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Develop the conservation of mass principle.

Apply the conservation of mass principle to various systems including
steady- and unsteady-flow control volumes.

Apply the first law of thermodynamics as the statement of the conservation
of energy principle to control volumes.

|dentify the energy carried by a fluid stream crossing a control surface as
the sum of internal energy, flow work, kinetic energy, and potential energy
of the fluid and to relate the combination of the internal energy and the
flow work to the property enthalpy.

Solve energy balance problems for common steady-flow devices such as
nozzles, compressors, turbines, throttling valves, mixers, heaters, and
heat exchangers.

Apply the energy balance to general unsteady-flow processes with
particular emphasis on the uniform-flow process as the model for
commonly encountered charging and discharging processes.

Prof. Dr. Ali PINARBASI Chapter 5 MASS AND ENERGY ANALYSIS OF CONTROL VOLUMES




CONSERVATION OF MASS

Conservation of mass: Mass, like energy, is a conserved property, and it cannot
be created or destroyed during a process.

Closed systems: The mass of the system remain constant during a process.

Control volumes: Mass can cross the boundaries, and so we must keep track of
the amount of mass entering and leaving the control volume.

2 kg
H,

+

16 kg
O,

18 kg
H>0

Mass is conserved even during chemical reactions.
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Conservation of Mass

The conservation of mass relation for a closed system undergoing a change is
expressed as m,,=Const. or dmy /dt =0, which is the statement that the mass of
the system remains constant during a process.

Mass balance for a control volume (CV) in rate form:

, ) dmey
My, — Moy = dt
+ + the total rates of mass flow into and out of
LIRS 1\ ontrol volume
dmeyldt the rate of change of mass within the

control volume boundaries.

Continuity equation: In fluid mechanics, the conservation of mass relation written

for a differential control volume is usually called the continuity equation.
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Conservation of momentum

Linear momentum: The product of the mass
and the velocity of a body is called the linear

momentum or just the momentum of the
body.

The momentum of a rigid body of mass m
moving with a velocity Vis mV.

Newton’s second law: The acceleration of a
body is proportional to the net force acting on
it and is inversely proportional to its mass,
and that the rate of change of the momentum
of a body is equal to the net force acting on
the body.

Conservation of momentum principle: The momentum of a system remai
only when the net force acting on it is zero, and thus the momentum of s

conserved.

Linear momentum equation: In fluid mechanics, Newton’s second law is u

referred to as the linear momentum equation
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MASS AND VOLUME FLOW RATES

Mass flow rate: The amount of mass flowing through a cross section per unit time.

The differential mass flow rate

om = pV, dA,

Point functions have exact differentials

2
J dA,= A, — A, =m(r5—rd)
1

Path functions have inexact differentials

not m, — niy

2
J 0N = My
I
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Control surface ’

The normal velocity V, for a surface is the
component of velocity perpendicular to the
surface.
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m = J pVpdA.  (kgls)

A

Mass flow rate

L R T /
M= Ve,

(kg/s)

avg

_— e — e — e

The average velocity V.

avg

speed through a cross section.

Average velocity

Voo =

I:H-'{_[

V, dA

e

)
,-_1

Volume flow rate

V= J V,dA, =V, A = VA, (m’/s)
A

) Je—

Cross section

The volume flow rate is the volume

is defined as the average of fluid flowing through a cross

section per unit time.
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CONSERVATION OF MASS PRINCIPLE

The conservation of mass principle for a control volume: The net mass transfer to or
from a control volume during a time interval At is equal to the net change (increase
or decrease) in the total mass within the control volume during At.

(Totul mass entering) (Total mass leaving) _ ( Net change in mass )
the CV during Ar the CV during Az within the CV during Az

'r”l]] pon 'F”mn o .ll”f{:ﬁ,r {kg}

_ My, — Myy = dmey/di (kg/s)
4" i d the total rates of mass flow into
_ giNSEia- " Ml and out of the control volume
I\ i  dmgyldt the rate of change of mass within
‘IP — - oé the control volume boundaries.
Mot = g _ i

Conservation of mass principle

for an ordinary bathtub.

Mass balance is applicable to any control
volume undergoing any kind of process.
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dm = p dV Total mass within the CV: Mgy = J pdV
Ccv

oy dmey  d
Rate of change of mass within the CV: = — pdV
dt dr ).
Normal component of velocity: V. =Vcosb = V-n

Differential mass flow rate:  om = pV,,dA = p(V cos 0) dA = p(‘_}- n) dA

Net mass flow rate: Moy = [ om = { pV,dA = [ p(\_}' n) dA

=C8 S “CS
--""# -h\
!'-’ \*-.___

I bt
!
I =
: dm
|

The differential control volume dV and the !
I’ Control
\

differential control surface dA used in the
e ! volume (CV) »
derivation of the conservation of mass e J
relation. T

Control surface (CS)
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General con

pdV +

p(i’ 1) dA =0

servation of mass

The time rate of change of mass within the control volume
plus the net mass flow rate through the control surface is

Vv /A,fcos f

4
==
— /,WV

CV “CS equal to zero.
d i
| pdVt 2| pVidA - X
‘ov out J4 in
d | |dmiey y
— pdV = Em— Em = Em— Em
dt Jov out dt in out

The conservation of mass equation is

obtained by replacing B in the Reynolds
transport theorem by mass m, and b by 1

B, d
dt  dt
B=m

|

dmgy ~ d
dt  dt

J pde+J pb(V-1)dA
(A CS

11
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~
V,=Vcos b
m = p(Vcos 0)(A/cos ) = pVA

(a) Control surface at an angle to flow

A

u\ L4 |
| —
I, n v
—h. |
|
m = pVA

(b) Control surface normal to flow

A control surface should always be selected
normal to the flow at all locations where it crosses
the fluid flow to avoid complications, even though

the result is the same.
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MASS BALANCE FOR STEADY-FLOW PROCESSES

During a steady-flow process, the total amount of mass contained within a control
volume does not change with time (m.,, = constant).

Then the conservation of mass principle requires that the total amount of mass
entering a control volume equal the total amount of mass leaving it.

For steady-flow processes, we are interested in
the amount of mass flowing per unit time, that is,

| |
| |
| |
| &Y |
| |
| |
| |

My =my +m, =35 kg/s

Conservation of mass principle for

a two-inlet—one-outlet steady-flow
system.

2= 2m (ke [Multiple inlets and exitsh)

mn Ot

my=m;, — pViA; = pVhA, {Single str-

Many engineering devices such as nozzles,
diffusers, turbines, compressors, and pumps
involve a single stream (only one inlet and
one outlet).
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SPECIAL CASE: INCOMPRESSIBLE FLOW

The conservation of mass relations can be simplified even further when the fluid is
incompressible, which is usually the case for liquids.

2 V = 2 V (m*/s) ’Steady, incompres-

in ot

. , - , Steady, incompres
V, =V, > VA, = VA, r(single stream) -

There is no such thing as a “conservation of volume”
principle. However, for steady flow of liquids the volume flow
rates, as well as the mass flow rates, remain constant since
liquids are essentially incompressible substances.

my =2 kgls

V, = 1.4 m3s The conservation of mass principle is based on experimental
observations and requires every bit of mass to be accounted
for during a process. If you can balance your checkbook (by
keeping track of deposits and withdrawals, or by simply
observing the “conservation of money” principle), you should

have no difficulty applying the conservation of mass principle
to engineering systems.

During a steady-flow
process, volume flow rates

are not necessarily
conserved although mass
flow rates are.
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EXAMPLE 5-1

A garden hose attached with a nozzle is used to fill a 10-gal bucket. The inner diameter of the hose
is 2 cm, and it reduces to 0.8 cm at the nozzle exit. If it takes 50 s to fill the bucket with water,
determine (a) the volume and mass flow rates of water through the hose, and (b) the average
velocity of water at the nozzle exit.

Solution A garden hose is used to fill a water bucket. The volume and
f—{? mass flow rates of water and the exit velocity are to be determined.
/Lj r_,%j Assumptions 1 Water is an incompressible substance. 2 Flow
ff A L Nozzle 1 through the hose is steady. 3 There is no waste of water by splashing.

et 2 (a) Noting that 10 gal of water are discharged in 50 s, the
hose \ Bucket | yolume and mass flow rates of water are

MW/
\_/; V10 gall(B.?SSﬂrL
s  Af 50s

m = pV = (1kg/L)(0.757 L/s) = 0.757 kg/s

) = 0.757 L/s

| gal

(b) The cross-sectional area of the nozzle exit is
A, = ar: = 7 (0.4 cm)* = 0.5027 cm* = 0.5027 X 10~* m?

o i el [ ( | m’ ) _
¢ 1000 L

E}

A, 05027 X 10 m’

Discussion It can be shown that the average velocity in the hose is 2.4 m/s. Therefore, the
nozzle increases the water velocity by over six times.
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FLOW WORK AND THE ENERGY OF A FLOWING FLUID

Flow work, or flow energy: The work (or energy)
required to push the mass into or out of the control
volume. This work is necessary for maintaining a [

|
continuous flow through a control volume. _ P
Wiow — v : cvV
|
F =PA I
Wflow = FI. = PAL = Pv (kJ) (a) Before entering
|: _________
Hﬂﬂnw = Pv (I\‘]f’fl\g) Wilow _+ I:

|

l cv

(b) After entering

|
F |
Vol
?Cﬂ P i

m | CV
/1

=
Imaginary S J In the absence of acceleration, the force applied on a
piston fluid by a piston is equal to the force applied on the

Schematic for flow work. piston by the fluid.
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TOTAL ENERGY OF A FLOWING FLUID

1‘__3'2
e=u+ke+pe=u+—+gz (kl/kg)
8§ =Pv+e=Pv+ (u+ ke + pe) h=y-+ B8
0=h+ke+pe=h+ T e i 7 (kl/kg)

The flow energy is automatically taken care of by enthalpy. In fact, this is the
main reason for defining the property enthalpy.

Kinetic tlc
Energ}r EDEIE}" energj.r

Flowi
. 0=Py +u+—+ gz

Nonflowing e_u+—+ 7 .
fluid g Sluid
Iuternal
Iﬂtﬂmal Potential E]_'[EIE]F PﬂtEﬂtlﬂl
Energ]r Energ]r EDEIEF

The total energy consists of three parts for a nonflowing fluid and
four parts for a flowing fluid.
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ENERGY TRANSPORT BY MASS

7
Amount of energy transport: E . = mb = m(h ¢ Jimrmat o g:) (kJ)

. : , V?
Rate of energy transport: E .. = mb = m(h (. EEC ,fg:) (kW)

When the kinetic and potential energies E s B

; i & = mh
of a fluid stream are negligible mass mass

[ When the properties of the mass at
. : CV each inlet or exit change with time as
m;, Kg/s | ® 7.0 well as over the cross section
6. kl/ke i

(kW)

Pl " Vi _
El[].. mass r 0, 0om; = r (h{_ + R + 27, | om;

m; “m;

The product m,0; is the energy transported into
control volume by mass per unit time.
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EXAMPLE 5-3 S

Steam is leaving a 4-L pressure cooker whose operating pressure is 150 kPa. It fﬁ
is observed that the amount of liquid in the cooker has decreased by 0.6 L in 40 -
min after the steady operating conditions are established, and the cross-sectional S

area of the exit opening is 8 mm?2. Determine (a) the mass flow rate of the steam % |
and the exit velocity, (b) the total and flow energies of the steam per unit mass,
and (c) the rate at which energy is leaving the cooker by steam.

Solution Steam is leaving a pressure cooker at a specified pressure. The velocity, flow rate,
the total and flow energies, and the rate of energy transfer by mass are to be determined.
Assumptions 1 The flow is steady, and the initial start-up period is disregarded. 2 The kinetic
and potential energies are negligible and thus they are not considered. 3 Saturation conditions
exist within the cooker at all times so that steam leaves the cooker as a saturated vapor at the
cooker pressure.

(a) the mass flow rate of the steam and the exit velocity,

"ﬁuliquid SR E ( | m’

m — —
Ve 0.001053 m*/kg \ 1000 L
m  0.570 kg
Af 40 min

a My, (237 X 107*ke/s)(1.1594 m3/kg
e il ( g/ )_E - /ke) = 34.3 m/s
pA. A, 8§ X 10" m"

) = 0.570 kg

= 0.0142 kg/min = 2.37 X 107! kg/s
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(b) the total and flow energies of the steam per unit mass

Caow = Pv="h — u = 2693.1 — 2519.2 = 173.9 k] /kg

0 =h+ ke + pe =h = 2693.1 k]J/kg

The kinetic energy in this case is ke=V?/2 = (34.3 m/s)?/2 = 588 m?/s2 =0.588 kJ/kg, which
is small compared to enthalpy.

(c) The rate at which energy is leaving the cooker by mass is simply the product of the
mass flow rate and the total energy of the exiting steam per unit mass,

E. . =mb = (237 X 10™*ke/s)(2693.1 ki/kg) = 0.638 kI/s = 0.638 kW

Mass

Discussion The numerical value of the energy leaving the cooker with steam alone does
not mean much since this value depends on the reference point selected for enthalpy (it

could even be negative). The significant quantity is the difference between the enthalpies
of the exiting vapor and the liquid inside (which is hy,) since it relates directly to the amount
of energy supplied to the cooker.
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ENERGY ANALYSIS OF STEADY-FLOW SYSTEMS

Many engineering systems such as
power plants operate under steady
conditions.

20
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Mey = constant

E & = constant

Under steady-flow conditions, the mass and
energy contents of a control volume remain
constant.

Control
volume

Under steady-flow conditions, the fluid

properties at an inlet or exit remain constant
(do not change with time).
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MASS AND ENERGY BALANCES FOR A STEADY-FLOW PROCESS
oLt ( I\g;f S )
217'1,- = En'ze (kg/s)

my=m, or pVA = p,V,A,

Mass balance for steady-flow systems:

Multiple inlets and exits:

One inlet and one exit:

-

Hot
water
out

F1ly) = 1

Heat Electric
{ose Q heating
0”_5’ /element
_II : Win
|
i |
|
|
i |
: CV I
: (Hot-water tank) E m
—
|
| I

A water heater in
steady operation.

Energy balance I

E'm - Eom

Rate of net energy transfer
by heat, work, and mass

E in
Rate of net energy transfer in
by heat, work, and mass

M. =1

I

0O (steady)

AE g — 0

Rate of change in internal, Kinetic,
potential, etc., energies

: E{}ut (I\“ )
Rate of net energy transfer out
by heat, work, and mass

Qin + "Vin + 2 migi = Qout + Wout + Emege

Q]n T Win 7 2m:(h

S,

it
-

i

for each inlet

V: . . V?
i T ? ac g‘zi) = Qour + Hfoul o E?he(he o T T g‘ze’)

—

—

—

for each exit

21
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; . 7 V2
O — W= Ef%zf(hf + 76 + ng) — Er’i?;(hf + j + gz,-)

- — B, -
g e

Enerrgy balance relations for each exit for each inlet
with sign conventions . Vi- Vi
Q- W=ihy = h +———+8(x—2z)
(heat input and work - -
output are positive 27— ¥
P P ) qg—w=h,—h + +8(2 — 71)
when kinetic and potential energy changes are negligible qg—w=h, — h

=
g
+
=
——

= 25,037 —

~ Btu ft? )
50,
lbm 5

_ oo Under steady operation, shaft work and
O &« | .
— | electrical work are the only forms of work a

Some energy unit equivalents simple compressible system may involve.
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SOME STEADY-FLOW ENGINEERING DEVICES

Many engineering devices operate essentially under the same conditions for long
periods of time. The components of a steam power plant (turbines, compressors,
heat exchangers, and pumps), for example, operate nonstop for months before
the system is shut down for maintenance. Therefore, these devices can be
conveniently analyzed as steady-flow devices.

2-Stage 5-Stage
5-Stage LPC Bleed 14-Stage High. Pressure  Low .Pressurc
Low Pressure Air Collector ~ High Pressure Combustor ~ Turbine Turbine

Compressor

(LPC)
Cold End
Drive Flange

Compressor

Fuel System

Manifolds Hot End Vl VE Ake

Drive Flang il m/s kl/kg

0 40 I
50 67 I
100 110 I
200 205 |
500 502 I

A modern land-based gas turbine used for electric power production. At very high velocities, even
This is a General Electric LM5000 turbine. It has a length of 6.2 m, it small changes in velocities can

weighs 12.5 tons, and produces 55.2 MW at 3600 rpm with steam cause significant changes in the
injection. kinetic energy of the fluid.
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Nozzles and Diffusers

Nozzles and diffusers are commonly utilized in
jet engines, rockets, spacecraft, and even
garden hoses.

R A nozzle is a device that increases the velocity
of a fluid at the expense of pressure.

|
V, —— Nozzle ——+=V, >V,

A diffuser is a device that increases the
pressure of a fluid by slowing it down.

The cross-sectional area of a nozzle
decreases in the flow direction for subsonic
flows and increases for supersonic flows. The
reverse is true for diffusers.

Energy balance for a nozzle or diffuser:

E in — Enut

m hj + T
) 2

(since Q = 0, W = 0, and Ape = 0)

Nozzles and diffusers are shaped so
that they cause large changes in
fluid velocities and thus kinetic

energies.

E.
.
=
+
) ‘_"E_.
L
I
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Conservation of Energy

The conservation of energy principle (the energy balance): The net energy
transfer to or from a system during a process be equal to the change in the
energy content of the system.

Energy can be transferred to or from a closed system by heat or work.

Control volumes also involve energy transfer via mass flow.

. = ffECV
Conservation of enerey: E. —E_ .=
5-: in ot
" ' dt

the total rates of energy transfer into and

ISR I ¢ of the control volume

the rate of change of energy
dEqv/dt within the control volume boundaries

In fluid mechanics, we usually limit our consideration to mechanical forms
of energy only.

Do
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EXAMPLE 5-4

Air at 10°C and 80 kPa enters the diffuser of a jet engine steadily =
with a velocity of 200 m/s. The inlet area of the diffuser is 0.4 m2. il =_]g;‘“'v_, S
/| =200 m/s m="7

TE :

The air leaves the diffuser with a velocity that is very small compared
with the inlet velocity. Determine (a) the mass flow rate of the air and
(b) the temperature of the air leaving the diffuser.

A =04m

e e

Solution Air enters the diffuser of a jet engine steadily at a specified velocity. The mass flow
rate of air and the temperature at the diffuser exit are to be determined.

Assumptions 1 This is a steady-flow process since there is no change with time at any
point and thus Am,,=0 and AE,,=0. 2 Air is an ideal gas since it is at a high temperature
and low pressure relative to its critical-point values. 3 The potential energy change is zero,
Ape=0. 4 Heat transfer is negligible. 5 Kinetic energy at the diffuser exit is negligible. 6 There
are no work interactions.

(a) To determine the mass flow rate, we need to find the specific volume of the air first. This
is determined from the ideal-gas relation at the inlet conditions:

RT, 0.287 kPa-m’/kg-K) (283 K)

= = 1015 m'/k
LT P, 80 kPa s
1
m— VA, (200 m/s) (0.4 m*) = 78.8 kg/s

v, 1.015 m¥/ke

Do
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(b) Under stated assumptions and observations, the energy balance for this steady-flow
system can be expressed in the rate form as

E'm = ‘éﬂut
: Vi : V3 s :
m\ h, + = m\ h, + = (since Q@ = 0, W = 0, and Ape = 0)
Vi-Vi :
hy,=h, — — 5 hy = h @-s3x = 283.14 kl/kg

The exit velocity of a diffuser is usually small compared with the inlet velocity (V, < V,);
thus, the kinetic energy at the exit can be neglected. The enthalpy of air at the diffuser inlet
is determined from the air table

h, = 283.14 kl/kg —

0 — (200 m/s)? ( | kJ/kg

) = 303.14 kJ/kg
2 1000 m?%/s?

the temperature corresponding to this enthalpy value is I, =303 K

Discussion This result shows that the temperature of the air increased by about 20°C as it

was slowed down in the diffuser. The temperature rise of the air is mainly due to the
conversion of kinetic energy to internal energy.

Do

Prof. Dr. Ali PINARBASI Chapter 5 MASS AND ENERGY ANALYSIS OF CONTROL VOLUMES




Turbines and Compressors

Al
o
v k4 .

Cfout =) 16 kJ/kg
w P, =600 kPa
= LT2=4OOK

e

-

AlIR :

. I_ '

m=0.02kg/s [Wa—
|

//*‘// Win:?
’/ P; =100 kPa

T,=280K

gy balance for the

Turbine drives the electric generator In steam, gas,
or hydroelectric power plants.

As the fluid passes through the turbine, work is
done against the blades, which are attached to the
shaft. As a result, the shaft rotates, and the turbine
produces work.

Compressors, as well as pumps and fans, are
devices used to increase the pressure of a fluid.
Work is supplied to these devices from an external
source through a rotating shaft.

A fan increases the pressure of a gas slightly and is
mainly used to mobilize a gas.

A compressor is capable of compressing the gas
to very high pressures.

Pumps work very much like compressors except
that they handle liquids instead of gases.

W.. + rith, = O, + rih,

(since Ake = Ape = 0)
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EXAMPLE 5-6

Air at 100 kPa and 280 K is compressed steadily to 600 kPa and 400 K. The mass flow rate of the
air is 0.02 kg/s, and a heat loss of 16 kJ/kg occurs during the process. Assuming the changes in
kinetic and potential energies are negligible, determine the necessary power input to the
COMpressor.

Solution Air is compressed steadily by a compressor to a specified temperature and
pressure. The power input to the compressor is to be determined.

Assumptions 1 This is a steady-flow process since there is no change with time at any point
and thus Am.,~=0 and AE_,~=0. 2 Air is an ideal gas since it is at a high temperature and low
pressure relative to its critical-point values. 3 Ake =Ape=0.

E =L
Gout = 16 I\Jﬂ\g + in +i:ﬂ_].l:
W * P,=600kPa W, + rmih; = Qg + mih, (since Ake = Ape = 0)
T [1 T,=400K +
AIR / ol Win = mqoy + m(hz - }?[)
' & B — . |
=002 ke/s |[(— hy = h @0k = 280.13 kl/kg
|

W= 9 hy = hg g = 400.98 kl/kg

m 7 e

Pi=100kPa W = (0.02 ke/s) (16 kI/kg) + (0.02 kg/s)(400.98 — 280.13) kl/kg

T,=280K
= 2.74 kW

Discussion Note that the mechanical energy input to the compressor manifests itself as a

rise in enthalpy of air and heat loss from the compressor.

Do
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EXAMPLE 5-7

The power output of an adiabatic steam turbine is 5 MW, and the inlet and the exit conditions of the

steam are;
(a) Compare the magnitudes of Ah, Ake, and Ape.
(b) Determine the work done per unit mass of the steam flowing through the turbine.

(c) Calculate the mass flow rate of the steam.

haptads Solution The inlet and exit conditions of a steam turbine and its
s power output are given. The changes in kinetic energy, potential

: energy, and enthalpy of steam, as well as the work done per unit
i mass and the mass flow rate of steam are to be determined.
i—&: Assumptions 1 This is a steady-flow process since there is no

STEAM

FURBINE ¥ change with time at any point and thus Am.,=0 and AE;,=0. 2 The

Vo =AM system is adiabatic and thus there is no heat transfer.

P, - ,15 i (a) At the inlet, steam is in a superheated vapor state, and its enthalpy is
;f z ?ggomfs
=6m P, =2 MPa

} h, = 32484 kl/kg  (Table A-6)
T, = 400°C

At the turbine exit, we obviously have a saturated liquid—vapor mixture at 15-kPa pressure.

The enthalpy at this state is

hy = hy + x5h, = [225.94 + (0.9)(2372.3)] ki/kg = 2361.01 kJ/kg

o
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Ah = h, — h, = (2361.01 — 3248.4) kl/kg = —887.39 k]/ke
Vi—Vvi (180m/s)* — (50 m/s) ( | kJ/kg

Ake =

) = 14.95 k] /kg

2 2 1000 m?*/s?

| kJ/ke
= —0.04 kJ/kg

Ape = g(z, — z;) = (9.81 1'11/.\'3)[(6 — 10} m}( 1000 m?/5?

(b) The energy balance for this steady-flow system can be expressed in the rate form as

ng : V% :
rh(h] & 5 + g;1> = W, + ri?(hz = o -+ g:,z) (since @ = 0)

vi-v?

Wou = _|i(h2 - h]) +f 7ie §(32 - :l)j| = _(‘j‘h + ke + .j.p{i‘)

= —[—887.39 + 14.95 — 0.04] ki/kg = 872.48 kJ/kg

(c) The required mass flow rate for a 5-MW oAl Wour 5000 KJ/s

= = 5.73 kg/s
power output is Wous 872.48 kJ/kg _?-E/H

Discussion Two observations; First, the change in potential energy is insignificant in
comparison to the changes in enthalpy and kinetic energy. Second, as a result of low pressure

and thus high specific volume, the steam velocity at the turbine exit can be very high.
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Throttling valves

.

X

(a) An adjustable valve

(b) A porous plug

(c) A capillary tube

Throttling valves are any kind of flow-restricting devices
that cause a significant pressure drop in the fluid.

What is the difference between a turbine and a
throttling valve?

The pressure drop in the fluid is often accompanied by a
large drop in temperature, and for that reason throttling
devices are commonly used in refrigeration and air-
conditioning applications.

Throttling
valve

IDEAL T,
GAS h

h, = h, (kl/kg) iy, + Py = u, + Py,
Internal energy + Flow energy = Constant
Throttling
valve
T,=T, u; =94.79 kl/kg u, = 88.79 ki/kg
b= h P v, =0.68 kl/kg P, v, = 6.68 kJ/kg
! (h, = 95.47 kl/kg) (hy =95.47 Kl/kg) )

The temperature of an ideal gas does not

change during a throttling (h = cons.) process
since h = h(T).

During a throttling process, the enthalpy of a fluid

remains constant. But internal and flow energies
may be converted to each other.
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EXAMPLE 5-8 Ihrottiing

valve
Refrigerant-134a enters the capillary tube of a refrigerator as ?

saturated liquid at 0.8 MPa and is throttled to a pressure of 0.12
MPa. Determine the quality of the refrigerant at the final state and
the temperature drop during this process.

T
w;=9275klkg \ [ b, u,=86.79 kl/kg (2

Py, = 0.67 kl/kg Pyv, = 6.63 kl/kg
(hy=93.42kikg) J\ (hy=93.42k/kg) |

Solution Refrigerant-134a that enters a capillary tube as saturated liquid is throttled to a
specified pressure.

Assumptions Heat transfer and Kinetic energy change of the refrigerant is negligible.

+ P, =028 MPEI} 1, =T caoemms — 3131 C
At inlet: o
sat. liquid hy = hr@osmpa = 9347 KI/Kg
. B =012MPa —— h=224A0klkpg T.,=-2232C
At exit: o
(hy = hy) h, = 236.97 kl/kg
The quality at this state is | x, = — o Sl e 0.340

h, 23697 — 2249

Since the exit state is a saturated mixture at 0.12 MPa, the exit temperature must be the

saturation temperature at this pressure, which is 22.32°C.
AR =T —7T, = [—2232 31,31)0C = —53.63°C

Discussion 34.0 % of the refrigerant vaporizes during this throttling process, and the
energy needed to vaporize this refrigerant is absorbed from the refrigerant itself.
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Mixing chambers

'In engineering applications, the section
where the mixing process takes place is
commonly referred to as a mixing
chamber.

f\
™

— Cold
water

Hot T-elbow
Water

The T-elbow of an ordinary shower serves as

the mixing chamber for the hot- and the cold-
water streams.

Prof. Dr. Ali PINARBASI

Hot Saturared

Discharge Air

Energy balance for the adiabatic mixing
chamber in the figure is:

(since Q = 0, W = 0, ke = pe = 0)
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EXAMPLE 5-8 T, = 140°F

Consider an ordinary shower where hot water at 140°F is mixed with f’;“

cold water at 50°F. If it is desired that a steady stream of warm water \ (AR 1,
at 110°F be supplied, determine the ratio of the mass flow rates of T _—_ ! Mixing i_
the hot to cold water. Assume the heat losses from the mixing i POREDRE ey
chamber to be negligible and the mixing to take place at a pressure —i P = 20 psia i_\
of 20 psia. L R e e e ' '|
T - S0°F T =1 10°F
m, My
0 (steady)
Mass balance: My, — Mgy = i\.ﬁ-rs’yﬁu =0

My, = Moy —> M, + M, = m;
mh, + myh, = mzhy (since Q = 0, W = 0, ke = pe = 0)

ﬁi‘I]h] = ﬁ'?zhg — (.'fif] == ﬁ'lz)h_] }!hl = hz == (j‘;' G l)hB

where y =m,/m, is the desired mass flow rate ratio.

w
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hy = he @ 4ep = 107.96 Btu/lbm
hy = h g sep = 18.07 Btu/Ilbm = < = = 2.0

hy — h, 7802 — 18 007

h, —h, 10799 —78.02
hy = he g 10p = 78.02 Btu/lbm

Discussion Note that the mass flow rate of the hot water must be twice the mass flow rate

of the cold water for the mixture to leave at 110°F.

sat

Compressed
liquid states

A substance exists as a compressed liquid at temperatures below
the saturation temperatures at the given pressure.

w
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Heat exchangers

Heat exchangers are devices where two moving fluid streams exchange heat
without mixing. Heat exchangers are widely used in various industries, and they
come in various designs.

Fuid B CV boundary — N i The heat transfer associated with a heat
v / \l j exchanger may be zero or nonzero
T ;l / depending on how the control volume is
| |
-—:F - L Fwida —t WHew *— Fluid A selegied.
| ES na
o :T Mass and energy balances for the
I\\ | " I\ adiabatic heat exchanger in the

{a) System1: Entire heat
exchanger (O = 0)

() System: Fluid A (Qcy = 0) flgu re is.

Fluid B
70"\(3
Heat
o I Fluid A
50°C 20°C
Heat
|\ . . ml — m2 — m'n
35°C Ein T Eoul . . .
msz = My = Mg

A heat exchanger can be as simple as
two concentric pipes.

ﬁ*llhl == l”;”l3h3 = f”hzl’lz = 17;l4l’l4
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EXAMPLE 5-10

Refrigerant-134a is to be cooled by water in a condenser. The refrigerant enters the condenser with
a mass flow rate of 6 kg/min at 1 MPa and 70°C and leaves at 35°C. The cooling water enters at
300 kPa and 15°C and leaves at 25°C. Neglecting any pressure drops, determine (a) the mass flow
rate of the cooling water required and (b) the heat transfer rate from the refrigerant to water.

_— Solution Refrigerant-134a is cooled by water in a condenser.
15°C The mass flow rate of the cooling water and the rate of heat
300 kPa transfer from the refrigerant to the water are to be determined.
U,:] Assumptions 1 This is a steady-flow process since there is no
R(]‘Sh_l ¥, change with time at any point and thus Am¢,=0 and AE,=0. 2
e The kinetic and potential energies are negligible, Ake= Ape=0.
?ﬁ,gd D 3 Heat losses from the system are negligible and thus Q =0. 4
/;f— @ There is no work interaction.
- s . .
ﬂ (a) Under the stated assumptions and observations, the mass
o and energy balances for this steady-flow system can be
B expressed in the rate form as follows

Mass balance:

'Y'i?]ihl ~+- f’}?:th == '::;?3}?3 -+ ”E"q_h;t

f’i’:"i = -r.;;"z — If?m-
”?in — H'?nm . . .
f’?’.’; — .’??4 — H?R

(since Q = 0, W = 0, ke = pe = 0)

fi?w(ﬁ] - ‘F?E) — '::;?R(hii - h3}

w
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hy = hgsoc = 62982 kl/kg P2 = 1 MP“} hy = 303.85 kl/kg

1 T, = 70°C
hy = hpg gsec = 104.83 kl/kg
P, =1 MPa

=1
T = 35°C } hy = h¢@ 35oc = 100.87 kl/Kg
Wi 2 L 38

i, (62.982 — 104.83) kl/kg = (6 kg/min)[(100.87 — 303.85) kl/kg]

m,, = 29.10 kg/min

(b) the heat transfer rate from the refrigerant to water.

Elin = Emn
Qw,in T .”i’.'r'wh‘! == ?’.;?H_f?g
. Control volume
Qy.in T My(hy — hy) = (29.10 kg/min)[(104.83 — 62.982) kl/kg] boundary

= 1218 kJ/min

Discussion Had we chosen the volume occupied by the refrigerant as the control volume,
we would have obtained the same result for Qg since the heat gained by the water is

equal to the heat lost by the refrigerant.

w
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Pipe and duct flow

The transport of liquids or gases in pipes and ducts 1 We A

is of great importance in many engineering S e T A

applications. Flow through a pipe or a duct usually | —\/\/\/\— _ |

satisfies the steady-flow conditions. | :
| Control volume |

Pipe or duct flow may involve more than
one form of work at the same time.

Heat losses from a hot fluid flowing through
an uninsulated pipe or duct to the cooler
environment may be very significant.

Ein — Ecrut

I/Ve h mhl = Qout T mhz

, In

&

We, in chut = mﬂp(TE o Tl)
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EXAMPLE 5-11

The electric heating systems used in many houses consist of a simple duct with resistance wires.
Air is heated as it flows over resistance wires. Consider a 15-kW electric heating system. Air enters
the heating section at 100 kPa and 17°C with a volume flow rate of 150 m3/min. If heat is lost from
the air in the duct to the surroundings at a rate of 200 W, determine the exit temperature of air.

‘;-'jIZIL”:_.Ell::].l:].III';"'I & 5
| - : il : Eiu = Em:i
2= 1 | )
i :—-— W, ., +ith, = Q,, + nith, (since Ake = Ape = 0)
| ®
i i W, in= 15 kW W:? n o Yout mﬂp(TZ - TI)
SGHARE RT,  (0.287 kPa- m¥kg- K)(290 K)
| N IR ' : a-m/kg- 28
A=100kR: | vy =— = = 0.832 m¥/kg
S P, 100 kPa
VAR V150 11‘!11’111‘1 | min
m = = : = 3.0 kg/s
V 0.832m’ kg \ 605

(13 kl/is) — (0,2 kl/s) = (3 kg/s)(1.005 kl/kg - °C) (T, — l?)C’C
.T') = ll.gﬁ(_

Discussion Note that heat loss from the duct reduces the exit temperature of air.

[l
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ENERGY ANALYSIS OF UNSTEADY-FLOW PROCESSES

Many processes of interest, however, involve changes within the control volume
with time. Such processes are called unsteady-flow, or transient-flow, processes.

Most unsteady-flow processes can be represented reasonably well by the
uniform-flow process.

Uniform-flow process: The fluid flow at any inlet or exit is uniform and steady,
and thus the fluid properties do not change with time or position over the cross
section of an inlet or exit. If they do, they are averaged and treated as constants
for the entire process.

CV boundary

— Supply line —

Control

Control
volume

volume

cvboundary 00 T

Charging of a rigid tank from a supply line is an The shape and size of a control volume may

unsteady-flow process since it involves changes change during an unsteady-flow process.
within the control volume.
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Mass balance

Mass balance:

>my— > om, = (m,
Energy balance

My, — Moy = Amsystem

— m ) system

Ein e Enut —

T

MNet energy transfer

by heat, work, and mass

Am

system = Mgpg)

— Myhital

AE system

Change in internal, Kinetic,
potential, etc., energies

(kJ)

(Qin T Win B 2’”:‘9:') o (Qout i Wout o 2’"@90) = (mzez - ’nlel)system

0 %
L& £r

Closed
system

—| Q-W=AU
)
Closed b= ————— —— —

The energy equation of a uniform-flow system reduces to
that of a closed system when all the inlets and exits are

closed.

e 7 “EI

Closed

0 =h+ ke + pe

e =u + ke + pe

P T

| Moving
: boundary

| ———

A uniform-flow system may involve
electrical, shaft, and boundary work

all at once.
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Imaginary

EXAMPLE 5-12 e — D |
Arrigid, insulated tank that is initially evacuated is connected ~ "~ L Y e oman
through a valve to a supply line that carries steam at 1 MPa | %‘M — I Gsiod g :
and 300°C. Now the valve is opened, and steam is allowed '

to flow slowly into the tank until the pressure reaches 1 MPa, By
at which point the valve is closed. Determine the final Py=1MPa

i
(]
[
=
o

. =1
temperature of the steam in the tank.
{@) Flow of steam into | be==m=smmss===== :
an evacuated tank (b) The closed-system
z equivalence
ass balance: m; — m, = Ay, — m;=my, — My = m,

mh, = msiy (sinceW=0=0,ke= pe=0,m; =0) U, = h;
P. = 1 MPa P, = 1 MPa | _ .

: h, = 3051.6 kJ/kg _ T, = 456.1°C
T!‘ = 300°C H, = 3051.6 ka!l\g

Discussion Note that the temperature of the steam in the tank has increased by 156.1°C.
This result may be surprising at first, and you may be wondering where the energy to raise
the temperature of the steam came from. The answer lies in the enthalpy term h u Pv.

Part of the energy represented by enthalpy is the flow energy Pv, and this flow energy is
converted to sensible internal energy once the flow ceases to exist in the control volume,
and it shows up as an increase in temperature

'oN
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SUMMARY

Conservation of mass

Mass and volume flow rates
Mass balance for a steady-flow process
Mass balance for incompressible flow
Flow work and the energy of a flowing fluid
Energy transport by mass
Energy analysis of steady-flow systems
Some steady-flow engineering devices
Nozzles and Diffusers
Turbines and Compressors
Throttling valves
Mixing chambers and Heat exchangers
Pipe and Duct flow
Energy analysis of unsteady-flow processes
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