First Law Sept 2005: changes reflect text: Woud
Sept 2006: added examples
first law: during any cycle a system undergoes, the cyclic integral of the heat is proportional to the cyclic
integral of the work
pg 83 van Wylen & Sonntag Fundamentals of Classical Thermodynamics 3rd Edition Sl Version

first law for cycle J 1dQ:J o (5.2)

The net energy interaction between a system and its environment is zero for a cycle executed by the system.
pg 2 Cravalho and Smith

J 1dQ - J 1dwW =10 where integral are cyclic and dQ = 56Q dW = W

[¥] plot data

Pressure Volume plot for Processes
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J 1dQ = J 1dw apply first law to cycle A B J 1dQp + J 1dQg = J 1dWp + J 1dwpg
1 2 1 2

2 1 2 1
apply first law to cycle AC J 1dQp + J 1dQc = J 1dWp + J 1dW¢

1 2 1 2
subtract A C from A B 1 1 1 1
rearrange ... 2 2 2 2
1 1
J 1dQ_Wpg = J 1dQ_W¢ i.e. 8Q - W is a point function ... only dependent
2 2 upon the end points => define as ...

dE = 8Q — 3W energy, point function
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N.B. Woud starts with rate
equation and obtains this
assuming steady state

first law for system (Woud: Closed system) - change of state

rearrange and integrate ...

Q2 is the heat transferred TO system
8Q = dE + W U 2=5 By U g = E2 are intial and final values of (5.5)
energy of system and ... '
o g is work done BY the system
energy E consists of internal energy + kinetic energy + potential energy
E=U+ KE + PE dE = dU + dKE + dPE
and first law can be restated ... 8Q = dE + W = dU + dKE + dPE + W 4
Closed System g_u = Q_dot - W_dot dU=8Q-8W  m_dot, = m_dot; = 0 (W 2.3)
t

d and & VW&S: page 62 Woud page 11

d = differential of point functions state variables
difference between d and § d = differential of path functions - amount depends on

path/process: diminutive

see discussion of cyclic process below

cycle may be considered a closed system; initial state and final state are identical, For example (detailed
discussion later)

[¥] set up limits and calculations

p-v plot of Brayton cycle
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=== heat addition
adiabatic expansion in turbine
--=-= heat rejection
d
closed (cycle) 5 U=0=Q_dot-W_dot Q_dot=W_dot Qeycle = Weycle (W 2:6)
this is where we started above using
different approach to first law
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[*] example 5.3

Sonntag example 5.3: vessel with volume 5 m3 contains 0.05 m3 of saturated liquid water and 4.95 m3 of
saturated water vapor at 0.01 MPa. Heat is added until the vessel is filled with saturated vapor. Determine Q.

3 3 6
State 1: = = =
M =5m Vvap' 4.95m MPa := 10 Pa K] = 103-J
3
V"q := 0.05m p := 0.1MPa
Vap H20
3

constant volume and Vgi= 0_001043m— Ug:= 417.36E page 616 1Q2
mass => constant v kg kg sSonntag —7

3
steam tables at p = m kJ kJ
0.1 MPa Vg = 1.694k—g Ug = 2506.1k—g Ufg = 2088.7k—g ______
State 2: = = = iy 0

: Vo=V v= vg u= ug
ﬁrSt IaW: Q1_2 = E2 — El + Wl_2 Wl_2 =0 Q1_2 = U2 — Ul AV =0 Az=0 E=U
Vi

have volume, determine mass ofeach V =m -v masse = —

n n'n f Vi

Vqu Vvap
massy |jq = Tf massy i = 47.9386 kg massy yqp = y massy yap = 2.9221 kg
g
massy yap
x = quality(of_steam) Xq = = X1 =0.0575  x%q := x41-100 X%q = 5.7453

massl_vap + massl_| iq

Ul = massl_“q~uf + massl_vap'“g

or ... using average specific properties

kJ

Up = Ug+ X1 Ugg up = 537.361lk—g

which can be shown by ...

Ul = massl_"q-uf + massl_vap'”g

massl |iq-Uf+ massl Vap-ug

Uq, =
la massl_”q + massl_vap

massy jigrUf + massl_vap-(uf + ufg) ) (massl_”q + massl_vap)-uf + Massy yan Ufg

Uy = 27331 x lO4 kJ

Upq = ul-(massl_vap + massl_“q)

_ B 3 kJ
ug =Up+ ufg ufg = 2.0887 x 10 g u

intensive property = not dependent on
mass (X, v, U, p)
extensive does (U, V, mass)

4
Ugp = 2.7331 x 10" kJ

kJ
~ up= 2.0887 x 10°—

= substitute for u

g

massl_| iq + massl_vap
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state 2: need 2 properties, e.g. quality = 100%, can
calculate v (specific volume). T and p will be rising as heat
is added.

mass_total := mass, lig + Massq vap

3

Vv m
vy =0.0983 —

- and ... is saturated vapor so we need to look up
mass_total kg

(interpolate) steam tables for v, = v,

V2 =
g

VX —

my_interp(x2,x1,y2,y1,vx) := y1 + 5
X j—

an interpolation statement

x1
(y2-y1)
x1 v is value between Xq and Xy

resultisy atv
could use mcd function linterp(vx,vy,x) where:
vX is a vector of real data values in ascending order.

vy is a vector of real data values having the same number of elements as vx.

x is the value of the independent variable at which to interpolate a result. For best results, this
should be in the range encompassed by the values of vx.

using Table A.1.1 T Vg U Ry
3 kJ
values at 1 Ty := 210 Vlg = 0.10441 ':_ U]_g = 2599.5k—g plg = 1.9062MPa
g
3 kJ
I t2 - il —
values a T, = 215 Vg = 0.09479'11_ Uog: 2601.1 kg P2g: 2.104MPa
g

interpolated values at VX = Vo

Ja,= my_interp(vog, V14, To. 1. vX)

Py = my_interp(vzg s V]_gv ng’ plg ’VX)

Uy = my_mterp(vzg,vlg, Upgs ulg,vx)

Ty = 2131717

po = 2.0317 MPa

kI
Uy = 2.6005 x 10° —

kg

total internal energy at state 2:

U, := mass_total-u, Uy = 1.3226 x 105 kJ

heat added ...

Qq 2:=Up- Uy Q) 5 = 104933KJ

same result can be obtained using Table A.1.2 Pressure Tables

- x1
my..nterp(x2,x1,y2,y1,vx) := yl + v>2< X1~(y2 -yl)
X2 — X
p Vg U, T
m3 kJ
values at 1 Rags= 20MPa v o= 0.099636 Mag= 2600.3'(—g Ty= 212.42
m3 kJ
values at 2 = 2.25MPa  yoo = 0.08875-— Ung = 2602.0 — T, := 218.45
Ragy Ly kg ARGV kg ANEA
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interpolated values at VX = Vp
MW

= my_interp(voq, vy, Tp. T1.VX) Ty = 213.1529

2= my_interp(vzg,vlg,ng,plg,vx) Py = 2.0304 MPa

. 3kJ
U= my_lnterp(vzg,vlg,uzg,ulg,vx) Uy = 2.6005 x 10 k_g
total internal energy at state 2: Y= mass_total-u, Uy = 1.3226 x 105 kJ
heat added ... m:: Uy — Ug Q1_2 = 104933 kJ
[+] example 5.3
first law as a rate equation
from above ... Q1_2 =Ey) - E + W1_2 =Uy - Uy + KEy — KEq + PE, — PE{ + W1_2
8Q = 8U + SKE + S8PE + dW in small time interval &t
8Q dU BJKE SPE W divide by &t
— =t —+ — + —
3t St 3t ot ot
d d d d d d d
. : —Q=—U+—KE+—PE+=-W==—E+—-W (5.31 and 5.32)
first law as arate equation 5~ " g | gt gt dt . dt dt

first law as a rate equation - for a control volume (Woud: system boundary)

- E, - E
Qo Ep-E+Wy o, ., 8Q_72771 (5.38)
at 8t
E¢ = energy in control volume at time t
Et st

= energy in control volume at time t +dt
system consists of control
volume and differential entities

Eq =By +ejom; = the energy of the system at time t dm, each with e;, v;, T, p,
where i = input
. and differential entities dme
Ep:= Ef 5t +egdMmg = the energy of the system at time t +dt each with e, v,, T,, p, where
e = output
Er)-E1 > Et_8t + €g'0Mg — E; — ;-0m; E,-E1 = Et_6t — Ei + eg'dmg — €;:0m; (5.39)
€o-0Mg — €-0m; represents flow of energy across boundary during &t as a result of
dm; and dm,, crossing the control surface
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now consider work associated with masses dm; and dm,
ON as work must be done to make it enter

work done ON mass dm; is ... pj-vj-om;
system
work done BY mass sm, is ... PeVe-dMg BY as leaving represents work done
kd BY system in &t is th (5.41)
work done system in &t is then ... SW + pgVg-dmg — Pj-vj-dm;
. o . . Q E2-FE1
divide by &t and substitute into first law ... (5.38) and combining and rearranging =—— 1+ 8W (5.38)
ot ot
dm; Ei s —E dm W
5 i t ot t e cV
X, —-(ei + pi'Vi) = — + -(ee + pe-ve) + = (5.42)
ot ot ot ot ot
e+pv—u+pv+v2+gz—h+V2+gz (5.43) "BV enthalpy defined - s
v T, T YET P ' a property (5.12
2 2 5 U2 B property (5.12)
therefore ...
5 V2 E s~ E 6 v, 2 W
5Q oM i t ot~ 5t OMe e cV (5.44)
— +—|hj+ —+07z|= + |he+——+02z |+
ot ot 2 ot ot 2 ot
m; and dmg are summed over all inputs and outputs ...
[*] example 5.4

Sonntag example 5.4 a cylinder fitted with a piston has volume 0.1m3 and contains 0.5 kg steam at 0.4 MPa.
Heat is transferred until the temperature is 300 deg_C while pressure is constant

What are the heat and work for this process?

| think by definition, steam = water + vapor at quality = x

vy = 0am’ Mot = 0.5kg
3
= de C = Vl
JTa.:=300 deg_ p= 0.4MPa - vy = vy =02 m-
Mot kg
quality = mass_of_vapor =X an intensive property 1-x= mass_of_liquid
total_mass total_mass
m3 m3 m3
ve:= 0.001084 — v, := 0.4625— Ve o= Vg — Vg Veo = 04614 —
i kg MO kg fg= Vg~ Vf Vig kg
- Vq —V
V1= Vi XVeg =L T x = 0.4311
Vfg

constant pressure
Wy o =p(Vp = V) = pmgp(vy — vq)

Qu2=Ep-Ep+Wyp o
asAVM2and Az=0

Ep-E1=Up;-Up
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Ep — Eq = Uy — Up = mygp-(up - ug)

Qq 2 =Ep—Eq+Wq 5 =myg(up —ug)+ pmygr (Vo = Vq) = My up + pvp — (ug + prvq]

kJ kJ
kg kg
m:: Mot h2 - hl 3 Table A.1.2 Saturated
= ( ) Q1_2 = 771.0904kJ Steam Pressure Table
m3 3
Vo= 0.6548 —  Table A.1.2 Saturated Steam Pressure Table m
kg
Wy 2 = Pyor(vz ~ Vi) Wy 5 = 90.96KJ

Qp2=Ep-Ep+Wp g=Up-Up + Wy 5
Up—Up=Qq o~ Wy 2=Qp o~ Pmyg(vp—vy)
AU:= Qp 5 = pMygr (Vo — Vy)

AU = 680.1304 kJ

[«] example 5.4
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first law as a rate equation - for a control volume

2 2

Vi \Y
d i d e d (5.45)
—Q + m_dot;-| h; + — + g-z; || =—E + m_dot.-| h, + — + g-z, || + =W
dt CV Z |\t O q CV Z e|flet =~ T 9% iR
this is where Woud starts
Lw_dot
system boundary
[ |
: * =—lnrm:’°‘e' ve he Q_dot = heat_flow z = elevation
|_ - - =
il B | W._dot = work_flow = inlet
I | “ - e = exit
| I m_dot = mass_flow
o dotivi h — | v = velocity m = mass_system
_ I, Vi, |= U | B
: | h = specific_enthalpy .
zi L __ _ U = internal_energy_system

First law: change of energy within the system equals the heat flow into the system, minus the work flow delivered
by the system, plus the difference in the enthalpy, H, kinetic energy E ;, and potential energy Epot of the entering

and exiting mass flows.

assuming energy E=U+Ey, + Epot and ... Exin = Epot =0 E=U

v.2 v.2 N.B. dot => rate not d( )/dt
d i e
—U = Q_dot — W_dot + m_dot;-| h; + — + g-z; | - m_dotg-| hg + —— + g-Z¢
dt 2 2 W (2.1)

enthalpy =H=U + p-V enthalpy =h =U + p-v a defined property

steady state, steady flow process ... Woud: open systems steady state (stationary)

assumptions ...

1. control volume does not move relative to the coordinate frame

2. the mass in the control volume does not vary with time

3. the mass flux and the state of mass at each discrete area of flow on the control surface do not vary with time
and .. the rates at which heat and work cross the control surface remain constant.
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steady state, steady flow process ... m_dot = flow_rate

Z m_dotin — Z m_doten (5.46)
n n

2 2
d Vi = Ve d 5.47
EtQC—V + Z m_dotin~ h; + — 9= Z m_doten- he + — Tz EtWC—V (5.47)
n n
V, 2 \Y/ 2
_ i — Ve (W 2.8) see text for examples of
UL = (it L Gl B = i+ +9 (Zl - Ze) application to steam turbine,
boiler or heat exchanger, nozzle
and throttle
d d
_Qc_v _Wc_v
dt dt .
q= W= are heat transfer and work per unit mass
m_dot m_dot flow (5.51)

steady state steady flow ... - single flow stream

V-2 V 2

q+h-+—|+g-z-:h +—e+g~z+w
it 5t 0% =het ——+07Z (5.50)

uniform state, uniform flow process USUF

1. control volume remains constant relative to the coordinate frame

2. state of mass within the control volume may change with time, but at any instant of time is uniform
throughout the entire control volume - | define this as f(t) but not of space

3. the state of mass crossing each of the areas of flow on the control surface is constant with time although the
mass flow rates may be changing

d _
at time t, continuity equation ... d_th_V + Z m_doten B Z m—dOtin =0
n n
[t
integrating over time gives change in mass of the control volume d—mC yat=mo o, —mMy ¢y
| e v~ Mg
0
[‘t [‘t
mass entering and leavin m_dot; dt = m; m_dot, dt = m
g g Z - In Z In Z - en Z en
n n n n
0 0
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continuity for USUF process ...

apply first law at time t (5.45)

_ch+

since at time t c.v. is uniform ...

_Q +
dt c_V

now integrate over time t

t t
d_Qc vat=Qc y [
attY T
1/0 n
)
rt _
2
d{m[u +VC;V+g~z ]
Gt cV 5 cv)|
Y0

rt

Zn:{m_doti{hi + VT'Z ; g.ziﬂ _

Ve2
Z m_doty'| he + — %
n

J

0

uniform state, uniform flow

2

o] [
Hewn-glals

Mpcv M cv™ Z Me_
n

(5.53)

—Zmin:O
n

V2 V2
i d e d (5.45)
E dot:-| h; + — ‘Zi || ==E E dot,:| h, + — + g —W
m_dot;-| h; + 5 + 07 o cvt m_doty-| hg + > +0:Zq +dt cv
n n

| o

dt

Ny )

sl

n
Vi2 Vi2
+T+g-zi dt:z m;- hi+7+g~zi
n

T 0% +_ cv

s

V22 V12
dt = my- u2+T+g-22 - mq- ul+7+g-zl

process USUF

V2

+—e+gz
2

I

(5.54)

2 2

V \Y

2 1
+ mz-(uz + T + 9'22] - ml-(ul + T + g~zJ + Wc_v
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