19Fall it 1 # 4 &

Ch. 3

Conservation of Energy
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i@ The goals of this chapter

Use the differential form of pure component
energy balance in problem solving.

Use the difference form of pure component
energy balance in problem solving.

Compute changes in energy with changes In
T and P for the ideal gas

Compute changes in energy with changes In
T and P for real liquids using tables and
charts of thermodynamic properties




The conservation of Energy

6=U+ M (V32 + y)
U: total internal energy
v2/2: kinetic energy per unit mass
Y. potential energy per unit mass

6,

sen = 0 (energy is a conserved property)

Energy balance equation

.
a {U +M [% + l//J} = (Rate at which energy enters the System) —

dt
(Rate at which energy leaves the System)
: +
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Energy flow, hear and work

Energy flow accompanying mass flow ZMk (U v /2+ y/)k

Heat 0= ZQJ
Work:
» Shaft work (W,): The mechanical energy flow that occurs without a

deformation of the system boundaries (including
electrical energy).

WS(+) s surroundings do work on the system

- We: The work results from the movement of the system boundaries

: dl dV
W.=F—=-P— -
+ Flow work: The work of flow in and flow out for open systems
(PAV type)

—3—P, net flow work = Z Mk (Pf})k




or
% [U + ]\J(V2 /2+ W)Lystem = ZM"» A

where H=U+ PV

Special cases:
+~ Closed system

M, =0, dM/dt=0

dU d i, . dv
+M'T€m_ /2+ S'srem: +WS
[dz J g /24 o =0 [ dz)

+ Adiabatic process Q =0

+~ Open steady-state system

dM /di=0, dV /dr=0, —[U+M(v /24 )| n =0

ystem

0= M, (F+ /2+1//)k+Q+WS



3§ Difference form of EBE

%[UJrM(vz /2+W)Ly5-fem:ZMk(ﬁ+v2/2+W)k+Q+WS—(P%j
system

Integrationof tfromt=¢t tot=1t,
U+ (2249, ~ U+ M2 124y)], =
> :12 Mk(f[+v2 /2—|—l//)kdt—|—Q + W _.[:::PdV

where
2 .
0= |, Odr
2 .



Examples

B ta l.:;,l_’!,l':"l"

lllustration 3.2-1 compressor operates at steady-state
» Showing that the final results should not depend on the choice o

system
Q+st :(]:[2 _ﬁl)AM

System: closed
W, .q
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Py Ty —f{ |

« Mass balance:

M|, ~M|,=["" Mdi+[" Modi =AM, + AM, =0=> AM, =AM,
+ Energy balangg; ........
[U +M‘1{,2../-‘2"'+' gu)] e — [U +"M'('1'/'j‘/2 + gy)], = :MfMl ()fl1 +v /24y, )?/t+
" A ~

L M2(H2 + ) /2+l//2)2'l‘—|—Ws +W, + 0
At steady—state

M|, =M, [U+Mm(?/2+yp)

AT

:[U+M(v2/2+w)]t

t+ At

(ﬁ,— +v: /2 + %) do not changein time
Volume of system (V') is constant, dV =0 =W, =0

0=AMH, +AM,H, +W,+0Q (Neglect the changes of KE & PE terms)
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Examples

lllustration 3.2-2

A mass M of gas is to be compressed from (T, P,) to (T,, P,) in
+ (a) A one-step process in a frictionless piston & cylinder or
+~ (b) by a flow compressor as previous case.

(a) closed system: gas within the piston & cylinder

« Energy balance:
No flow-in & flow-out, neglect KE & PE terms

O+w =M(U, -U,)
where W =W +W, =0—|PdV

e
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P1, T1 —>

L +—Pa, T,

+» Energy balance:
O+w=Ma,-1,)
where W, =—|PdV =0 =W =W,
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NTU! T Process

—— | P, T, ‘®—> . g P, T,

- Inject the gas M into the compressor inlet stream
W, =~ PdV =R (-V,)= RV, M

» Compress from (T,, P,) to (T,, P,) using a compressor

(Q+W)c :M(gz _1:11)

+ Withdraw the gas M from the compressor (refill the second
cylinder)

e
~ M(H,~H,)+ RV.M - PV, M
- M(U,-0,)




Wit Example

lllustration 3.2-3 Joule-Thomson or isenthalpic expansion

TI’R’NI Pz:N2:>T2:?

Assumptions:
u Q =0
» KE & PE terms are neglected

System: valve (open system)
Mass balance
0=N,+N,=N,=-N,
Energy balance
0 :N1ﬂ1 +N2Ez - Nl(ﬂl _Ez)
= El(TpPl): Ez(Tz’Pz)

If H(T, P), T,, P,, and P, are given, we can solve T, from H (T,, P,)
= Joule-Thomson expansion
= Valve: Throttling valve



Thermodynamic properties of matters

Thermodynamic properties (P, V, T,U,H, S, A, G, 1, f, C,,
C,...)
p!l

state change => thermodynamic property changes
Specify the state of system (degree of freedom)

Phaserule: F=2+ C-17/
+~ Degree of freedom (F) is 2 for a single phase (/7=1) and
single component (C = 1) system.
+~ Thermodynamic properties =f (T, P) or f (T, V)
+~ T and P are easier to measure and manipulate than others

+~ Using volumetric EOS (P-V-T) or thermal EOS (U-T-V)
calculates other thermodynamic properties.

Ideal gas law (EOS): PV=RT
« U=f(T), H=f(T) for ideal gas
« U=f(T, V), H=f (T, P) for real fluids



Temp. dependence of U and H

r‘2_T|z1)

+ Q: heat added to the system between t, and t,

+ C: parameter, f(T)
Measurement is made at constant V and with W_ =0
ul,,-Ul, U,
Nl,,-1,) 1].-11,

©_car=clr
N

U r2_U|r1 :Q:NCV(T rZ_T|rl) = () =

Definition of C,,

o) Q\fz—g\ﬂ_[agJ _[aQ(T,V)}
U ar—orl,-1), \er or |,

V
Measurement is made at constant P (Volume was changed
during the heating process) & definition of C,

0=U|,-Ul,+PWV|,-V|,)=H|,~-H]|, =NC,(1],,-1],)

ol ) ol



ldeal gas heat capacity

H and U of Ideal gases are functions only of temperature.
C,” and C,* are also dependent on temperature only.

; dH . dU
CP(T):d—; and CV(T):d_;

Cro=a+bT+cT?>+dT’ +.....

Since H= U + PV, and for the ideal gas PV = RT, we
have H= U + RT and

) dH _d(U+RT)

=C.(T)+R
dr dr  (7)+

C.(T
or
C.(T)=C.(T)-R=(a=R)+bT+cI* +dT’ +....

The constants a, b, c, d,... are given in Appendix A. Il.

Solve the energy balance egs. => need to know the
changes of U and H (AU and AH) only => H is arbitrary set
equal to zero (reference state) .



U and H at T for ideal gas

Hand U of Ideal gases at T
H'(L,)= H"(5,)+ [ C,(T )T
H*(T) JI*’?( D+ [ CrT

where T, is the reference temp. chosen as H'® (Ty) = 0.
U (1)=U" (1)« [} C(OUr=["()=RT [ € (rar
j “(T)dT-RT,
Assuming that C,* and C* are temperature-independent

H"(T)=Cu(T-Ty)
IG(T):C;(T_TR)_RTR :C;T_C;TR

[

Taken Tp =0, then
H"(T)=C,T
Q ( ):CVT



Thermodynamic properties of real fluids

For pure real fluids
+ Thermodynamic properties are not dependent on T only =
phaserule F=2+1-/7/=3-17, [I=1,F=2=
f(T,P)orf(T, V)
+ More complicated than those of ideal gases
+ Experimental data =

Tables (e.g., Steam tables, Appendix A. lll)

Figures (e.g., Figs. 3.3-1 to 3.3-4 for steam, methane,
nitrogen, and HFC-134a)

¢ H-S chart (Mollier diagram): useful in turbine & compressor
problems

¢ H-P chart: Useful in refrigeration problems
¢ T-S chart: Useful in engine & cycle analysis



Appendix Il

The Thermodynamic Properties of Water and Steam'

THERMODYNAMIC PROPERTIES OF STEAM

__Saturated Steam: Tem‘pera(ure Table ;

B8

®

-

E Specific Volume Internal Energy Enthalpy Entropy B
a Temp Press. Sat. Sat. Sat. Sat. Sat. Sat. Sat. Sat.
- ‘€ kPa Liquid Vapor Liquid  Evap.  Vapor Liquid  Evap. Vapor Liquid Evap. Vapor
a ..T P Vs v A H" N A
me
001 06113 0001000 206.14 0.00 23753 23753 001 25013 2501.4 - 00000 - O3S A"
5 0.8721  0.001000 147.12 2097 23613 23823 2098 2489.6 2510.6 0.0761 8.9496 9.0257
10 1.2276  0.001000 106.38 4200 23472 23892 4201 2477.7 2519.8 0.1510 8.7498 8.9008
15 1.7051  0.001001 77.93 62.99 23331 2396.1 62.99 24659 25289 0.2245 8.5569 8.7814
20 2.339 0.001002  57.79 8395 23190 24029  83.96 2454.1 2538.1 02966 8.3706 8.6672
25 3.169 0.001003 43.36 104.88 23049 2409.8 104.89 24423 25472 03674 8.1905 8.5580
30 4.246 0.001004 32.89 125.78 22908 24166 12579 2430.5 2556.3 04369 8.0164 84533
35 5.628 0.001006 25.22 146.67 22767 24234 146.68 2418.6 25653 0.5053 7.8478 83531
40 7.384 0.001008 19.52 167.56 2262.6 2430.1 167.57 24067 25743 05725 7.6845 8.2570
45 9.593 0.001010 1526 188.44 22484 24368 18845 2394.8 2583.2 0.6387 7.5261 8.1648
50 12.349 0.001012 12.03 20932 22342 24435 20933 23827 25921 0.7038 7.3725 8.0763
55 15.758 0.001015  9.568 23021 22199 24501 23023 2370.7 26009 0.7679 7.2234 7.9913
60 19.940 0.001017  7.671 251.11 22055 24566 251.13 23585 2609.6 0.8312 7.0784 7.9096
65 25.03 0.001020  6.197 27202 2191.1 24631 272.06 23462 26183 0.8935 69375 7.8310
70 3119 0.001023  5.042 29295 21766 2469.6 29298 2333.8 26268 0.9549 6.8004 7.7553
75 38.58 0.001026  4.131 313.90 21620 24759 31393 23214 26353 10155 6.6669 7.6824
80 47.39 0.001029  3.407 33486 21474 24822 33491 23088 26437 1.0753 6.5369 7.6122
85 57.83 0.001033  2.828 355.84 2132.6 24884 35590 22960 2651.9 1.1343 64102 7.5445
90 70.14 0.001036 2361 37685 21177 24945 37692 22832 2660.1 1.1925 6.2866 7.4791
95 84.55 0.001 040 1.982 397.88 21027 2500.6 397.96 22702 2668.1 12500 6.1659 7.4159
.IlllllIlm’IllllIllllllllllIlllllllIlllllIllllIlllllllllllllllllllllllIllllllllllllll
I
0.10135 0001044  1.6729 41894 20876 25065 419.04 2257.0 2676.1 13069 6.0480 7.3549
""10!““0120'82"ebem-"1!1194'""10'!)!-'zovn"zsm--mm--mq--zassc--rno-maa-iini&-
i10 0.14327 0001052  1.2102 461.14 2057.0 2518.1 461.30 - 22302 2691.5 14185 5.8202 7.2387
115 0.16906 0.001056  1.0366 48230 20414 25237 48248 22165 2699.0 14734 57100 7.1833
120 0.19853 0.001060  0.8919 503.50 2025.8 25293 50371 22026 27063 1.5276 5.6020 7.1296
125 02321 0001065  0.7706 52474 20099 25346 52499 2188.5 27135 1.5813 54962 7.0775
130 02701 0001070  0.6685 54602 19939 25399 54631 21742 27205 1.6344 53925 7.0269
Vi=1mkg U.H[=1Vg=Kkg S[=1kAgK

:uﬁi .ncd Vaport |

+ -
FALLLL) -r & m»u)\.lh 49-;|-'." P = 0.050 MPa (81.33) 2 Pul 10 MPa $99.63)
- Y ~ - ~ - - -
: Cc & ¥ U e S 4 U H 5 H S
25w daom 24379 25847 8.1502 3240 24839 26459 75939 16940 25061 26755 7.35%4
H 4869 24439 25926 8.1749 - - - - - - o
H 1£ g'l% 25155 26875 8.4479 3418 25116 26825 76947 16958 i.‘(:,' Eg:b: -K(x.\:
-.WLQ&ﬁv..-.Ahl.n“?..&ﬁg%..lﬂ ....r’v\‘)iﬁ.JJSQL..JML..&‘{&‘}‘....&{; ?S._g}‘: <ts‘lu\
25 .‘ D / - - 2058.1 - b 3

?3 El ?;h 27360 29773  9.1002 4.820 27350 29760 83556 2406 27337 2974.3% 3(33\1
"'no'-‘!,';ss""m-ﬂ"ms-°vms--~~u-----m-r SUHS"'H'?H\"“!HQ'""!KN"M?" 8.2158
8 400 -u 063 29689 32796 9.6077 6209 20685 32789 88642 3.103 29679 32782 85435
H ais679 31323 34891 98978 7.134 31320 34887 9.1546 3565 31316 34881 88382
: #0295 3302.5 37054 10.1608 8.057 3022 3705.1 94178 4028 33019 3704 9.0976
- 24911 34796 39287 104028 8.981 34794 39285 96599 449 34792 39282 93398
H 219,526 36638 41590 106281 9.904 36636 41589 98852 4952 36635 41586  9.5652
- as4.141 38550 43964 10.8396 10.828 38549 43963 100967 5414 38548 43961 9776
5 258757 40530 46406 110393 11751 40529 46405 102964 5875 40528 46403 9.9764
HE 61372 42575 48912 11.2287 12674 42574 48911 104859 6337 42573 48910 10.1659
HE' 867.987 44679 51478 114091 13.597 44678 S147.7 106662 6799 44677 S1476 10.3463
H a72.602 46837 54097 115811 14.521 46836 54096 108382 7260 46835 54095 105183
Seonef P = 0.20 MPa (120.23) P = 0.30 MPa (133.55) P = 0.40 MPa (14363)

Sat 0.8857 2529.5 27067 7.1272  0.6058 25436 27253 69919 04625 25536 27386  6.8959
150 09596 25769 27688 72795 0.6339 25708 27610 70778 04708 25645 27528 69299
200 1.0803 26544 28705 75066 0.7163 2650.7 28656 73115 05342 26468 28605  7.1706
250 11988 27312 29710 7.7086 0.7964 27287 29676 15166 05951 21261 29642 73789
300 13162 28086 30718 7.8926 0.8753 23067 30693 77022 0.6548 28048 30668  7.5662
400 1.5493 29667 32766 82218 10315 20656 32750 80330 07726 20644 32734 78985
S00 17814 31308 3487.1 85133 11867 31300 34860 83251 0.8893 31292 34849 8.1913
600 2013 33014 37040 7770 13414 33008 37032 85892  1.0055 33002 37024 84558
700 2244 34788 139276 90194 14957 34781 3927.1 88319 LI2IS 4779 39265  8.6987
800 2475 3663.1 41582 92449  1.649 %629 41578 90576 123712 36624 41573 89244
900 2.706 38545 43958 94566 1.8041 542 43954 92692 13529 38539 43951 9.1

1000 2937 40525 46400 96563 19581 40523 46397 94690  1.4685 40520 46394 9 3360
1100 3.168 42570 48907 98458 21121 42568 48904 9.6585 1.5840 42565 48902 9 5256

1200 3399 44675 S1473 100262 22661 4672 S147.1 98389 1.699 44670 51468 9 7060
1300 3.630 46832 54093 101982 24201 46830 54090 100110 18151 46828 54088 9.85780

P = 0.50 MPa (151.86) P = 0,60 MPa (158.85) P = 0.80 MPa (170.43)

S 3 25612 27487 68213 03157 27568 67600 02404 25768 2769.1 6.6628

5;lon gﬁiz 2?5(::9 28554 70592 03520 2850.1 69665 02608 26306 28393 68158
250 04744 27235 29607 72709 03938 29572  7.1816 02931 27155 29500 7 (33?!
300 05226 28029 30642 7459 04344 30616 73724 03241 27972 30565 7.2328
350 05701 28826 31677 76329 04742 28812 31657 7.5464 03544 28782 31617 7.4089
400 06173 29632 32719 17938 05137 2962.1 32703 7.7079 03843 2959.7 32671 7 57;6
500 07109 31284 34839 80873 05920 31276 34828 80021 04433 31260 34806 7.8673
600  0.8041 32996 37017 73522 0.6697 3200.1 37009 82674 05018 32979 3699: 8 l}{l
700 08969 34775 39259 835952 07472 770 39253 85107 05601 34762 39242 8 2(;;;
800 0.989% 3662.1 41569 88211 08245 16618 41565 8.7367 06181 3661.1 41556 8 -
900 1.0822 38536 43947 90329 09017 18534 43944 89486 06761 38528 4393 Z 8 Hl”
1000 1.1747 40518 4639.1 92328 09788 40515 46388 91485 0.7340 40510 46332 32(1)50
1100 12672 42563 48899 94224 10559 42561 48896 93381 07919 42556 4889.1 < o
1200 13596 44668 51465 9.6029 1.1330 44665 51463 95185 08497 4466.1 51459 o
1300 14521 46825 S4086 97749 12101 46823 54083 9.6906 09076 46818 54079 93
$ Note: Number in p is P of d steam at the specified pressure
V(=] m'kg: Al=1Vg=WAg S(=1kikgK
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P-H diagram
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Properties of two-phase mixture: the lever rule

-~

0=0'0"+0"0" =0'0' +(1-0' " (3.3-9)

@ and @ are the mass fraction of the system and the value of the
variable in phase |, respectively.

For mixtures of steam and water, the mass fraction of steam is
termed the steam “quality”, and is frequently expressed as a percent.

In Figs. 3.3-1 to 3.3-4, the properties of the two-phase mixture will fall
along a line connecting the properties of the individual phases. =

Eqg. (3.3-9) the lever rule
Property changes at different phases

A=A~ A
A, H= H' —H" =molar enthalpy of vaporization

Y~ H® =molar enthalpy of melting or fusion

A H=H —H’ =molar enthalpy of sublimation



Thermodynamic properties of solids and liquids

Since the value of PV is much smaller than thatof U = u-v+rr~u

For incompressible fluids (solids and most liquids far
away from their critical points),

[d—Z] =0 and U, C,, C, are functionof T only.

dpP ),

DulLong and Petit correlation => C for solids
J

C, =3NR=24942N
mol K

N: the number of atoms in the formula unit.

C, of Pb, Au, Al at 25°C are 26.8, 25.2, and 24.4 (J/mol
K), respectively. The predicted C, of Fe;C is 99.8
(J/mol K); experimental value is 105.9 (J/mol K).



Applications of mass and energy balance

1. system choice
2. mass and energy balance equations

33HU2> PV, T2 1f(PT

Thermal EOS Volumetric EOS
u=f(T,y P=f(T,V)

4. balance eqgs. =& f (P, T, mass, W, Q)

5. If number of unknown = number of the equations =
<<the problem can be solved>>
If number of unknown > number of the equations =
<<need additional balance equations>>
e.g. entropy balance equations






