2/13/2023

Engineering
Thermodynamics

First Law of Thermodynamics
Dr. Hakam Shehadeh

4.10 APPLICATION OF FIRST LAW TO STEADY FLOW PROCESS

Steady Flow Energy Equation (S.F.E.E.)

* In many practical problems, the rate at which the fluid flows through a
]rc?achine or piece of apparatus is constant. This type of flow is called steady
ow.

Assumptions :

The following assumptions are made in the system analysis :
1. The mass flow through the system remains constant.
2. Fluid is uniform in composition.

3. Ihe only interaction between the system and surroundings are work and
eat.

4. The state of fluid at any point remains constant with time.
5 In the analysis only potential, kinetic and flow energies are considered.
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4.10 APPLICATION OF FIRST LAW TO STEADY FLOW PROCESS
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4.10 APPLICATION OF FIRST LAW TO STEADY FLOW PROCESS

The steady flow equation can be expressed as follows :

2 2

Uy + 71 + Zlg + P -+ Q = Ug + CS + Zgg + DaUs, + W __.(4_45)
2 2
(wy + poy) + é + 2.8+ Q= (uyg+ puy) + 22 +Zg+ W
c,? .2
h, + 5 +Zg+Q="hy+ ; +Zg+ W [« h=u+ pu]
If Z, and Z, are neglected, we get
2 C.2
hot C% +Q=hyt 5 + W (445 (@)]
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4.10 APPLICATION OF FIRST LAW TO STEADY FLOW PROCESS |

2

&

2 C
LS I hy+ 5 + W .[4.45 (a)]

2

h,+

@ = Heat supplied (or entering the boundary) per kg of fluid,

W = Work done by (or work coming out of the boundary) 1 kg of fluid,

C = Velocity of fluid ,

Z = Height above datum,

p = Pressure of the fluid,

u = Internal energy per kg of fluid, and
pv = Energy required for 1 kg of fluid.

This equation is applicable to any medium in any steady flow. It is applicable not only to

rotary machines such as centrifugal fans, pumps and compressors but also to reciprocating machines
such as steam engines.

4.10 APPLICATION OF FIRST LAW TO STEADY FLOW PROCESS

* In a steady flow the rate of mass flow of fluid at any section is the
same as at any other section.
* Consider any section of cross-sectional area A, where the fluid
velocity is C, the rate of volume flow past the section is CA.
* Also, since mass flow is volume flow divided by specific volume,
Mass flow rate, m = % ...(4.46)
(where v = Specific volume at the section)
This equation is known as the continuity of mass equation.
With reference to Fig. 4.30.

Uy Us

&

..[4.46 ()]
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4.11 ENERGY RELATIONS FOR FLOW PROCESS

The energy equation (m kg of fluid) for a steady flow system is given as follows :

2 2

2 C
m u1+cé +Zlg+plul] +Q=m [@"‘%"‘Zﬂ"‘mi&] + W

9 9

i.e., Q=m |(ug—u) +(Zyg —Z1g)+[C§ - C21 ]‘*'(pzvz_l’l”l)} + W

2

I c?-c2
(g —wy) + g2y — Zy) + 9 T (pove — p1) | 4+ W

le., R=m
AU + APE + AKE + A (pv)+ W where AU =m (u,— u,)
APE = mg (Z, - Z,)

C2-CF
AKE:m(ZZ 1J

Apv = mlpyv, — pv,)

4.11 ENERGY RELATIONS FOR FLOW PROCESS

The energy equation (m kg of fluid) for a steady flow system is given as follows :
2

C.
m (u1+6:21 +Z1g+plulJ+Q=m [u2+ 5 +Zg+pzuzj LW

2

where AU =m (u, - u,)
APE = mg (Z,—- Z))

¢’ o
ie., Q=m |i(u2—u1)+(Zzg—Z1g)+[ 5 - 21 +(pzuz—plul)} + W . X
C?._{_Cl-‘
AKE = m 3
c’ ¢ ( )
; - Uy —wy) + 8Zy —Zy) + | —— + (poUy — ppv
ie., Q=m |\~ W)+ 8Ly~ 4y B Polo — Py | 4+ W Apv = m(p202 _p1“1)

=AU+ APE + AKE + A (pv)+ W
Q — AU = [APE + AKE + ApV) + W] ...(4.47)

For non-flow process,

2
Q=AU+ W:AU+_|' pdV
1

2
ie., Q—AU-= '[1 p-dV ...(4.48)
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4.11 ENERGY RELATIONS FOR FLOW PROCESS

The internal energy is a function of temperature only and it is a point function. Therefore,
for the same two temperatures, change in internal energy is the same whatever may be the
process, non-flow, or steady flow, reversible or irreversible.

For the same value of @ transferred to non-flow and steady flow process and for the same
temperature range, we can equate the values of eqns. (4.47) and (4.48) for (@ — AU).

2
j p.dV =APE+AKE+A(QpV)+ W (4.49)
1

where, W = Work transfer in flow process

2
and '[1 p.dV = Total change in mechaniecal energy of reversible steady flow process.

4.11 ENERGY RELATIONS FOR FLOW PROCESS

Property Relations for Energy Equations
We know that
h=u+ pv

Differentiating above equation

dh = du + pdv + vdp
But d® = du + p.dv (as per first law applied to closed system)
or du = dQ — p.dv
Substituting this value of du in the above equation, we get

dh = dQ — p.dv + pdv + vdp

=d@ + vdp
vdp = dh — d@
2
- I vdp = Q — Ah ...(4.50)
1
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4.11 ENERGY RELATIONS FOR FLOW PROCESS
where — J.‘7

- vdp represents on a p-v diagram the area behind 1-2 as shown in Fig. 4.31 (b).
1
The eqn. (4.47) for a unit mass flow can be written as
d® = d(PE) + d(KE) + du + d(pv) + dW
Substituting the value of d@ = du + p.dv in the above equation, we get
du + pdv = d(PE) + d(KE) + du + pdv + vdp + dW
—vdp = d(PE) + d(KE) + dW

- _[ vdp = APE + AKE + W .[4.50 (a)]
1

11

4.11 ENERGY RELATIONS FOR FLOW PROCESS

pa P

fra

<V

<V

(a) (b)

(a) Work done in non-flow process. (b) Work done in flow process.

Fig. 4.31. Representation of work on p-v diagram.

12
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4.11 ENERGY RELATIONS FOR FLOW PROCESS

If APE = 0 (as in most of thermodynamic systems)

2
_ _[ vdp = AKE + W 1450 (O)]
1

If W = 0, the area behind the curve represents A KE and if A KE = 0,
area behind the curve represents W which is shaft work.

2
- '[ vdp 1s a positive quantity and represents work done by the system.
1

If APE =0 and W = 0, then

2
- -[ vdp = A KE, this is applicable in case of a nozzle.
1

2 2

. = Cc- .

i.e., I vdp = - in the case of a nozzle.
1

13

4.11 ENERGY RELATIONS FOR FLOW PROCESS

2
If APE =0 and A KE = 0, as in case of a compressor, —J. vdp = W
1
2
or W= I vdp in the case of a compressor.
1

2 2
The integral J.l pdv and J. vdp are shown in Fig. 4.31 (a) and (D).
1

14
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4.11 ENERGY RELATIONS FOR FLOW PROCESS

The work done during non-flow process is given by

2
J pdv = Q — Au ...[4.50 (c)]
1

For isothermal process, we have

Au=0and Ah = 0.
Substituting these values in (equations) 4.50 and [4.50 (¢)]

9 2
_I (:dp = Q and .[ pdf’ = Q
1

1

2 2
J. pdv = — .[ vdp
1 1

The above equation indicates that the area under both curves is same for an
isothermal process.

Note. In all the above equations ‘v’ represents volume per unit mass as mass

flow is considered unity. -

4.11 ENERGY RELATIONS FOR FLOW PROCESS

Now let us find out expressions for work done for different flow processes as follows :

(1) Steady flow constant pressure process :

9

W=— I;f‘ .dp =0 [« dp=0] ...(4.51)

(i) Steady flow constant volume process :

9
We-_ _|'1 Vdp =— Vip,— p) = Vip, - p,)

ie., W=Vip, —py) ..(4.52)

16
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4.11 ENERGY RELATIONS FOR FLOW PROCESS

(zit) Steady flow constant temperature process :
The constant temperature process is represented by
pV =p,V, =p,V, = C (constant)

9
W=— '[ Vdp
1
v
= — —Z B V=_
.Lp(p P
2dp 2
-——C i:—c‘logep‘l
1 p
—_c log, 22-Clog, 2L
=-C 108 D 8. Py
. b1 .
i.e., W=p,V, log, (E) ...(4.53) 17

4.11 ENERGY RELATIONS FOR FLOW PROCESS

Now substituting the values of W in the equation (4.49),
considering unit mass flow :

(a) The energy equation for constant pressure flow process
d@Q=APE+ AKE+Ah
=Ah (f APE =0 and A KE = 0).
(b) The energy equation for constant volume flow process

,
dQ=__[ vdp + APE + AKE + A u + pdv + vdp
1

2
=APE+AKE +Au [ pdv=0andu.dp:-[ Udp}
1
dQ =Au (f APE =0and A KE =0)

18
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, ENGINEERING APPLICATIONS OF STEADY FLOW ENERGY
EQUATION (S.FE.E.)

Boundary

4.12.1. Water Turbine

Turbine shaft i
R ;
m }

Generator I—{- ———————————— T ———0O---- -ii%il:w::*:———i- —————————

Water turbine

19

4.12 ENGINEERING APPLICATIONS OF STEADY FLOW ENERGY

EQUATION (S.F.E.E.)
4.12.1. Water Turbine

2
‘1 49

2
(ul+p1u1+Z1g+ 9 } + Q= (u2+pzug+Z2g+ 5 J + W

In this case,

Q=0
Au=u,—u, =0
V= Uy=0
Z,=0
2 y 2
(pll'+Zlg+ 21 ]=(pz“+zzg+ Cé ) + W ...(4.54)

W is positive because work is done by the system
(or work comes out of the boundary).

20
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, ENGINEERING APPLICATIONS OF STEADY FLOW ENERGY
EQUATION (S.F.E.E.) N

. Boundary <
4.12.2. Steam or Gas Turbine \

\

i i
I I
[ 1
[ 1
[ 1
| 1
I I
I I
[ 1
[ 1
A 1 . 1
Generator ( ! Turbine |
I
! i
[ 1
! I
[ 1
[ 1
I I
| 1
[ 1
I I

A J
Gas or steam out

21

4.12 ENGINEERING APPLICATIONS OF STEADY FLOW ENERGY

EQUATION (S.F.E.E.)
4.12.2. Steam or Gas Turbine

Applying energy equation to the system.
Here, Z =Z,e, NZ=0)

2

~Q=h+ Goww .(4.55)

2
S

h1+ 3

The sign of Q is negative because heat is rejected
(or comes out of the boundary).
The sign of W is positive because work is done by the system
(or work comes out of the boundary).

22
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, ENGINEERING APPLICATIONS OF STEADY FLOW ENERGY
EQUATION (S.FE.E.) —

4.12.3. Centrifugal Water Pump

A

Boundary
Here Q =0 and Au =0 as there is e f 2
no change in temperature of ' |

water; v, = v, = V. Wi, KH
Applying the energy equation to Electric motor [ : S r

»le

the system

C 2 C 2 1
p,+Zg+ 5 = DolUy + Zyg + 22 - W ..(4.56) 1
The sign of W is negative because work is done

on the system (or work enters the boundary).

4.12 ENGINEERING APPLICATIONS OF STEADY FLOW ENERGY

EQUATION (S.F.E.E.) ] — A
4.12.4. Centrifugal Compressor @ i i
Electric motor I i c%?;rri;i%ilr i
— i

' W
A centrifugal compressor i /
compresses air and suppliesthe 1

same at moderate pressure and in = b odo oo !
large quantity.

Air in 2%
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4.12 ENGINEERING APPLICATIONS OF STEADY FLOW ENERGY

EQUATION (S.F.E.E.)
4.12.4. Centrifugal Compressor

Applying energy equation to the system (Fig. 4.35)
A Z = 0 (generally taken)

c c,
(111+2J_Q:(hg+2 N

The @ is taken as negative as heat is lost from the system
and W is taken as negative as work is supplied to the system.

C,? v 2
or []h +%} -Q= {hg + 022 J -W ..(4.57)

25

4.12 ENGINEERING APPLICATIONS OF STEADY FLOW ENERGY

EQUATION (S.F.E.E.)
4.12.5. Reciprocating Compressor
@di— Receiver o <+ 5@4 o
o in
Jr L
Compressor

____________________________________________ |
IW 26
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, ENGINEERING APPLICATIONS OF STEADY FLOW ENERGY
EQUATION (S.FE.E.)

4.12.5. Reciprocating Compressor

* The reciprocating compressor draws in air from atmosphere and
supplies at a considerable higher pressure in small quantities
(compared with centrifugal compressor).

* The reciprocating compressor can be considered as steady flow system
provided the control volume includes the receiver which reduces the
fluctuations of flow considerably.

Applying energy equation to the system, we have :

APE = 0 and AKE = 0 since these changes are negligible
compared with other energies.

h—Q=h,— W .(4.58)

27

ENGINEERING APPLICATIONS OF STEADY FLOW ENERGY
EQUATION (S.F.E.E.) s steam o

4.12.6. Boiler
. 4:_4— Water in

4.12

28
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4.12 ENGINEERING APPLICATIONS OF STEADY FLOW ENERGY

EQUATION (S.F.E.E.)
4.12.6. Boiler

9

=

2
For this system, AZ =0 and A (TJ =0

W = 0 since neither any work is developed nor absorbed.
Applying energy equation to the system
h,+ Q= h, ...(4.59)

29

4.12 ENGINEERING APPLICATIONS OF STEADY FLOW ENERGY
" EQUATION (S.FEE.) Steam i
4.12.7. Condenser l
i k * i Water out
: — —* |
: — — i
Waterin __ : — — i
(twl) i A‘ ‘ i
Conden£ate out 30
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4.12 ENGINEERING APPLICATIONS OF STEADY FLOW ENERGY

EQUATION (S.F.E.E.) The condenser is used to condense the steam in case of
4.12.7. Condenser §team power pl_ant and condejnse the refrig.erant vapour
in the refrigeration system using water or air as cooling
For this system : medium.

APE = 0, AKE = 0 (as their values are very small compared with enthalpies)
W = 0 (since neither any work is developed nor absorbed)
Using energy equation to steam flow
h,—Q®=h, ...[4.60 (a)]

where @ = Heat lost by 1 kg of steam passing through the condenser.

31

4.12 ENGINEERING APPLICATIONS OF STEADY FLOW ENERGY
EQUATION (S.F.E.E.)

4.12.7. Condenser

Assuming there are no other heat interactions except the heat transfer
between steam and water, then
@ = Heat gained by water passing through the condenser
=my, (hwz - hu'l) =my, ¢, (tu'?, - tu'l)

Substituting this value of @ in eqn. [4.60 (a)], we get
hl - h2 = mw (th - hu'l) = mw Cw (tw2 - twl) [460 (b)]

where, m = Mass of cooling water passing through the condenser, and

c,, = Specific heat of water.

32
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, ENGINEERING APPLICATIONS OF STEADY FLOW ENERGY
EQUATION (S.FE.E.)

4.12.8. Evaporator

An evaporator is an equipment
used in refrigeration plant to

carry heat from the Evaporator
refrigerator to maintain the ___________\________________________.

low temperature.

Here the refrigerant liquid is E /gﬁQ

passed through the evaporator i i

and it comes out as vapour | |

absorbing its latent heat from i i

the surroundings of the i i

evaporator. i N _!_ i

P Refigerant s ——— > Capour out

i |
I I

33

4.12 ENGINEERING APPLICATIONS OF STEADY FLOW ENERGY

EQUATION (S.F.E.E.)

4.12.8. Evaporator
APE =0, AKE =0

W=0 [ No work is absorbed or supplied]

Applying the energy equation to the system
h,+ Q= h, ...(4.61)

Q is taken as + ve because heat flows from the
surroundings to the system as the temperature in the
system is lower than the surroundings.
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ENGINEERING APPLICATIONS OF STEADY FLOW ENERGY
EQUATION (S.FE.E.)

4.12.9. Steam Nozzle

4.12

Nozzle

Steam in —»

——————m—————————p—————

> Convergent }47 Divergent part 4%
part

--------------------------------------------------------------------------- 1 Steam out

35
4.12 ENGINEERING APPLICATIONS OF STEADY FLOW ENERGY
EQUAT|ON (S.F.E.E.) For this system,
APE =0
4.12.9. Steam Nozzle W=0
Q=0
Applying the energy equation to the system,
2 2
---------- 7 Nozzle o hl +C‘21 = h2 + ng
S (SO G G ooh-n, o CR-CP=2h,-hy)
s I o or C2=C2+2h, —hy)
— Con;:rrlgenl l4——— Divergent part 4-| 02 _ [7(:12 + 2(}1’1 _ hz) (462)
where velocity C is in m/s and enthalpy 4 in joules.
If C, << C,, then
C, = 2 -hy) ...[4.63 (a)]
C,= \JoAh . ...[4.63 (b)] .
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EXAMPLES FOR PART 2
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