Chapter 5: The First Law of Thermodynamics: Closed Systems

The first law of thermodynamics can be simply stated as follows: during an
interaction between a system and its surroundings, the amount of energy gained
by the system must be exactly equal to the amount of energy lost by the
surroundings.

A closed system can exchange energy with its surroundings through heat and
work transfer. In other words, work and heat are the forms that energy can be
transferred across the system boundary.

Based on kinetic theory, heat is defined as the energy associated with the random
motions of atoms and molecules.

Heat Transfer

Heat is defined as the form of energy that is transferred between two systems by
virtue of a temperature difference.

Note: there cannot be any heat transfer between two systems that are at the
same temperature.

Note: It is the thermal (internal) energy that can be stored in a system. Heat is a
form of energy in transition and as a result can only be identified at the system
boundary.

Heat has energy units kd (or BTU). Rate of heat transfer is the amount of heat
transferred per unit time.

Heat is a directional (or vector) quantity; thus, it has magnitude, direction and point
of action.

Notation:

— Q (kJ) amount of heat transfer

— Q° (kW) rate of heat transfer (power)
— q (kJ/kg) - heat transfer per unit mass
— q° (kW/kg) - power per unit mass

Sign _convention: Heat Transfer to a system is positive, and heat transfer from a
system is negative. It means any heat transfer that increases the energy of a
system is positive, and heat transfer that decreases the energy of a system is
negative.
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Q=-5kJ
Heat out

Heat in
Q=5kJ

Fig. 5-1: Sign convention: positive if to the system, negative if from the
system.

Modes of Heat Transfer

Heat can be transferred in three different modes conduction, convection, and
radiation. All modes of heat transfer require the existence of a temperature
difference.

Conduction: is the transfer of energy from the more energetic particles to the
adjacent less energetic particles as a result of interactions between particles.

In solids, conduction is due to the combination of vibrations of the molecules in a
lattice and the energy transport by free electrons. Conduction will be discussed in
more details in Ch 10 & 11.

Convection: is the mode of energy transfer between a solid surface and the
adjacent liquid or gas which is in motion, and it involves the combined effects of
conduction and fluid motion (advection).

Convection is called forced if the fluid is forced to flow by external means such as
a fan or a pump. It is called free or natural if the fluid motion is caused by
buoyancy forces that are induced by density differences due to the temperature
variation in a fluid. Convection will be discussed in more details in Ch 12, 13 & 14.

Radiation: is the energy emitted by matter in the form of electromagnetic waves (or
photons) as a result of the changes in the electronic configurations of the atoms or
molecules. Radiation will be discussed in more details in Ch 15.

Work

Work is the energy interaction between a system and its surroundings. More
specifically, work is the energy transfer associated with force acting through a
distance.
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Notation:

— W (kJ) amount of work transfer

- W° (kW) power

— w (kJ/kg) - work per unit mass

- w° (kW/kg) - power per unit mass

Sign_convention: work done by a system is positive, and the work done on a
system is negative.

(-)

) ©

System

(+)
(-)

Fig. 5-2: Sign convention for heat and work.
Similarities between work and heat transfer:

» Both are recognized at the boundaries of the system as they cross them
(boundary phenomena).

> Systems posses energy, but not heat or work (transfer phenomena).

» Both are associated with a process, not a state. Heat or work has no
meaning at a state.

> Both are path functions, their magnitudes depend on the path followed
during a process as well as the end states.

Path functions: have inexact differentials designated by symbol &. Properties, on
the other hand, are point functions which depend on the state only (not on how a
system reaches that state), and they have exact differentials.

dv =V, -V, = AV (Point function)

oW =W, (Path function, not AW nor W, -W,)

P m— N P — N
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Electrical Work

The work that is done on a system by electrons. When N coulombs of electrons
move through a potential difference V, the electrical work done is:

W, =VN (kJ)

Which can be explained in the rate form as
W, =VI (kW)

Example 5-1: Electrical work

A well-insulated electrical oven is being heated through its heating element.
Determine whether it is work or heat interaction. Consider two systems: a) the
entire oven (including the heater), and b) only the air in the oven (without the
heater) see Fig 5-3.

Solution:
The energy content of the oven is increased during this process.

a) The energy transfer to the oven is not caused by a temperature difference
between the oven and air. Instead, it is caused by electrical energy crossing
the system boundary and thus: this is a work transfer process.

b) This time, the system boundary includes the outer surface of the heater and
will not cut through it. Therefore, no electrons will be crossing the system
boundary. Instead, the energy transfer is a result of a temperature
difference between the electrical heater and air, thus: this is a he at
transfer process.

' Electric . Electric
5 oven 5 5 oven 5
L air L air Heater !
Heater LT EEE TR !
] | I |
L____.K_ __________________ 1 -.___R _____________________ 1

System boundary
System boundary

Fig. 5-3: Schematic for example 5-1.

Chapter 5, ECE 309, Spring 2016.



Mechanical work

There are several ways of doing work, each in some way related to a force acting
through a distance.

W=Fs (k)

If the force is not constant, we need to integrate:
2
W = j Fds  (kJ)
1

There are two requirements for a work interaction:
> there must be a force acting on the boundary
» the boundary must move

Therefore, the displacement of the boundary without any force to oppose or drive
this motion (such as expansion of a gas into evacuated space) is not a work
interaction, W=0.

Also, if there are no displacements of the boundary, even if an acting force exists,
there will be no work transfer W = 0 (such as increasing gas pressure in a rigid
tank).

Moving Boundary Work

The expansion and compression work is often called moving boundary work, or
simply boundary work.

We analyze the moving boundary work for a quasi-equilibrium process, see
Chapter 3. Consider the gas enclosed in a piston-cylinder at initial P and V. If the
piston is allowed to move a distance ds in a quasi-equilibrium manner, the
differential work is:

SW, = F.ds = PAds = PdV

The quasi-equilibrium expansion process is shown in Fig. 5-4. On this diagram, the
differential area dA under the process curve in P-V diagram is equal to PdV, which
is the differential work.

Note: a gas can follow several different paths from state 1 to 2, and each path will
have a different area underneath it (work is path dependent).

The net work or cycle work is shown in Fig. 5-5. In a cycle, the net change for any
properties (point functions or exact differentials) is zero. However, the net work
and heat transfer depend on the cycle path.

AU = AP = AT = A(any property) =0
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process path

Fig. 5-4: the area under P-V diagram represents the boundary work.

A

P

v
<

V, V1

Fig. 5-5: network done during a cycle.

Polytropic Process

During expansion and compression processes of real gases, pressure and volume
are often related by PV"'=C, where n and C are constants. the moving work for a
polytropic process can be found:

P2V2 — Plvl

2 2
W e = | PV = [CV "dV = -
1 1

Since PV," =PV, =C . For an ideal gas (PV= mRT) it becomes:
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W — mR(TZ _Tl)

polytropic 1_ n , N# 1 (k‘])

The special case n =1 is the isothermal expansion P4V = P,V, = mRTy= C, which
can be found from:

? 2C V
W, iotmermal = | PAV = —=dV =PV, In[| 2|, n=1 kJ
osanana = [PV =[ 7 [Vj ()
Since for an ideal gas, PV=mRT), at constant temperature Ty, or P=C/V.

Example 5-2: Polytropic work

A gas in piston-cylinder assembly undergoes a polytropic expansion. The initial
pressure is 3 bar, the initial volume is 0.1 m®, and the final volume is 0.2 m®.
Determine the work for the process, in kJ, if a) n=1.5, b) n=1.0, and c) n=0.

Solution:

Assume that i) the gas is a closed system, ii) the moving boundary is only work
mode, and iii) the expansion is polytropic.

ajn=1.5

We need P, that can be found fromPV," = P,V,":

n 15
P, = pl(\%] - (3bar{%) =1.06 bar

2

W o ((1.06bar)(0.2m3)—(3)(0.1)}(105 N /m? ][ 1kJ j P

1-15 1bar 10°N.m

b) n =1, the pressure volume relationship is PV = constant. The work is:

‘ Vv
W = [PdV =RV, In(—ZJ
) V.

1

5 2
W :(3bar)(0.1m3{lo N /m }( LK) jln(%jzzojg kJ

1bar 10°N.m

c) For n = 0, the pressure-volume relation reduces to P=constant (isobaric
process) and the integral become W= P (V2-V4).

Substituting values and converting units as above, W=30 kJ.
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Spring work
For linear elastic springs, the displacement x is proportional to the force applied:
F =kx
where Ks is the spring constant and has the unit kN/m. The displacement x is
measured from the undisturbed position of the spring. The spring work is:

W, =k (C-x) ()

spring 2
Note: the work done on a spring equals the energy stored in the spring.

Non-mechanical forms of work

Non-mechanical forms of work can be treated in a similar manner to mechanical
work. Specify a generalized force F acting in the direction of a generalized
displacement x, the work transfer associated with the displacement dx is:

oW = F.dx
Example 5-3: Mechanical work
Calculate the work transfer in the following process:
A P

P>

P4

V1 V2

\Y

Fig. 5-6: Schematic P-V diagram for Example 3-3.
Solution:
Process 1-2 is an expansion (V2 > V1) and the system is doing work (W12 >0), thus:
Wiz = Py (V2 - V1) + [0.5(P1+P2) — P4] (V2 — V1)
=(Vo=Vy) (P1+Py)/2
Process 2 - 3 is an isometric process (constant volume V3 = V), so Wy3 =0
Process 3 - 1 is a compression (V3 > V1), work is done on the system, (W31< 0)
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W3q =-Pq (V22— V)
Weyce = Whet = Wio + Woz + Waq = (V2 = V4) (P2—Pq) /2
Note that in a cycle AU = AP = AT = A(any property) = 0

First Law of Thermodynamics

First law, or the conservation of energy principle, states that energy can be neither
created nor destroyed; it can only change forms.

The first law cannot be proved mathematically, it is based on experimental
observations, i.e., there are no process in the nature that violates the first law.

The first law for a closed system or a fixed mass may be expressed as:

net energy transfer to (or from) = net increase (or decrease) in the
the system as heat and work total energy of the system

Q-W=AE (kJ)
where
Q = net heat transfer (=2Q;, — ZQou)
W= net work done in all forms (=2Wi, — 2Wt)
AE= net change in total energy (= E; — E4)

The change in total energy of a system during a process can be expressed as the
sum of the changes in its internal, kinetic, and potential energies:

AE= AU+ AKE + APE  (kJ)
AU =m (u, —u,)

AKE = %m (v -v;2)

APE =mg (z, - z,)

Note: for stationary systems APE=AKE=0, the first law reduces to
Q-W=AU

The first law can be written on a unit-mass basis:

qg—w=A4e (kJkg)
or in differential form:

6Q-oW=dUu (kJ)
0q — oW =du (kJ/kg)

or in the rate form:
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Q -W°=dE/dt (kW)

For a cyclic process, the initial and final states are identical, thus AE=0. The first
law becomes:

Q-W=0 (kJ)

Note: from the first law point of view, there is no difference between heat transfer
and work, they are both energy interactions. But from the second law point of view,
heat and work are very different.

Example 5-4: Fist law

Air is contained in a vertical piston-cylinder assembly fitted with an electrical
resistor. The atmospheric pressure is 100 kPa and piston has a mass of 50 kg and
a face area of 0.1 m?. Electric current passes through the resistor, and the volume
of air slowly increases by 0.045 m®. The mass of the air is 0.3 kg and its specific
energy increases by 42.2 kJ/kg. Assume the assembly (including the piston) is
insulated and neglect the friction between the cylinder and piston, g = 9.8 m/s
Determine the heat transfer from the resistor to air for a system consisting a) the
air alone, b) the air and the piston.

System
Piston boundary Piston System
part a oo ‘ boundary

E/partb
Air [ [

.
e

Fig. 5-7: Schematic for problem 5-4.
Assumptions:
» two closed systems are under consideration, as shown in schematic.
» the only heat transfer is from the resistor to the air. AKE = APE= 0 (for air)
> the internal energy is of the piston is not affected by the heat transfer.
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a) taking the air as the system,
(AKE + APE + AU),;;=Q-W
Q = W + AUair

For this system work is done at the bottom of the piston. The work done by the
system is (at constant pressure):

V2

W = [Pdv =P(v, -V,)
V1

The pressure acting on the air can be found from:

I:)Apiston = mpiston g + Patm Apiston

P= M +P
atm
Apiston
(50kg )9.81m/s?)( 1Pa 1kPa
P= (0(.1m2 ] ) N 7m? | Tooora +100kPa =104.91 kPa

Thus, the work is
W = (104.91 kPa)(0.045m>) = 4.721 kJ
With AU, = myir Augir, the heat transfer is
Q =W + mgir Au,ir=4.721 kd + (0.3 kg)(42.2 kd/kg) = 17.38 kJ
b) system consisting the air and the piston. The first law becomes:
(AKE + APE + AU),ic + (AKE + APE + AU)piston = Q - W
where (AKE = APE),; = 0 and (AKE = AU)yiston= 0. Thus, it simplifies to:
(AU)air + (APE)piston = Q —-W

For this system, work is done at the top of the piston and pressure is the
atmospheric pressure. The work becomes

W = Pagm AV = (100 kPa)(0.045m%) = 4.5 kJ

The elevation change required to evaluate the potential energy change of the
piston can be found from the volume change:

Az = AV / Agision = 0.045 m% 0.1 m?=0.45m
(APE)piston = M piston g Az = (50 kg)(9.81 m/s?)(0.45 m) = 220.73 J = 0.221 kJ
Q =W + (APE)piston + Mair AUir
Q=4.5kJ +0.221 kJ + (0.3 kg)(42.2 kd/kg) = 17.38 kJ
Note that the heat transfer is identical in both systems.
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Specific Heats

The specific heat is defined as the energy required to raise the temperature of a
unit mass of a substance by one degree. There are two kinds of specific heats:

» specific heat at constant volume, Cv (the energy required when the volume
is maintained constant)

> specific heat at constant pressure, Cp (the energy required when the
pressure is maintained constant)

The specific heat at constant pressure Cp is always higher than Cv because at
constant pressure the system is allowed to expand and energy for this expansion
must also be supplied to the system.

Let’s consider a stationary closed system undergoing a constant-volume process
(Wp = 0). Applying the first law in the differential form:

oq—ow =du
at constant volume (no work) and by using the definition of C,, one can write:
C,dT =du
or

{3
oT ),

Similarly, an expression for the specific heat at constant pressure Cp can be
found. From the first law, for a constant pressure process (w, + Au = Ah). It yields:

o3
aT ),
> specific heats (both C, and C,) are properties and therefore independent of

the type of processes.

> C, is related to the changes in internal energy u, and C, to the changes in
enthalpy, h.

It would be more appropriate to define: C, is the change in specific internal energy
per unit change in temperature at constant volume. C, is the change in specific
enthalpy per unit change in temperature at constant pressure.

Specific heats for ideal gases

It has been shown mathematically and experimentally that the internal energy is a
function of temperature only.

u=u(T)

Using the definition of enthalpy (h = u + Pv) and the ideal gas equation of state (Pv
= RT), we have:
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h=u+RT
Since Ris a constant and u is a function of T only:
h =h(T)
Therefore, at a given temperature, u, h, C, and C, of an ideal gas will have fixed
values regardless of the specific volume or pressure. For an ideal gas, we have:
du=C,(T)dT
dh=C,(T)dT

The changes in internal energy or enthalpy for an ideal gas during a process are
determined by integrating:

2

Au=u,-u, =[C,(T)dT  (kI/kg)
1
2

Ah=h2—h1=J'Cp(T)dT (kJ /kg)

1

As low pressures, all real gases approach ideal-gas behavior, and therefore their
specific heats depend on temperature only. The specific heats of real gases at low
pressures are called ideal-gas specific heats (or zero-pressure specific heats) and
are often denoted by C,o and C,o. To carry out the above integrations, we need to
know C\(T ) and Cy(T ). These are available from a variety of sources:

» Table A-2a: for various materials at a fixed temperature of T = 300 K
> Table A-2b: various gases over a range of temperatures 250 < T <1000 K
» Table A-2c: various common gases in the form of a third order polynomial
For an ideal gas, we can write:
RT =h(T)-u(T)

_dh_du
dT dT
R=C,-C,

The ratio of specific heats is called the specific heat ratio k = C,/C:
» varies with temperature, but this variation is very mild.
» for monatomic gases, its value is essentially constant at 1.67.

» Many diatomic gases, including air, have a specific heat ratio of about 1.4 at
room temperature.
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Specific heats for solids and liquids

A substance whose specific volume (or density) is constant is called
incompressible substance. The specific volumes of solids and liquids (which can
be assumed as incompressible substances) essentially remain constant during a
process.

The constant volume assumption means that the volume work (boundary work) is
negligible compared with other forms of energy. As a result, it can be shown that
the constant-volume and constant-pressure specific heats are identical for
incompressible substances:

C,=C/,=C
Specific heats of incompressible substances are only a function of temperature,
C=C(T)

The change of internal energy between state 1 and 2 can be obtained by
integration:

2
Au=u,-u; = [C(T)dT (kI /kg)

1

For small temperature intervals, a C at averaged temperature can be used and
treated as a constant, yielding:

Au=C,, (Tz _Tl)
The enthalpy change of incompressible substance can be determined from the
definition of enthalpy (h = u + Pv)
hy—hy = (uz—uy) + v(P2— Py)
Ah = Au + vAP  (kJ/kg)
The term vAP is often small and can be neglected, so Ah = Au.
Example 5-5: Specific heat and first law

Two tanks are connected by a valve. One tank contains 2 kg of CO, at 77°C and
0.7 bar. The other tank has 8 kg of the same gas at 27°C and 1.2 bar. The valve is
opened and gases are allowed to mix while receiving energy by heat transfer from
the surroundings. The final equilibrium temperature is 42°C. Using ideal gas
model, determine a) the final equilibrium pressure b) the heat transfer for the
process.

Assumptions:
> the total amount of CO, remains constant (closed system).
» ideal gas with constant Cv.
» The initial and final states in the tanks are equilibrium. No work transfer.

Chapter 5, ECE 309, Spring 2016.

14



COz COZ
8 kg, 27C, 1.2 bar < 2 kg, 77C, 0.7 bar

Valve

The final pressure can be found from ideal gas equation of state:
mRT,  (m, +m,)RT,
V4V, V4V,

For tank 1 and 2, we can write: V, = myRT+/P; and V> = moRT,/P,. Thus, the final
pressure, Pf becomes:

f

P, (m, +m, RT, _ (my +m, )T,
(e G
Pl I:)2 Pl PZ
10kg )(315K
Pr = Tokg )(3$;'>0Kg))i (8kg ;(3OOK) =1.05bar
0.7bar 1.2bar
b) the heat transfer can be found from an energy balance:
AU=Q-W
With W =0,
Q= Uf —Ui

where initial internal energy is: U= mqu(T1) + my u(T2)
The final internal energy is: Us = (m4 + my) u(Ty)
The energy balance becomes:
Q =mq [u(Tr) — u(T4)] + mz [u(Tr) — u(T2)]
Since the specific heat C, is constant
Q=mq Cy[Tr—T4] + m2 C, [Tt - T2]

kJ kJ
=(2kg) 0.745—— |(315K — 350K )+ (8kg ) 0.745—— |(315K — 300K ) = 37.25kJ
Q- (2kaf 0745, | )+(okg 0145, | )

The plus sign indicates that the heat transfer is into the system.
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Chapter 6: The First Law: Control Volumes

The first law is discussed for closed systems in Chapter 5. In this Chapter, we
extend the conservation of energy to systems that involve mass flow across their
boundaries, control volumes.

Any arbitrary region in space can be selected as control volume. There are no
concrete rules for the selection of control volumes. The boundary of control volume
is called a control surface.

Conservation of Mass

Like energy, mass is a conserved property, and it cannot be created or destroyed.
Mass and energy can be converted to each other according to Einstein’s formula:
E = mc?, where ¢ is the speed of light. However, except for nuclear reactions, the
conservation of mass principle holds for all processes.

For a control volume undergoing a process, the conservation of mass can be
stated as:

totalmass — totalmass = net change in
entering CV leaving CV mass within CV

Zmi —Zme = Amg,

:

1

: Control
1

! volume
:

1

1

1

1

_________________________

Fig. 6-1: Conservation of mass principle for a CV.
The conservation of mass can also be expressed in the rate form:

D> m5i =Y m% =dmg, /dt

The amount of mass flowing through a cross section per unit time is called the
mass flow rate and is denoted by m°. The mass flow rate through a differential
area dAis:

dm®=pV,dA
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where V is the velocity component normal to dA. Thus, the mass flow rate for the
entire cross-section is obtained by:

m*=[pV,dA  (kgls)
A

Assuming one-dimensional flow, a uniform (averaged or bulk) velocity can be
defined:

m=p VA (kg/s)

where V (m/s) is the fluid velocity normal to the cross sectional area. The volume
of the fluid flowing through a cross-section per unit time is called the volumetric
flow, V°:

Ve =[V,dA=VA  (m’fs)
A

The mass and volume flow rate are related by: m°=pV°= V% v.

Conservation of Energy

For control volumes, an additional mechanism can change the energy of a system:
mass flow in and out of the control volume. Therefore, the conservation of energy
for a control volume undergoing a process can be expressed as

total energy crossing  + total energy of — totalenergy = netchange
boundary as heat mass entering of mass in energy of
and work Cv leaving CV Cv

Q -W + Z Ein,mass + Z Eout,mass = AECV

This equation is applicable to any control volume undergoing any process. This
equation can also be expressed in rate form:

Q' -W* + > dE e At + D dE , . /ot = dE, /dt

Mass >

in

Control w

‘ volume
Q Mass
F ] > out

Fig. 6-2: Energy content of CV can be changed by mass flow in/out and heat and
work interactions.
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Work flow: is the energy that required to push fluid into or out of a control volume.
Consider an imaginary piston (that push the fluid to CV) where the fluid pressure is
P and the cross sectional area is A. The force acting on the piston is F = PA.

A
N(— L e—
e
— P S ‘ Flow direction
PEREEE
A
>

]

Fig. 6-3: schematic for flow work.
The work done in pushing the fluid is:
Wiow = F.s =PA.s=PV  (kJ)
or in a unit basis,
Wiow = Wiow/ m = Pv (kJ/kg)
Note that the flow work is expressed in terms of properties.
The flow work can also be written as a rate equation.

The fluid entering or leaving a control volume possesses an additional form of
energy (flow energy Pv). Therefore, the total energy of a flowing fluid on a unit-
mass basis (denoted by 8) becomes:

6=Pv+e=Pv+(ut+tke+pe) (kdkg)

Recall that enthalpy is defined as: h = u + Pv. Therefore, the above equation
becomes:

O=h+ke+pe=h+V?/2+gz (kJ/kg)

The property 6 is called methalpy. By using enthalpy instead of internal energy,
the energy associated with flow work into/out of control volume is automatically
taken care of. This is the main reason that enthalpy is defined!

Steady-State Flow Process

A process during which a fluid flows through a control volume steadily is called
steady-state process. A large number of devices such as turbines, compressors,
and nozzles operates under the same conditions for a long time and can be
modeled (classified) as steady-flow devices.
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The term steady implies no change with time. The term uniform implies no change
with location over a specified region.

A steady flow is characterized by the following:

1- No properties within the CV change with time. Thus, volume, mass, and energy
of CV remains constant. As a result, the boundary work is zero. Also, total mass
entering the CV must be equal to total mass leaving CV.

2- No properties change at the boundary of the CV with time. It means that the
mass flow rate and the properties of the fluid at an opening must remain constant
during a steady flow.

3- The heat and mass interactions between the CV and its surroundings do not
change with time.

Using the above observation, the conservation of energy principle for a general
steady-flow system with multiple inlets and exits can be written as:

2 2

Q" -W* :Zm({he +V; +gze}—2mi‘(hi +\%+ gzi]
Q -W*=>"mo,-> mo,

Nozzles and Diffusers

A nozzle is a device that increases the velocity of a fluid at the expense of
pressure. 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 increase for supersonic flows.

! =0

| A > A,

1 ! Vi3>V,
., Nozzle —

! P, <P,

Control
Volume \

e

Fig. 6-4: Schematic of nozzle
For a nozzle, common assumptions and idealizations are:
Q° =0, no time for heat transfer, due to high velocity
W° = 0, nozzles include no shaft or electric resistance wires
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APE = 0, no change in fluid elevation.
Mass equation for nozzles becomes:
m°y =m° or P1A1V1 = p2AV>
Energy balance:
Q°-W°=m° 61-m° 6,
(h + V2/ 2)atinier= (N + V2/ 2)at exit

Diffusers are exactly the same device as nozzles; the only difference is the
direction of the flow. Thus, all equations derived for nozzles hold for diffusers.

A <A
| V>V,
_E P1<P:

Control

Volume \

1
1
1 -
»

1
!
!
|
-
|
1
1
1

Fig. 6-5: Schematic for diffuser.
Example 6-1: Nozzle

Steam enters a converging-diverging nozzle operating at steady state with P4 =
0.05 MPa, T4 = 400 °C and a velocity of 10 m/s. The steam flows through the
nozzle with negligible heat transfer and no significant change in potential energy.
At the exit, P, = 0.01 MPa, and the velocity is 665 m/s. The mass flow rate is 2
kg/s. Determine the exit area of the nozzle, in m?.

Assumptions:
1. Steady state operation of the nozzle
2. Work and heat transfer are negligible, Q° = W°= 0.
3. Change in potential energy from inlet to exit is negligible, APE = 0.
The exit area can be calculated from the mass flow rate m*®:
A2=m°v,/ V,

We need the specific volume at state 2. So, state 2 must be found. The pressure
at the exit is given; to fix the state 2 another property is required. From the energy
equation enthalpy can be found:

2 2
h, +V—2=h1+v71 ~ h, =h1+%(\/12 V)
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From Table A-6, h1 = 3278.9 kJ/kg and velocities are given.

2 2 2
h, =3278.9 k) /kg +| 208" (mj N { LKJ }:3057.84 k3 /kg
2 s ) | 1kg.m/s® |[10°N.m

From Table A-6, with P, = 0.01 MPa, and h, = 3057.84 kJ/kg, (using interpolation)
one finds T, = 300 °C (approximately) and v, = 26.445 m®/kg.

The exit area is:

(2 kg /s)(26.445 m?® /kg)
665m/s

\

Flow
—

insulation

A, = =0.07955 m?

1

Fig. 6-6: Converging-diverging nozzle.

Turbines and Compressors

In steam, gas, or hydroelectric power plants, the device that derives the electric
generator is turbine. The work of turbine is positive since it is done by the fluid.

Compressors, pumps, and fans are devices used to increase the pressure of the
fluid. Work is supplied to these devices, thus the work term is negative.

Common assumptions for turbines and compressors:
Q°=0.
APE = AKE = 0.

Example 6-2: Turbine

Steam enters a turbine at steady state with a mass flow rate of 4600 kg/h. The
turbine develops a power output of 1000 kW. At the inlet the pressure is 0.05 MPa,
the temperature is 400 °C, and the velocity is10 m/s. At the exit, the pressure is 10
kPa, the quality is 0.9, and the velocity is 50 m/s. Calculate the rate of heat transfer
between the turbine and surroundings, in kW.
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Assumptions:
Steady-state operation. The change in potential energy is negligible.

The energy balance for the turbine is:
L] L] L] V 2 L] V 2
Qi —WS, =m (hz +72+ gzzj—m (hl +?+ gzlj

Qév :Wc.v + m.l:(hz - h1)+_(V22 _V12 )}

Control
Volume

Turbine

WO
Shaft

Q°=0
(negligible)

Fig. 6-7: Schematic for turbine.
Using Table A-6, hy = 3278.9 kJ/kg, using Table A-5 with x = 0.9,
ha = hs + X2 hig = 191.83 kJ/kg + 0.9(2392.8 kJ/kg) = 2345.35 kJ/kg
Therefore,
h, —hy = 2345.35 — 3278.9 = -933.55 kJ/kg

The specific kinetic energy change is:

1

W -v?)=05(50° —102{ =1.2kJ /kg

ET IN 1k

s ) 1kg.m/s*10°N.m

Qv = (1000 kW) + 4600 kg/h (-831.8 + 1.2 kd/kg) (1h / 3600 s) (1kW / 1 kJ/s)
=-61.3 kW
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Note that change in specific kinetic energy is very small. Also Q°cy is small
compared to W°cy. The negative sign in Q°cy means that heat transfer is from CV
to surroundings.

Throttling Valves

Any kind of flow restricting devices that causes a significant pressure drop in the
fluid is called throttling valve.

a) an adjustable valve

M-

b) a porous plug

c) a capillary tube

Fig. 6-8: Three kinds of throttling valves.

The pressure drop in fluid is often accompanied with a temperature drop in fluids.
The magnitude of this temperature is governed by a property called the Joule-
Thomson coefficient.

Common assumptions for throttling valves:

Q°=0

We=0

APE = AKE = 0.

The conservation of energy becomes:

h2 = h1
us + P1vs = Uz + Povo

The flow energy increases during the process (P2v2> Pyvy), and it is done at the
expense of the internal energy. Thus, internal energy decreases, which is usually
accompanied by a drop in temperature.
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For ideal gases h = h(T) and since h remains constant the temperature has to
remain constant too.

Mixture Chambers (Direct Contact Heat Exchangers)

Mixture chambers are used to mix two streams of fluids. Based on mass principle,
the sum of incoming flow equals to sum of leaving fluid.

Control Volume

Cold
Water

Mixed water

Fig. 6-9: T-elbow is a mixing chamber.
Common assumptions for mixing chamber:

Q°=0
We=0
APE = AKE = 0.

The conservation of energy becomes:
2(M°h)iniet = 2(M°h)outiet

Heat Exchangers

Heat exchangers are devices where two moving fluid streams exchange heat
without mixing.

Common assumptions for heat exchangers:

We=0

APE = AKE = 0.

Q° could be different depending on the selected CV, see example 6-3.
The mass and energy balance become:
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m; =m, and m; =m,

m;h, + m;h; =m’h, + m/h,

1 ‘ Fluid A
4 f 1 I Fluid B
TN | _
_ il | |
Fluid B I Vo v 3
2‘ Fluid A

Fig. 6-10: Schematic for heat exchanger.
Example 6-3: Heat exchanger

Engine oil is to be cooled by water in a condenser. The engine oil 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 engine oil to water.

1
l I Water 15°C Control Volume

Oil 70°C

Oil 35°C

2| Water 25°C

We choose the entire heat exchanger as our control volume, thus work transfer
and heat transfer to the surroundings will be zero. From mass balance:
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m; =m; =my and m; =m, =mg,

The conservation of energy equation is:
V72 V&
Q -W"* = Zm;(he +7e+ gze]—Zm;(hi +—é+ gzi]
2 m:h, = meh,

m\7v hl + m(.)il h3 = m\7v hz + mén h4
h,—h, .

W h2 _ hl QOil

Assuming constant specific heat for both the oil and water at their average
temperature,

2.016 I‘Jj(m ~35)

C..(T.-T ( .
m;, = ron(Ta=To) _ kg.C (6 kg /min)=10.1kg / min

Cp water (T?_ _Tl) ) 4 18k7\] (25—15)
" kg.C

b) To determine the heat transfer from the oil to water, choose the following CV.
The energy equation becomes:

Qc.)n -W* = mén (Ah) = mC.)iICP,OiI (T4 _Ts)

Q= (6kg/ min)[2.016k|(—‘lcj(35— 70) = —423.36 kJ / kg
g.

Oil 35°C ooeoot Controlvolume —
Qil 70°C
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