Chapter four
Reversibleand Irreversible Processes

(A) Reversible non-flow processes: -

1-Constant volume pr ocess: -

For Steam:

Q=(uz-up)+W

qufpdu:O

Uy

Q=Uz-U;

For mass, m of the working substance
Q=U,-U,

For ldeal gas:

W=0
Q=Uz-U;=Cy(T>-T1)

Note:- All the heat supplied in a constant volume process

goesto increasing the internal energy.

2-Constant pressur e pr ocess: -

For Steam:

W=uf pdu = pufdu = p(u, —uy)

Q:(UZ—U1)+W
Q:(uz_ul)"‘ p(uz _ul)
Q:(U2+ puz)_(u1+ pul)

Q=h-;

For mass; mof afluid ; Q=H,-H;




For | deal gas:

W= p(uz _ul)
Q=h,~h =c,(T,~T,)
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Example(4.1):

A mass of 0.05 kg of a certain fluid is healed at a constant pressure of 2 bar until the volume
occupied is 0.0658 m®. Calculate the heat supplied and the work done:
(i) when the fluid is steam, initially dry saturated;

(if) when thefluid isair, initialy at 130°C.

Solution:

m =0.05kg, p:=p,=2bar, V,=0.0658 m®, Q=?, W=?

(i):
W= p(uz _ul)
u, =u, =0.8856m*/kg

_V 0088 4 s16mP kg

u
m 005
W = 2*10°(1.316 — 0.8856) = 86080J / kg
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=
e
=]
-
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Work done by the total mass=86080* 0.05=4304 J

Q=hy-h; 0.5856 1316
Specific volume /(m’ /kg)
h, =hy=2707kJKkg at p=2bar
h, =3072kJ/kg at p=2bar and v=1.316
Q=3072-2707=365 kJkg
Heat supplied =365* 0.05=18.25 kJ
(i1): air; T;=130°C

W= p(uz _u1)

p.V, = MRT,

mRT,  0.05* 287* 403
p  2*10°

b
o
=
=2
-

Pressure /(N/m?)

V, = = 0.0289m”




0,=0.578 m’/kg

0,=1.316 m’/kg

W=2* 10°(1.316-0.578)=147600 JKkg
Tota work=147600*0.05=7380 J=7.38 kJ
Or

W= p(uz _ul) = R(Tz _Tl)

2*10°* 0.0658
V, =mRT, =T, =
P2V2 27T e 0.05* 287

W = mR(T, - T,) = 0.05* 0.287(917 — 403) = 7.38kJ
Q=mc, (T, - T,) = 0.05* 1.005* (917 — 403) = 25.83k]

=917K

3-Constant temper atur e process (I sothermal process): -

A process at constant temperature is called an isothermal process.
For Steam:
W=shaded area
Q=(Uz-up)+W

For Ideal gas:

pu = RT
pu = constant = pu =c¢

pu, = pu, = pU; =




Example(4.2):

Steam at 7 bar and dryness fraction 0.9 expands in a cylinder behind a piston isothermally
and reversibly to a pressure of 1.5 bar. Calculate the change of internal energy and the
change of enthalpy per kg of steam, The heat supplied during the process is found to be 400
kJkg, caculatethework done per kilogram of steam.
Solution:

At p=7 bar, T=165°C

At p=1.5 bar and T=165°C is superheated

Because at p=1.5 bar, T=111.4°C

U, =(1-Xu; +xu

=(1-0.9)* 696 + 0.9* 2573 = 2385.3kJ / kg
1.5« 10" / 2
Interpolation from superheated tables at 1.5 bar and 165°C

’%m

200-150 _ 165—150
2656 — 2580 U — 2580

u= %(2656 — 2580) + 2580 = 2602.8kJ / kg

u, = 2602.8kJ / kg
Gainininterna energy=u,-u;=217.5 kJkg

h, = h, +xh,, = 697 +0.9* 2067 = 2557.3k] / kg

Interpolation from superheated tables

h= % (2873 — 2773) + 2773 = 2803kJ / kg

- h, = 2803kJ / kg
- h,—h = 245.7kJ / kg




Q = (Uz - ul) +W
- W =400 -217.5=182.5kJ / kg

Example(4.3):

1 kg of nitrogen (molar mass 28 kg / kmol) is compressed reversibly and isothermally from
1.01 bar, 20°C to 4.2 bar. Calculate the work done and the heat flow during the process.
Assume nitrogen to be a perfect gas.

Solution:
m=1kg, N,, M=28, T=C, p;=1.01 bar, T,=T,=20°C
pP,=4.2 bar, W=?, Q=7

W=RTInP
P,

R=To 8314 o975 /kgK
M 28

W = 297 * 293In%= ~124kJ / kg

The work input=124kJkg
Q=W=-124kJkg
The heat isregjected

4-Adiabatic process (Q=0):-

An adiabatic process is one in which no heat is transferred to or from the fluid during the
process. Such a process can bereversible or irreversible.

For reversible adiabatic non-flow process: -

For Steam:

Q= (uz - ul) +W

Q=0

SW=u —u,

Note: - For an adiabatic process to take place, perfect thermal insulation for the system must
be available.

For | deal gas:

dQ =du+dw

For areversible process, dw = pdu
dQ=du+ pdu =0
For aperfect gas; pu=RT = du=c,dT

d(pu) =d(RT)
pdu +udp = RAT
S.du+ pdu =0




c,dT + pdu =0

%[pdu +udp]+ pdu =0

gi_l[pdu +udp]+ pdu =0

pdu +udp + (g -1 pdu =0
pdu +udp +gpdu — pdu =0
ludp + gpdu = 0]+ pu

Inp+glnu=C=Inp+Inu’C
In(pu?)=C
pu? = e =constant

pug = C | Adiabatic process for perfect gas

g _ 9
plul - p2u2

P (U_Z)g

C
T =—=constant
R

= E = constant
- R




The work done in an adiabatic process per kg of gas

Q = (uz _u1)+W
~W=u -u,=¢,(T,-T,)
R

g-1

- g_l fm _.

“ pu=RT = pu, =RT, p,u, =RT,

**: A reversible adiabatic process for a perfect gas is shown on a p-v diagram.

s u’ -g+1 g-1

up us us —g+1 Y2 -g+1
c du u u,” -
W:J'pdu:J'—gdu:c —:c[ } :c{l—
Uy ulu

C=pu, = pu,
W = pu; — PU,
g-1

Example(4.4):

1 kg of steam at 100 bar and 375°C expands reversibly in a perfectly thermally insulated

cylinder behind a piston until the pressure is 38 bar and the steam is then dry saturated.

Calculate the work done by the steam.

Solution:

m =1kg, p;=100 bar, T,=375°C, Q=0, p,=38 bar, W=7

a p=100bar T=311°C < Ty(375°C)
the steam is superheated at point (1)

WEU-U,

From superheated table we find u;

At 100 bar and 375°C

L =0,=0.02453 m*’/kg, h=h,=3017 kJkg

" 100 x 10°




~u=h-pu
100*10°* 0.02453

u, =3017 - =2771.7kJ / kg
1000

u, = u,atp = 38bar
. u, = 2602kJ / kg
W =2771.7-2602 =169.7kJ / kg

Example(4.5):

Air a 1.02 bar, 22°C, initidly occupying a cylinder volume of 0.015 m®, is compressed
reversibly and adiabatically by a piston to a pressure of 6.8 bar. Caculate the final
temperature, the final volume, and the work done on the mass of air in the cylinder.
Solution:

air, p;=1.02 bar, T,;=22°C, V,;=0.015n"’
p2:6.8 bar, Tzz?, V2:?, WE=?

for adiabatic process

Pressure/(N/m?)

04
T, = 205(-28y 14 _507.3x
1.02

The final temperature =507.3-273=234.3°C

P Vo Py ()
P MEAVERICORE
p, V, 3

1.02

68
W =u,—u, =, (T, - T,) =0.718(22 - 234.3) = —~152.4k] / ky

pV = mRT
me pV, 1.02*10°*0.015
RT, 287* 295

V, = 0.015(=—5)"19 — 0,00387m"

— 0.0181kg

The total work=-152.4*0.0181=2.76kJ




5- Polytr opic pr ocesses: -

It isfound that many processes in practice approximate to areversible law of the form

pu" =C; where nis aconstant. Both vapors and perfect gases obey thistype of law closely
in many non-flow processes. Such processes are internally reversible.

For Steam:

For any reversible process, W = [ pdu

Where; n and ¢ : constant

us —n+1 Y2
C u
SW= I—ndu =C
o U -n+1

Up

For |deal gas:

pu=RT
for polytropic process; pu" =C

_RT
u

(E)u” :c:>Tu”‘1:%:c




Note: It can be seen that these equations are exactly similar to the equations for areversible
adiabatic process for a perfect gas. Thisis mean that the reversible adiabatic process for a
perfect gasisaparticular case of a polytropic process with the index; n equal to y.

plul - pzu 2

For polytropic process, W = 1

pU = RTl = pu, = RTz

W — R(Tl _TZ)
n-1

Or for mass; m

_ mR(T, - T,)
n-1

Q= (U, ~u) +W =g, (T, ~T) + 2]

R R
Q Zm(Tl _Tz) _E—(Tl _Tz)

1 1
Q=R(T, —Tz)_m—m}

Q= R(rl_TZ)

‘g—l—(n—b}
| (n-1)(g-1

g-n
_R(T,-T,) —2-"
Q=R{ )Jn—n@—n}

o g—-n R(Tl_TZ)
Q- @ ML)




(‘9j ”)w

Example(4.6):

In a steam engine the steam at the beginning of the expansion process is at 7 bar, dryness
fraction 0.95, and the expansion follows the law pu*!=constant, down to a pressure of

0.34bar. Calculate the work done per kg of steam during the expansion, and the heat flow per
kg of steam to or from the cylinder walls during the expansion.

Solution:

p1=7 bar, x=0.95, pu** =c, p,=0.34bar, W=?, Q=7

u, — pu,
n-1
U, = Xu,
u, =0.2728m*/kg(at7bar)
~.u, = 0.95(0.2728) = 0.259m° / kg

n n u n
pu; = pu, ju_j:(%)y

_ul(gl)% 0.259(- 2 )%1—405m /kg

p, =0.34bar = u, = 4.649m° / kg

the steam iswet at point 2

W= 7*10°*0.259-0.34*10° * 4.05
1.1-1

Q= (U2 - ul) +W

Uy = Uy + X (Ug; —Uyy) = 696+ 0.95(2573 - 696) = 2479.15kJ / kg

Uz _ A% 4571

u, 4.649

U, = U, + X, (Ug, —Uy,) =302+ 0.871(2472 - 302) = 2192.1kJ / kg

- Q=1(2192.1-2479.15) + 436 =148.9kJ / kg

= 436k / kg

Uy =XU, =X, =

Heat is supplied
Example(4.7):

1 kg of a perfect gas is compressed from 1.1 bar, 27 °C according to law, pu*® = constant
until the pressureis 6.6 bar. Calculate the heat flow to or from the cylinder walls.




(i) When the gasiis ethane (molar mass 30 kg/kmol), which has ¢,=1.75 kJ/kg K.
(if) When the gal is argon (molar mass 40 kg/kmol), which has ¢, = 0.515 kJ/kI K.
Solution:

(i)/ M=30, cp-l 75kJkg.K

Q( )W

Cp

g=E:> R=c, ¢

R—& —% =0.277kJ [ kg.K
M 30

.6, =¢,—R=175-0.277=1.473kJ ' kg.K

1.75 ———=1.188
1473

R(Tl_TZ)
n-1

T n-1
—c:>T——(p2)”:>T T( )n

1 1

W =

p

=(27+ 273)(66)B 453.6K

_0. 277(300 453.6)

1.3-1

Q= 1s8Ls 13)( 141.8) = 84.5kJ / kg

1.188-1
The heat is supplied

= -141.8kJ / kg

(i1)/ use the same method for argon

r=331% _ 0 208k3/kg.K
40

¢, =0.515-0.208=0.307kJ / kg.K

0515 0515, &g

~ 0.307
0.208(300—453.6) _
13-1
1.678-1.3

= (-2 =")(~106.5) = 59.4kJ / k
= erg_1 ) )

Heat is supplied

W=

— ~106.5kJ / kg

Note:- The various processes considered in previous sections are cases of the polytropic
process for a perfect gas.




Where;

n=0, pu®=c= p=constant
1 1
N=o0, pu” =Cc= p”U =C* = U = constant

n=1, pu=c=T =constant
n=g,pu’=c

State 1 - A (constant pressure cooling; n=0)
State 1 - B (Isothermal compression; n=1)
State 1 - C (Reversible adiabatic compression; n=y)

State 1 - D (Constant volume heating; n=co)

State 1 A’ (constant pressure heating; n=0)

State 1 -, B’ (Isothermal expansion; n=1)

State 1 - C' (Reversible adiabatic expansion; n=y)

State 1 - D’ (Constant volume cooling; n=co)

Note:- (y) is always greater than unity, then process 1 — C must lie between processes 1 - B
and 1- D similarly, process 1 - C’ must lie between processes 1 -B’ and 1 - D'.

Note:- A vapor may undergo a process according to alaw pu=c. In this case the processis
not isothermal because the characteristic equation of state, pu=RT , does not apply to vapor.
Therefore tables must be used to find the properties at the end states, making use of the fact
that pu, = pu, .

Example(4.8):

In the cylinder of a steam engine the steam expands from 5.5bar to 0.75bar according to a
hyperbolic law. If the steamisinitially dry saturated, calculate the work done per kg of
steam, and the heat flow to or from the cylinder walls.

Solution:

p;=5.5 bar, p,=0.75bar, pu =c,, W=?, Q=2




u, U2C u
W = [ pdu = [~ du =cInu]% = py, In—2

; Ju : u,
1 1

u, =u, = 0.3427m’/ kg < p,5.5bar

W= pu, In-> =55%105* 0.3427|n% = 375.5kJ / kg

2
Q= (uz - ul) +W
U, = U, = 2565kJ / kg <= p, = 5.5bar

Py 5.5 3
u, =u,(—) =0.3427(—) = 2.513m" / k
2 1(p2) (0.75) g

p, = 0.75bar,u, = 2513m°/kg = u, = 2.217m° / kg

U, > Uy thesteam is superheated at point 2

2585-2510  u-—2510
2.5688-2271 2513-2.271
u, = 2567.3kJ / kg

Q = (2567.3— 2565) + 375.5 = 377.8kJ / ky

(B) Irreversible processes: -

1-Unresisted, or free expansion:

Q:(uz_ul)""W

Q=0 P
w0 .
u,—u, =0 -

A%

**: In afree expansion process, the internal energy initialy equals theinterna energy
finaly.

(For ideal gas

u=g,T

~T=T,




2-Throttling:

A flow fluid is said to be throttling when there is some restriction to the flow, such as, partly
open valve, an orifice or any sudden reduction in the cross section of the flow.
Lluml X 1

WW

_.....___-_

2 2

C: C
+—=2+Q=h,+—2+W
h+ =2+ Q=h, +=

Q=0W=0
2 2
hl+C——h +%

ﬁ-

T

"’-:\ ||r|

When the velocities C,; and C, are small, or when C; is very nearly equa to C,, then the
Kinetic energy can be neglected.

h=h,

Therefore for throttling process, the enthalpy initially is equal to the enthalpy finaly.

(For ideal gas

h:cpT

~T,=T,

3- Adiabatic mixing:

The mixing of two streams of fluid is quite common in engineering practices, and can
usually be assumed to occur adiabatically.

Q=0
W =0

Neglecting change in kinetic energy.

H,+H, =H,
mih, + msh, = mh,

mh, +mph, = (M +m;)h,




(For ideal gas

h:cpT

nl.CpTl + rn;CpTZ = (nl. + rn;)CpT3

mITl + m;Tz = (ml. + m;)Ts

Example(4.9):

Air a 20 bar isinitialy contained in vessal A as shown in figure below, the volume of this
vessd is 1m®. The valveis opened and the air expands to fill vessels A and B. Assuming that
the vessels are of equal volume ,calculate the final pressure of the air.
Solution:
Air isaperfect gas
The processis free expansion % 7

P P W;WW

e

u, =u, ?’J
_

. _ o
ST =T, T /mw
p1V1 = pzvz

V, =2V, =2*1=2m"

P, V1 Vl 1
_ = p, () = 20(=) = 10bar
pl V2 - p2 pl (V2 ) ( 2)

Note:- The point 1 and 2 lie on isothermal line, but the

process between 1 and 2 cannot be called isothermal, since

the intermediate temperatures are not the same throughout the
process.

Example(4.10):

Steam at 19 bar isthrottled to 1 bar and the temperature after throttling is found to be 150°C.
Calculate the initial dryness fraction of the steam.

Solution:
The processis throttling, - hl = hz

Point 2 at superheated, at p=1bar T= 99.6°C
Ts< T




From superheated table at p=1bar and T=150°C.
h=2777kJkg

h =h, = 2777k / kg
h =h, +xh,
2777 =897 + x(1901) = x = 0.989

Note:- States 1 and 2 are fixed but the intermediate states are indeterminate, therefore for a
vapor, throttling can be used as a means of finding the dryness fraction of wet steam, as in
example.

Reversible Flow Processes: -

2 2
hl+%+Q h+%+W:>Q 0

W=(h —h,)+ ( 2)

If the kinetic energy terms are negligible small;
W= (h -hy)

For ideal gas: W =c (T, -T,)

Note:- The work donein areversible adiabatic flow process between two states W = (h, —h,)

Isnot equal to the work done in areversible adiabatic non-flow process between the same
states W = (u, —u,)

Example(4.11):

A gas turbine receives gases from the combustion chamber at7 bar and 650°C, with velocity
of 9 m/s. The gases leave the turbine a 1 bar with a velocity of 45 m/s. Assuming that the
expansion is adiabatic and reversible in the ideal case, calculate the work done per kg of gas
, For the gases take y= 1.333 and ¢,= 1.11 kJ/kg K.

Solution:

2

Cz +W=Q=0

W(hlh)( 2)

For gas, h—cpT
C2
AW =cy (T, - T,) + (2 2)
T, P2 o o
Tf—( )9 =T, T( )‘-1l (650+273)(?)1-333=567.7K
P

~ W =1.11*10%(923 - 567.7) + > L 92— 45%) - 393.4K0 / kg




