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Two points | want to emphasis:

1. AU and AH
2. W=W, +W,,



BATCH OF IDEAL GAS



Batch of ideal gas

e Constant volume
_ Py D
v, =V, and — = —*=
Lo
W, = jpdv =0
qreV — AU + WreV — CVAT + O — CVAT J/m0|

* Constant pressure

v v
p, = p, and — = =
1 2 ]1 712
/, PV
WTQV=IpdV=p<V2—V1)=p1V17—1 == (7, = T,) = RAT
1 1

q,., = Au+w, =cAl + AT = CpAT J/mol



Batch of ideal gas

* Constant temperature

h=1,

I‘@V

— 0
Ah—Au’+AQpV)—O

= K7 1In

and pyVv, = p,v,

O

o = Jor = [

s oprin &L
V1 Py

J/mol




Batch of ideal gas

Adiabatic (g=0) reversible process with constant c,
0

hl
/ —

(du = dq,,, — dv,,, =(PdV
c,dl sl dv

Integrate g

Tzd_T _ R ngV

LT c, v
Assume constant Cy hence constant Cp,

Introduce symbol k,

/(:C—“’:1+£
C C

V V



* On integration,

In2 - (k-Din’2
e therefore g i
]; ) Vl k-1
2
(k-1)/ k
L _ [P
1 [ﬂj
k
P _ (ﬁj , or pv' = const.
by Vg
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* For ideal adiabatic reversible batch process,




dve=qV®'dv

—k=q-1

AV =(1-kW*dv
dv'™
1-k
prlK
] —

=V dv

AVt =const -V dV

__/

pV" =const.







Recall P

L, |7

/) ) [sz
(k-1)/ k

L _ [P

/) (ﬂj

k
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P _ | , or pv" = const.
b, 4

k-1 (k=1)/k
T, _ [VJ _ (Pj
1 v, D




Example |

 Slow leak from an insulated tank

The gas remaining in the tank experiences and
adiabatic reversible expansion, therefore




Example Il

* Rupture of a diaphragm in an insulated tank

. irreversible
diaphragm
Py, vy, T1 VatUUm raptures ~ P1,T1,V1=Viotal
 |nsulated and const volume
0 0
A A
AU = @ =
14
7, =7 and 22 =12

D V1



Example lli

 Slow leak between sections of an insulated tank

slow leak

6

P1,vq, Ty VacUUm

\

.
rapid heat

transfer

Insulated and const

volume
0 0
/1 /1
AU = @ —
7, =7 and 22 =12
D Vy



Example IV

e Heat involved in the slow isothermal reversible

expansion of gas in a cylender Q,., needed to
~ Keep T constant
Wrev Wiey
expand N
Isothermally
/K\ /\\ P

and reversibly
\PllTlln P T2= 1,N
(high pressure) (lowpressure)

0 =AU =Q —F

rev rev

O =W = nkT lnﬁ constant temperature
- - D, | process




Example V

e Leak between two interconnected insulated tanks

insulation
7 /
Vi i N gas leaks IO|z;T|z“_ PrasTrz
P T PraT FromLtoR i
N1 Ny
7 7
[

Khigh \Iow pressure

* The gas remaining on the left-hand side expands
adiabatically and reversibly.

* Find how T, T, p,and p, change



n. = |22 - n
/1 RT B 12

(pl/ j -

I nI2+nr2=ntotal
n o= | 2Y " v
- (A)Tjrl — - (A)szﬂ -

adiabatically and reversibly expansion,
(k-1)/ k

T _ [@j

1), Py

ZEz = ZEl : (H]U])Z T (anr)2 = (H]U])l T <nrur)1

(H]]i/>2 + <anr)2 = (HZTZ)I + (anr>1 \ u

cl
c T




Example Vi

* Total work done by an expanding gas

A 2 liter plastic pop bottle contains air at 300K and
1.5 bar gauge pressure. How much work could be done
by this gas if you could expand it down to 1 bar

— Isothermally and reversibly?
— Adiabatically and reversibly?

_pr_ (12.5 x 157) (0. 002)

— — = 1.00 mol
RT (8.314) (300)




* |sothermal expansion

nﬁ7j1n4gi
%)

4

rev

4 ::(1)(8.314)(300)1n_12'5

rev

= 6300 J

* Adiabatic expansion

(k=1)/ k]|
oo nk'l, || P2
rev k . 1

0.4/1.4
Vo ::(1>(8.314)(300) - 1 3905 ]
1.4 — 1 12.5




Example VII

* Net work done by an expanding gas

The previous example calculated the work done by
an expanding gas. However, in doing so the gas had to
push back the 1 bar atmosphere. Let us now account
for this work, subtract it from the work done, and
thereby evaluate the useful work (shaft work) that
could be extracted by this

— Isothermal expansion

— Adiabatic expansion



* |Isothermal expansion
— The work needed to push back the atmosphere is
W, = pvy—v)

= (1x10°) (12.5 x 0. 002 — 0.002) = 2300 J

— The reversible shaft work that can be extracted is

¥, = 6300 — 2300 = 4000 J
* Adiabatic expansion
— Final temperature of the expanded air is not 300K, but

(k-1)/ k | 0.4/1.4
T, = 1(”?) - 300(} = 146 K

12.5
W — pO<V2 - Vl)

= (1x10°) (12.5 % 0.002 — 0.002) = 1015 J

— The reversible shaft work that can be extracted is
¥, = 3205 — 1015 = 2190 J




Example VIli

* Explosion: The popping pop bottle
— reversible or irreversible?
— |sothermal or adiabatic?

* From the first law, and adiabatic
0

/1
AU = @~ W,

* Highly irreversible, all go to push back

W, = | pdv = p,,,Av



 Therefore,

W, = AU = nc, (T,

nitial

-7

final >

]/VZ — psurr(ijna]] o Vz'njtja])

¥, = (1) (29.099 — 8.314) (300 — 7. )

W, = 1x10°|12.5 x 0. 002 Tt | _ 0, 002
300

* Solving T, by equating W, =W,
* Finally

sz’na]] — 221 K
W =1042 ]




STEADY STATE FLOW SYSTEMS



Steady State Flow System

ﬂ w [J/kg]

€,=Urtenrt+e; [J/kg]

' (va,out - J.O pdV - p2v2j

€1=Utep1+€y [J/kg]

(va,jn - J'O pdV - plvlj

q [J/kg]
work done by f: nggf: DV
(AU+AE#AE) = Q-W | (| system g ;
‘ y / W, .., =W, + IO pdv — IO pdv
AE
& the rest work done
by the system—shaft work




Steady State Flow System

* Rearrange
0

(u2 + pzvz) - (u1 + p1V1) + gAZJrg AV =g -,
h, hy
Ah

ﬁe flow streams,

not the system

RT, — RT, = RAT
CvT, — CvT, + RT, — RT,
= (Cv + R)AT = CpAT




Example |

e The steam or water turbine and the steam

| steam in

engine

high —/ | low
pressure ’X pressure
VWsh
inh = b, — B) = —i, W]

Ah = —w,,

]/ kg]

steam out



Example Il

 The adiabatic flow nozzle

N

low velocity high velocity
hot gas / ————___ cold gas
ik = — g ve W]

1 o J
Ah = — = [—]
5 Yy kg



Example lli

* The Joule-Thomson expansion

— oy
- .

pipe is well insulated

Across the slow leak or porous plug
Ah - h2 - hl - O

For ideal gas, from Jour Joule-Thompson expansion




Example IV

Cvl, — CvI, + RT, — RT,
* The flow heater = (Cv + R)AT = CpAT

g (hot fluid)

-w,, (electricity)
mAh = g heat or work done on fluid
mA\h = —w ] in the heater



Example V

 |deal piston-cylinder engine or ideal piston-
cylinder pump

Piston g— Outlet
ﬁ K./ Check
Valve
Cam
| Inlet
/ | Eq] Check
Adiabatic Head Valve

Seal



P1

P2

Example V

* a-b Introduce 1 kg of high
pressure gas at p, and of

volume v;.
w, = _[01 pdv = pyv,
b-c Expand the gas to the

. outlet pressure p,. (both
\ i valves are closed)
. V2 W, = jz pdv

e c-d Push out all the gas in
the cylinder.

0
Wy = J; p,dv = p,v,



* Net shaft work done by the fluid  |cvT, - cvT, + RT, — RT,
Wsp = Wi+ Wy + Wy = (Cv + R)AT = CpAT

2

* From the pv diagram

V.= D)V,



Example Vi

e |deal turbine or compressor

R S

N

P,
>

Au + Aep
Au + Aep

A~ + Aep
If constant v

Ah + Ae,

+ Ae,
+ Ae,

+ Ae,

+ Ae,

d

diabatic

q-w = —j pdv

—D,V, + DV, + dep

+j vdp

A
VApz—p

o,

From the previous slide

—

v = V/m




Example VIl o1, o, +rT, —rT,
= (Cv + R)AT = CpAT

* |deal isothermal work-producing machine

low pressure Assume Ae, = Ag, =0
high pressure > p,T, =T, Noting that T, =T,,
0,T, K then Pv;=p,v,
Ah=0
————1
W, From the previous slide
shaft work done D
v, = q = —jvdp = RT In —-
g, heat added Or by
tokeepT,=T : :
P2 h f, =@ = akTIn 2L
P,




Example VIli

* |deal gas frictionless adiabatic turbine or compressor

low pressure

K PT,< Ty
P14 \

high pressure

_
Wi,

shaft work done

Wiow ~Woap)- APV

Wik low :@(p2V2 = prl)@

k-1

(szz - p1V1) =

(szz - p1V1)

ka& tch

\

adiabatic | . ' (k1) &
k-1 D
ideal gas _ e (T T) K ( v V)
adiabatic reversible batch |~ vz 1) T Py T P




Example IX

* Real turbines and compressors

low pressure
high pressuref PV, T,

PviTy heat, to
exit gas

[————2
W

¥ heat, to

surroundings

sh,polytropic

Wsh,poly = YWhatch

V., = - (szjz( : flVl) - (,Usz - P1V1)
k
= — ﬁ (p2V2 — [71V1) = kaatch

replace k with y




Example X

* Pumping up a tank with an ideal gas

A 10 m3tank is open to the surroundings at 20°C and
1 bar. A compressor connected the tank pumps air
into the tank. The compressor operates isothermally.

— Find the minimum work required to pressurize the tank to
10 bar.

— Find the heat interchange at the compressor.



isothermal

P,=1bar 20°C_—

T,=20°C | P,=10bar
T,=T,=20°C
Vian=10m3

N—




* Recall from example VII

p
W,y = RI) In = W, = w,dn = RT In 2
Py p

dv, = Kl.d1Inp = Kld In p
Vonnsy = RN 2L J

p /

dWSb - K:

ank

ln&dp
p

S :
* Ideal gas EOS W, = lom;[%ﬂ@ dp ==213.5 x 10°]
! I

pv = nkT
HZM m[Ah+Aep+Aek]:0—Wsh
Rji Q — Wsh
/
d]? — Vtank dp

3 4
%

2
1n(1+X):X—X+ — + .-
23 4

/




Example XI

* The Flow Reactor : 1 mol/s of gaseous A and 1 mol/s

of gaseous B, both at 25°C, are pumped continuously
into an adiabatic mixer-reactor. They react to

completion according to the stoichiometry.
A+B—2>R

* The product stream, also gaseous, leaves the reactor

at 225°C. Find the AH, for the above reaction at 525
°C.

* Data c,, =30, ¢y =40, c,g = 50 J/mol/K



/ adiabatic

A,1 mol/s R, 1 mol/s
o
25°C B 1 mol/s E) )-’ 2250C
! AH, ;;
1A+1B desired
525°C 525°C
A
AH31 cool the
products
heat the )
reactants | 2 5 1R
W0 e A 2250c
)@goﬁc‘ ===
0 P N o |
1A+1BE — — — — — — 4 1A+18B’

25°C . 25°C |




AH+(11V§/AZ+[H7CO>/AV =//

A, + AH, + AH, = AH,

A, = —AH, — AJI,

= e B =)+ 10, =R - 1, (7 - 1)
= —20 kJ/mol



Double Interpolation

* Find s of water at v=0.25 m3/kg, h = 3100 kJ/kg.

* This is a superheated state: at v, = 0.25 m3/kg we see
that h, = 2700 kJ/kg; the water at our actual volume
would have a higher energy than at saturation and
the state is superheated.

1. go to the superheated tables, looking for the
numbers for v = 0.25 m3/kg, and find the P region
where h is close to 3100. At 1000 kPa h will be a little
low, and at 1200 it will be a little high. The four data
points are:



1. Find the raw data

P = 1000 P = 1200
Y h S Y h S
0.2327 | 2943 | 6.925 | 0.2345 | 3154 | 7.212
0.2579 | 3051 | 7.1 0.2548 | 3261 | 7.377
. Interpolate holding P constant and using v = 0.25 m3/kg:
P = 1000 | P = 1200
Y h Q\\ Y h S
025 | 3017 | 7.061 [—>0.25 | 3236 | 7.338

3. interpolate using ir= 3100 ki/kg:

P=1076

h

0.25

3100

7.166




Quiz VI control volume

As shown in the Figure 15 kg/s of steam enters a desuperheater operating at steady state at
30 bar, 320°C, where it is mixed with liquid water at 25 bar and temperature T to produce
saturated vapor at 20 bar. Heat transfer between the device and its surroundings and

kinetic and potential energy effects can be neglected. If T, = 200°C, determine the mass flow
rate of liquid, m,, in kg/s.

p3 = 20 bar
Saturated vapor

Desuperheater

p1 = 30 bar p2 = 25 bar
T1=320°C T2=200°C
m1= 15 kg/S

where h1(30 bar, 320°C) = 3043.4 [J/kg]; h2 (25 bar, 200°C) = 852.8 [J/kg]; h3(20 bar, ? °C) =
2799.5 [J/kg]



Solution

3#ear  |sobaric lines
— 32.0°C

Isothermal line

/

The mass rate balance at steady state is
m; + m, = my
The energy rate balance at stead state is
mqyh, + myh, = mgh; = (M, + m,)h,

v

h; — hl) B ( kg) (2799.5 — 3043.4

h, — hy 852.8 — 2799.5 ) =568/

Thz=m1( S



UNSTEADY STATE FLOW SYSTEMS



Unsteady state flow systems

time 1 :
Q L different volume,
Ein1 | W velocity and elevation
System
Es 1 for time 2 Q
Eout,l \ E W
in,2 |
Zin,1 W ] System
Es 2
Zs,l Zout,l . S’ ' =
Zln,2 1\ OUt,Z
AN
Zs,2 Zout,2
| | ’ )




AE em= (all energy inputs) — (all energy outputs)
= - AIEstreams +Q-W

mZ(U+ep+ek)2 — ml(U+ep+ek)l + rnout(l’H'ep'I'ek)out — min(U+ep+ek)in

\ J \ )
T T

system streams
=Q-W

where W =W, +W + W

pv,system pv,streams

mZ(U+ep+ek)2 — ml(U+ep+ek)1 + rnou(D'ep'l'ek)out — mir@'ep+ek)in
=Q - (Wsh + va,system)

= Q_ (Wsh + J;2 psystemdv )

\ﬁ)lume change in system



Example |

* Filling a glass with water

Hot water (80°C) from a kettle is poured into a
completely insulated styrofoam cup. Apply the general
equation to the cup to find the temperature of the
water in the cup.

water 1
(mcupucup)z + (mwateruwater)z _ (mcupucup)l_ mkettlehkettle = Q — P,V

assume Ug,n; = Ugyp2, Q=0, p, = 1 bar, v, = hot water

(mcup cup)2 + (mwateruwater)z _ (mcup cup)l_ mkettlehkettle =}/pzvz

—_ = — — — — o)
uwater2 hkettle - pszaterz or hwater2 - hkettle ’ Twater2 - Tkettle = 80°C

Ah, =0, CpAT,. =0

water ater



Example Il

* Filling an evacuated tank with an ideal gas

A valve on an evacuated insulated tank is opened. Air
(an ideal gas) rushes in and the pressure equalizes. The
valve is then quickly closed. What is the temperature of
the gas in the tank if room temperature is 27°C and

pressure is 1 bar.

A mz(u/+e/;ek/)ﬂ/m/u+e +e,), + /mﬁme +e ) out — ,n(hy/;e()f

mzuz - @hin - O UZ - hm or C Tz C Tm

L vacuum )

\_7= m, ,means stream in becomes part of system



29.1
T, = (300) = 420K= 147°C
29.1 — 8.314

An extension of the previous example has some fluid
originally in the tank.

mZ(U+ep+ek)2 — ml(U+ep+ek)1 + rnout(h+ep+ek)out - in(h+ep+ek)in
=Q- (Wsh + va,system)

m,u, —myu; — (M, —my) h;, =0

Since m, and u, are unknown, one may have to use trial
and error to solve.



Example IV

* Alarge unused exhibition hall (50 m x40 m x 10 m) is
to be prepared for a show and has to be heated from
0°C to 25°C. How many 1.5 kW portable heaters
operating for 24 hrs would be needed for this job?

* Assume the pressure stays at 1 bar, air leaks out of
the hall. Only account for the heating of air not
walls, fixtures and furniture.

nZ(u'l'e I(U+e ek)1+nout(h+e ek)out |n(h+ep+ek)in

sh %system

wall is rigid



N =
n,u, — n,u, +I h,dn =

out

Ny =Ny
n,c, T, —nc,T, + j cpﬁ%

Q

Part of the system becomes
stream

Q

changes as n changes

pv = nRT, or nT = =Const. = n; T
dn. _
I\:]essel = T2
n, T
n,c, T, | = dT=Q
n2T2
c.pV .1(100000)(20000), 298
Q= P In-%= I )In
R T, 8.314 273
613x10°J/day ( heat
— 613x10°J/day. . /ay( e erjzs
24 x3600s/day \ 1500W




