some air will leak out as the air expands. As a result, the air in the room will undergo a
constant pressure expansion process. Therefore, it is more proper to be conservative and to using AH
instead of use AU in heating and air-conditioning applications.
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4-59 A student living in a room turns her 150-W fan on in the morning. The temperature in the room when
she comes back 10 h later is to be determined.

Assumptions 1 Air is an ideal gas since it is at a high temperature and low pressure relative to its critical
point values of -141°C and 3.77 MPa. 2 The kinetic and potential energy changes are negligible,
Ake = Ape = 0 . 3 Constant specific heats at room temperature can be used for air. This assumption results
in negligible error in heating and air-conditioning applications. 4 All the doors and windows are tightly
closed, and heat transfer through the walls and the windows is disregarded.

Properties The gas constant of air is R = 0.287 kPa.m’/kg.K (Table A-1). Also, ¢, = 0.718 kJ/kg.K for air
at room temperature (Table A-2).

Analysis We take the room as the system. This is a closed system since the doors and the windows are said
to be tightly closed, and thus no mass crosses the system boundary during the process. The energy balance
for this system can be expressed as

Ein - Eaut = AE system
v v L
Net energy transfer Change in internal, kinetic, ROOM
by heat, work, and mass potential, etc. energies
W . =AU
e,in 4m x 6m x 6m

Wein =muy —uy) =me, (T, —Ty)
The mass of air is
V=4x6x6=144m’
_ RV _ (100 kPa)(144 m?)

- ; =1742 kg
RT,  (0.287 kPa-m’/kg - K)(288 K)

The electrical work done by the fan is

W, = W,At = (0.15kJ /s)(10 x 3600 s) = 5400 kJ

Substituting and using the ¢, value at room temperature,
5400 kJ = (174.2 kg)(0.718 kJ/kg-°C)(T, - 15)°C
T,=158.2°C

Discussion Note that a fan actually causes the internal temperature of a confined space to rise. In fact, a
100-W fan supplies a room with as much energy as a 100-W resistance heater.
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4-60E A paddle wheel in an oxygen tank is rotated until the pressure inside rises to 20 psia while some
heat is lost to the surroundings. The paddle wheel work done is to be determined.

Assumptions 1 Oxygen is an ideal gas since it is at a high temperature and low pressure relative to its
critical point values of -181°F and 736 psia. 2 The kinetic and potential energy changes are negligible,
Ake = Ape = 0. 3 The energy stored in the paddle wheel is negligible. 4 This is a rigid tank and thus its
volume remains constant.

Properties The gas constant and molar mass of oxygen are R = 0.3353 psia.ft/lbm.R and M = 32

Ibm/Ibmol (Table A-1E). The specific heat of oxygen at the average temperature of 7., = (735+540)/2=
638 R is Cyaye = 0.160 Btu/lbm.R (Table A-2E).

Analysis We take the oxygen in the tank as our system. This is a closed system since no mass enters or
leaves. The energy balance for this system can be expressed as

Ein - Eout - AEsystem
R —_—
Net energy transfer Change in internal, kinetic, 0
by heat, work, and mass potential, etc. energies 2

14.7 psia

W in— Qo =AU
pw,in out )
80°F > 20 Btu

pr,in = Qoul +m(u2 _ul)
= Qout +mcv(T2 _Tl)

The final temperature and the mass of oxygen are

W_EV L p Dy 20080 g0p) 735k
T, T, B 14.7 psia
. 3
. ﬂ 3 (14.7 psia)(10 ft™) — 0812 Ibm

RT - (0.3353 psia - ft*/Ibmol - R)(540 R)
Substituting,
Wowin = (20 Btu) + (0.812 1bm)(0.160 Btu/lbm.R)(735 - 540) R = 45.3 Btu

4-61 One part of an insulated rigid tank contains an ideal gas while the other side is evacuated. The final
temperature and pressure in the tank are to be determined when the partition is removed.

Assumptions 1 The kinetic and potential energy changes are negligible, Ake =~ Ape =0. 2 The tank is
insulated and thus heat transfer is negligible.

Analysis We take the entire tank as the system. This is a closed system since no mass crosses the
boundaries of the system. The energy balance for this system can be expressed as

Ein _Euut = AE,

system
—_— —
Net energy transfer Change in internal, kinetic,
by heat, work, and mass potential, etc. energies
0=AU =m(uy —u)
Uy = uy Evacuated
Therefore,
T: 2= T, 1= 50°C
Since u = u(T) for an ideal gas. Then,
RV _ RV,

— 5 p =Y p — L (300 kPa) - 400 kPa
T 0,172
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4-62 A cylinder equipped with a set of stops for the piston to rest on is initially filled with helium gas at a
specified state. The amount of heat that must be transferred to raise the piston is to be determined.
Assumptions 1 Helium is an ideal gas with constant specific heats. 2 The kinetic and potential energy
changes are negligible, Ake = Ape =0 . 3 There are no work interactions involved. 4 The thermal energy
stored in the cylinder itself is negligible.

Properties The specific heat of helium at room temperature is ¢, = 3.1156 kJ/kg.K (Table A-2).

Analysis We take the helium gas in the cylinder as the system. This is a closed system since no mass
crosses the boundary of the system. The energy balance for this constant volume closed system can be
expressed as

Ein _Eaut AE

system
e [ —
Net energy transfer Change in internal, kinetic,
by heat, work, and mass potential, etc. energies

500 kP
0,, = AU = m(u, —u,) 2

Qin :m(u2 _ul):mcu(TZ _Tl)

The final temperature of helium can be determined from the ideal gas relation to be 10(})116(%
PV PV P kP °
17 22 1, = Dg 2 300KPA ey~ 1490 K 25°c LQ
T, T, P, 100 kPa &

Substituting into the energy balance relation gives
Oin = (0.5 kg)(3.1156 kJ/kg-K)(1490 - 298)K = 1857 kJ

4-63 An insulated cylinder is initially filled with air at a specified state. A paddle-wheel in the cylinder stirs
the air at constant pressure. The final temperature of air is to be determined.
Assumptions 1 Air is an ideal gas with variable specific heats. 2 The cylinder is stationary and thus the
kinetic and potential energy changes are zero. 3 There are no work interactions involved other than the
boundary work. 4 The cylinder is well-insulated and thus heat transfer is negligible. 5 The thermal energy
stored in the cylinder itself and the paddle-wheel is negligible. 6 The compression or expansion process is
quasi-equilibrium.
Properties The gas constant of air is R = 0.287 kPa.m’/kg K (Table A-1). Also, ¢, = 1.005 kJ/kg.K for air
at room temperature (Table A-2). The enthalpy of air at the initial temperature is
hi = haposx = 298.18 kl/kg (Table A-17)

Analysis We take the air in the cylinder as the system. This is a closed system since no mass enters or
leaves. The energy balance for this stationary closed system can be expressed as

Ein - Eoul = AE,

system
Net energy transfer Change in internal, kinetic,
by heat, work, and mass potential, etc. energies
pr,in - Wb,out =AU ? pr,in = m(hZ - hl)

AIR

P = const.

since AU + W, = AH during a constant pressure quasi-equilibrium process.
The mass of air is

LRV _ (400 kPa)(0.1m?) 0468 ke
RT;  (0.287 kPa-m?>/kg-K)(298 K)
Substituting into the energy balance,
15 kJ = (0.468 kg)(h, - 298.18 kI/kg) — h, =330.23 kl/kg
From Table A-17, T, =329.9 K
Alternative solution Using specific heats at room temperature, ¢, = 1.005 kJ/kg.°C, the final temperature is
determined to be

Wowin = m(hy —hy) = me,(Ty 1) — 15 kJ = (0.468 kg)(1.005 kJ/kg.°C)(T; - 25)°C

pw,in

which gives T, =56.9°C




4-41

4-64E A cylinder is initially filled with nitrogen gas at a specified state. The gas is cooled by transferring
heat from it. The amount of heat transfer is to be determined.
Assumptions 1 The cylinder is stationary and thus the kinetic and potential energy changes are zero. 2
There are no work interactions involved other than the boundary work. 3 The thermal energy stored in the
cylinder itself is negligible. 4 The compression or expansion process is quasi-equilibrium. § Nitrogen is an
ideal gas with constant specific heats.
Properties The gas constant of nitrogen is 0.3830 psia.ft’/Ibm.R. The specific heat of nitrogen at the
average temperature of Ty, = (700+200)/2 = 450°F is ¢, 5y, = 0.2525 Btu/lbm.°F (Table A-2Eb).
Analysis We take the nitrogen gas in the cylinder as the system. This is a closed system since no mass
enters or leaves. The energy balance for this closed system can be expressed as

Ein -E out = AE

system
R R —
Net energy transfer Change in internal, kinetic,
by heat, work, and mass potential, etc. energies
Z Al = _ _ [
- Qout - Wb,out =AU = m(u2 _ul)—>_Qout - m(hZ - hl) - mcp(TZ _Ti)
since AU + Wy, = AH during a constant pressure quasi-equilibrium Na
process. The mass of nitrogen is ‘t/%gf‘Fa Q
PV 40 psia)(25 ft’ <
m=1Y _ ( p“;‘)( ) ~22511bm “
RT,  (0.3830 psia-ft”/lbm-R)(1160 R)

Substituting,  Qpu = (2.251 Ibm)(0.2525 Btw/Ibm.°F)(700 - 200)°F = 284.2 Btu

4-65 A cylinder is initially filled with air at a specified state. Air is heated electrically at constant pressure,
and some heat is lost in the process. The amount of electrical energy supplied is to be determined.
Assumptions 1 The cylinder is stationary and thus the kinetic and potential energy changes are zero. 2 Air
is an ideal gas with variable specific heats. 3 The thermal energy stored in the cylinder itself and the
resistance wires is negligible. 4 The compression or expansion process is quasi-equilibrium.
Properties The initial and final enthalpies of air are (Table A-17)

Iy = hgaogx =298.18 kI /kg

hy = hgssox = 350.49 k] /kg

Analysis We take the contents of the cylinder as the system. This is a

closed system since no mass enters or leaves. The energy balance for AIR
this closed system can be expressed as P = const.
- Q
Ein - Eout - AEsystem
— S
Net energy transfer Change in internal, kinetic,
by heat, work, and mass potential, etc. energies

Wein = Qout = Wo,ou = AU ——We iy = m(hy = Iy) + Oy

since AU + W, = AH during a constant pressure quasi-equilibrium process. Substituting,
Wein= (15 kg)(350.49 - 298.18)kJ/kg + (60 kJ) = 845 kJ

1 kWh

3600 kJ

Alternative solution The specific heat of air at the average temperature of T, = (25+ 77)/2 = 51°C = 324

K is, from Table A-2b, ¢, 4, = 1.0065 kJ/kg.°C. Substituting,

Wy = mey(Ty = Ty) + Opy = (15 kg)(1.0065 k/kg.°C)(77 — 25)°C + 60 kJ = 845 kJ

or, W, = (845kJ)[ j =0.235 kWh

1 kWh
3600 kJ

Discussion Note that for small temperature differences, both approaches give the same result.

or, Wein = (845 kJ )[ j =0.235 kWh
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4-66 An insulated cylinder initially contains CO, at a specified state. The CO, is heated electrically for 10
min at constant pressure until the volume doubles. The electric current is to be determined.

Assumptions 1 The cylinder is stationary and thus the kinetic and potential energy changes are zero. 2 The
CO, is an ideal gas with constant specific heats. 3 The thermal energy stored in the cylinder itself and the
resistance wires is negligible. 4 The compression or expansion process is quasi-equilibrium.

Properties The gas constant and molar mass of CO, are R = 0.1889 kPa.m’/kg K and M = 44 kg/kmol
(Table A-1). The specific heat of CO, at the average temperature of Ty, = (300 + 600)/2 =450 K is ¢) 4y =
0.978 kJ/kg.°C (Table A-2b).

Analysis We take the contents of the cylinder as the system. This is a closed system since no mass enters
or leaves. The energy balance for this closed system can be expressed as

Ein - Eout = AEsystem
R —
Net energy transfer Change in internal, kinetic,
by heat, work, and mass potential, etc. energies
I/Ve,in - Wb,out =AU
Wein =m(hy —hy) = me, (T, = T))

since AU + W, = AH during a constant pressure quasi-equilibrium
process. The final temperature of CO, is

a4 _Ab TZ:PZ%TI:1><2><(3OOK):6OOK
T T, R v
The mass of CO, is
PV, 3m?
LRV (200kPaZ(03m ) 1,059 kg
RT,  (0.1889 kPa-m?/kg-K)(300 K)
Substituting,
Wein = (1.059 kg)(0.978 kJ/kg.K)(600 - 300)K = 311 kJ
Then,

w..
_Wein _ 311kJ 1000 VA _, .0 o
VA:  (110V)(10x60s)| 1kI/s
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4-67 A cylinder initially contains nitrogen gas at a specified state. The gas is compressed polytropically
until the volume is reduced by one-half. The work done and the heat transfer are to be determined.

Assumptions 1 The cylinder is stationary and thus the kinetic and potential energy changes are zero. 2 The
N, is an ideal gas with constant specific heats. 3 The thermal energy stored in the cylinder itself is
negligible. 4 The compression or expansion process is quasi-equilibrium.
Properties The gas constant of N, are R = 0.2968 kPa.m’/kg.K (Table A-1). The ¢, value of N, at the
average temperature (369+300)/2 =335 K is 0.744 kJ/kg.K (Table A-2b).

Analysis We take the contents of the cylinder as the system. This is a closed system since no mass crosses
the system boundary. The energy balance for this closed system can be expressed as

E, -E, = AE

in out system
(——
Net energy transfer Change in internal, kinetic,
by heat, work, and mass potential, etc. energies
Wb,in - Qout =AU = m(u2 _ul)
Wb,in - Qout =mc, (T2 - Ti) N,
. 100 kPa
The final pressure and temperature of nitrogen are 27°¢ T
13 PV'i=C
BV =Py p=|Y4| poas =
W, =RV —— P = 7 1= (100 kPa) = 246.2 kPa

2
_ PV, _2462kPa
"7 100 kPa

RY _ PV, .

x 0.5% (300 K) = 369.3 K
L T, A Y

Then the boundary work for this polytropic process can be determined from

2 - J—
Wbin=—deV=_132(/2 RY _ mR(T,—T)
: 1 - 7
__ (0.8 kg)(0.2968 kf/k? -3K)(369.3 -300)K _548KJ

Substituting into the energy balance gives
Qout = Wb,in —mc, (TZ - Ti)
= 54.8kJ - (0.8 kg)(0.744 kJ/kg.K)(369.3 —360)K
=13.6kJ
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4-68 EES Problem 4-67 is reconsidered. The process is to be plotted on a P-{/ diagram, and the effect of
the polytropic exponent n on the boundary work and heat transfer as the polytropic exponent varies from
1.1 to 1.6 is to be investigated. The boundary work and the heat transfer are to be plotted versus the
polytropic exponent.

Analysis The problem is solved using EES, and the solution is given below.

Procedure  Work(P[2],V[2],P[1],V[1],n:W12)
If n=1 then

W12=P[11*V[1]*In(V[2]/V[1])

Else

W12=(P[2]*V[2]-P[1]*V[1])/(1-n)

endif

End

"Input Data"

Vratio=0.5 "V[2]/V[1] = Vratio"

n=1.3 "Polytropic exponent"

P[1] = 100 [kPa]

T[1] = (27+273) [K]

m=0.8 [kg]

MM=molarmass(nitrogen)

R_u=8.314 [kJ/kmol-K]

R=R_u/MM

V[1]=m*R*T[1])/P[1]

"Process equations”

V[2]=Vratio*V[1]

P2]*V[2)/T[2]=P[11*V[1)/T[1]"The combined ideal gas law for

states 1 and 2 plus the polytropic process relation give P[2] and T[2]"
P2]*VI2]*n=P[1]*V[1]*n

"Conservation of Energy for the closed system:"

"E_in - E_out = DeltaE, we neglect Delta KE and Delta PE for the system, the nitrogen."
Q12 - W12 = m*(u[2]-u[1])

u[1]=intenergy(N2, T=T[1]) "internal energy for nitrogen as an ideal gas, kJ/kg"
u[2]=intenergy(N2, T=T[2])

Call Work(P[2],V[2],P[1],V[1],n:W12)

"The following is required for the P-v plots"
{P_plot*spv_plot/T_plot=P[1]*V[1)/m/T[1]"The combined ideal gas law for
states 1 and 2 plus the polytropic process relation give P[2] and T[2]"
P_plot*spv_plot*n=P[17*(V[1]/m)"n}

{spV_plot=R*T_plot/P_plot"[m"3]"}

n Q12 [kJ] W12 [kJ]

1 -49.37 -49.37
1.111 -37 -51.32
1.222 -23.59 -53.38
1.333 -9.067 -55.54
1.444 6.685 -57.82
1.556 23.81 -60.23
1.667 42.48 -62.76
1.778 62.89 -65.43
1.889 85.27 -68.25

2 109.9 -71.23
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Pressure vs. specific volume as function of polytropic exponent
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4-69 It is observed that the air temperature in a room heated by electric baseboard heaters remains constant
even though the heater operates continuously when the heat losses from the room amount to 6500 kJ/h. The
power rating of the heater is to be determined.

Assumptions 1 Air is an ideal gas since it is at a high temperature and low pressure relative to its critical
point values of -141°C and 3.77 MPa. 2 The kinetic and potential energy changes are negligible,
Ake = Ape = 0 . 3 The temperature of the room is said to remain constant during this process.

Analysis We take the room as the system. This is a closed system since no mass crosses the boundary of
the system. The energy balance for this system reduces to

Eiy — Egy = AEsystem ROOM
N —_—
Net energy transfer Change in internal, kinetic, Q
by heat, work, and mass potential, etc. energies Tai=const. —9
I/Ve,in - Qout =AU =0 ? I/Ve,in = Yout W,
since AU = mc AT = 0 for isothermal processes of ideal gases. Thus,
. : 1 kW
W,. = = (6500 kJ/h)) ——— | =1.81 kW /l\ \L
cin = Cou = )[3600 kJ/hJ

4-70E A cylinder initially contains air at a specified state. Heat is transferred to the air, and air expands
isothermally. The boundary work done is to be determined.

Assumptions 1 The cylinder is stationary and thus the kinetic and potential energy changes are zero. 2 The
air is an ideal gas with constant specific heats. 3 The compression or expansion process is quasi-
equilibrium.

Analysis We take the contents of the cylinder as the system. This is a closed system since no mass crosses
the system boundary. The energy balance for this closed system can be expressed as

Ein Eout - AEsystem
— ——
Net energy transfer Change in internal, kinetic,
by heat, work, and mass i

potential, etc. energies

Qin_Wb,out :AU:m(MZ _ul):mCU(TZ _Tl):() AIR

T~ 40 Btu

since u = u(T) for ideal gases, and thus u, = #; when T = T, . Therefore, T = const

Wb,out = Qin =40 Btu

4-71 A cylinder initially contains argon gas at a specified state. The gas is stirred while being heated and
expanding isothermally. The amount of heat transfer is to be determined.

Assumptions 1 The cylinder is stationary and thus the kinetic and potential energy changes are zero. 2 The
air is an ideal gas with constant specific heats. 3 The compression or expansion process is quasi-
equilibrium.

Analysis We take the contents of the cylinder as the system. This is a closed system since no mass crosses
the system boundary. The energy balance for this closed system can be expressed as

_ 15kJ
Ein - Eout - AEsystem
— —
Net energy transfer Change in internal, kinetic,
by heat, work, and mass potential, etc. energies
Ar
Qin + pr,in - Wb,out =AU = m(“z _ul) = mCU(TZ - Ti) =0

since # = u(T) for ideal gases, and thus u, = u; when T} = T, . Therefore,
Qin = Wb,out - pr,in =15-3=12KkJ

T = const.

] ke
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4-72 A cylinder equipped with a set of stops for the piston is initially filled with air at a specified state.
Heat is transferred to the air until the volume doubled. The work done by the air and the amount of heat
transfer are to be determined, and the process is to be shown on a P-vdiagram.

Assumptions 1 Air is an ideal gas with variable specific heats. 2 The kinetic and potential energy changes
are negligible, Ake=Ape=0. 3 The thermal energy stored in the cylinder itself is negligible. 4 The

compression or expansion process is quasi-equilibrium.
Properties The gas constant of air is R = 0.287 kPa.m’/kg.K (Table A-1).

Analysis We take the air in the cylinder as the system. This is a closed system since no mass crosses the
boundary of the system. The energy balance for this closed system can be expressed as

Ein - Eout = AEsystem
Net energy transfer Change in internal, kinetic,
by heat, work, and mass potential, etc. energies 400 kPa
O = Woour = AU = m(uz —u,) [
Qin = m(”S - ul) + Wb,out AIR
The initial and the final volumes and the final temperature of air are 200 kPa Q
-
RT, (3 kg)(0.287 kPa-m?/kg-K)(300 K &
(/1=m 1:( g)( a-m”/kg-K)( ):1.29m3
P, 200 kPa
V, =20, =2x1.29=2.58 m’ P
PV, PV P, V. 400 kP
171 _ 2373 Ty=3 37 =2 22 ,54(300 K) =1200 K 5 3
T T, P Y 200 kPa

No work is done during process 1-2 since ¢, = 4. The pressure
remains constant during process 2-3 and the work done during this
process is

2
W ot = L PdV = PV, —V,) = (400 kPa)(2.58 —1.29)m’ = 516 kJ

The initial and final internal energies of air are (Table A-17)
Uy =ugzpox =214.07 kl/kg
Uy =Ugk =933.33 klkg
Then from the energy balance,
Oin = (3 kg)(933.33 - 214.07)kJ/kg + 516 k] = 2674 kJ

Alternative solution The specific heat of air at the average temperature of T4, = (300 + 1200)/2 = 750 K
is, from Table A-2b, ¢y = 0.800 kJ/kg. K. Substituting,

O = m(us —u) + Wy, o = mey, (T =) + Wy, o

Oin = (3 kg)(0.800 kJ/kg.K)(1200 - 300) K + 516 kJ = 2676 kJ
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4-73 [Also solved by EES on enclosed CD] A cylinder equipped with a set of stops on the top is initially
filled with air at a specified state. Heat is transferred to the air until the piston hits the stops, and then the
pressure doubles. The work done by the air and the amount of heat transfer are to be determined, and the
process is to be shown on a P-v diagram.

Assumptions 1 Air is an ideal gas with variable specific heats. 2 The kinetic and potential energy changes
are negligible, Ake = Ape = 0. 3 There are no work interactions involved. 3 The thermal energy stored in

the cylinder itself is negligible.
Properties The gas constant of air is R = 0.287 kPa.m’/kg.K (Table A-1).

Analysis We take the air in the cylinder to be the system. This is a closed system since no mass crosses the
boundary of the system. The energy balance for this closed system can be expressed as

= AE,

Ein - Eout system
— R —
Net energy transfer Change in internal, kinetic,
by heat, work, and mass potential, etc. energies
On — Wb,out =AU = m(uy —uy) — —
O = m(uy =) + Wy, o [,
The initial and the final volumes and the final temperature of air are determined from AIR &
200 kPa
RT; (3 kg)(0.287 kPa-m’/kg - K)(300 K
= 1 _ Bke) a-m”/kg - K)( ) 129 m}
R 200 kPa P
V, =20, =2x1.29 =2.58 m’
e
A _ BYs T3:P3V3T1=4OOkPa><2><(3OOK)=lZOOK
T T A Y 200 kPa
No work is done during process 2-3 since (4 = (4. The pressure y 5
remains constant during process 1-2 and the work done during this v
process is
3 1kJ
W, = |PdV =P,(V; —V,)=(200 kPa)(2.58 -1.29) m T |=258kJ
1kPa-m

The initial and final internal energies of air are (Table A-17)

Substituting,
Oin =03 kg)(933.33 - 214.07)kJ/kg + 258 kJ = 2416 kJ

Alternative solution The specific heat of air at the average temperature of T4, = (300 + 1200)/2 = 750 K
is, from Table A-2b, ¢y, = 0.800 kJ/kg.K. Substituting

O = m(uz —uy) + Wy o = me, (T3 = 1) + Wy, o
= (3kg)(0.800 kJ/kg.K)(1200 —300) K + 258 k] = 2418 kJ
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Closed System Energy Analysis: Solids and Liquids

4-74 A number of brass balls are to be quenched in a water bath at a specified rate. The rate at which heat
needs to be removed from the water in order to keep its temperature constant is to be determined.
Assumptions 1 The thermal properties of the balls are constant. 2 The balls are at a uniform temperature
before and after quenching. 3 The changes in kinetic and potential energies are negligible.

Properties The density and specific heat of the brass balls are given to be p = 8522 kg/m’ and ¢, = 0.385
kJ/kg.°C.

Analysis We take a single ball as the system. The energy balance for this closed system can be expressed
as

Ein - Eout AE,

system
e [
Net energy transfer Change in internal, kinetic, Brass balls. 120°C >
by heat, work, and mass potential, etc. energies
= Oout = AUy = m(uy —uy) Water bath. 50°C

Qout = mC(Ti - TZ)
The total amount of heat transfer from a ball is

3 3
D 0.05m
m=pV = p= —=(8522 kg/m3)%

=0.558 kg

Oyt =me(Ty —T,) =(0.558kg)(0.385 kJ/kg.°C)(120 — 74)°C = 9.88 kJ/ball
Then the rate of heat transfer from the balls to the water becomes
Qtotal = ’;lballQball = (1 00 balls/min) X (988 kJ/ball) = 988 kJ/min

Therefore, heat must be removed from the water at a rate of 988 kJ/min in order to keep its temperature
constant at 50°C since energy input must be equal to energy output for a system whose energy level

remains constant. Thatis, E;, = E,,, when AE ., =0.

4-75 A number of aluminum balls are to be quenched in a water bath at a specified rate. The rate at which
heat needs to be removed from the water in order to keep its temperature constant is to be determined.
Assumptions 1 The thermal properties of the balls are constant. 2 The balls are at a uniform temperature
before and after quenching. 3 The changes in kinetic and potential energies are negligible.

Properties The density and specific heat of aluminum at the average temperature of (120+74)/2 = 97°C =
370 K are p = 2700 kg/m’ and ¢, = 0.937 kJ/kg.°C (Table A-3).

Analysis We take a single ball as the system. The energy balance for this closed

system can be expressed as

E. —E AE
in out system 1
N Aluminum balls. —
Net energy transfer Change in internal, kinetic,
by heat, work, and mass potential, etc. energies

Water bath. 50°C

= Qout =AUy =m(uy —uy)
Qout = mc(Tl _TZ)
The total amount of heat transfer from a ball is

3 3
m=pV = p”%: (2700 kg/m?) FO05 M)

=0.1767 kg

Oout =me(Ty —T,)=(0.1767 kg)(0.937 kl/kg.°C)(120 — 74)°C = 7.62 kJ/ball
Then the rate of heat transfer from the balls to the water becomes
Ouotal = MoatiOvant = (100 balls/min) x (7.62 kJ/ball) = 762 kJ/min
Therefore, heat must be removed from the water at a rate of 762 kJ/min in order to keep its temperature

constant at 50°C since energy input must be equal to energy output for a system whose energy level

remains constant. That is, E;, = E,,, when AE ., =0.
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4-76E A person shakes a canned of drink in a iced water to cool it. The mass of the ice that will melt by the
time the canned drink is cooled to a specified temperature is to be determined.

Assumptions 1 The thermal properties of the drink are constant, and are taken to be the same as those of
water. 2 The effect of agitation on the amount of ice melting is negligible. 3 The thermal energy capacity of
the can itself is negligible, and thus it does not need to be considered in the analysis.

Properties The density and specific heat of water at the average temperature of (75+45)/2 = 60°F are p =
62.3 IbnV/ft’, and ¢, = 1.0 Btu/lbm.°F (Table A-3E). The heat of fusion of water is 143.5 Btu/lbm.

Analysis We take a canned drink as the system. The energy balance for this closed system can be
expressed as

Ein _Eout AE

system
\_W_—J \qr_d
Net energy transfer Change in internal, kinetic,
by heat, work, and mass potential, etc. energies
Cola
p— p— j— o
- Qout - Al]canned drink — m(u2 _ul) > Qout - mC(Tl _TZ) 75°F

Noting that 1 gal = 128 oz and 1 ft’ = 7.48 gal = 957.5 oz, the
total amount of heat transfer from a ball is

3 11ft? 1gal
m = pV =(62.31bm/ft”)(12 oz/can) - =0.7811bm/can
7.48 gal |\ 128 fluid oz

Oou =mce(Ty —T,) =(0.7811bm/can)(1.0 Btu/lbm.°F)(75 — 45)°F = 23.4 Btu/can
Noting that the heat of fusion of water is 143.5 Btu/Ibm, the amount of ice that will melt to cool the drink is
_ Qo _ 23.4Btu/can
~ hy  143.5Btw/lbm

since heat transfer to the ice must be equal to heat transfer from the can.
Discussion The actual amount of ice melted will be greater since agitation will also cause some ice to melt.

m

=0.1631bm (per can of drink)

ice

4-77 An iron whose base plate is made of an aluminum alloy is turned on. The minimum time for the plate
to reach a specified temperature is to be determined.

Assumptions 1 It is given that 85 percent of the heat generated in the resistance wires is transferred to the
plate. 2 The thermal properties of the plate are constant. 3 Heat loss from the plate during heating is
disregarded since the minimum heating time is to be determined. 4 There are no changes in kinetic and
potential energies. 5 The plate is at a uniform temperature at the end of the process.

Properties The density and specific heat of the aluminum alloy plate are given to be p = 2770 kg/m’ and ¢
=875 kl/kg.°C.
Analysis The mass of the iron's base plate is

m = pV = pLA = (2770 kg/m>)(0.005 m)(0.03m?) = 0.4155 kg

Noting that only 85 percent of the heat generated is transferred to the plate, the rate of heat transfer to the
iron's base plate is
0., = 085x1000 W = 850 W
We take plate to be the system. The energy balance for this closed system can be expressed as
E in E out = AE system

v . .
Net energy transfer Change in internal, kinetic,
by heat, work, and mass potential, etc. energies

Oy =AU

Solving for Az and substituting,
mcAT e (0.4155kg)(875 J/kg.°C)(140-22)°C
0. 850 1/s B

which is the time required for the plate temperature to reach the specified temperature.

22°C

IRON

olate = MUy —1t)—> Oy At = me(Ty —T)) 1000 W

At 50.5s

Vo
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4-78 Stainless steel ball bearings leaving the oven at a specified uniform temperature at a specified rate are
exposed to air and are cooled before they are dropped into the water for quenching. The rate of heat
transfer from the ball bearing to the air is to be determined.

Assumptions 1 The thermal properties of the bearing balls are constant. 2 The kinetic and potential energy
changes of the balls are negligible. 3 The balls are at a uniform temperature at the end of the process
Properties The density and specific heat of the ball bearings are given to be p = 8085 kg/m® and ¢, = 0.480
kJ/kg.°C.

Analysis We take a single bearing ball as the system. The energy balance for this closed system can be
expressed as

AE,

Ein - Eout system
e —
Net energy transfer Change in internal, kinetic, Furnace W 2500
by heat, work, and mass potential, etc. energies ater. 25°C
Steel balls. 900°C
- Qout = Al]ball = m(uz - ul) —>

Qout = WlC(Ti - TZ)
The total amount of heat transfer from a ball is

3 3
m=pV = p”%= (8085 kg/m?) Z-012m)°

=0.007315kg

Ot =mc(Ty —T,) =(0.007315kg)(0.480 kJ/kg.°C)(900 —850)°C = 0.1756 kJ/ball
Then the rate of heat transfer from the balls to the air becomes
Ouoral = Moatt Qout (perbaity = (800 balls/min)x (0.1756 kJ/ball) =140.5 kJ/min = 2.34 kW

Therefore, heat is lost to the air at a rate of 2.34 kW.

4-79 Carbon steel balls are to be annealed at a rate of 2500/h by heating them first and then allowing them
to cool slowly in ambient air at a specified rate. The total rate of heat transfer from the balls to the ambient
air is to be determined.

Assumptions 1 The thermal properties of the balls are constant. 2 There are no changes in kinetic and
potential energies. 3 The balls are at a uniform temperature at the end of the process

Properties The density and specific heat of the balls are given to be p = 7833 kg/m’ and ¢, = 0.465
kJ/kg.°C.

Analysis We take a single ball as the system. The energy

balance for this closed system can be expressed as

Ein - Eout = AEsystem Furnace
Net energy transfer Change in internal, kinetic, 5 Air. 35°C
by heat, work, and mass potential, etc. energies Steel balls. 900°C

= Oout = AUy = m(uy —uy)
Qout = me(Ty = 1)
(b) The amount of heat transfer from a single ball is

3 3
m=pV = p% _ (7833 kg/m?) 72008 m)”

=0.00210 kg

Ooue = mc,(T; = T) = (0.0021kg)(0.465 kJ/kg.°C)(900 —100)°C = 0.781kJ (per ball)
Then the total rate of heat transfer from the balls to the ambient air becomes
Q.Out = My OQoue = (2500 balls/h) x (0.781kJ/ball) = 1,953 kJ/h = 542 W
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4-80 An electronic device is on for 5 minutes, and off for several hours. The temperature of the device at
the end of the 5-min operating period is to be determined for the cases of operation with and without a heat
sink.

Assumptions 1 The device and the heat sink are isothermal. 2 The thermal properties of the device and of
the sink are constant. 3 Heat loss from the device during on time is disregarded since the highest possible
temperature is to be determined.

Properties The specific heat of the device is given to be ¢, = 850 J/kg.°C. The specific heat of aluminum at
room temperature of 300 K is 902 J/kg.°C (Table A-3).

Analysis We take the device to be the system. Noting that electrical energy is

supplied, the energy balance for this closed system can be expressed as Electronic
device, 25°C
Ein - Eout = AEsystem
Net energy transfer Change in internal, kinetic,
by heat, work, and mass potential, etc. energies
I/Ve,in = AUclevice = m(uz - ul)
WeinAt = me(T, —T))

Substituting, the temperature of the device at the end of the process is determined to be
(30 J/s)(5 x 60 5)=(0.020 kg)(850 J/kg.°C)(T, —-25)°C — T, =554°C (without the heat sink)

Case 2 When a heat sink is attached, the energy balance can be expressed as

W = AUvdevice + Athe:at sink

e,in

At = WIC(TQ - T] )device + mc(Tz - Ti )heat sink

W,

e,in
Substituting, the temperature of the device-heat sink combination is determined to be

(30J/s)(5x60s) = (0.020 kg)(850 J/kg.°C)(T, —25)°C +(0.200 kg)(902 J/kg.°C)(T, —25)°C
T, =70.6°C (with heat sink)

Discussion These are the maximum temperatures. In reality, the temperatures will be lower because of the
heat losses to the surroundings.
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4-81 EES Problem 4-80 is reconsidered. The effect of the mass of the heat sink on the maximum device
temperature as the mass of heat sink varies from 0 kg to 1 kg is to be investigated. The maximum
temperature is to be plotted against the mass of heat sink.

Analysis The problem is solved using EES, and the solution is given below.

"Knowns:"

"T_1 is the maximum temperature of the device"
Q_dot_out = 30 [W]

m_device=20 [g]

Cp_device=850 [J/kg-C]

A=5 [cm”2]

DELTAt=5 [min]

T _amb=25 [C]

{m_sink=0.2 [kg]}

"Cp_al taken from Table A-3(b) at 300K"
Cp_al=0.902 [kJ/kg-C]

T_2=T_amb

"Solution:"

"The device without the heat sink is considered to be a closed system."

"Conservation of Energy for the closed system:"

"E_dot_in - E_dot_out = DELTAE_dot, we neglect DELTA KE and DELTA PE for the system, the
device."

E_dot_in - E_dot_out = DELTAE_dot

E_dot_in =0

E_dot_out = Q_dot_out

"Use the solid material approximation to find the energy change of the device."

DELTAE_dot= m_device*convert(g,kg)*Cp_device*(T_2-T_1_device)/(DELTAt*convert(min,s))
"The device with the heat sink is considered to be a closed system."

"Conservation of Energy for the closed system:"

"E_dot_in - E_dot_out = DELTAE_dot, we neglect DELTA KE and DELTA PE for the device with the
heat sink."

E_dot_in - E_dot_out = DELTAE_dot_combined

"Use the solid material approximation to find the energy change of the device."
DELTAE_dot_combined= (m_device*convert(g,kg)*Cp_device*(T_2-
T_1_device&sink)+m_sink*Cp_al*(T_2-T_1_device&sink)*convert(kJ,J))/(DELTAt*convert(min,s))

600 T T T T T T T T T
Msink T1 ,device&sink
[kg] [C] 500
0 554.4
0.1 109 % 400
0.2 70.59 K
0.3 56.29 i 300
0.4 48.82
0.5 44.23 200
0.6 41.12
0.7 38.88 % 100
0.8 37.19 r
0.9 35.86 0
1 34.79 0
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4-82 An egg is dropped into boiling water. The amount of heat transfer to the egg by the time it is cooked
is to be determined.

Assumptions 1 The egg is spherical in shape with a radius of 7y = 2.75 cm. 2 The thermal properties of the
egg are constant. 3 Energy absorption or release associated with any chemical and/or phase changes within
the egg is negligible. 4 There are no changes in kinetic and potential energies.

Properties The density and specific heat of the egg are given to be p = 1020 kg/m’ and ¢, =3.32 kl/kg.°C.

Analysis We take the egg as the system. This is a closes system since no mass enters or leaves the egg.
The energy balance for this closed system can be expressed as

Ein - Eout = AEsystem BOllll’lg
Net energy transfer Change in internal, kinetic, Water
by heat, work, and mass potential, etc. energies
Qin = AUegg = m(u2 _Ul) = mc(T2 - Tl)

Then the mass of the egg and the amount of heat transfer become

D? 7(0.055 m)’

m=pV = p=—=(1020 kg/m?) =0.0889 kg

0, = me, (T, ~T;) = (0.0889 kg)(3.32 kI/kg.°C)(80 — 8)°C = 21.2 kJ

4-83E Large brass plates are heated in an oven at a rate of 300/min. The rate of heat transfer to the plates in
the oven is to be determined.

Assumptions 1 The thermal properties of the plates are constant. 2 The changes in kinetic and potential
energies are negligible.

Properties The density and specific heat of the brass are given to be p = 532.5 Ibm/ft’ and ¢, = 0.091
Btu/lbm.°F.

Analysis We take the plate to be the system. The energy balance for this
closed system can be expressed as

E, in Eout - AE, system
— . Y Plates
Net energy transfer Change in internal, kinetic, 75°F
by heat, work, and mass potential, etc. energies

Qin = AUplme = m(”Z _ul) = mC(T2 - Ti)
The mass of each plate and the amount of heat transfer to each plate is

m=pV = pLA = (532.5 bm/ft>)[(1.2/12 ft)(2 ft)(2 ft)] = 213 Ibm

0., = me(T, —T)) = (213 Ibm/plate)(0.091 Btu/lbm.°F)(1000 — 75)°F = 17,930 Btu/plate
Then the total rate of heat transfer to the plates becomes

Ot = ytaeCin. per plare = (300 plates/min) x (17,930 Btu/plate) = 5,379,000 Btu/min = 89,650 Btu/s
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4-84 Long cylindrical steel rods are heat-treated in an oven. The rate of heat transfer to the rods in the oven
is to be determined.

Assumptions 1 The thermal properties of the rods are constant. 2 The changes in kinetic and potential
energies are negligible.

Properties The density and specific heat of the steel rods are given to be p = 7833 kg/m’ and ¢, = 0.465
kl/kg.°C.

Analysis Noting that the rods enter the oven at a velocity of 3 m/min and exit at the same velocity, we can
say that a 3-m long section of the rod is heated in the oven in 1 min. Then the mass of the rod heated in 1
minute is

m=pV = pLA = pL(7D* | 4) = (7833 kg/m* )3 m)[7(0.1m)* / 4] = 184.6 kg

We take the 3-m section of the rod in the oven as the system. The

energy balance for this closed system can be expressedas 00 T
“.*. .Qven, 900°C .- -
E, —E AESystem ........... A
— — T T T
Net energy transfer Change in internal, kinete, .~ .. ...t
by heat, work, and mass potential, etc. energies —>»

Qin = AUrod = m(u2 _ul) = mc(Tz _Tl)

Substituting,
0., =me(T, —T)) = (184.6 kg)(0.465 kJ/kg.°C)(700 —30)°C = 57,512 kJ

Noting that this much heat is transferred in 1 min, the rate of heat transfer to the rod becomes

0, = 0.,/ At = (57,512 kJ)/(1min) = 57,512 kJ/min = 958.5 kW
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Special Topic: Biological Systems

4-85C Metabolism refers to the chemical activity in the cells associated with the burning of foods. The
basal metabolic rate is the metabolism rate of a resting person, which is 84 W for an average man.

4-86C The energy released during metabolism in humans is used to maintain the body temperature at 37°C.

4-87C The food we eat is not entirely metabolized in the human body. The fraction of metabolizable
energy contents are 95.5% for carbohydrates, 77.5% for proteins, and 97.7% for fats. Therefore, the
metabolizable energy content of a food is not the same as the energy released when it is burned in a bomb
calorimeter.

4-88C Yes. Each body rejects the heat generated during metabolism, and thus serves as a heat source. For
an average adult male it ranges from 84 W at rest to over 1000 W during heavy physical activity.
Classrooms are designed for a large number of occupants, and thus the total heat dissipated by the
occupants must be considered in the design of heating and cooling systems of classrooms.

4-89C 1 kg of natural fat contains almost 8 times the metabolizable energy of 1 kg of natural
carbohydrates. Therefore, a person who fills his stomach with carbohydrates will satisfy his hunger without
consuming too many calories.

4-90 Six people are fast dancing in a room, and there is a resistance heater in another identical room. The
room that will heat up faster is to be determined.

Assumptions 1 The rooms are identical in every other aspect. 2 Half of the heat dissipated by people is in
sensible form. 3 The people are of average size.

Properties An average fast dancing person dissipates 600 Cal/h of energy (sensible and latent) (Table 4-2).
Analysis Three couples will dissipate
E = (6 persons)(600 Cal/h.person)(4.1868 kJ/Cal) =15,072 kJ/h = 4190 W

of energy. (About half of this is sensible heat). Therefore, the room with the people dancing will warm up
much faster than the room with a 2-kW resistance heater.

4-91 Two men are identical except one jogs for 30 min while the other watches TV. The weight difference
between these two people in one month is to be determined.

Assumptions The two people have identical metabolism rates, and are identical in every other aspect.

Properties An average 68-kg person consumes 540 Cal/h while jogging, and 72 Cal/h while watching TV
(Table 4-2).
Analysis An 80-kg person who jogs 0.5 h a day will have jogged a total of 15 h a month, and will consume

4.1868 kJ ][ 80 kg

AE =[(540 — 72) Cal/h](15h
consumed = L( ) X )( 1Cal 68 kg

j =34,578 kJ

more calories than the person watching TV. The metabolizable energy content of 1 kg of fat is 33,100 kJ.
Therefore, the weight difference between these two people in 1-month will be

AE, nsumed _ 34578Kk]
Energy content of fat 33,100 kJ/kg

Amg, = =1.045 kg
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4-92 A classroom has 30 students, each dissipating 100 W of sensible heat. It is to be determined if it is
necessary to turn the heater on in the room to avoid cooling of the room.

Properties Each person is said to be losing sensible heat to the room air at a rate of 100 W.

Analysis We take the room is losing heat to the outdoors at a rate of

~ 1h
Ooss = (20,000 kJ/h)[%OO

J: 5.56 kW
s

The rate of sensible heat gain from the students is

Oyain = (100 W/student )30 students) = 3000 W = 3 kW

which is less than the rate of heat loss from the room. Therefore, it is necessary to turn the heater on to
prevent the room temperature from dropping.

4-93 A bicycling woman is to meet her entire energy needs by eating 30-g candy bars. The number of
candy bars she needs to eat to bicycle for 1-h is to be determined.

Assumptions The woman meets her entire calorie needs from candy bars while bicycling.

Properties An average 68-kg person consumes 639 Cal/h while bicycling, and the energy content of a 20-g
candy bar is 105 Cal (Tables 4-1 and 4-2).

Analysis Noting that a 20-g candy bar contains 105 Calories of metabolizable energy, a 30-g candy bar will
contain

Ecangy = (105 Cal)@g—gJ =157.5 Cal
g

of energy. If this woman is to meet her entire energy needs by eating 30-g candy bars, she will need to eat

639Cal/h

= ——— =~ 4candybars/h
candy ™ 157.5Cal Y

4-94 A 55-kg man eats 1-L of ice cream. The length of time this man needs to jog to burn off these calories
is to be determined.

Assumptions The man meets his entire calorie needs from the ice cream while jogging.

Properties An average 68-kg person consumes 540 Cal/h while jogging, and the energy content of a 100-
ml of ice cream is 110 Cal (Tables 4-1 and 4-2).

Analysis The rate of energy consumption of a 55-kg person while jogging is

E — (540 Cal/h) 22X | _ 437 caim
68 k

consumed —
g

Noting that a 100-ml serving of ice cream has 110 Cal of metabolizable energy, a 1-liter box of ice cream
will have 1100 Calories. Therefore, it will take

1100 Cal

=—=25h
437 Cal/h

of jogging to burn off the calories from the ice cream.
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4-95 A man with 20-kg of body fat goes on a hunger strike. The number of days this man can survive on
the body fat alone is to be determined.

Assumptions 1 The person is an average male who remains in resting position at all times. 2 The man
meets his entire calorie needs from the body fat alone.

Properties The metabolizable energy content of fat is 33,100 Cal/kg. An average resting person burns
calories at a rate of 72 Cal/h (Table 4-2).

Analysis The metabolizable energy content of 20 kg of body fat is
Egy = (33,100 kJ/kg)(20 kg) = 662,000 kJ

The person will consume

Eoopoumed = (72 Cal/h )24 h{%&i”] — 7235 kJ/day
a

Therefore, this person can survive
662,000 kJ

At =—="""""_ _91.5 days
7235k / day

on his body fat alone. This result is not surprising since people are known to survive over 100 days without
any food intake.

4-96 Two 50-kg women are identical except one eats her baked potato with 4 teaspoons of butter while the
other eats hers plain every evening. The weight difference between these two woman in one year is to be
determined.

Assumptions 1 These two people have identical metabolism rates, and are identical in every other aspect. 2
All the calories from the butter are converted to body fat.

Properties The metabolizable energy content of 1 kg of body fat is 33,100 kJ. The metabolizable energy
content of 1 teaspoon of butter is 35 Calories (Table 4-1).

Analysis A person who eats 4 teaspoons of butter a day will consume

365 days

E,onsumed = (35 Cal/teaspoon )4 teaspoons/day{
1 year

J =51,100 Cal/year

Therefore, the woman who eats her potato with butter will gain

51,100 Cal (4.1868 kJ
- =6.5kg
33,100 kJ/kg| 1Cal

Mgyt

of additional body fat that year.

4-97 A woman switches from 1-L of regular cola a day to diet cola and 2 slices of apple pie. It is to be
determined if she is now consuming more or less calories.

Properties The metabolizable energy contents are 300 Cal for a slice of apple pie, 87 Cal for a 200-ml
regular cola, and 0 for the diet drink (Table 4-3).

Analysis The energy contents of 2 slices of apple pie and 1-L of cola are
Ey;. =2%(300 Cal)= 600 Cal
E,ya = 5%(87 Cal)= 435 Cal

Therefore, the woman is now consuming more calories.
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4-98 A man switches from an apple a day to 200-ml of ice cream and 20-min walk every day. The amount
of weight the person will gain or lose with the new diet is to be determined.

Assumptions All the extra calories are converted to body fat.

Properties The metabolizable energy contents are 70 Cal for a an apple and 220 Cal for a 200-ml serving
of ice cream (Table 4-1). An average 68-kg man consumes 432 Cal/h while walking (Table 4-2). The
metabolizable energy content of 1 kg of body fat is 33,100 kJ.

Analysis The person who switches from the apple to ice cream increases his calorie intake by
E s =220—-70 =150Cal

extra

The amount of energy a 60-kg person uses during a 20-min walk is

. ( 1h Y 60kg
E = (432 Cal/h)(20 min ———=|=127 Cal
consumed ( )( )[ 60 min j{ 68 ng

Therefore, the man now has a net gain of 150 - 127 = 23 Cal per day, which corresponds to 23x30 = 690
Cal per month. Therefore, the man will gain

690 Cal [ 4.1868 kJ

Mgy

= =0.087 kg
33,100 kikg| 1Cal

of body fat per month with the new diet. (Without the exercise the man would gain 0.569 kg per month).

4-99 The average body temperature of the human body rises by 2°C during strenuous exercise. The
increase in the thermal energy content of the body as a result is to be determined.

Properties The average specific heat of the human body is given to be 3.6 kJ/kg.°C.
Analysis The change in the sensible internal energy of the body is
AU = meAT = (80 kg)(3.6 kl/kg°C)(2°C) =576 kJ

as a result of body temperature rising 2°C during strenuous exercise.

4-100E An average American adult switches from drinking alcoholic beverages to drinking diet soda. The
amount of weight the person will lose per year as a result of this switch is to be determined.

Assumptions 1 The diet and exercise habits of the person remain the same other than switching from
alcoholic beverages to diet drinks. 2 All the excess calories from alcohol are converted to body fat.

Properties The metabolizable energy content of body fat is 33,100 Cal/kg (text).

Analysis When the person switches to diet drinks, he will consume 210 fewer Calories a day. Then the
annual reduction in the calories consumed by the person becomes

Reduction in energy intake: FE,.4..q = (210 Cal/day)(365 days/year) = 76,650 Cal/year

Therefore, assuming all the calories from the alcohol would be converted to body fat, the person who
switches to diet drinks will lose

Reduction in energy intake ' qiceq
Enegy content of fat pat 33,100 kJ/kg

Reduction in weight = 76,650 Cal/yr [ 4.1868 kJ

=9.70 kg/yr
1 Cal J &y

or about 21 pounds of body fat that year.
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4-101 A person drinks a 12-0z beer, and then exercises on a treadmill. The time it will take to burn the
calories from a 12-o0z can of regular and light beer are to be determined.

Assumptions The drinks are completely metabolized by the body.

Properties The metabolizable energy contents of regular and light beer are 150 and 100 Cal, respectively.
Exercising on a treadmill burns calories at an average rate of 700 Cal/h (given).

Analysis The exercising time it will take to burn off beer calories is determined directly from

150 Cal .
(a) Regular beer: Atregular beer — m =0.214h =12.9 min
100 Cal
b) Light beer: Aty =———=0.143h = 8.6 min
( ) g light beer 700 Cal/h

4-102 A person has an alcoholic drink, and then exercises on a cross-country ski machine. The time it will
take to burn the calories is to be determined for the cases of drinking a bloody mary and a martini.

Assumptions The drinks are completely metabolized by the body.

Properties The metabolizable energy contents of bloody mary and martini are 116 and 156 Cal,
respectively. Exercising on a cross-country ski machine burns calories at an average rate of 600 Cal’h
(given).
Analysis The exercising time it will take to burn off beer calories is determined directly from

116 Cal

Algioody Mary = 500 Cal /L~ 0.193 h = 11.6 min

(a) Bloody mary:

156 Cal
b) Martini: At . =—"" """ —026h=15.6 min
®) martint = 600 Cal /h

4-103E A man and a woman have lunch at Burger King, and then shovel snow. The shoveling time it will
take to burn off the lunch calories is to be determined for both.

Assumptions The food intake during lunch is completely metabolized by the body.

Properties The metabolizable energy contents of different foods are as given in the problem statement.
Shoveling snow burns calories at a rate of 360 Cal/h for the woman and 480 Cal/h for the man (given).

Analysis The total calories consumed during lunch and the time it will take to burn them are determined
for both the man and woman as follows:

Man: Lunch calories = 720+400+225 = 1345 Cal.
1345 Cal

Shoveling time: At . =———=2.80h
g shoveling, man 480 Cal/h
Woman: Lunch calories = 330+400+0 = 730 Cal.
Shoveling time: At 730 Cal 2.03h

shoveling, woman = m -
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4-104 Two friends have identical metabolic rates and lead identical lives, except they have different
lunches. The weight difference between these two friends in a year is to be determined.

Assumptions 1 The diet and exercise habits of the people remain the same other than the lunch menus. 2
All the excess calories from the lunch are converted to body fat.

Properties The metabolizable energy content of body fat is 33,100 Cal/kg (text). The metabolizable energy
contents of different foods are given in problem statement.

Analysis The person who has the double whopper sandwich consumes 1600 — 800 = 800 Cal more every
day. The difference in calories consumed per year becomes

Calorie consumption difference = (800 Cal/day)(365 days/year) = 292,000 Cal/year

Therefore, assuming all the excess calories to be converted to body fat, the weight difference between the
two persons after 1 year will be

Calorie intake difference  AE 292,000 Cal/yr£4.1868 kJ

Weight difference =

intake
1 Cal

=36.9 kg/yr
Enegy content of fat pat 33,100 kJ/kg

or about 80 pounds of body fat per year.

4-105E A person eats dinner at a fast-food restaurant. The time it will take for this person to burn off the
dinner calories by climbing stairs is to be determined.

Assumptions The food intake from dinner is completely metabolized by the body.

Properties The metabolizable energy contents are 270 Cal for regular roast beef, 410 Cal for big roast beef,
and 150 Cal for the drink. Climbing stairs burns calories at a rate of 400 Cal/h (given).
Analysis The total calories consumed during dinner and the time it will take to burn them by climbing
stairs are determined to be

Dinner calories = 270+410+150 = 830 Cal.

830 Cal

———F=2.08h
400 Cal/h

Stair climbing time: At =

4-106 Three people have different lunches. The person who consumed the most calories from lunch is to
be determined.

Properties The metabolizable energy contents of different foods are 530 Cal for the Big Mac, 640 Cal for
the whopper, 350 Cal for french fries, and 5 for each olive (given).

Analysis The total calories consumed by each person during lunch are:

Person 1: Lunch calories = 530 Cal
Person 2: Lunch calories = 640 Cal
Person 3: Lunch calories = 350+5x50 = 600 Cal

Therefore, the person with the Whopper will consume the most calories.
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4-107 A 100-kg man decides to lose 5 kg by exercising without reducing his calorie intake. The number of
days it will take for this man to lose 5 kg is to be determined.

Assumptions 1 The diet and exercise habits of the person remain the same other than the new daily
exercise program. 2 The entire calorie deficiency is met by burning body fat.

Properties The metabolizable energy content of body fat is 33,100 Cal/kg (text).

Analysis The energy consumed by an average 68-kg adult during fast-swimming, fast dancing, jogging,
biking, and relaxing are 860, 600, 540, 639, and 72 Cal/h, respectively (Table 4-2). The daily energy
consumption of this 100-kg man is

(860 + 600 + 540 + 639 Cal/h)1h)+ (72 Cal/h )20 h)](lggli‘g] = 5999 Cal
g

Therefore, this person burns 5999-3000 = 2999 more Calories than he takes in, which corresponds to

2999 Cal | 4.1868 kJ
33,100 kJ/kg\ 1Cal

Mgy

j =0.379 kg

of body fat per day. Thus it will take only
Skg

t=———=—=13.2days
0.379kg

for this man to lose 5 kg.

4-108E The range of healthy weight for adults is usually expressed in terms of the body mass index (BMI)

W(kg)

H*(m?)

in S units as BMI = . This formula is to be converted to English units such that the weight is in

pounds and the height in inches.

Analysis Noting that 1 kg = 2.2 1bm and 1 m =39.37 in, the weight in 1bm must be divided by 2.2 to
convert it to kg, and the height in inches must be divided by 39.37 to convert it to m before inserting them
into the formula. Therefore,

Wkg)  W(lbm)/22 705 W(lbm)

BMI = = -
H*(m?) H*(@in?)/(39.37)° H*(in?)

Every person can calculate their own BMI using either SI or English units, and determine if it is in the
healthy range.
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4-109 A person changes his/her diet to lose weight. The time it will take for the body mass index (BMI) of
the person to drop from 30 to 25 is to be determined.

Assumptions The deficit in the calori intake is made up by burning body fat.

Properties The metabolizable energy contents are 350 Cal for a slice of pizza and 87 Cal for a 200-ml
regular cola. The metabolizable energy content of 1 kg of body fat is 33,100 kJ.

Analysis The lunch calories before the diet is

Egy =3xey,,, +2%e. =3x(350 Cal)+2x (87 Cal) = 1224 Cal

pizza coke

The lunch calories after the diet is

E 4 =2xe +1xe =2x%(350Cal)+1x (87 Cal) = 787 Cal

pizza coke

The calorie reduction is
E =1224-787 =437 Cal

reduction
The corresponding reduction in the body fat mass is

_437Cal 4.1868kJ
33,100 kJ/kg 1Cal

Migag

j =0.05528kg

The weight of the person before and after the diet is
W, = BMI, x h?pizza =30x(1.7m)* =86.70 kg
W, = BMI, x h*pizza = 25x(1.7m)* =72.25kg
Then it will take

w,-w. .70-72.
1 =W, _(86.70-72.25)kg _ 261.4days
Mgy 0.05528 kg/day

Time =

for the BMI of this person to drop to 25.
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Review Problems

4-110 Heat is transferred to a piston-cylinder device containing air. The expansion work is to be
determined.

Assumptions 1 There is no friction between piston and cylinder. 2 Air is an

ideal gas.

Properties The gas contant for air is 0.287 kJ/kg.K (Table A-2a).

Analysis Noting that the gas constant represents the boundary work for a OQIL r_
unit mass and a unit temperature change, the expansion work is simply g Og 0
determined from AT=5°C

W, = mATR = (0.5 kg)(5 K)(0.287 kl/kg.K) = 0.7175 kJ

4-111 Solar energy is to be stored as sensible heat using phase-change materials, granite rocks, and water.
The amount of heat that can be stored in a 5-m® = 5000 L space using these materials as the storage
medium is to be determined.

Assumptions 1 The materials have constant properties at the specified values. 2 No allowance is made for
voids, and thus the values calculated are the upper limits.

Analysis The amount of energy stored in a medium is simply equal to the increase in its internal energy,
which, for incompressible substances, can be determined from AU =mc(T, —=T}) .

(a) The latent heat of glaubers salts is given to be 329 kJ/L. Disregarding the sensible heat storage in this
case, the amount of energy stored is becomes

AUgy, = mhye = (5000 L)(329 kJ/L) = 1,645,000 kJ
This value would be even larger if the sensible heat storage due to temperature rise is considered.
(b) The density of granite is 2700 kg/m® (Table A-3), and its specific heat is given to be ¢ = 2.32 kJ/kg.°C.
Then the amount of energy that can be stored in the rocks when the temperature rises by 20°C becomes
AU = p¥eAT = (2700 kg/m® )(5 m*)(2.32 kJ/kg.°C)(20°C) = 626,400 kJ

(c) The density of water is about 1000 kg/m’ (Table A-3), and its specific heat is given to be ¢ = 4.0
kJ/kg.°C. Then the amount of energy that can be stored in the water when the temperature rises by 20°C
becomes

AUyec = p¥YeAT = (1000 kg/m® )(5 m*)(4.0 kI/kg.°C)(20°C) = 400,00 kJ

Discussion Note that the greatest amount of heat can be stored in phase-change materials essentially at
constant temperature. Such materials are not without problems, however, and thus they are not widely
used.



4-112 The ideal gas in a piston-cylinder device is cooled at constant pressure
molar mass of this gas are to be determined.

Assumptions There is no friction between piston and cylinder.
Properties The specific heat ratio is given to be 1.667

Analysis Noting that the gas constant represents the boundary work for a
unit mass and a unit temperature change, the gas constant is simply
determined from
Re w, 16.6kJ
mAT  (0.8kg)(10°C)

=2.075kJ/kg.K

The molar mass of the gas is

_ R, 8314klJ/kmol.K
R 2.075kl/kgK

=4.007 kg/kmol

The specific heats are determined as
R 2.075 kJ)kgK

k-1 1.667-1

¢, =c, +R=3.111 kl/kg. K+2.075 klJ/kg.K =5.186 kJ/kg.°C

- 3.111 kJ/kg.°C

c

4-113 For a 10°C temperature change of air, the final velocity and final
determined so that the internal, kinetic and potential energy changes are equal.

4-65

. The gas constant and the

Ideal gas -
0.8 kg 7 0
AT=10°C

elevation of air are to be

Properties The constant-volume specific heat of air at room AIR
temperature is 0.718 kJ/kg.°C (Table A-2). 0°C — 10°C
Analysis The internal energy change is determined from 0 m/s—Vel,
Au =c, AT =(0.718kJ/kg.°C)(10°C) = 7.18 kl/kg Om— 2z
. o . . AU=AKE=APE

Equating kinetic and potential energy changes to internal energy
change, the final velocity and elevation are determined from

Au:Ake:l(Vf—Vlz)—>7.18kJ/kg=l(V22—0m2/s2)( lkJ/kzg 2) v, =119.8 m/s

2 2 1000 m~/s
Au=Ape=g(z, —z;)—>7.18kJ/kg = (9.81m/s?)(z, — 0 m)( “‘J/kzg . j z,=731.9m
1000 m~/s
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4-114 A cylinder equipped with an external spring is initially filled with air at a specified state. Heat is
transferred to the air, and both the temperature and pressure rise. The total boundary work done by the air,
and the amount of work done against the spring are to be determined, and the process is to be shown on a
P-vdiagram.

Assumptions 1 The process is quasi-equilibrium. 2 The spring is a linear spring.

Analysis (a) The pressure of the gas changes linearly with volume during this process, and thus the
process curve on a P-V diagram will be a straight line. Then the boundary work during this process is
simply the area under the process curve, which is a trapezoidal. Thus,

n+h

Wb,out = Area = (VZ - Vl)
_ (200+800)kPa 5 0.2)m3[—1 b J Air
=150 kJ 0.2 m’
(b) If there were no spring, we would have a constant P
pressure process at P = 200 kPa. The work done during this (kPa)
process is

5 800 2
Wb,out,no spring — J‘lPdV = P(VZ _Vl) 1/
200 1

= (200 kPa )0.5—0.2)m*/kg _IK 1 gow
1k 3

Pa-m

3
Thus, 0.2 0.5 (m°)

I/Vspring = I/Vb - I/Vb,no spring — 150-60 =90 kJ
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4-115 A cylinder equipped with a set of stops for the piston is initially filled with saturated liquid-vapor
mixture of water a specified pressure. Heat is transferred to the water until the volume increases by 20%.
The initial and final temperature, the mass of the liquid when the piston starts moving, and the work done
during the process are to be determined, and the process is to be shown on a P-v diagram.

Assumptions The process is quasi-equilibrium.

Analysis (a) Initially the system is a saturated mixture at 125 kPa pressure, and thus the initial temperature
is

I = Tsat@lZS kpa =106.0°C

The total initial volume is

Vi=mv,+muv, =2x0.001048+3x1.3750 = 4.127 m’ H
Then the total and specific volumes at the final state are I;io
g
V, =120, =1.2x4.127=4.953 m*
Vy 4953m’
vy =2 =272 09905 mP kg
m S5kg
Thus,
P
P, =300 kPa
3 T, =373.6°C
vy =0.9905 m*/kg 2 3
(b) When the piston first starts moving, P, = 300 kPa and ¢4 =
V, =4.127 m’. The specific volume at this state is 1
vV, 4127m’
v, =2 =20 08254 mB kg v
m Skg

which is greater than v, = 0.60582 m’/kg at 300 kPa. Thus no liquid is left in the cylinder when the piston
starts moving.

(c) No work is done during process 1-2 since ¥} = (4. The pressure remains constant during process 2-3
and the work done during this process is

1kJ

3

W, = rpdv = P,(V, —V, )= (300 kPa )(4.953 —4.127)m3[
2 1 kPa-m

J =247.6 kJ
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4-116E A spherical balloon is initially filled with air at a specified state. The pressure inside is
proportional to the square of the diameter. Heat is transferred to the air until the volume doubles. The work
done is to be determined.

Assumptions 1 Air is an ideal gas. 2 The process is quasi-equilibrium.
Properties The gas constant of air is R = 0.06855 Btu/lbm.R (Table A-1E).
Analysis The dependence of pressure on volume can be expressed as

1/3
v-lms D:(ﬂj
6 V4

23
PocD? —— P=kD? :k(ﬂj
7
23
or, k(gj = pl(/1—2/3 = p2V2—2/3
r

2/3
Also, ﬁ:{ﬁj =223 —1.587

A (Y

and AU _ DY T2=PZV2T1:1.587><2><(800R)=2539R
Lo n Ay

Thus,

) 5 23 2/3
Wy = IPd(/: J- k(ﬂj dVZﬁ(EJ ((/25/3 _(/15/3)22(132(/2 -hV)
1 1 Vs 5\« 5

= %mR(Tz -T)) = % (10 1bm)(0.06855 Btu/lbm- R)(2539—800)R =715 Btu
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4-117E EES Problem 4-116E is reconsidered. Using the integration feature, the work done is to be

determined and compared to the 'hand calculated' result.

Analysis The problem is solved using EES, and the solution is given below.

N=2
m=10"[lbm]"

30"[psia]"

800"[R]"

=2*V_1

545"[ft-Ibf/Ibmol-R]"/molarmass(air)"[ft-Ibf/lbm-R]"
P_1*Convert(psia,lbf/ft*2)*V_1=m*R*T_1

V_1=4*pi*(D_1/2)"3/3"[ft"3]"

C=P_1/D_1”°N

(D_1/D 2)"3 V_1NV_2

P_2=C*D_2"N"[psia]"

P_2*Convert(psia,lbf/ft*2)*V_2=m*R*T_2
P=C*D”N*Convert(psia,|bf/ft"2)"[ft"2]"

V=4*pi*(D/2)"3/3"[ft"3]"
W_boundary_EES=integral(P,V,V_1,V_2)*convert(ft-Ibf,Btu)"[Btu]"
W_boundary_HAND=pi*C/(2*(N+3))*(D_2~(N+3)-D_1~(N+3))*convert(ft-
Ibf,Btu)*convert(ft*2,in*2)"[Btu]"

P 1=
T 1=
V2
R=

1
1

N Wboundarv [Btu]
0 548.3
0.3333 572.5
0.6667 598.1
1 625
1.333 653.5
1.667 683.7
2 715.5
2.333 749.2
2.667 784.8
3 822.5
50— o
800
750
E)
E. 700
> 650
()
©
€ 600
=]
2
550
; L ]
500 I 1 I 1 I 1 I 1 I 1 I
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4-118 A cylinder is initially filled with saturated R-134a vapor at a specified pressure. The refrigerant is
heated both electrically and by heat transfer at constant pressure for 6 min. The electric current is to be
determined, and the process is to be shown on a 7-v diagram.

Assumptions 1 The cylinder is stationary and thus the kinetic and potential energy changes are negligible.
2 The thermal energy stored in the cylinder itself and the wires is negligible. 3 The compression or
expansion process is quasi-equilibrium.

Analysis We take the contents of the cylinder as the system. This is a closed system since no mass enters
or leaves. The energy balance for this stationary closed system can be expressed as

Ein - Eout = AEsystem
—_— N —
Net energy transfer Change in internal, kinetic,
by heat, work, and mass potential, etc. energies
On +Wein =Wy e =AU (since Q = KE = PE = 0)
O +Wein = m(hy —hy)

O + (VIA?) = m(hy — hy)

since AU + W, = AH during a constant pressure quasi-
equilibrium process. The properties of R-134a are
(Tables A-11 through A-13)

P, =240 kPa
sat. vapor

P, =240 kPa
T, =70°C

}hl = hy@aaonpa = 24728 ki/kg

}hz =314.51 kl/kg

Substituting,

300,000 VA +(110 VY7 )6x60s) = (12 kg (314.51 - 247.28)k]/kg(1000 VAJ

1kJ/s
I1=128 A
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4-119 A cylinder is initially filled with saturated liquid-vapor mixture of R-134a at a specified pressure.
Heat is transferred to the cylinder until the refrigerant vaporizes completely at constant pressure. The initial
volume, the work done, and the total heat transfer are to be determined, and the process is to be shown on a
P-vdiagram.

Assumptions 1 The cylinder is stationary and thus the kinetic and potential energy changes are negligible.
2 The thermal energy stored in the cylinder itself is negligible. 3 The compression or expansion process is
quasi-equilibrium.

Analysis (a) Using property data from R-134a tables (Tables A-11 through A-13), the initial volume of the
refrigerant is determined to be

P, =200 kPa v, =0.0007533, v, =0.099867 m*/kg
x, =025 u, =38.28, u g =186.21kJ/kg

v = v, +xv g, =0.0007533+0.25% (0.099867 —0.0007533) = 0.02553 m* kg
uy =, +xuy, =38.28+0.25x186.21=84.83 ki/kg

Y, = mv, = (02 kg)0.02553 m*/kg = 0.005106 m?
(b) The work done during this constant pressure process is

P, =200 kPa }vz = Vy@aoo kpa = 0.09987 m’/kg P

sat. vapor Uy = Ug@noo kpa = 224.48 kl/kg

2
Wy ou = LPdV = P(Vz _Vl): mP(v, —v;)

1k
=(02kg a)0. -0. g —7
(0.2 kg)(200 kPa)(0.09987 — 0.02553)m*/k ( ! 3]
1 kPa-m

=297kJ

(c¢) We take the contents of the cylinder as the system. This is a closed system since no mass enters or
leaves. The energy balance for this stationary closed system can be expressed as

Ein _Eout = AE,

system

v v .
Net energy transfer Change in internal, kinetic,
by heat, work, and mass potential, etc. energies

On =Wy ou =AU
On = m(uy —uy) + Wy, o
Substituting,
Oin = (0.2 kg)(224.48 - 84.83)kJ/kg +2.97 =30.9 kJ
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4-120 A cylinder is initially filled with helium gas at a specified state. Helium is compressed
polytropically to a specified temperature and pressure. The heat transfer during the process is to be
determined.

Assumptions 1 Helium is an ideal gas with constant specific heats. 2 The cylinder is stationary and thus the
kinetic and potential energy changes are negligible. 3 The thermal energy stored in the cylinder itself is
negligible. 4 The compression or expansion process is quasi-equilibrium.
Properties The gas constant of helium is R = 2.0769 kPa.m’/kg.K (Table A-1). Also, ¢, = 3.1156 kl/kg.K
(Table A-2).
Analysis The mass of helium and the exponent » are determined to be

AU (1s0kpafosm’)

RT,  (2.0769 kPa-m®/kg- K J293 K)
pY, PV, TP v _413KX150kPa

=0.123 kg

v, = = x0.5m> =0.264 m’
RT, RT, T, P, 293K~ 400 kPa
P v Y 5
PV =RV —— | 2| = - ——>—4OO=(—05 j — > n=1536
P, v, 150 | 0.264

Then the boundary work for this polytropic process can be determined from

Wbin:_IdeV:_})zVZ_RM :_mR(TZ_Ti)
: 1 — s
— kg)(z'°7619 li/;<3g6~ K)@13-293)K _ oo\,

We take the contents of the cylinder as the system. This is a closed system since no mass enters or leaves.
Taking the direction of heat transfer to be to the cylinder, the energy balance for this stationary closed
system can be expressed as

Ein - Eout = AEsystem
[ —— —_
Net energy transfer Change in internal, kinetic,
by heat, work, and mass potential, etc. energies
O + Wy jn = AU = m(uy —u) He
_ n __
O =muy —uy) =Wy iy PV=C
B =~
=mcy (T, =) —Wy i 0

Substituting,
Oin=(0.123 kg)(3.1156 kJ/kg-K)(413 - 293)K - (57.2 k) =-11.2 kJ
The negative sign indicates that heat is lost from the system.

4-121 A cylinder and a rigid tank initially contain the same amount of an ideal gas at the same state. The
temperature of both systems is to be raised by the same amount. The amount of extra heat that must be
transferred to the cylinder is to be determined.

Analysis In the absence of any work interactions, other than the boundary work, the AH and AU represent
the heat transfer for ideal gases for constant pressure and constant volume processes, respectively. Thus the
extra heat that must be supplied to the air maintained at constant pressure is

O extra = AH =AU = mc , AT —mc, AT = m(c,, —c,)AT = mRAT

R, 8. .
where R =t 8314 KI/kmol-K _ ooy ke K IDEAL IDEAL

M 25 kg /kmol GAS GAS
Substituting, V = const. P=const. |

lo

O exra = (12 kg)(0.3326 kI/kgK)(15 K) = 59.9 kJ &
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4-122 The heating of a passive solar house at night is to be assisted by solar heated water. The length of
time that the electric heating system would run that night with or without solar heating are to be
determined.

Assumptions 1 Water is an incompressible substance with constant specific heats. 2 The energy stored in
the glass containers themselves is negligible relative to the energy stored in water. 3 The house is
maintained at 22°C at all times.

Properties The density and specific heat of water at room temperature are p = 1 kg/LL and ¢ = 4.18
kJ/kg-°C (Table A-3).
Analysis (a) The total mass of water is

m,, = pV = (1 kg/LY50x20 L)=1000 kg 50,000 kJ/h

Taking the contents of the house, including the water as our
system, the energy balance relation can be written as

Ein - Eout = AE,

by heat work andmass e i raies
Wein = Qout = AU = (AU) per + (AU )i,
= (AD) ater = me(Ty =T ater

or, WAt =Quy =[me(ly = T)yer
Substituting,

(15 kJ/s)At - (50,000 kJ/h)(10 h) = (1000 kg)(4.18 kJ/kg-°C)(22 - 80)°C
It gives At=17,170s=4.77h
(b) If the house incorporated no solar heating, the energy balance relation above would simplify further to

We,inAt - Qout =0

Substituting, (15 kJ/s)At - (50,000 kJ/h)(10 h) =0
It gives At=33,3335=9.26 h

4-123 An electric resistance heater is immersed in water. The time it will take for the electric heater to raise
the water temperature to a specified temperature is to be determined.

Assumptions 1 Water is an incompressible substance with constant specific heats. 2 The energy stored in
the container itself and the heater is negligible. 3 Heat loss from the container is negligible.

Properties The density and specific heat of water at room temperature are p = | kg/L and ¢ = 4.18
kJ/kg-°C (Table A-3).

Analysis Taking the water in the container as the system, the energy balance can be expressed as
E -FE = AE

in out system
— —
Net energy transfer Change in internal, kinetic,
by heat, work, and mass potential, etc. energies
VVe,in = (AU)Water
W.. At = T, -T, X N\ /I\ /
e,in me(Ty =T water O Resistance Heater ):
Substituting, 2 v \Y N
(1800 J/s)At = (40 kg)(4180 J/kg-°C)(80 - 20)°C Water

Solving for At gives
At=55735s=929 min=1.55h
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4-124 One ton of liquid water at 80°C is brought into a room. The final equilibrium temperature in the
room is to be determined.

Assumptions 1 The room is well insulated and well sealed. 2 The thermal properties of water and air are
constant.

Properties The gas constant of air is R = 0.287 kPa.m’/kg.K (Table A-1). The specific heat of water at
room temperature is ¢ = 4.18 kJ/kg-°C (Table A-3).

Analysis The volume and the mass of the air in the room are

V= 4x5x6 = 120 m’
“RY__ (00kpa)i20m®)

air —

4mx5mx6m

=141.7 kg ROOM

RT,  (0.2870 kPa - m’/kg-K [295 K) 220
100 kPa

Taking the contents of the room, including the water, as

our system, the energy balance can be written as Heat

Ein - Eout = AE, —0=AU= (AU)water + (AU)

system air
Net energy transfer Change in internal, kinetic,
by heat, work, and mass potential, etc. energies
or [mc(TZ - Tl )]water + [mcv (TZ - 71 )]air =0
Substituting,

(1000 kg)(4.180 ki/kg C)(T, —80)°C + (141.7 kg)(0.718 kl/kg" C)(T; - 22)°C =0

It gives T;=178.6°C

where T;is the final equilibrium temperature in the room.

4-125 A room is to be heated by 1 ton of hot water contained in a tank placed in the room. The minimum
initial temperature of the water is to be determined if it to meet the heating requirements of this room for a
24-h period.

Assumptions 1 Water is an incompressible substance with constant specific heats. 2 Air is an ideal gas
with constant specific heats. 3 The energy stored in the container itself is negligible relative to the energy
stored in water. 4 The room is maintained at 20°C at all times. 5 The hot water is to meet the heating
requirements of this room for a 24-h period.

Properties The specific heat of water at room temperature is ¢ = 4.18 kJ/kg-°C (Table A-3).
Analysis Heat loss from the room during a 24-h period is
Oloss = (8000 kJ/h)(24 h) = 192,000 kJ

Taking the contents of the room, including the water, as our system, the energy balance can be written as

0
Ein - Eout = AEsystem —_)_Qout =AU = (AU)water + (AU)air 8000 kJ/h
Net energy transfer Change in internal, kinetic,

by heat, work, and mass potential, etc. energies
or 'Qout = [mc(TZ - Tl)]waler
Substituting, 20°C

-192,000 kJ = (1000 kg)(4.18 kI/kg-°C)(20 - T}) — b
It gives T, =65.9°C water P

where T is the temperature of the water when it is first brought into the room. S
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4-126 A sample of a food is burned in a bomb calorimeter, and the water temperature rises by 3.2°C when
equilibrium is established. The energy content of the food is to be determined.

Assumptions 1 Water is an incompressible substance with constant specific heats. 2 Air is an ideal gas
with constant specific heats. 3 The energy stored in the reaction chamber is negligible relative to the
energy stored in water. 4 The energy supplied by the mixer is negligible.

Properties The specific heat of water at room temperature is ¢ = 4.18 kJ/kg-°C (Table A-3). The constant
volume specific heat of air at room temperature is ¢, = 0.718 kJ/kg-°C (Table A-2).

Analysis The chemical energy released during the combustion of the sample is transferred to the water as
heat. Therefore, disregarding the change in the sensible energy of the reaction chamber, the energy content
of the food is simply the heat transferred to the water. Taking the water as our system, the energy balance
can be written as

Ein - Eout = AEsystem d Qin =AU
Net energy transfer Change in internal, kinetic, i
by heat, work, and mass potential, etc. energies

Reaction

or Qin = (AU)Water = [mc(TZ - Tl )]Water chamber

Substituting, Oin= (3 kg)(4.18 kJ/kg-°C)(3.2°C) =40.13 kJ Food

for a 2-g sample. Then the energy content of the food per unit mass is )

40.13kJ ( 1000 g — 20,060 kJ/kg AT =3.2°C
2g 1 kg

To make a rough estimate of the error involved in neglecting the thermal energy stored in the reaction
chamber, we treat the entire mass within the chamber as air and determine the change in sensible internal
energy:

(AU)chamber = [mcv (TZ _Tl )]chamber = (0102 kg)(0718 kJ/ng CX32° C): 0.23kJ

which is less than 1% of the internal energy change of water. Therefore, it is reasonable to disregard the
change in the sensible energy content of the reaction chamber in the analysis.

4-127 A man drinks one liter of cold water at 3°C in an effort to cool down. The drop in the average body
temperature of the person under the influence of this cold water is to be determined.
Assumptions 1 Thermal properties of the body and water are constant. 2 The effect of metabolic heat
generation and the heat loss from the body during that time period are negligible.
Properties The density of water is very nearly 1 kg/L, and the specific heat of water at room temperature is
C=4.18 kl/kg°C (Table A-3). The average specific heat of human body is given to be 3.6 kl/kg.°C.
Analysis. The mass of the water is

m, =pV =(kgL)IL)=1kg
We take the man and the water as our system, and disregard any heat and mass transfer and chemical
reactions. Of course these assumptions may be acceptable only for very short time periods, such as the time
it takes to drink the water. Then the energy balance can be written as

Ein - Eout = AEsystem V '
Net energy transfer Change in internal, kinetic, |
by heat, work, and mass potential, etc. energies
0=AU = AUbody + AU, yter
or [mcu (TZ - Tl )]body + [mcu (TZ - Tl )]water =0
Substituting (68 kg)(3.6 kJ/kg-" C)(T, —39)° C + (1 kg)(4.18 kI/kg-* C)(T; =3)"C=0
It gives Ty=38.4°C
Then AT=39-38.4=0.6°C

Therefore, the average body temperature of this person should drop about half a degree celsius.
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4-128 A 0.2-L glass of water at 20°C is to be cooled with ice to 5°C. The amount of ice or cold water that
needs to be added to the water is to be determined.

Assumptions 1 Thermal properties of the ice and water are constant. 2 Heat transfer to the glass is
negligible. 3 There is no stirring by hand or a mechanical device (it will add energy).

Properties The density of water is 1 kg/L, and the specific heat of water at room temperature is ¢ = 4.18
kJ/kg-°C (Table A-3). The specific heat of ice at about 0°C is ¢ =2.11 kJ/kg-°C (Table A-3). The melting
temperature and the heat of fusion of ice at 1 atm are 0°C and 333.7 kJ/kg,.

Analysis (a) The mass of the water is

m,, = pV = (1kg/L)(0.2L) = 0.2 kg Ice cubes
We take the ice and the water as our system, and disregard any heat and mass 0°C
transfer. This is a reasonable assumption since the time period of the process
is very short. Then the energy balance can be written as
Ein - Eout = AEsystem
— —
Net energy transfer Change in internal, kinetic,
by heat, work, and mass potential, etc. energies Water
0=AU 20°C
02L
0= AUvice + Avaater

[mc(0° C=T)go1ig +mhyr +me(Ty =07 C) jiquia lice +me(Ty —T1)]yaer =0
Noting that 7' .. = 0°C and 7, = 5°C and substituting gives
m[0 + 333.7 kl/kg + (4.18 kJ/kg-°C)(5-0)°C] + (0.2 kg)(4.18 kl/kg-°C)(5-20)°C =0

m=0.0364 kg=364¢g

(b) When T ;.. = -8°C instead of 0°C, substituting gives

m[(2.11 kJ/kg-°C)[0-(-8)]°C + 333.7 kl/kg + (4.18 kJ/kg-°C)(5-0)°C]
+ (0.2 kg)(4.18 kJ/kg-°C)(5-20)°C =0

m=0.0347kg=34.7¢g

Cooling with cold water can be handled the same way. All we need to do is replace the terms for ice by a
term for cold water at 0°C:

(AU )cotawater + (AU ) gaier =0
[ne(Ts =T eorawaier * (T2 =T ier =0
Substituting,
[Meotd water (4.18 kI/kg-°C)(5 - 0)°C] + (0.2 kg)(4.18 kl/kg-°C)(5-20)°C = 0
It gives
m=0.6kg=600g

Discussion Note that this is 17 times the amount of ice needed, and it explains why we use ice instead of
water to cool drinks. Also, the temperature of ice does not seem to make a significant difference.
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4-129 EES Problem 4-128 is reconsidered. The effect of the initial temperature of the ice on the final mass
of ice required as the ice temperature varies from -20°C to 0°C is to be investigated. The mass of ice is to
be plotted against the initial temperature of ice.

Analysis The problem is solved using EES, and the solution is given below.

"Knowns"

rho_water = 1"[kg/L]"
V=0.2"[L]"

T_1_ice =0"[C]"
T_1=20"[C]"

T 2 =5"[C]"

C_ice = 2.11 "[kJ/kg-C]"
C_water = 4.18 "[kJ/kg-C]"
h_if = 333.7 "[kJ/kg]"
T_1_ColdWater = 0"[C]"

"The mass of the water is:"
m_water = rho_water*V "[kg]"

"The system is the water plus the ice. Assume a short time period and neglect
any heat and mass transfer. The energy balance becomes:"
E_in - E_out = DELTAE_sys "[kJ]"

E_in=0"[kJ]"

E_out = 0"[kJ]"

DELTAE_sys = DELTAU_water+DELTAU_ice"[kJ]"
DELTAU_water = m_water*C_water*(T_2-T_1)"[kJ]"
DELTAU_ice = DELTAU_solid_ice+DELTAU_melted_ice"[kJ]"
DELTAU_solid_ice =m_ice*C_ice*(0-T_1_ice) + m_ice*h_if"[kJ]"
DELTAU_melted_ice=m_ice*C_water*(T_2 - 0)"[kJ]"
m_ice_grams=m_ice*convert(kg,g)"[9]"

"Cooling with Cold Water:"

DELTAE_sys = DELTAU_water+DELTAU_ColdWater"[kJ]"

DELTAU_water = m_water*C_water*(T_2_ColdWater - T_1)"[kJ]"

DELTAU_ColdWater = m_ColdWater*C_water*(T_2_ColdWater - T_1_ColdWater)"[kJ]"
m_ColdWater_grams=m_ColdWater*convert(kg,g)"[g]"

36 T T T T T T T T T
mice,grams T1,ice L -
9] [C] 35
31.6 -20
32.47 -15 I
33.38 10 34
34.34 -5 =) I
35.36 0 =
(72 L
g 32
o F
Iy
o 3f -
£ L _
30 ! | ! | ! | ! | !
-20 -16 -12 -8 -4 0
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4-130 A 1- ton (1000 kg) of water is to be cooled in a tank by pouring ice into it. The final equilibrium
temperature in the tank is to be determined.

Assumptions 1 Thermal properties of the ice and water are constant. 2 Heat transfer to the water tank is
negligible. 3 There is no stirring by hand or a mechanical device (it will add energy).

Properties The specific heat of water at room temperature is ¢ = 4.18 kJ/kg-°C, and the specific heat of ice
at about 0°C is ¢ = 2.11 kJ/kg-°C (Table A-3). The melting temperature and the heat of fusion of ice at 1
atm are 0°C and 333.7 kl/kg.

Analysis We take the ice and the water as our system, and ice
disregard any heat transfer between the system and the -5°C
surroundings. Then the energy balance for this process can be 80 kg
written as
A
Ein - Eour = AEsystem
Net energy transfer Ch in internal, kineti
by heat, work, and mass  potential, etc. energies R
1 ton
0=AU
0= Al]ice + AUwater

[mc(0°C—T,)gotia + mhye +mc(T, -0° O tiquid lice +me(Ty —T7)] =0

water
Substituting,
(80 kg){(2.11kJ /kg° C)[0—(-5)]°C+333.7 kI /kg+ (4.18 kJ /kg-* C)(T, — 0)°C}
+(1000 kg)(4.18 kJ /kg° C)(T, —20)°C =0
It gives T, =12.4°C

which is the final equilibrium temperature in the tank.
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4-131 An insulated cylinder initially contains a saturated liquid-vapor mixture of water at a specified
temperature. The entire vapor in the cylinder is to be condensed isothermally by adding ice inside the
cylinder. The amount of ice that needs to be added is to be determined.

Assumptions 1 Thermal properties of the ice are constant. 2 The cylinder is well-insulated and thus heat
transfer is negligible. 3 There is no stirring by hand or a mechanical device (it will add energy).

Properties The specific heat of ice at about 0°C is ¢ = 2.11 kJ/kg-°C (Table A-3). The melting temperature
and the heat of fusion of ice at 1 atm are given to be 0°C and 333.7 kJ/kg.

Analysis We take the contents of the cylinder (ice and saturated water) as our system, which is a closed
system. Noting that the temperature and thus the pressure remains constant during this phase change
process and thus W, + AU = AH, the energy balance for this system can be written as

E, in E out - AEsystem
—
Net energy transfer Change in internal, kinetic,
by heat, work, and mass potential, etc. energies

Wyin =AU — AH =0
AH,, +AH 0 =0

water
[ch(oQ C- Tl )solid + mhtf + mc(TZ -0° C)liquid ]ice + [m(hZ - hl )]water =0
The properties of water at 120°C are (Table A-4)

v, =0.001060, v, =0.89133 m’/kg
h,=503.81,  h, =2202.1klkg

Then,

v =v, +xv, =0.001060+0.2x(0.89133-0.001060)=0.17911 m’ /kg
by =h; +xh g =503.81+0.2x2202.1=944.24 ki/kg

hy = h@iaec =503.81kl/kg

v 0.01 m*

A = 0.05583 kg
v 017911 m’/kg

Mgteam =

Noting that 7' j.e = 0°C and 7, = 120°C and substituting gives
m[0 +333.7 kl/kg + (4.18 kJ/kg-°C)(120-0)°C] + (0.05583 kg)(503.81 — 944.24) kJ/kg =0
m=0.0294 kg =29.4 g ice
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4-132 The cylinder of a steam engine initially contains saturated vapor of water at 100 kPa. The cylinder is
cooled by pouring cold water outside of it, and some of the steam inside condenses. If the piston is stuck at
its initial position, the friction force acting on the piston and the amount of heat transfer are to be
determined.

Assumptions The device is air-tight so that no air leaks into the cylinder as the pressure drops.

Analysis We take the contents of the cylinder (the saturated liquid-vapor mixture) as the system, which is
a closed system. Noting that the volume remains constant during this phase change process, the energy
balance for this system can be expressed as

E in E out - AE, system
Y —
Net energy transfer Change in internal, kinetic,
by heat, work, and mass potential, etc. energies

= Ot =AU =m(u, —uy)
The saturation properties of water at 100 kPa and at 30°C are (Tables A-4 and A-5)

P =100kPa —— v, =0.001043m’kg, v, =1.6941 m’/kg
u, =417.40klkg,  u, =2505.6 ki/kg

7,=30C —> v, =0.001004 m*/kg, v, =32.879 m’/kg
up =12573klkg,  uj, =2290.2 ki/kg
P, = 4.2469 kPa
Then, Cold
Py =P 05y =42469 kPa water

VI=Ve@iookpa = 10941 m’/kg
Uy =Ugq@iookpa = 2505.6 kl/kg

and
v 0.05 m*
m=t-_ "M 02951 kg
v 1.6941m°/kg
oy Y2 Yy  16941-0.001 _ oo
2L Ty, 32.879-0.001

Uy =uy +xyup, =12573+0.05150%2290.2 = 243.67 kJ/kg

The friction force that develops at the piston-cylinder interface balances the force acting on the piston, and
is equal to
1000 N/m*

F = AP - P,)) = (0.1 m>)(100 — 4.2469)kPa(
a

J:9575 N

The heat transfer is determined from the energy balance to be
Qout = m(ul _u2)
=(0.02951 kg)(2505.6 —243.67)k]J/kg
=66.8 kJ
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4-133 Water is boiled at sea level (1 atm pressure) in a coffee maker, and half of the water evaporates in
25 min. The power rating of the electric heating element and the time it takes to heat the cold water to the
boiling temperature are to be determined.

Assumptions 1 The electric power consumption by the heater is constant. 2 Heat losses from the coffee
maker are negligible.

Properties  The enthalpy of vaporization of water at the
saturation temperature of 100°C is Ay = 2256.4 kl/kg (Table /\
A-4). At an average temperature of (100+18)/2 = 59°C, the \/

specific heat of water is ¢ = 4.18 kJ/kg.°C, and the density is
about 1 kg/L (Table A-3). |
¥// |, Water
/.

{

Sy iy D 2

Analysis The density of water at room temperature is very 100°C

nearly 1 kg/L, and thus the mass of 1 L water at 18°C is nearly
1 kg. Noting that the enthalpy of vaporization represents the
amount of energy needed to vaporize a liquid at a specified
temperature, the amount of electrical energy needed to
vaporize 0.5 kg of water in 25 min is

I~

7 Heater
3 We

h.
mhyy _ (0.5kg)2256.4KIKS) _ o 20 1
At (25%605)

WC = WeAt thfg g WC =

Therefore, the electric heater consumes (and transfers to water) 0.752 kW of electric power.

Noting that the specific heat of water at the average temperature of (18+100)/2 = 59°C is ¢ = 4.18
kJ/kg-°C, the time it takes for the entire water to be heated from 18°C to 100°C is determined to be
mcAT — (1kg)(4.18kl/kg-°C)(100-18)°C
' 0.752kJ/s

W, =W,At =mcAT — At = =456 = 7.60 min

e

Discussion We can also solve this problem using v¢ data (instead of density), and 4y data instead of
specific heat. At 100°C, we have ;= 0.001043 m3/kg and h;=419.17 kl/kg. At 18°C, we have h;= 75.54
kJ/kg (Table A-4). The two results will be practically the same.
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4-134 Two rigid tanks that contain water at different states are connected by a valve. The valve is opened
and the two tanks come to the same state at the temperature of the surroundings. The final pressure and the
amount of heat transfer are to be determined.

Assumptions 1 The tanks are stationary and thus the kinetic and potential energy changes are zero. 2 The
tank is insulated and thus heat transfer is negligible. 3 There are no work interactions.

Analysis We take the entire contents of the tank as the
system. This is a closed system since no mass enters or
leaves. Noting that the volume of the system is constant
and thus there is no boundary work, the energy balance
for this stationary closed system can be expressed as

E,-F AE

H,O
200 kPa

in out system B
—_—
Net energy transfer Change in internal, kinetic,
by heat, work, and mass potential, etc. energies

— Qo =AU =(AU) 4, +(AU)p (sinceW =KE =PE =0)
Oout =AUs 408 —Uy 4 —U, ]
= —[mz,totaluz = (myu,) 4 —(myuy) g

The properties of water in each tank are (Tables A-4 through A-6)
Tank A:

P, =400 kPa }u ; =0.001084, v, =0.46242 m’/kg
x; =0.80 u, =604.22,  ug, =1948.9 kikg
Uiy =V, + X0, =0.001084+[0.8x(0.46242-0.001084)] = 0.37015 m® /kg
g =t +xu 4 =604.22+(0.8x1948.9)=2163.3 ki/kg

Tank B:
P, =200 kPa }VLB =1.1989 m*/kg

T, =250°C | u, , =2731.4 kikkg
v 02m’
myy =—A= o =0.5403 kg
’ Via o 037015 m”/kg
% 0.5m’
myy =—2 o -04170kg

vig 11989 m3/ke
m, =my;+m, 5 =0.5403+0.4170 = 0.9573 kg

v I m’
v, =22 0TI 93117 kg

m, 0.9573kg
I, =25°C v, =0.001003, v, =43340 m’/kg
v, =0.73117 m’/kg | u, =104.83, u, =2304.3kl/kg

Thus at the final state the system will be a saturated liquid-vapor mixture since ¢ < ¢, < y, . Then the final
pressure must be

P2 :Psat@25 oc = 3.17 kPa
Also,
Y=Yy 0.73117-0.001

v,  43.340-0.001

Uy =y +Xyu , =104.83+(0.01685x 2304.3) =143.65 kl/kg
Substituting, Qo =—[(0.9573)(143.65) — (0.5403)(2163.3) — (0.4170)(2731.4)] = 2170 kJ

=0.01685

x2=
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4-135 EES Problem 4-134 is reconsidered. The effect of the environment temperature on the final pressure
and the heat transfer as the environment temperature varies from 0°C to 50°C is to be investigated. The
final results are to be plotted against the environment temperature.

Analysis The problem is solved using EES, and the solution is given below.

"Knowns"

Vol_A=0.2 [m”"3]

P_A[1]=400 [kPa]

x_A[1]=0.8

T_B[1]=250 [C]

P_B[1]=200 [kPa]

Vol_B=0.5 [m~3]

T_final=25 [C] "T_final = T_surroundings. To do the parametric study
or to solve the problem when Q_out = 0, place this statement in {}."
{Q_out=0 [kJ]} "To determine the surroundings temperature that
makes Q_out = 0, remove the {} and resolve the problem."

"Solution"

"Conservation of Energy for the combined tanks:"
E_in-E_out=DELTAE

E_in=0

E_out=Q_out
DELTAE=m_A*(u_A[2]-u_A[1])+m_B*(u_B[2]-u_B[1])
m_A=Vol_A/v_A[1]

m_B=Vol_B/v_B[1]

Fluid$="'Steam_IAPWS'
u_A[1]=INTENERGY(Fluid$,P=P_A[1], x=x_A[1])
v_A[1]=volume(Fluid$,P=P_A[1], x=x_A[1])
T_A[1]=temperature(Fluid$,P=P_A[1], x=x_A[1])
u_B[1]=INTENERGY(Fluid$,P=P_B[1],T=T_B[1])
v_B[1]=volume(Fluid$,P=P_B[1],T=T_B[1])

"At the final state the steam has uniform properties through out the entire system."
u_B[2]=u_final

u_A[2]=u_final

m_final=m_A+m_B

Vol_final=Vol_A+Vol_B

v_final=Vol_final/m_final
u_final=INTENERGY(Fluid$,T=T_final, v=v_final)
P_final=pressure(Fluid$, T=T_final, v=v_final)

Pfinal [KP2] Qout [kJ] Thinal [C]
0.6112 2300 0
0.9069 2274 5.556

1.323 2247 11.11
1.898 2218 16.67
2.681 2187 22.22
3.734 2153 27.78
5.13 2116 33.33
6.959 2075 38.89
9.325 2030 44 .44
12.35 1978 50
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4-136 A rigid tank filled with air is connected to a cylinder with zero clearance. The valve is opened, and
air is allowed to flow into the cylinder. The temperature is maintained at 30°C at all times. The amount of
heat transfer with the surroundings is to be determined.

Assumptions 1 Air is an ideal gas. 2 The kinetic and potential energy changes are negligible,
Ake = Ape = 0 . 3 There are no work interactions involved other than the boundary work.

Properties The gas constant of air is R = 0.287 kPa.m’/kg K (Table A-1).

Analysis We take the entire air in the tank and the
cylinder to be the system. This is a closed system since

no mass crosses the boundary of the system. The energy
balance for this closed system can be expressed as Air
T=30°C
Ein - Eout = AEsystem 0‘*
—
Net energy transfer Change in internal, kinetic,

by heat, work, and mass potential, etc. energies | |
Qin - Wb,out =AU = m(u2 _ul) =0 ‘ | T
Qin = Wb,out .

since u = u(T) for ideal gases, and thus u, = u; when T}
= T, . The initial volume of air is
PMZPsz (/Z—PITZ(/—400kPa

- /= x1x(0.4m’) =0.80 m’
T P T, ' 200kPa

The pressure at the piston face always remains constant at 200 kPa. Thus the boundary work done during
this process is

1kJ

2
Wi o = L PV = BV, — V) = (200 kPa)(0.8—0.4)m3( -

Therefore, the heat transfer is determined from the energy balance to be

Wb,out = Qin =80kJ
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4-137 A well-insulated room is heated by a steam radiator, and the warm air is distributed by a fan. The
average temperature in the room after 30 min is to be determined.

Assumptions 1 Air is an ideal gas with constant specific heats at room temperature. 2 The kinetic and
potential energy changes are negligible. 3 The air pressure in the room remains constant and thus the air
expands as it is heated, and some warm air escapes.

Properties The gas constant of air is R = 0.287 kPa.m’/kg K (Table A-1). Also, ¢, = 1.005 kJ/kg.K for air
at room temperature (Table A-2).

Analysis We first take the radiator as the system. This is a closed system since no mass enters or leaves.
The energy balance for this closed system can be expressed as

Ein - Eout = AE,

system
—_—
Net energy transfer Change in internal, kinetic,
by heat, work, and mass potential, etc. energies
. o
— Oyt =AU =m(uy —u;) (since W =KE =PE =0) 10°C

dmx4mx5m
Qout :m(ul _“2)

Using data from the steam tables (Tables A-4 through
A-6), some properties are determined to be

P =200kPa | v, =1.08049 m’/kg -'
T, =200°C } uy = 2654.6 kl/kg

P, =100 kPa }uf =0.001043, v, =1.6941 m’/kg
(v, =v)) u, =417.40, u, =2088.2ki/kg

Vy =V,  1.08049-0.001043
Vi 1.6941-0.001043

Uy =ty +xyu p, =417.40+0.6376x2088.2 =1748.7 kl/kg

—> g Steam
radiator

VAR

<— &

=0.6376

x2:

v 015m?®
el 0OSmT 6130 kg

Vi 1.08049 m’/kg
Substituting, QOou = (0.0139 kg)( 2654.6 — 1748.7)kJ/kg = 12.58 kJ
The volume and the mass of the air in the room are /= 4x4x5 = 80 m® and

BV (100 kPa)(SO m3)

air —

- =98.5k
RT;  (0.2870 kPa-m*/kg - K [283 K) ¢

The amount of fan work done in 30 min is
Wianin = Wfan’mAt =(0.120kJ/s)(30x 60 s) = 216kJ
We now take the air in the room as the system. The energy balance for this closed system is expressed as
Ey, - Eout = AEsystem
Qin + Wfan,in - Wb,out =AU
Qin + VVfan,in =AH = me(T2 _Ti)

since the boundary work and AU combine into AH for a constant pressure expansion or compression
process. It can also be expressed as

(Qin + Wfan,in)At = mcp,avg(TZ _Tl)
Substituting, (12,58 kJ) + (216 kJ) = (98.5 kg)(1.005 kJ/kg°C)(Ts - 10)°C

which yields 7,=12.3°C
Therefore, the air temperature in the room rises from 10°C to 12.3°C in 30 min.
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4-138 An insulated cylinder is divided into two parts. One side of the cylinder contains N, gas and the
other side contains He gas at different states. The final equilibrium temperature in the cylinder when
thermal equilibrium is established is to be determined for the cases of the piston being fixed and moving
freely.

Assumptions 1 Both N, and He are ideal gases with constant specific heats. 2 The energy stored in the
container itself is negligible. 3 The cylinder is well-insulated and thus heat transfer is negligible.

Properties The gas constants and the constant volume specific heats are R = 0.2968 kPa.m’/kg.K is ¢, =
0.743 kJ/kg-°C for N,, and R = 2.0769 kPa.m*/kg K is ¢,=3.1156 kJ/kg-°C for He (Tables A-1 and A-2)

Analysis The mass of each gas in the cylinder is

e _[B%) (500 kPa )i m’) 477k
2 (
N,

RT; 0.2968 kPa - m’/kg - K [353 K) . (;Omk;
a
o [ BY] (500 kPa)(l m3)  0.808 ke 25°C
" URE ) (2.0769 kPa-m’/kg - K [298 K)

Taking the entire contents of the cylinder as our system, the 1st law relation can be written as

Ein - Eout = AE,

system

v N L
Net energy transfer Change in internal, kinetic,
by heat, work, and mass potential, etc. energies

0=AU = (AU)y, +(AU )y,
0 =[me, (T, =)\, +[me, (T = T)lke

Substituting,
(477 kg)0.743 kI/kg~ C [T, — 80P C + (0.808 kg)(3.1156 ki/kg -°C)T, —25FC = 0

It gives T;=57.2°C
where Ty is the final equilibrium temperature in the cylinder.

The answer would be the same if the piston were not free to move since it would effect only
pressure, and not the specific heats.

Discussion Using the relation P{/= NR,T, it can be shown that the total number of moles in the cylinder is
0.170 + 0.202 = 0.372 kmol, and the final pressure is 510.6 kPa.
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4-139 An insulated cylinder is divided into two parts. One side of the cylinder contains N, gas and the
other side contains He gas at different states. The final equilibrium temperature in the cylinder when
thermal equilibrium is established is to be determined for the cases of the piston being fixed and moving
freely.

Assumptions 1 Both N, and He are ideal gases with constant specific heats. 2 The energy stored in the
container itself, except the piston, is negligible. 3 The cylinder is well-insulated and thus heat transfer is
negligible. 4 Initially, the piston is at the average temperature of the two gases.

Properties The gas constants and the constant volume specific heats are R = 0.2968 kPa.m*/kg.K is ¢, =
0.743 kJ/kg-°C for N,, and R = 2.0769 kPa.m’/kg K is ¢, = 3.1156 kl/kg-°C for He (Tables A-1 and A-
2). The specific heat of copper piston is ¢ =0.386 kJ/kg-°C (Table A-3).

Analysis The mass of each gas in the cylinder is

(B4 _ (500 kPa )i m’) _ e e
my 4.77 kg
R, (0.2968 kPa - m’/kg - K J353 K) 500kPa [ 500 kPa
" 80°C 25°C
o_(RY) (500 kPa )i m’ ) 0808 k
e\ RE ), T 20769 kPa - mikg KJ3S3K)

Taking the entire contents of the cylinder as our system, the 1st law relation can be written as
Ein - Eout = AE,

system

v N A
Net energy transfer Change in internal, kinetic,
by heat, work, and mass potential, etc. energies

0=AU = (AU)y, +(AU )y, + (AU ),
0 =[mc, (T, = )y, +[mey (T, = T)lye +[me(Ty = T)]ey

where
Ty cu=(80+25)/2 = 52.5°C
Substituting,
(477 kg)0.743 ki/ke~ C T, ~80) C +(0.808 kg)(3.1156 ki/kg~ )T, - 25 C
+(5.0 ke)0.386 ki/ke C T, —52.5) C = 0
It gives

T;=56.0°C
where T is the final equilibrium temperature in the cylinder.

The answer would be the same if the piston were not free to move since it would effect only
pressure, and not the specific heats.
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4-140 EES Problem 4-139 is reconsidered. The effect of the mass of the copper piston on the final
equilibrium temperature as the mass of piston varies from 1 kg to 10 kg is to be investigated. The final
temperature is to be plotted against the mass of piston.

Analysis The problem is solved using EES, and the solution is given below.

"Knowns:"

R_u=8.314 [kJ/kmol-K]

V_N2[1]=1 [m"3]

Cv_N2=0.743 [kJ/kg-K] "From Table A-2(a) at 27C"
R _N2=0.2968 [kJ/kg-K] "From Table A-2(a)"
T_N2[1]=80 [C]

P_N2[1]=500 [kPa]

V_He[1]=1 [m"3]

Cv_He=3.1156 [kJ/kg-K] "From Table A-2(a) at 27C"
T_He[1]=25 [C]

P_He[1]=500 [kPa]

R He=2.0769 [kJ/kg-K] "From Table A-2(a)"
m_Pist=5 [kq]

Cv_Pist=0.386 [kJ/kg-K] "Use Cp for Copper from Table A-3(b) at 27C"

"Solution:"

"mass calculations:"
P_N2[1]*"V_N2[1]=m_N2*R_N2*(T_N2[1]+273)
P_He[1]*"V_He[1]=m_He*R_He*(T_He[1]+273)

"The entire cylinder is considered to be a closed system, neglecting the piston."
"Conservation of Energy for the closed system:"

"E_in - E_out = DELTAE_negPist, we neglect DELTA KE and DELTA PE for the cylinder."
E_in - E_out = DELTAE_neglPist

E_in =0 [kJ]

E_out =0 [kJ]

"At the final equilibrium state, N2 and He will have a common temperature."
DELTAE_neglIPist=m_N2*Cv_N2*(T_2_negIPist-T_N2[1])+m_He*Cv_He*(T_2_ neglPist-
T_He[1])

"The entire cylinder is considered to be a closed system, including the piston."
"Conservation of Energy for the closed system:"

"E_in - E_out = DELTAE_withPist, we neglect DELTA KE and DELTA PE for the cylinder."
E_in - E_out = DELTAE_withPist

"At the final equilibrium state, N2 and He will have a common temperature."
DELTAE_withPist= m_N2*Cv_N2*(T_2_withPist-T_N2[1])+m_He*Cv_He*(T_2_withPist-
T_He[1])+m_Pist*Cv_Pist*(T_2_withPist-T_Pist[1])

T_Pist[1]=(T_N2[1]+T_He[1])/2

"Total volume of gases:"

V_total=V_N2[1]+V_He[1]

"Final pressure at equilibrium:"

"Neglecting effect of piston, P_2 is:"

P_2 neglPist*V_total=N_total*R_u*(T_2_negIPist+273)

"Including effect of piston, P_2 is:"
N_total=m_N2/molarmass(nitrogen)+m_He/molarmass(Helium)
P_2_ withPist*V_total=N_total*R_u*(T_2_withPist+273)



T, [C]

Mpist [Kg] T negirist [C] Towitnpist [C]
1 57.17 56.89
2 57.17 56.64
3 57.17 56.42
4 57.17 56.22
5 57.17 56.04
6 57.17 55.88
7 57.17 55.73
8 57.17 55.59
9 57.17 55.47

10 57.17 55.35

60

58

56

54| With Piston i
52| 4
50 I 1 I 1 I 1 I 1 I 1 I 1 I 1

1 2 3 4 5 6 7 8

Without Piston

Mass of Piston [kg]
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4-141 An insulated rigid tank initially contains saturated liquid water and air. An electric resistor placed in
the tank is turned on until the tank contains saturated water vapor. The volume of the tank, the final
temperature, and the power rating of the resistor are to be determined.

Assumptions 1 The tank is stationary and thus the kinetic and potential energy changes are zero. 2 There
are no work interactions.

Properties The initial properties of steam are (Table A-4)

T} =200°C }ul =0.001157 m*/kg

X, =0 u, =850.46 ki/kg

Analysis (a) We take the contents of the tank as the system. This is a closed system since no mass enters or
leaves. Noting that the volume of the system is constant and thus there is no boundary work, the energy
balance for this stationary closed system can be expressed as

Ein _Eout = AE

v o L
Net energy transfer Change in internal, kinetic, Air
by heat, work, and mass potential, etc. energies

Wein =AU =m(uy —u;) (since Q=KE=PE=0)

e,in

system

A

The initial water volume and the tank volume are Water

v

V = mu, = (1.4kg)(0.001157 m*/kg) =0.001619 m> 1.4 kg, 200°C

3
Vi = % =0.006476 m?

(b) Now, the final state can be fixed by calculating specific volume

3
v, = L2 0006470 M 504626 m /kg
m 1.4 kg

The final state properties are
v, =0.004626 m*/kg | T, =371.3°C
x, =1 u, =2201.5 kl/kg

(c) Substituting,
Wein = (1.4kg)(2201.5 - 850.46)k] kg = 1892 kJ

Finally, the power rating of the resistor is

W 1892 KJ

in = = =1.576 kW
’ At 20x 60 s
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4-142 A piston-cylinder device contains an ideal gas. An external shaft connected to the piston exerts a
force. For an isothermal process of the ideal gas, the amount of heat transfer, the final pressure, and the
distance that the piston is displaced are to be determined.

Assumptions 1 The kinetic and potential energy changes are negligible,
Ake = Ape = 0. 2 The friction between the piston and the cylinder is

negligible.

Analysis (a) We take the ideal gas in the cylinder to be the system.
This is a closed system since no mass crosses the system boundary.
The energy balance for this stationary closed system can be expressed
as

Ein - Eout = AE,

system
— —
Net energy transfer Change in internal, kinetic,
by heat, work, and mass potential, etc. energies
Wb,in - Qout = AUidealgas =mc, (T2 - Tl)idealgas) =0 (Slnce T2 = Tl and KE = PE = 0)
Wb,in = Qout

Thus, the amount of heat transfer is equal to the boundary work input
Qout = Wb,in = 01 kJ

(b) The relation for the isothermal work of an ideal gas may be used to determine the final volume in the
cylinder. But we first calculate initial volume

2 2
v - D L= 7(0.12 m)

(0.2m) = 0.002262 m*
4 4

Then,

v,
Wyin = —BYi 111(7?]

VZ
0.002262 m®

0.1kJ = —(100 kPa)(0.002262 m3)ln[ j >V, =0.001454 m’

The final pressure can be determined from ideal gas relation applied for an isothermal process
PV, = PV, ——(100kPa)(0.002262 m”) = P,(0.001454 m*) —— P, =155.6 kPa
(c¢) The final position of the piston and the distance that the piston is displaced are

2 2
D 0.12
L, —50001454m° = 74 ; m”

AL=L,-L, =020-0.1285=0.07146m=7.1cm
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4-143 A piston-cylinder device with a set of stops contains superheated steam. Heat is lost from the steam.
The pressure and quality (if mixture), the boundary work, and the heat transfer until the piston first hits the

stops and the total heat transfer are to be determined.

Assumptions 1 The kinetic and potential energy changes are negligible, Ake = Ape = 0. 2 The friction

between the piston and the cylinder is negligible.

Analysis (a) We take the steam in the cylinder to be the system. This is
a closed system since no mass crosses the system boundary. The
energy balance for this stationary closed system can be expressed as

Ein - Eout - AEsystem
e [ —
Net energy transfer Change in internal, kinetic,
by heat, work, and mass potential, etc. energies

Woin — Qo =AU (since KE = PE =0)

Denoting when piston first hits the stops as state (2) and the final
state as (3), the energy balance relations may be written as

Woin = Qou1-2 =m(uy -uy)

Woin = Qou1.3 = m(u3 -uy)
The properties of steam at various states are (Tables A-4 through A-6)
To@3.smpa = 242.56°C

S
T, =T, + AT, =242.56+5 = 247.56°C

sat

P =35MPa |v, =0.05821 m’/kg
T, =247.56°C|u, =2617.3 ki/kg

P, =P =35MPa }vz =0.001235 m*/kg

X =0 uy = 1045.4 kl/kg

vy =v, =0.001235 m’ /kg
T; =200°C

P; =1555kPa

F} ~0.00062
uy =851.55 kl/kg

Steam
0.15kg
3.5 MPa

o ¥

(b) Noting that the pressure is constant until the piston hits the stops during which the boundary work is

done, it can be determined from its definition as

Wi = mP(v; —v,) = (0.15kg)(3500 kPa)(0.05821-0.001235)m’ = 29.91 kJ

(c) Substituting into energy balance relations,
Oout1-2 = 29.91kJ - (0.15 kg)(1045.4 - 2617.3)kJ/kg = 265.7 kJ

) Oou13 = 29.91KkJ —(0.15kg)(851.55 — 2617.3)kJ/kg = 294.8 kJ
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4-144 An insulated rigid tank is divided into two compartments, each compartment containing the same
ideal gas at different states. The two gases are allowed to mix. The simplest expression for the mixture
temperature in a specified format is to be obtained.

Analysis We take the both compartments together as the system. This is a closed system since no mass

enters or leaves. The energy balance for this stationary closed system can be expressed as
Ein - Eout = AEsystem

Net energy transfer Change in internal, kinetic,

by heat, work, and mass potential,ete. cnergies
0=AU (sinceQ =W =KE =PE =0) m m
0= myc, (Ty = T)) +myc, (Ty = T) h &
(my + my)Ty = mT, + m,T,

and, my =my +m,
Solving for final temperature, we find
)

m
ms ms

4-145 A relation for the explosive energy of a fluid is given. A relation is to be obtained for the explosive
energy of an ideal gas, and the value for air at a specified state is to be evaluated.

Properties The specific heat ratio for air at room temperature is k = 1.4.

Analysis The explosive energy per unit volume is given as

()
eexplosion = v,
For an ideal gas, uy-uy=cT1 - Tr)
c,—c, =R
RT,
v =—o
4]
and thus
c, ¢, 1 1
R ¢,-c, c¢,lc,-1 k-1
Substituting,

Cu(T1 —Tz) Py

e . = —_——
explosion RTI /Pl k—1 [ T1 J

which is the desired result.

Using the relation above, the total explosive energy of 20 m?® of air at 5 MPa and 100°C when the
surroundings are at 20°C is determined to be

3
by = B[y Ta) (5000 kPa)20 m )(1 293 Kj( 1 3] _s3619k
k-1 7, 14-1 373K \1kPa-m

E

explosion
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4-146 Using the relation for explosive energy given in the previous problem, the explosive energy of steam
and its TNT equivalent at a specified state are to be determined.

Assumptions Steam condenses and becomes a liquid at room temperature after the explosion.

Properties The properties of steam at the initial and the final states are (Table A-4 through A-6)

P, =10 MPa | v, = 0.032811 m*/kg
T, =500°C | u, =3047.0 ki/kg

} yZu . = 10483 kilkg

Comp. liquid

25°C
Analysis The mass of the steam is STEAM
10 MPa
v 20 m’ 500°C

m=—t=———— = 609.6 kg
v, 0.032811m’/kg

Then the total explosive energy of the steam is determined from
E = m(u; —u,)=(609.6 kg)3047.0 —104.83 )kJ/kg = 1,793,436 kJ

explosive
which is equivalent to

1,793,436 kJ

= 551.8 kg of TNT
3250 kJ/kg of TNT
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Fundamentals of Engineering (FE) Exam Problems

4-147 A room is filled with saturated steam at 100°C. Now a 5-kg bowling ball at 25°C is brought to the
room. Heat is transferred to the ball from the steam, and the temperature of the ball rises to 100°C while
some steam condenses on the ball as it loses heat (but it still remains at 100°C). The specific heat of the

ball can be taken to be 1.8 kJ/kg.°C. The mass of steam that condensed during this process is
(a)80¢g (b) 128¢ (c) 299 ¢ (d) 351¢g (e)405 g

Answer (c) 299 g

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on
a blank EES screen. (Similar problems and their solutions can be obtained easily by modifying numerical
values).

m_ball=5 "kg"

T=100"C"

T1=25"C"

T2=100"C"

Cp=1.8 "kJ/kg.C"

Q=m_ball*Cp*(T2-T1)

Q=m_steam*h_fg "kJ"

h_f=ENTHALPY (Steam_IAPWS, x=0,T=T)
h_g=ENTHALPY(Steam_IAPWS, x=1,T=T)
h_fg=h_g-h_f

"Some Wrong Solutions with Common Mistakes:"
Q=W1m_steam*h_g "Using h_g"

Q=W2m_steam*4.18*(T2-T1) "Using m*C*DeltaT = Q for water"
Q=W3m_steam*h_f "Using h_f"

4-148 A frictionless piston-cylinder device and a rigid tank contain 2 kmol of an ideal gas at the same
temperature, pressure and volume. Now heat is transferred, and the temperature of both systems is raised
by 10°C. The amount of extra heat that must be supplied to the gas in the cylinder that is maintained at
constant pressure is

(a)0kJ (b)42kJ (c)83KkJ (d) 102 kJ (e) 166 kJ

Answer (€) 166 kJ

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on
a blank EES screen. (Similar problems and their solutions can be obtained easily by modifying numerical
values).

"Note that Cp-Cv=R, and thus Q_diff=m*R*dT=N*Ru*dT"
N=2 "kmol"

Ru=8.314 "kJ/kmol.K"

T _change=10

Q_diff=N*Ru*T_change

"Some Wrong Solutions with Common Mistakes:"

W1_Qdiff=0 "Assuming they are the same"
W2_Qdiff=Ru*T_change "Not using mole numbers"
W3_Qdiff=Ru*T_change/N "Dividing by N instead of multiplying"
W4 _Qdiff=N*Rair*T_change; Rair=0.287 "using Ru instead of R"
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4-149 The specific heat of a material is given in a strange unit to be C = 3.60 kJ/kg.°F. The specific heat of
this material in the ST units of kJ/kg.°C is
(a) 2.00 kJ/kg.°C  (b) 3.20 klJ/kg.°C (c) 3.60 kJ/kg.°C (d) 4.80 kl/kg.°C (e) 6.48 kJ/kg.°C

Answer (e) 6.48 kl/kg.°C

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on
a blank EES screen. (Similar problems and their solutions can be obtained easily by modifying numerical
values).

C=3.60 "kJ/kg.F"
C_SI=C*1.8 "kJ/kg.C"

"Some Wrong Solutions with Common Mistakes:"
W1_C=C "Assuming they are the same"
W2_C=C/1.8 "Dividing by 1.8 instead of multiplying"

4-150 A 3-m’ rigid tank contains nitrogen gas at 500 kPa and 300 K. Now heat is transferred to the
nitrogen in the tank and the pressure of nitrogen rises to 800 kPa. The work done during this process is
(a) 500 kJ (b) 1500 kJ (c)0KkJ (d) 900 kJ (e) 2400 kJ

Answer (b) 0 kJ

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on
a blank EES screen. (Similar problems and their solutions can be obtained easily by modifying numerical
values).

V=3 "m"3"

P1=500 "kPa"

T1=300 "K"

P2=800 "kPa"

W=0 "since constant volume"

"Some Wrong Solutions with Common Mistakes:"
R=0.297

W1_W=V*(P2-P1) "Using W=V*DELTAP"
W2_W=V*P1

W3_W=V*P2

W4_W=R*T1*In(P1/P2)
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4-151 A 0.8-m’ cylinder contains nitrogen gas at 600 kPa and 300 K. Now the gas is compressed
isothermally to a volume of 0.1 m®. The work done on the gas during this compression process is
(a) 746 kJ (b) 0KJ (c) 420 kJ (d) 998 kJ (e) 1890 kJ

Answer (d) 998 kJ

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on
a blank EES screen. (Similar problems and their solutions can be obtained easily by modifying numerical
values).

R=8.314/28

V1=0.8 "m"3"

V2=0.1 "m"3"

P1=600 "kPa"

T1=300 "K"

P1*V1=m*R*T1

W=m*R*T1* In(V2/V1) "constant temperature"
"Some Wrong Solutions with Common Mistakes:"
W1_W=R*T1* In(V2/V1) "Forgetting m"
W2_W=P1*(V1-V2) "Using V*DeltaP"
P1*V1/T1=P2*V2/T1

W3 W=(V1-V2)*(P1+P2)/2 "Using P_ave*Delta V"
W4_W=P1*V1-P2*V2 "Using W=P1V1-P2Vv2"

4-152 A well-sealed room contains 60 kg of air at 200 kPa and 25°C. Now solar energy enters the room at
an average rate of 0.8 kJ/s while a 120-W fan is turned on to circulate the air in the room. If heat transfer
through the walls is negligible, the air temperature in the room in 30 min will be

(a) 25.6°C (b) 49.8°C (c) 53.4°C (d) 52.5°C (e) 63.4°C

Answer (e) 63.4°C

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on
a blank EES screen. (Similar problems and their solutions can be obtained easily by modifying numerical
values).

R=0.287 "kJ/kg.K"

Cv=0.718 "kJ/kg.K"

m=60 "kg"

P1=200 "kPa"

T1=25"C"

Qsol=0.8 "kJ/s"

time=30%60 "s"

Wfan=0.12 "kJ/s"

"Applying energy balance E_in-E_out=dE_system gives"
time*(Wfan+Qsol)=m*Cv*(T2-T1)

"Some Wrong Solutions with Common Mistakes:"

Cp=1.005 "kJ/kg.K"

time*(Wfan+Qsol)=m*Cp*(W1_T2-T1) "Using Cp instead of Cv "
time*(-Wfan+Qsol)=m*Cv*(W2_T2-T1) "Subtracting Wfan instead of adding"
time*Qsol=m*Cv*(W3_T2-T1) "Ignoring Wfan"
time*(Wfan+Qsol)/60=m*Cv*(W4_T2-T1) "Using min for time instead of s"
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4-153 A 2-kW baseboard electric resistance heater in a vacant room is turned on and kept on for 15 min.
The mass of the air in the room is 75 kg, and the room is tightly sealed so that no air can leak in or out. The
temperature rise of air at the end of 15 min is

(a) 8.5°C (b) 12.4°C (c) 24.0°C (d) 33.4°C (e) 54.8°C

Answer (d) 33.4°C

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on
a blank EES screen. (Similar problems and their solutions can be obtained easily by modifying numerical
values).

R=0.287 "kJ/kg.K"

Cv=0.718 "kJ/kg.K"

m=75 "kg"

time=15*60 "s"

W_e=2 "kJ/s"

"Applying energy balance E_in-E_out=dE_system gives"
time*W_e=m*Cv*DELTAT "kJ"

"Some Wrong Solutions with Common Mistakes:"

Cp=1.005 "kJ/kg.K"

time*W_e=m*Cp*W1_DELTAT "Using Cp instead of Cv"
time*W_e/60=m*Cv*W2_DELTAT "Using min for time instead of s"

4-154 A room contains 60 kg of air at 100 kPa and 15°C. The room has a 250-W refrigerator (the
refrigerator consumes 250 W of electricity when running), a 120-W TV, a 1-kW electric resistance heater,
and a 50-W fan. During a cold winter day, it is observed that the refrigerator, the TV, the fan, and the
electric resistance heater are running continuously but the air temperature in the room remains constant.

The rate of heat loss from the room that day is
(a) 3312 kJ/h (b) 4752 kJ/h (c) 5112 kJ/h (d) 2952 kJ/h (e) 4680 kJ/h

Answer (c) 5112 kJ/h

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on
a blank EES screen. (Similar problems and their solutions can be obtained easily by modifying numerical
values).

R=0.287 "kJ/kg.K"
Cv=0.718 "kJ/kg.K"
m=60 "kg"
P_1=100 "kPa"
T_1=15"C"
time=30%60 "s"
W_ref=0.250 "kJ/s"
W_TV=0.120 "kJ/s"
W_heater=1 "kJ/s"
W_fan=0.05 "kJ/s"

"Applying energy balance E_in-E_out=dE_system gives E_out=E_in since T=constant and dE=0"
E_gain=W_ref+W_TV+W _heater+W_fan
Q_loss=E_gain*3600 "kJ/h"

"Some Wrong Solutions with Common Mistakes:"
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E_gain1=-W_ref+tW_TV+W _heater+W_fan "Subtracting Wrefrig instead of adding"
W1_Qloss=E_gain1*3600 "kJ/h"

E_gain2=W_ref+W_TV+W_heater-W_fan "Subtracting Wfan instead of adding"
W2_Qloss=E_gain2*3600 "kJ/h"

E_gain3=-W_ref+tW_TV+W _heater-W_fan "Subtracting Wrefrig and Wfan instead of adding"
W3_Qloss=E_gain3*3600 "kJ/h"

E_gaind=W_ref+W_heater+W_fan "Ignoring the TV"

W4 _Qloss=E_gain4*3600 "kJ/h"

4-155 A piston-cylinder device contains 5 kg of air at 400 kPa and 30°C. During a quasi-equilibrium
isothermal expansion process, 15 kJ of boundary work is done by the system, and 3 kJ of paddle-wheel
work is done on the system. The heat transfer during this process is

(a)12kJ (b) 18kJ ()2.4Kk) (d)3.5kJ (e) 60 kJ

Answer (a) 12 kJ

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on
a blank EES screen. (Similar problems and their solutions can be obtained easily by modifying numerical
values).

R=0.287 "kJ/kg.K"

Cv=0.718 "kJ/kg.K"

m=5 "kg"

P_1=400 "kPa"

T=30"C"

Wout_b=15 "kJ"

Win_pw=3 "kJ"

"Noting that T=constant and thus dE_system=0, applying energy balance E_in-
E_out=dE_system gives"

Q_in+Win_pw-Wout_b=0

"Some Wrong Solutions with Common Mistakes:"
W1_Qin=Q_in/Cv "Dividing by Cv"
W2_Qin=Win_pw+Wout_b "Adding both quantities"
W3_Qin=Win_pw "Setting it equal to paddle-wheel work"
W4_Qin=Wout_b "Setting it equal to boundaru work"

4-156 A container equipped with a resistance heater and a mixer is initially filled with 3.6 kg of saturated
water vapor at 120°C. Now the heater and the mixer are turned on; the steam is compressed, and there is
heat loss to the surrounding air. At the end of the process, the temperature and pressure of steam in the
container are measured to be 300°C and 0.5 MPa. The net energy transfer to the steam during this process
is

(a)274kJ (b) 914 kJ (c) 1213 kJ (d) 988 kJ (e) 1291 kJ

Answer (d) 988 kJ
Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on

a blank EES screen. (Similar problems and their solutions can be obtained easily by modifying numerical
values).

m=3.6 "kg"
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T1=120"C"

x1=1 "saturated vapor"

P2=500 "kPa"

T2=300 "C"

u1=INTENERGY(Steam_IAPWS, T=T1,x=x1)

u2=INTENERGY (Steam_IAPWS, T=T2,P=P2)

"Noting that Eout=0 and dU_system=m*(u2-u1), applying energy balance E_in-
E_out=dE_system gives"

E_out=0

E_in=m*(u2-u1)

"Some Wrong Solutions with Common Mistakes:"
Cp_steam=1.8723 "kJ/kg.K"

Cv_steam=1.4108 "kJ/kg.K"

W1_Ein=m*Cp_Steam*(T2-T1) "Assuming ideal gas and using Cp"
W2_Ein=m*Cv_steam*(T2-T1) "Assuming ideal gas and using Cv"
W3_Ein=u2-u1 "Not using mass"

h1=ENTHALPY (Steam_IAPWS, T=T1,x=x1)

h2=ENTHALPY (Steam_|IAPWS, T=T2,P=P2)

W4_Ein=m*(h2-h1) "Using enthalpy"

4-157 A 6-pack canned drink is to be cooled from 25°C to 3°C. The mass of each canned drink is 0.355 kg.
The drinks can be treated as water, and the energy stored in the aluminum can itself is negligible. The
amount of heat transfer from the 6 canned drinks is

(a)33kJ (b)37kJ (c)47kJ (d) 196 kKJ (e) 223 kJ

Answer (d) 196 kJ

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on
a blank EES screen. (Similar problems and their solutions can be obtained easily by modifying numerical
values).

C=4.18 "kJ/kg.K"

m=6*0.355 "kg"

T1=25"C"

T2=3"C"

DELTAT=T2-T1"C"

"Applying energy balance E_in-E_out=dE_system and noting that dU_system=m*C*DELTAT
gives"

-Q_out=m*C*DELTAT "kJ"

"Some Wrong Solutions with Common Mistakes:"

-W1_Qout=m*C*DELTAT/6 "Using one can only"

-W2_Qout=m*C*(T1+T2) "Adding temperatures instead of subtracting"
-W3_Qout=m*1.0*"DELTAT "Using specific heat of air or forgetting specific heat"
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4-158 A glass of water with a mass of 0.45 kg at 20°C is to be cooled to 0°C by dropping ice cubes at 0°C
into it. The latent heat of fusion of ice is 334 kJ/kg, and the specific heat of water is 4.18 kJ/kg.°C. The
amount of ice that needs to be added is

(a)56¢g (b)113 g (c)124 g (d)224 ¢ (e)450 g

Answer (b) 113 g

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on
a blank EES screen. (Similar problems and their solutions can be obtained easily by modifying numerical
values).

C=4.18 "kJ/kg.K"

h_melting=334 "kJ/kg.K"

m_w=0.45 "kg"

T1=20"C"

T2=0"C"

DELTAT=T2-T1 "C"

"Noting that there is no energy transfer with the surroundings and the latent heat of melting
of ice is transferred form the water, and applying energy balance E_in-E_out=dE_system to
ice+water gives"

dE_ice+dE_w=0

dE_ice=m_ice*h_melting

dE_w=m_w*C*DELTAT "kJ"

"Some Wrong Solutions with Common Mistakes:"
W1_mice*h_melting*(T1-T2)+m_w*C*DELTAT=0 "Multiplying h_latent by temperature
difference"

W2_mice=m_w "taking mass of water to be equal to the mass of ice"

4-159 A 2-kW electric resistance heater submerged in 5-kg water is turned on and kept on for 10 min.
During the process, 300 kJ of heat is lost from the water. The temperature rise of water is
(a) 0.4°C (b) 43.1°C (c) 57.4°C (d) 71.8°C (e) 180.0°C

Answer (b) 43.1°C

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on
a blank EES screen. (Similar problems and their solutions can be obtained easily by modifying numerical
values).

C=4.18 "kJ/kg.K"

m=>5 "kg"

Q_loss=300 "kJ"

time=10*60 "s"

W_e=2 "kJ/s"

"Applying energy balance E_in-E_out=dE_system gives"
time*W_e-Q_loss = dU_system
dU_system=m*C*DELTAT "kJ"

"Some Wrong Solutions with Common Mistakes:"

time*W_e = m*C*W1_T "Ignoring heat loss"

time*W_e+Q_loss = m*C*W2_T "Adding heat loss instead of subtracting”
time*W_e-Q_loss = m*1.0*W3_T "Using specific heat of air or not using specific heat"
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4-160 3 kg of liquid water initially at 12°C is to be heated to 95°C in a teapot equipped with a 1200 W
electric heating element inside. The specific heat of water can be taken to be 4.18 kJ/kg.°C, and the
heat loss from the water during heating can be neglected. The time it takes to heat the water to the
desired temperature is

(a) 4.8 min (b) 14.5 min (c) 6.7 min (d) 9.0 min (e) 18.6 min

Answer (b) 14.5 min

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on
a blank EES screen. (Similar problems and their solutions can be obtained easily by modifying numerical
values).

C=4.18 "kJ/kg.K"

m=3 "kg"

T1=12"C"

T2=95"C"

Q_loss=0 "kJ"

W_e=1.2 "kJ/s"

"Applying energy balance E_in-E_out=dE_system gives"
(time*60)*"W_e-Q_loss = dU_system "time in minutes”
dU_system=m*C*(T2-T1) "kJ"

"Some Wrong Solutions with Common Mistakes:"
W1_time*60*W_e-Q_loss = m*C*(T2+T1) "Adding temperatures instead of subtracting"
W2_time*60*W_e-Q_loss = C*(T2-T1) "Not using mass"

4-161 An ordinary egg with a mass of 0.1 kg and a specific heat of 3.32 kJ/kg.°C is dropped into boiling
water at 95°C. If the initial temperature of the egg is 5°C, the maximum amount of heat transfer to the egg
is

(a)12kJ (b) 30 kJ ()24 kJ (d) 18 kJ (e) infinity

Answer (b) 30 kJ

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on
a blank EES screen. (Similar problems and their solutions can be obtained easily by modifying numerical
values).

C=3.32 "kJ/kg.K"

m=0.1 "kg"

T1=5"C"

T2=95"C"

"Applying energy balance E_in-E_out=dE_system gives"
E_in=dU_system

dU_system=m*C*(T2-T1) "kJ"

"Some Wrong Solutions with Common Mistakes:"

W1_Ein = m*C*T2 "Using T2 only"

W2_Ein=m*(ENTHALPY (Steam_IAPWS,T=T2,x=1)-ENTHALPY (Steam_IAPWS,T=T2,x=0))
"Using h_fg"
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4-162 An apple with an average mass of 0.18 kg and average specific heat of 3.65 kJ/kg.°C is cooled from
22°C to 5°C. The amount of heat transferred from the apple is
(a) 0.85kJ (b) 62.1kJ (©)17.7k] (d11.2kJ (e)7.1kJ

Answer (d) 11.2kJ

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on
a blank EES screen. (Similar problems and their solutions can be obtained easily by modifying numerical
values).

C=3.65 "kJ/kg.K"

m=0.18 "kg"

T1=22"C"

T2=5"C"

"Applying energy balance E_in-E_out=dE_system gives"
-Q_out = dU_system

dU_system=m*C*(T2-T1) "kJ"

"Some Wrong Solutions with Common Mistakes:"
-W1_Qout =C*(T2-T1) "Not using mass"
-W2_Qout =m*C*(T2+T1) "adding temperatures"

4-163 The specific heat at constant pressure for an ideal gas is given by ¢, = 0.9+(2.7x10MT (kl/kg - K)
where T is in kelvin. The change in the enthalpy for this ideal gas undergoing a process in which the

temperature changes from 27 to 127°C is most nearly
(a) 90 kJ/kg (b)92.1kl/kkg  (c)99.5kJkg  (d)108.9 kl/kg (e) 105.2 kJ/kg

Answer (c) 99.5 kl/kg

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on
a blank EES screen. (Similar problems and their solutions can be obtained easily by modifying numerical
values).

T1=(27+273) [K]

T2=(127+273) [K]

"Performing the necessary integration, we obtain"
DELTAh=0.9%(T2-T1)+2.7E-4/2*(T2"2-T1/2)



4-105

4-164 The specific heat at constant volume for an ideal gas is given by ¢, = 0.7+(2.7x10"T (kl/kg - K)
where 7T is in kelvin. The change in the enthalpy for this ideal gas undergoing a process in which the
temperature changes from 27 to 127°C is most nearly

(a) 70 kl/kg (b)72.1kl/kg  (¢)79.5kJ/kg  (d) 82.1 kl/kg (e) 84.0 kl/kg
Answer (c) 79.5 kl/kg

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on
a blank EES screen. (Similar problems and their solutions can be obtained easily by modifying numerical
values).

T1=(27+273) [K]

T2=(127+273) [K]

"Performing the necessary integration, we obtain"
DELTAh=0.7*(T2-T1)+2.7E-4/2*(T2*2-T1/2)

4-165 A piston—cylinder device contains an ideal gas. The gas undergoes two successive cooling processes
by rejecting heat to the surroundings. First the gas is cooled at constant pressure until 7, = %7). Then the
piston is held stationary while the gas is further cooled to 75 = 2T}, where all temperatures are in K.

1. The ratio of the final volume to the initial volume of the gas is
(a) 0.25 (b) 0.50 () 0.67 (d)0.75 (e) 1.0

Answer (d) 0.75

Solution From the ideal gas equation

v, v
VY T _3/4n =0.75
v v T T

2. The work done on the gas by the piston is
(a) RT /4 ®) ¢, T1/2 ©) 112 (d) (cytcy)Ti/4 (e) (T +T7)/2

Answer (a) RT/4

Solution From boundary work relation (per unit mass)

2
Woou = [Pdv = R(vs ~vy) = RB/AT, -1 = o0y = KDL
1
3. The total heat transferred from the gas is
(a) RT1/4 (b) CVT1/2 (C) cpTl/Z (d) (CV+CP)T1/4 (e) CV(T1+T3)/2
Answer (d) (¢, +c,)T1/4
Solution From an energy balance
_(cp + Cy )Ti

Gin = ¢ (Ty =T + ¢, (Ty ~Ty) = ¢, (3/ 4T, ~ T}) + ¢, (1/21; ~ 3/4T;) =

(c, +¢,)y
4

qout =
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4-166 Saturated steam vapor is contained in a piston—cylinder device. While heat is added to the steam, the
piston is held stationary, and the pressure and temperature become 1.2 MPa and 700°C, respectively.
Additional heat is added to the steam until the temperature rises to 1200°C, and the piston moves to
maintain a constant pressure.

1. The initial pressure of the steam is most nearly
(a) 250 kPa (b) 500 kPa (c) 750 kPa (d) 1000 kPa (e) 1250 kPa

Answer (b) 500 kPa

2. The work done by the steam on the piston is most nearly
(a) 230 kJ/kg (b) 1100 kJ/kg  (c) 2140 kl/kg  (d) 2340 kl/kg (e) 840 kJ/kg

Answer (a) 230 kJ/kg

3. The total heat transferred to the steam is most nearly
(a)230kl/kg  (b) 1100kl/kg (c)2140kl/kg  (d) 2340 kJ/kg (e) 840 kl/kg

Answer (c) 2140 kl/kg

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on
a blank EES screen. (Similar problems and their solutions can be obtained easily by modifying numerical
values).

P2=1200 [kPa]
T2=700 [C]
T3=1200 [C]
P3=p2

II1 "

v2=volume(steam_iapws, P=P2, T=T2)
vi=v2

P1=pressure(steam_iapws, x=1, v=v1)

II2"
v3=volume(steam_iapws, P=P3, T=T3)
w_b=P2*(v3-v2)

II3"

u1=intenergy(steam_iapws, x=1, v=v1)
u3=intenergy(steam_iapws, P=P3, T=T3)
gq=u3-ul+w b
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4-167 ... 4-180 Design, Essay, and Experiment Problems

4-172 A claim that fruits and vegetables are cooled by 6°C for each percentage point of weight loss as
moisture during vacuum cooling is to be evaluated.

Analysis Assuming the fruits and vegetables are cooled from 30°C and 0°C, the average heat of
vaporization can be taken to be 2466 klJ/kg, which is the value at 15°C, and the specific heat of products
can be taken to be 4 kJ/kg.°C. Then the vaporization of 0.01 kg water will lower the temperature of 1 kg of
produce by 24.66/4 = 6°C. Therefore, the vacuum cooled products will lose 1 percent moisture for each
6°C drop in temperature. Thus the claim is reasonable.




