MS. JWAN KHALEEL M. THERMODYNAMICS MECHATRONICS DEPT.

LECTURE FIVE
FIRST LAW APPLIED TO FLOW PROCESSES (OPEN SYSTEM)

Lecture content:
1. Steady and Unsteady Flow Process
2. Assumptions in Steady Flow Process
3. Mass and energy analysis of control volumes
4. Engineering Applications of Steady Flow Energy Equation
Lecture content:
At the end of this lecture, you will be able to:
e Develop the conservation of mass principle.
e Apply the conservation of mass principle to various systems including steady control
volumes.
e Apply the first law of thermodynamics as the statement of the conservation of energy
principle to control volumes.
e Solve energy balance problems for common steady-flow devices such as nozzles,
compressors, turbines, throttling valves, mixing chambers, and heat exchangers.

1. STEADY AND UNSTEADY FLOW PROCESS
The flow processes are those processes which occur in an open system (also called control volume)
which permit the transfer of mass as well as energy to/from the system i.e., across its boundaries.
4 Steady flow process:
= The state of the working substance in the neighborhood of a given point remains constant
with time.
= The flow rate in and out of the system is equal and remains constant with time.
= There is no change of stored energy within the system.
+ Unsteady flow process:
= The state of the working substance at the boundary of the system varies with time and mass
inflow and outflow are not balanced.
= There is a change of energy stored within the system during this process. The filling of a

tank is an example of unsteady flow process.

2. ASSUMPTIONS IN STEADY FLOW PROCESS

The mass flow through the system remains constant.

The rate of heat and work transfer is constant.

The working substance is uniform in composition.

The state of the working substance at any point remains constant with time.
Potential, kinetic and flow energies are considered.
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3. MASS AND ENERGY ANALYSIS OF CONTROL VOLUMES (steady
flow process)

The energy required to flow or move the working substance across the open system, is termed
as flow energy or displacement energy. It is also known as flow work.

Let the working substance with pressure p (in N/m?) pushes the piston of cross-sectional area
A (in m2) through a distance L (in meters), as shown in Fig. shown. The magnitude of the flow
energy must be exactly equal to the work done by the piston.

':', /',:'/' Work
p |Piston A J _R/A‘““ Pistcmz—c'*r
- AL
| | [ s |
L
(@ (b)

Flow energy = Workdone by the system = Force x Distance moved
=pdx L{inN-morJ)=pv
where v = Volume of the working substance.
For 1 kg mass of the working substance,
Flow energy = pv,_(in N-m/kgor J/kg)
where v_ = Specific volume of the working substance in m*/kg.
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Energy balance: for one kg of the working substance total energy entering the system at section 1-
1=total energy entering the system at section 2-2

Z €in = Z €out

1 1
Uy + 9z, + §V12 T P1V1 + Q12 = Uy + gZ; + Esz T P2V + Wi

We know that; u + pv = h

1 1
hl + ng + EVIZ + q1_2 = hz + gZZ + EVZZ + Wi_2

1 1
qi—2 — Wi = (hz + 9z, + EVZZ) - (hl + 9z, + EVIZ) ......... (SFEE) or
Grz2 — W12 =922 —7) + %(sz —V1?) + (hy—hy)...... (kJ/s)

Q= rate of heat transfers between the control volume and its surroundings.
W = Work transfer (power), for steady-flow devices, work done per unit time.

Mass conversion: Y Mip =X Moys
mp = mj
p1 V141 = p,V,A, (single stream)
Vid; VA
U1 B U2

Example 1// In a certain steady flow process, the properties of the fluid at inlet and outlet are as
follows:
At inlet: Pressure = 1.5 bar; density = 26 kg/m?; velocity = 110 m/s; internal energy = 910 kJ/ kg.
At exit: Pressure = 5.5 bar; density = 5.5 kg / m®; velocity = 190 m/s; internal energy = 710
kJ/kg. During the process, the fluid rejects 55 kJ/s of heat and rises through 55metres. The mass
flow rate of the fluid is 10 kg / min. Determine:

1. Change in enthalpy; and

2. Power developed during the process.

— -
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Solution:
Properties of the fluid at inlet Properties of the fluid at outlet
p; = 1.5 bar = 150 X 103N /m? p, = 5.5 bar = 550 X 103N /m?
p, = 26kg/m3 p, = 5.5kg/m3
Vi, =110m/s V, =190m/s
u, = 910kJ / kg u, = 710kJ / kg

. 1 1 m3
Inlet specific volume, vy, = — = — = 0.0038—
p1 26 kg
Outlet specific volume, vy, = pi = 5—15 =0.182m3 / kg
2 .

Heat rejected by fluid, Q;_, = 55kJ /s

Rise in elevation = 55 m 55m
. 10 1
Mass flow rate = 10 kg/min = P gkg/s @ System | | 1 i L
1. Change in enthalpy / T
Enthalpy at inlet, / \
hl = Uq + P1Vs1 = 910 + 150 x 0.038 qia Wiz

= 915.7KkJ / kg
Enthalpy at outlet,
h, = u, + p,vs, = 710 + 550 x 0.182 = 810.1k] / kg
Change in enthalpy, dh = h, —h; = 810.1-915.7 =-105.6k] / kg
2. Power developed during the process
Let w1 = Work done or power developed during the process in kJ / kg.
We know that heat rejected by the fluid;

q_y = Qi-2 :£:_55 X 6 =-330Kk]/kg

m 1/6
The —ve sign is due to heat rejected.
Using the steady flow energy equation, we have

1
q—w=g(z; —z;) + E(sz - V12) + (hy—hy)

2 2
—330 —w;_, = 9.81(55 — 0) + ( (193)>< 10(01010) ) + (—105.6)
—330 —w;_, = 0.54 + 12-105.6 =—93.06
wi_, = —330 + 93.06 =-236.94 k] / kg
The —ve sign indicates that work is done on the system.
Since the mass flow rate is 1/6 kg / s, therefore work done or power developed during process,
Wi_, =mXxXw;_, = 39.5K]/s = 39.54 kW
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4. STEADY FLOW ENERGY EQUATION APPLED TO VARIOUS PROCESSES:
The workdone for various steady flow processes, like non-flow processes are as follows:
(a) For constant volume process,
Wi = V(P —p2)
(b) For constant pressure process,
w_, =0
(c) For constant temperature process,

Va
w,_, = 23p, v log q

(d) For adiabatic or isentropic process,
Wi = s (Pyvi—Pvy)
v-1
(e) For polytropic process,
n
Wi T (Py V=P V)

5. ENGINEERING APPLICATIONS OF STEADY FLOW ENERGY EQUATION

1. Nozzle: A nozzle is a passage of varying cross-section by Skt
means of which the pressure energy of the flowing fluid is volume
converted into Kinetic energy. The main use of the nozzle is to /

produce a jet of high velocity to drive a turbine and to produce
thrust.

tr -z = (b +22) = (i g+ 207

Zl == Zz
In case V1 is very small as compared to V, then V1 may be neglected. g;_, —w;_, =0

ThUS, VZ = 4/ Z(hl - hz)
2. Diffuser: A diffuser is a passage of varying cross-section by means of

which the kinetic energy of the flowing fluid is changed into pressure
energy. The energy equation for steady flow may be applied in the similar

way as for the nozzle but
Vi =+ 2(hy — hy)

3. Steam or Gas turbine (Or IC engines): A turbine is used to convert the heat energy of
steam or gas into useful work. z; = 22, V1 = V2, and g1 = 0 (insulated i.e., adiabatic flow)

¥, ——> Diffuser —> ¥V, <<V,
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1 1
qi1-2 + (hl + 9z, + ;Vlz) = (hz + 9z, + EVZZ) + Wi_»
Wi, = m(hy — hy)

4. Compressors:
e Reciprocating compressor: A reciprocating

. q ] ; | Air m®'i—1—"—'—|—:—<§ﬂ.ir out
compressor Is used to compress air or gas from low ﬁl 7

pressure to high pressure with the help of work input i o \'Air i
(W]_,z)_ 71 =72, Vl - V2 i I /y/ iston receiver i
q1-2 — (—wy-2) = (hy — hy) i o cvinder i
wip = (hy — hy) — g1 :-—7Z—- —-————/Z ——————————————— ’I
“Work done on the system (-ve) & heat rejection (-ve)” @G> Wiz  Control volume
Airout
» Rotary compressor: Tmmeeel T@’
Adiabatic process, insulated system so g;_, = 0 ! ==k 3!
Wy, = —(h1 _ hz) MT‘E Rotary compressor B i
W = —m(hy — hy) _-‘I F:_::: ;_:“-T: Cn:trﬂl
“Work done on the system” Lgn) [ Control - surface
Q2=
6. Boiler: A boiler is used to generate steam from feed water by Confrol surlace S‘ea’é"“‘
heating due to burning of a fuel. The steam may beusedto % -----—---- It—/—/w

drive steam engine or a steam turbine.
21=22, V1=V, and w12 =0,

@ : g
qi1-2 = (h - hl) i :
Q =2 m(hzz— hl) Contr{i/ %J !

Feed

volume

7. Condensers & heat exchangers: A condenser (or a heat o
exchanger) is a device used to condense steam by rejecting heat from the steam to the
cooling water.

Second Grade 2022-2023



MS. JWAN KHALEEL M. THERMODYNAMICS MECHATRONICS DEPT.

M ,

——» Cooling water out

Cold
fluid

wy,=0

Cooling
water in —;—u" Vi

Hot
fluid

Contol %2 control
volume surface Condensate out

q1-2 = —(hy — hy) , @ =-m(hy; — hy)
8. Throttling process: A process that takes place in such a way that the
fluid expands through a *minute aperture such as a narrow throat or a

Throttling
valve

=

slightly opened valve in the line of flow, is known as throttling

covered, g;_, = 0. Changes in K.E. =0 and P.E. = 0. Applying SFEE gas

process. In this case, shaft work done, w;_, =0, adiabatically ? Ideal

hy '-—-\ by =hy

for single stream and 1 for inlet and 2 for exit.
1 1
qi—2 = W12 = (hz +9z; + EVZZ) - <h1 +9z; + §V12>
m1 = mz y hl == hz SO,
T, =T, ‘for gases only’
9. Mixing chamber:

Combining the mass and energy balances,

W1_2:O, PEZO, KE:O, q1_2:0 \l:lgr
mih; + myh, = (my +m; ) hy

10. Centrifugal pump.
Q1—2 = O I ul = uZ Control

surface

1,
—9z; +§V1 + D1Vs1

1
_ 2
=9z, + §V2 T P1Vsz — Wi
Electric
motor
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11. Water turbine.
Reservoir
1 Control 4
surface
_______ {___ Control
: | volume
Rl
| i Datumn
Generator l I
A | z
Turbine l
Z :_i_:_:_ﬁ_:_:_i_:_:_:_ﬁ_:_:_i_:_:_ﬁ_:_ ____ ‘\— Tail race
1, 1,
9z, + EV1 +P1Vs1 = —92; + EVZ + P1Vs2 T Wi
Example 2// A perfect gas flows through a nozzle where it expands in a reversible adiabatic
manner. The inlet conditions are 22 bar, 500°C and 38 m/s. At exit, the pressure is 2 bar. Determine
the exit temperature and velocity, if the flow rate is 4 kg / s. Take R =190 J/kg. K and y = 1.35.
Solution.
Inlet Outlet (exit)
p1 = 22 bar = 2200 x 103 N/m? p, = 2bar = 200 X 103 N/m?
T, = 500°C = 500 + 273 = 773K T, =?
V, =38m/s V,=7
Mass, m = 4kg /s, Gasconstant, R = 190]/kgK and y =1.35
We know that for a reversible adiabatic process,
— 1.35-1
T, pz]yy—l_ [Z]W_<1>°'259_0537
T, |p; (22 \11 o
T, =T, x0.537 =773 x 0.537 = 415.1K
and change in enthalpy from inlet to exit, *NOTE
We know that ¢, —¢c =R
Ry 190 x 1.35 o 2GR
hy —h, = T,—T,) = = 773 - 415.1 q e,
1 2 =¢p (11— Ty) y—1 135 _1 ( ) .
or y—1l=—
= 262.3 X 103] / kg Multiplying by cpon both sides__
Using the steady flow energy equation, we have G @-D=2 xc,=Ry or = VR—_"I

v, = \/Vf +2(hy — hy) = /(38)% + 2(262.3 x 103) = 725.3m/s

— -
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Example 3// In a gas turbine, the gas enters at the rate of 5 kg / s with a velocity of 50 m / s and
enthalpy of 900 kJ / kg and leaves the turbine with a velocity of 150 m/s and enthalpy of 400 kJ /
kg. The loss of heat from the gases to the surroundings is 25 kJ / kg. Assume for gas, R = 0.285 kJ
/ kg K and cp = 1.004 kJ/kg K. The inlet condition is at 100 kPa and 27°C. Determine the power

output of the turbine and diameter of inlet pipe.

Solution.
Inlet Exit
Vi =50m/s V,=150m /s
h; = 900k] / kg h, = 400k] / kg
p; = 100 kPa
T, = 27°C = 27 + 273 = 300K

Mass of thegasm = 5kg /s

Loss of heat to the surrounding, q;_, =- 25 kJ / kg (- sign due to loss of heat)

Gas constant, R = 0.285k] /kgK, ¢, = 1.004k]/kgK
Now;

Let w;_, = Workdone or power output of the turbine.

Using the steady flow energy equation for a unit mass, we have

2 2
h1+gzl+%+q1_2 =h2 +gZZ +%+W1_2

Zl = Zz
15 V,?
hl +_+q1_2 = hz +_+W1_2
2 2
900 + 50° + (—25) = 400 + 1507 +
2 % 1000 - 2 x 1000 = V12

1.25 + 900- 25 = 11.25 + 400 + w;_,
876.25 = 411.25 + w;_,
wy_, = 876.25- 411.25 = 465 kJ /kg
Since the mass of gas is 5 kg / s; therefore, power output of the turbine,

W,_, =5 X 465 = 2325kJ/s = 2325 kW Ans....(1kJ/s

Example 4// Air at a temperature of 20°C passes through a heat exchanger at a velocity of 40 m /
s, where its temperature is raised to 820°C. It then enters a turbine with the same velocity of 40
m/s and expands till the temperature falls to 620°C. On leaving the turbine, the air is taken at a
velocity of 55 m /s to a nozzle where it expands until the temperature has fallen to 510°C. If the

air flow rate is 2.5 kg / s; calculate:

1. Rate of heat transfer to the air in the heat exchanger;

2. The power output from the turbine, assuming no heat loss; and
3. The velocity at exit from the nozzle, assuming no heat loss.
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Take enthalpy of airas h = ¢, dT, where c,is the specific heat at constant pressure and taken as
1.005kJ/ kg Kand dT = T, - Tj, is the change in temperature.
Solution.
Given: Temperature of air entering the heat exchanger,
T, = 20°C = 20 + 273 = 293K

Velocity of air, V; =40m/s
Temperature of air leaving the heat exchanger,

T, = 820°C = 820 + 273 = 1093 K
Velocity of air entering the turbine,

V, =V, =40m /s

Temperature of air leaving the turbine,

T; = 620°C = 620 + 273 = 893K
Velocity of air leaving the turbine or entering the nozzle,

V; = 55m/s

Temperature of air leaving the nozzle,

T, = 510°C = 510 + 273 = 783K
Air flowrate, m = 2.5kg /s
1. Rate of heat transfer to the air in the heat exchanger

@ ©,

R SS—

Heat exchanger

Turbine

First of all, let us consider heat transfer through a heat exchanger.
Applying the steady flow energy equation, we have
2 2
hl +ng +%+CI1—2 = hz +g22 +%+W1_2
z, =2,,V, = Vyand w,_, = 0, for a heat exchanger, therefore,

q1_2 = h2 - hl = Cp (TZ - Tl) = 1005 (1093 - 293): 804 k\]/kg

Since the air flow rate (m) is 2.5 kg / s, therefore rate of heat transfer,

Qi_, = m X qi_, = 2.5 X 804 = 2010kJ /sor kW ...(Lki/s=1KkW)
2. Power output from the turbine

Let W, _,= Workdone or power output from the turbine in kW.

Applying the steady flow energy equation, we have

2 2
hz +gZ2+%+q2_3=h3 +gZ3 +V%+W2_3

— -
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"V-V
Zy = Z3 and qr-3 = 0
hz —h3+_+W23

Wp_3 = (VZ ) + (hy —h3) = ( ) +cp (T, - Ts)

2X1000

2X1000

] +1.005 (1093 — 893) = — 0.7125 + 201 = 200.2875 kJ/ kg

- [2><1000

Since the air flow rate (m) is 2.5 kg / s, therefore power output from the turbine.
Wi, =m X wy_, = 2.5 X 200.2875 = 500.72kJ / s or kW

3. Velocity at exit from the nozzle

Let V4 = Velocity at exit from the nozzleinm / s.

2 2
h3 +gZ3+V%+q3_4=h4+gZ4+%+W3_4

Z3 = Z4 ,q3_4 = 0, and W3_4 = O

h +V 2 = h, + Vi’
3T 2 T 2
Vv, = ng +2(hs — hy) = \/1@2 +2c, (T3 - Ty) =+/(55)% + 2 x 1.005(893 — 783) =
= 47343 m/s
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ASSIGNMENTS

1. In a steam plant, 1 kg of water per second is supplied to the boiler. The enthalpy and
velocity of water entering the boiler are 800 kJ / kg and 5 m / s. The water receives 2200
kJ / kg of heat in the boiler at constant pressure. The steam after passing through the turbine
comes out with a velocity of 50 m/ s and its enthalpy is 2520 kJ / kg. The inlet is 4 m above
the turbine exit. The heat losses from the boiler and turbine to the surroundings are 20 kJ /
s. Calculate the power developed by the turbine considering boiler and turbine as single
system.

2. In a water turbine, the water head measured from the center of the turbine is 1500 m and
the flow rate is 500 kg / s. The tail race is 3 m below the turbine center line and outlet
velocity is 10 m / s. Determine the power developed by the turbine.

3. Air enters an air compressor at 8 m/s velocity, 100 kPa pressure and 0.95 m3/ kg volume.
It flows steadily at the rate of 0.6 kg / s and leaves at 6 m/s, 700 kPa and 0.19 m?/ kg. The
internal energy of the air leaving is 90 kJ / kg greater than that of air entering. The cooling
water in the compressor jackets absorbs heat from the air at the rate of 60 kW. Find: 1. The
ratio of the inlet pipe diameter to outlet pipe diameter; and 2. The rate of shaft work input
to the air in kW.

4. A centrifugal pump delivers water at the rate of 45.5 kg/s by increasing the pressure from
80 KN/m2 to 280 kN/m2. The suction is 2 m below the centre of the pump and delivery is
5 m above the center of the pump. The suction and delivery pipe diameters are 150 mm
and 100 mm respectively. Determine the power required to drive the pump.

References:
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