The First Law of
Thermo"dynamics

Having cumPle{ed our review of basic definitions and concepts, we are ready 10 discuss
tlf[ﬁ first law of thermodynamics. This law is often called the conservation of Energy
-fHW_Bnd, as we will see later, this Is essentially true. Our pracedure will be to state this
:_laﬁ'i?;ﬂt a system (contral mass} undergoing a cycle and then for a change of state of a
system,

~ After the energy equation is formulated, we will use it to relate the change of state
inside a control yolume to the amount of energy that is transferred in a process as work or heat
transter. When a car engine has transferred some work to the car, the car's speed is increased,
50 we can relate the kinetic energy increase to the work; or, if a stove provides a certain
amount of heat transfer to a pot with water, we can relate the water temperature increase (o
the heat transfer. More complicated processes can also oceur, such as the expansion of very
hot gases in a piston cylinder, as in a car engine, in which work is given out and & the same
time heat is transferred to the colder walls. In other applications we can also see & change in
mﬂmtmmu[ heat transfer, such as a falling ubject that changes kineric energy
al the same time it is changing elevation. The energy equation then relates the two forms of

cnergy of the object.

5 1| THE FIRST LAW OF THERMODYNAMICS FOR
—— A CONTROL MASS UNDERGOING A CYCLE

_ g _ gl
' of thermodynamics states thal during any cycle a system _{mntm mass
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abservations led o the formulation of (he first law of thermodynansics, which in equation

form s written
Jfﬁﬁ:%ﬁw (5.1)

The symbol f 82 which is called the cyelic integral of the heat transfer, iepresents the ner
heat transfer during the cycle, and & W, the cylic ftegral of the work, represents the net
work during the cycle. Here, ./ is a proportionality factor thal depends an the units used for
work and hear.

The basis of every law of nature is experimental evidence, and this i true also of the
first law of thermodynamics. Many different cxperiments have been conducted on the firsi
law, and every one thus far has verified it vither directly or indirectly. The first kaw has never
been disproved.

As was discussed in Chapter 4, the units for work and heat or for any other form of
energy either are the same or are directly proportional. In ST umits. the joule is used as the
unit for both work and heat and for any other energy unil. In English units, the basic unil
For work is the foot pound foree, and he basic unit for heat is the British thermal unit (Firu)
James P. Joule (1818-1889) did the first accurate work in the 18408 on measurement of the
proportionality factor /, which refates these units. Today, the Blu is defined in terms of the
basic SI metric units,

| Btu = 778.17 ftbf

This unit is rermed the Tnfernational British thermal unit, For much engineering work.
the accuracy of other data does not warrant more accuracy than the relation | B =
778 ftIbf, which is the value used with English units in the problems in this book. Because
these uniis are equivalent, it is not necessary to include the factor f explicitly in Fg. 5.1, hul
simply to recognize that for any system of unifs, each equation must have consistent unifs
throughout. Therefore, we may write Fg. 5.1 as

?faa=9€,sw (5.2

which can be considered the basic statement of the [t L of thermuodvmanmie

| 5.2| THE FIRST LAW OF THERMODYNAMICS FOR

A CHANGE IN STATE OF A CONTROL MASS

Equation 5.2 states the first law of thermodynamics for a cantrol mass ﬂl{ﬂiﬁé—f a E}'Iod::'ihmé
times, however, we are concerried with a process rather than a cycle, We now mﬁ;& ot
first law of thetmodynamics for a control mass that undergoes a chaige u“,ti:ﬂ < “;‘Em
by introducing a new property. energy. which is given the symbol £ LR SRS
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Considering the two stparale processes, we haye

i | g .
j;ﬁﬂ.-ﬁ[ I’iﬁ?h={ W+ [ § Wy

P
Now consider another eycle in which the control mass changes from state 1 to state 2 by
process € and returns to state | by process &, as before. For this cycle we can write

g [ z I
fl’ah’.?r#[ a‘(lq:f 5 W 4-/ § Wy
! ) | b

Subtracting the second of these equations from the first, we abiain

s Z 2 a4
fw;-f wp:[awﬂ—j 5 W
1 1 o | 1

2 o
fliw—m}d—j (BO—amW), (5.3)
X

Since A and C represent arbitrary processes between states | and 2. the quantity 50— 5 W
is the same for all processes between stales 1 and 2: Therefore, § @ — 4 W depends only on
the initial and final states and not on the path followed between the fwn states. We conclude
that this is a point function, and therefore il is the differential of a property of the mass.
T'his property is the #ricepy of the mass and is given the symbol £ Thus we can wrike

dF =80~ W (5.4)

Because F is a property. its derivative is written df, When Eq. 5.4 is integrated from an
initial state 1 (o a linal state 2, we have

B -E=Q—1W (5.9)

whire Fyand £, are the initial and final values of the energy £ of the control mass, & Is

the heat transferred to the control mass during the process from siate 1 1o state 2. and , I,
is the work done by the control mass during the process.

or, by rearranging,
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Standard potential energy is

PE = megH
s when this Is equal 10 the kinetic energy KE wr get

i |
400 Btu X TTRATY 3 AN
KE Btu bt 52
.IFJr S e s — n
b 2400 lbm = 32.174 -
5

= 129.7 i
lhm f

i
—— in hoth caleolations.

Note the necessity of using the conversion constant 32.174 ibfs?

Now, substituting the expressions for kinetic and potential energy into Eq. 5.6, we have
dF = U+ oV oV + mgdZ

Integrating for a change of state from state 1 to state 2 with constant 2, we get

2, r
; Al mv
E.E_E1=L’2"M+-AEZ EL

Similarly, substituting these expressions for kinetic and potential energy info Fa. 5.7,

dmV?)

g = mj-l_—z + dimegZ) =80 —8W {5.10)
Assuming g is a consiant, in the integrated form of this equation.
= 2 r =
L — Uy + m[y%g Vi) +mgizz—3r]'=1ﬂ}e -1 % (5.11)

Theee observations should be made regarding (his equation. The first ﬂhﬁﬂwai’;‘;n is

T ' ; | 1, and we were able Lo

ety £ the energy of the control mass, was found to exist, and we i
ﬁts?hgﬁ[elgw for a char?}rgﬂ of state using Lq, 5.5. However, rather than deal with this
pr{:pért-jf E we find It more convenlent (o consider the internal energy and the kinetic and
Pgigﬁﬁa] u;;epgleg of the mass, In general, this procedure will be followed in the rest of this
1:lqa'k-'l’lmer second observation is that Eqgs, .10 and 5.11 are in effect o statement of the
u:mr-;u:wunﬂ'.ﬂ { eniesiev, The et change of the energy of the -:umrql Mass Is ahtraus e(ual "f
tﬁ'u net transfer of encrgy across the boundary a5 heat and work. This is somewhat analngri:ua
1 a joint checking account shared by a hushand and wife. There are two ways in which
de . ts and withdrawals can be made—ejther by (he husband or by the wife—and the
halance will always reflect the net amount of the transaction. Similarly, these are o ways
in hiri: energy can cross the boundary of a control mass—either as heat or as \mric—and
E: oA ﬁe mass will change by the exact amount of the net energy crossing the
buuﬂzr?'fhe concept of energy and the law of the conservation of energy are basic 1o

thermodynamics.
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5.3| INTERNAL ENERGY—A THERMODYNAI
PROPERTY

Internal energy is an exlensive property because it depends on the ma
Kinetic and potential energies are also extensive properties.

The symbol U designates the internal energy of a given mass of a substance. Following
the convention used with other extensive properties. the symbol « designates the internal
energy per unit mass. We could speak of u as the speci fic internal energy, as we do with
specific volume. However, hecause the context will usually make it clear whether uor U
is referred to, we will use the term jnternal eacrgy 1o refer to both internal energy per unit
mass and the tofal internal energy.

[n Chapter 3 we noted that in the absence of motion, gravity, surface effects, electricity,
or other effects, the state of a pure substance is specified by (wo independent properties.

ss of the system.
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It is very significant that, with these resirictions, the intecnal energy may be one of the
independent properties of a pure substance. This means, for example, that if we specify
the pressure and internal energy (with reference to an arbitrary base) of superheated steam,
the temperature is also specified.

Thus, in tables of thermodynamic properties such 2s the steam tables, the value of
internal energy can be tabulated along with other thermodynamic properties. Tables 1 and
2 of the steam tables (Tables B.1.1 and B.1.2) list the inters.al energy for saturated states.
Included are the internal energy of saturaled liquid ;. the internal energy of saturated vapor
ty, and the difference between the internal energy of saturated liquid and saturate
vapor ug. The values are given in relation to an arbitrarily assumed reference state, which,
for water in the steam tables, is taken as zero for saturated liquid at the triple-point temper-
ature, 0.01°C. All values of internal energy in the steam tables are (hen calculated relative
to this reference (note that the reference slate cancels out when finding a difference in u
between any two states). Values for internal energy are found in the steam tables in the same
manner as for specific volume. In the liquid-vapor saturation region,

U= (--"iiq T Lfmm

or
mi = Mgty + Myl

Dividing by m and introducing the quality x gives
u= (1 - x)ur+&u,
U= U+ Xty

As an example, the specific internal energy of saturated steam having a pressure of

—— e

0.6 MPa and a quality of 95% can be calculated as ey, 35,

U= Uy + Xt = 669.9 + 0.95(1897.5) = 2472.5 k] /kg

Values for uin the superheated vapor region are tabulated in Table B.1.3, for compressed
liquid in Table B.1.4, and for solid-vapor in Table B.L.5.

T W T —
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In analyzing specific types of processes, we frequently encounter certain combinations of
thermodynamic properties, which are therefore alsa properties of the substance undergoing
the change of state. To demonstrate one such situation, let us consider a control mass
undergoing a quasi-equilibrium constant-pressure pracess, as shown in Fig. 5.7. Assume
that there are no changes in kinetic or potential energy and that the only work done during
the process is that associated with the houndary movement. Taking the gas as our control
mass and applying the first law, Eq. 5.11. we have, in terms of

1Oy = Uh— A +1 2

The work done can be calculated from the relation
2
Wy = f Pdv
1
Since the presstre is constant,

2
LW3=Pf dV = P(Va — W)
1

Therefore,
|Oz= \Uz—' Ul “ FEL'Z'_PEI‘l
= (Lh + B —(th+ AW
We find that, in this very vestricted case, the heat transfer during the process is given
in terms of the change in the quantity [/ + PV between the initial and final states. Because

all these guantities are thermodynamic properties, that is, functions only of the state of the
system, their combination must also have these same characteristics. Therefore, we find it

convenient to define a new extensive property, the enthalpy,

or, per unit mass.
h=u+ Pv (5.13)
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has the symbol /, saturated vapor f1,, and the increase in enthal

Py during vaporization .
For a saturation state, the enthalpy can be calculated by one of

the following relations:
b= (1 — x)hr + xh,
h = hr + xhy,

-, The enthalpy of compressed liquid water may be found from Table
7azes for which compressed-liquid tables are n

—

of saturated liquid at the same temperature.

B.1.4. For sub-
Ot available, the enthalpy is taken as that

P
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10 gas pressure. Let the piston MOVE out to a new final
position 2, which isalso s thermodynamic equilibrium
stite Wiﬂndbypm!uﬂpzlndmtume ¥y At any
| of the piston. let the

intermediate point in the trave
plmﬂbtpandnwvulumcbe V. This must also be
an equilibrium state, snce MACTOSCOPIC properties P
and ¥ are significant only for equilibrium States. When
the piston moves an infinitesimal distance di, and if
*a’ be the area of the piston, the force F acting 00 the
piston F = p.a and the - finitesimal amount of work
done by the gas on the piston |
2= F-dl=padl=pdV G-1)
where dV = adl = infinitesimal displacement volume- The differential siga in SW with
l.hnrlincdmwnauhétupnl‘it will be explained later.
When the piston moves out from position 1 to position 2 With the volume changmg
from ¥, to 1, the amount of work 17 done by the system will be

3
W= L pdV

' Tbtmmi_ntudecfthcmrkdnm: isghwhydmmmﬁmme path 1-2, as shown
in Fig. 3.5. Since p1s at all times a thermodynamic coordinate, all the states passed
through by the system as the volume changes from V), to ¥, must be equilibrium
states, and the path 1-2 must he guasi-staric. The piston moves infinitely slowly so
that every state passed through is an equilibrium state. The integrati [ pd¥ ca he
performed only on a quasi-static path. BEREIR AT com X

M 3
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3.2.1 pdV-Work in Various Quasi-Static Processes
. Constant pressure process (Fig 3.6) (isobaric or isopiestic process)

Fa
W) ;= j pdV=p(V, - ¥, (3.2)
. _

2. Constant volume process (Fig. 3.7) (isochoric process)

H'fl ’= J-prflf"- () (3.3)

] Bt 22
Vs
— v
Constant pressure process Fig. 3.7 Constont volume process

3. Process in which p¥'= C (Fig. 3.8) (isothermal process)

"
W, ;= J' “pdv pV=p, V,=C
Pi.
_ (mH)
¥ V- v 3
=dv 2
Wi =Pt I ==k hl?l
*P1V In £L (3.4)
P2

4. Process in which p¥'" = C, where n is a constant (Fig. 3.9) (polytropic process).
pre=p vi=p¥;=¢

(p?)
p = th
Vs |74 ] r=n4l |4
- = B Y .y |
Vgn W PrI =1 - ﬁr;l’l % I_*i! -k
- l-n _ prl-ny = 2 1) 2
]_ fV P A
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Similarly, for process in which pvf = ¢, where Y= ¢ /¢,
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Process in which pV = Constant Fig.3.9  Process

3.3 PATH FUNCTION AND POINT FUN

With reference to Fig. 3.10, 1t is possible to take a system from

mlmm?Mqu-mﬁcpaﬂ;s,s;chﬁfr:.fi
or C. Since the area under each curve represents 1e

'm;:nﬁﬁﬂwmmlofmkm'ulvedinmhcasfismta
function of the end states of the process, and
i:dtpmthnnﬂle;ﬁthﬂms;jmfpﬂoWSm
gr&ngﬁﬂnmltu_mz.rnrﬂnsrm‘sem
work is called a path fnction, and @W is an
inexact or imperfect differential.
Thermodynamic propertics are poinl
functions, since for a given state, there is a
definite value for each property. The change
in 3 thermodynamic property of a system
in 2 change of statc is independeat of the

in which pv" = onstant

path the system follows during the change
of state, and depends only on the initial and
final states of the system. The differentials
of point functions are exact or perfect

differentials, and the integration is implied.
v
[ar=v,-v
¥ - l
The change in volume thys depends
of the path the system follows. realized
_ depends on the path followed Stalic process between two given States

Fig.3.10  Work—A path function

only on the end states of the system irrespective
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3.5 OTHER TYPES OF WORK TRANSFER

: it work.
There are forms of work other than pdV"or dlﬂ‘:if:{:;:r S
The followings are the additional types of wor mﬂ;‘ q
may get involved in system-surroundings Mterd

a current flows 1hmugh‘a
a work transfer

1. Electrical work When

resistor (Fig. 3.13), taken as @ system, lhﬂctlscan e } .’—
into the system. This is because the curren 1& 4 !
drive a motor, the motor can drive d pulley a1 | e dary
. 4 ot ..Lsstemmuﬁ
the pulley can raise a Welg i y
The current flow, Z, in amperes, 15 §IVel i Fig. 3.13 glectrical work
dC o
. -;LE e the Chﬂrge
o ST : s dC 15
chere € is the charge in coulombs and 7 is e 1n 5eLnndE;;:jh Lthuﬂ: work 18
cross 2 aLbGMMry during time d. If £ is the voltage potemtids
Crossin
dW=E-dC
=Eldr
2 3.12)
W= j Eldt (3.14;
|
lectrical power will be
The electrical po s i
W= lim = EI .
il dr—sl dt
This is the Tate at which work is transferred.
I 2.Shaft work When a shaft, taken System boundary
“as the system (Fig. 3.14a), is rotated by /T
a motor, there 1s work transfer into the e — e —— :
system. This is because the shaft can rotate R ————— e L
a pulley which can raise a weight. If T is ,-...- \_Shaﬁ
the forgue applied to the shaft and d@ s the
:nmﬁtlgr displacement of the shaft, the shaft Fig.3.14(a)  Shaft work
I8
W= " 1d0
|
W= 2 . de
| gy o Ak
(3.14b)




Some common shaft work machines are shown in Fig. 3. 14(b).

D
~—Ws — Wy
2
(&) Hydraulic pump (b) Hydraulic motor

"_Wc e WT

(¢} Centrifugal compressar {d) Turbine

."‘-.._________.—-‘ . ! '
e v e (BT v
& e a__l—we
(e) Electric generator {fy Electric motor

—_—

2

(g} Piston-type compressoriengine }(E
-

'_Fig_.-.'ll‘_{hj Graphical symbols for common shaft work machines

. Paddle-wheel work or stirring work As the weight is lowered, and
the paddle wheel turns (Fig. 3.15), there is work transfer into the fluid system which

gets stirred. Since the volume of the system remains constant, J pdV'=0.1f m is the

mass of the weight lowered through a distance dz and 7 is the torque transmitted by
the shaft in rotating through an angle 46, the differential work transfer to the fluid is

/k System

given by

¥y Fﬂﬁl ‘
Weight —~. - ——\ :

Fig. 3.15 Poddie-wheel work
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Ph"& 'sl_'u_n which acts in 3 divecton
normal to it (Fig. 3.16). The work do=<
_1|=m-i5"!h¢ piston moves forward =

Equation (3.18) can also be derived in 2 shightly &fforest msemer 19 5 nor—ws
F"_mf“ Eﬁﬁmw- them.-!,. Sving
piston. m time 47, this force moves 3 disance V

a totad force p, 4,) agems 2w
AT where V, a5 the veldoomy of 30w

{pisicn). The work in the time dris p, 4, V, @1 or She work per wmit e 1« -

= =ﬂ:£—‘—.

the work done in time &t bocomes
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5. Work done in stretching a wire [et us consider a wire as the system.
if the length of the wire in which there is a tension F is changed from L to [ +dL,the
pitestimal amount of work that is done is equal to

dW =— FdL
The minus sign is used because a positive value of dL means an expansion of the
wire. for which work must be done on the wire, i.e. negative work. For a finite change

of length,

infi

2
w=—J' Fdl (3.21)
|

If we limit the problem to within the elastic limit, where E is the modulus of elasticity,
¢ is the stress, £ is the strain and A is the cross-sectional area, then

F =34 = EeA, since§=E

de = 4L
il
dW =—¥dlL=—EeAL de
W =— AeL f ede=-2= (63— £3) (3.22)
1

6. Work done in changing the area of a surface film A fiim on
the surface of a liquid has a surface tension, which is a property of the liguid and
the surroundings. The surface tension acts to make the surface area of the liquid a
minimum. It has the unit of force per unit length. The work done on a homogeneous
liquid film in changing its surface area by an infinitesimal amount d4 is

aw=-cdA4
where o is the surface tension (N/m).
2
W= j o d A (3.23)
1

7. Magnetisation of a paramagnetic solid The work done per unit
volume on a magnetic material through which the magnetic and magnetization fields
are uniform is

aW =— Hdl
and Wy = |~ Hal (3.24)
I

Whﬂrt;‘: H is the field strength, and / is the component of the magnetisation field in
the dlfecuun of the field. The minus sign provides that an increase in magnetisation
(positive dJ) involves negative work.

The following equations summarise the different forms of work transfer:

Displacement work W= | pdv

(compressible fluid)

Electrical work w= | Edc= J"Ef dr
1




3,7 NET WORK DONE BY A SYSTEM

Often different forms of work transfer occur simultaneously during a process
executed by a system. When all these work interactions have been evaluated. the total
or net work done by the system would be equal to the algebraic sum of these as given

below:

Wmtal . H?ndjspl.'su.:i:"rm:\ni i Wshcar a Welecu-iml g Wstmng’ T e

3.8 HEAT TRANSFER

If a system has a non-adiabatic boundary, its temperature
is not independent of the temperature of the surroundings,
and for the system between the states 1 and 2, the work
W depends on the path, and the differential ¥ 1s mnexact.
The work depends on the terminal states 1 and 2 as well as the non-adiabatic path
connecting them. For consistency with the principle of conservation of energy, some
other type of energy transfer besides work must have taken place between the sysiem
and surroundings. This type of energy transfer must have occurred because of the
temperature difference between the system and its surroundings, and 1t 1s identiied
as ‘heat’. Thus, when an effect in a system occurs solely as a result of temperature
difference between the system and some other system, the process in which the efiea
occurs shall be called a transfer of heat from the system at the higher tempersture 0
the system at the lower temperature.

Heat is defined as the form of energy that is transferred across 3 boundary &
virtue of a temperature difference. The temperature difference 1s the “powenual or
“force” and heat transfer is the “flux’.




B e - —— onductic?
je transfer of heat between two bodies in direct contact is czlli:‘-t ‘;nga!iﬂs by
; ey : arated by emply spac f heat

Heat may be transferred between two bodies “PL_“E waves. A third tt'-i-"‘]'*:;f‘t;a fluid

chinism of i electromagny all ¢
the mechan radiation through [ hieat between @ W8

transfer is comvection which refers to the transter

sysien In moton. —— Bounaary
The direction of heat transfer is taken

from the high temperuture system to the low (- Surrounding®

temperature system. Heat flow info a system o) S

Ix taken to be positive, and heat flow out qf & { mica =

system is taken as negative (Fig. 3.18), The
symbol @ is used for heat transfer, 1.e. the —
quantity of heat trapsferved within a certain
tine. _ L . ¢ oundary
Heat is a form of energy in transit (like work tran:*-h:rj. !l;; O it
plienomenon, since il oceurs only at the houndary of a EFSTET“-MT mE]_;ﬂr g
by virtue of temperature difference only is called heat rransfer.
interactions may be termed as work transfer. : : e
: transierre
Heat is not that which inevitably causes atmnpgmhﬂi?ﬂﬁc. \f-’hen hsgt iah e
to an ice-and-water mixture, the temperature does not rise until all the ice 2.} s c
When a femperature rise in 4 system OCCurs, it may not be due to h_neai trans f:_r_, sine
a temperature rise may be caused by work transfer also. Heat, like work, 18 not a

conserved quantity, and is not a property of a system. :
A process in which no heat crosses the boundary of the system is called an

adiabatic process. . ,
Thus, an adiabati¢ process is one in which there is only work interaction between

the system and its surroundings.
A wall which is impermeable to the flow of heat is an adiahanc wall, whereas a

wall which permits the flow of heat is a diathermic wall.
The unit of heat is Joule in S.1. units,
The rate of heat transfer or work transfer is given in kW or W,

of heat transfer

3.9 HEAT TRANSFER—A PATH FUNCTION

The_ heat flow () in a process can be quantified in terms
of the work W done in the same process between two
given terminal states. Work W is different for different
non-adiabatic processes between these two states and it is not
conserved, lfluweve:; from the principle of conservation of
mﬁi; ::wffgar[iie (E —dﬂ’} 15 conserved for all paths between the same two states
U, lIke I, depends o i : L 1
il pe n the process and is path-dependent and not a
Heat transfer is a path Suncti '
tron, that is, the amount
e . of heat transferred when a
system changes from state 1 to state 2 depends on the Intermediate states through

which the system passes, i.e. i
BTy rls 4 i .
_ e path. Therefore, 4 O is an inexact differential and
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j- a0=0, . or .0,
] - L] -
The displacement work is given by
2 2
”fj ;'2 JI JW__ J’I f-"ﬁ!l"
It is valid for a quasi-static process, and the work transfer involved is represented
oy the area under the path on p-v diagram (Fig. 3.19a). Whenever there is a difference

in pressure, there will be displacement work . The pressure difference is the cause and
work transfer is the effect. The work transfer is e¢qual to the integral of the product

of the intensive property, p and the differential change in the extensive property. dV.

Quasi-Static Quasi-Static

_+p
———

2 2
//
L4
—_ _ X
: Area = Work transfer Area = Heat transfer
2 2
Wiza= IPdV Q2= _[ Tax
1 1
(a) (B)

Representation of work transfer and heot transfer in quasi-static Processes
on p-v.and T-x coordinates

Likewise, whenever there is a difference in temperature, there will be heat flow
The temperature difference is the cause and heat transfer is the effect. Just like the
displacement work, the heat transfer can also be written as the integral of the product
of the intensive property T and the differential change of an extensive property, say
A (Fig. 3.19b).

0,,= [ a0- [ 1ax 3.26)

It must also be valid for a quasi-static process only, and the heat transfer involved
I represented by the area under the path 1-2 in 7°X plot (Fig. 3.19b). Heat
transfer is, therefore, a path function, i.e. the amount of heat transferred when a
System changes from state 1 to state 2 depends on the path the system follows
(Fig. 3.19b). Therefore 40 is an inexact differential. Now,
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5.6 THE CONSTANT-VOLUME AND

CONSTANT-PRESSURE SPECIFIC HEATS

+ Inthis section we will consider a homogeneous phase of a substance of constant composition.

This phase may be a solid. a liquid, ora gas, but no change of phase will occur. We will then
;ﬁimnmahkmmdﬂwmﬁhmf.thrmm of heat required per unit mass to raise

temperature by one degree. Since it would be of Interest 10 examine the relation berween
the specific heat and other thermodynamic variables, we note first that the heat transfer
is given by Eq. 5.10. Neglecting changes in kinetic and potential energies, and assuming
a simple compressible substance and a quasi-equilibrium process, for which the work in
Eq. 5.10 is given by Eq. 4.2, we have

$Q=dU+3W=dU+ PdV

We find that this expressian can be evaluated for two separate special cases:

1. Constant volume, for which the work term (P dV) is zero, so that the specific heas
(at constant volume) is

G R N

2. Constant pressare, for wiich the work term can be integrated and the resulting £V
terms at the initial and final states can be associated with the internal energy terms,
as in Section 5.5, thereby leading to the conclusion that the heat transfer can be
expressed in terms of the enthal py change. The corresponding specilic heat o comssan

pressure) is
1(3Q\ _ 1 faHY _ ,“_ﬁ) (5.15)
cpzﬁ(ﬁ_f)P_E(aT)p_(an

d&ﬁ&qﬁﬂﬁﬁ.ﬂlﬁmﬁﬂ%m&o&,&iumilﬁ.
nmr:?m:’:;mﬂ:mmm“mmdmkmn{mlm
: : 1 hﬂsmﬂm&mm:wfmmm
means that, although we began this discussion by considering the amount o fer
mﬁm:mw.mmmmwamm
development leading to Eq. 5.14 (or 5.15].mmhmumle&wamhﬁmm
e e f esmodyoamic properies nd e, Sttty e
) the sense thal A
ﬂmﬁe s section Bw?}lﬁpu::zﬂmMEMﬁmﬁﬂnmm_m
' analysis). As an example, consider the two identical
100 kJ of heat is ransferred to it. and in
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THE INTERNAL ENERGY. ENTHALPY, AND SPECIFIC HEAT OF IDEAL GASES = 147

R A e
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Ry %;HEWDH
WETE =
o
=3}

Solids and Liguids

As a special case, consider either a solid or a liquid. Since both of these phases are nearly
incompressible,

dh=du+ d(Pv) = du+ vdP (5.16)
Also, for both of these phases, the speciﬁc volume is very small, such that in many cases
dh's du~ CdT (5.17)

where C is either the constant-volume or the constant-pressure specific heat, as the two
would be nearly the same. In many processes involving a solid or a liquid, we might further
assume that the specific heat in Eq. 5.17 is constant (unless the process occurs at low
temperature or over a wide range of temperatures). Equation 5.17 can then be integrated to

by — By~ 1 —uw = C(1— 1) (5.18)

Specific heats for various solids and liquids are listed in Tables A.3. A4 anrj. F2 F3.
In other processes for which it is not possible to assume constant specific heat, there
may be a known relation for C as a function of temperature. Equation 5.17 could then alsg

be integrated.

el e o R TTLIAT PV



Temperature

rrﬁ_l.uz:arning Objectives
After reading this chapter you shou Id be able to

LO21  State Zeroth law of thermodyna mics :
LO22 Discuss the thermometric property of ¥ t
methods used for temperature measuremen .
. [ | 3 J ers
1023 Compare standard parameters of various thermome A
. L : ={g
LO 24 Describe ideal gas equation of state and gas thermoms i -
LO25 Explainhow to ise ideal gas concept to obtain ideal gas temy
scale . s
LO26 Relate Celsius temperature scale wi th ideal gas scale . |
ili i et s ANce
LO27 Examine the thermometric properly utilized in electrical resistand
thermometer
LO 28 Understand the principle of working of thermocouple |
: : NS T  seale and jts nee
LO29 Discussaboutinternational practical temperature s ale and its need )

ters and
arious thermomt bers Al

2.1 ZEROTH LAW OF THERMODYNAMICS

The property which distinguishes thermodynamics from
other sciences is temperature. One might say that temperature
bears as important a relation to thermodynamics as force
does to statics or velocity does to dynamics. Temperature
15 associated with the ability to distinguish hot from cold. When two bodies at
different temperatures are brought into contact, after sometime they attain a common
temperature and are then said to exist in thermal equilibrium.
Th{‘ 5 TI: bodies :‘i and C ;:'!” be tn thermal equilibrium with each other
1518 kKnown as the zeroth law of thermodynamies. It is ;
- 118 the basis of temperature
s = if temperature
mdh] order to nbtatln a quantitative measure of temperature, 4 re
: ;! Eﬁ;l'_l]‘ physical characteristic of this body which chan
15 selec i . f
e changes in the selected character; stic may be

ference he dy 18 used,
ges with temperature
taken as an indication
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Temperature

of changes In temperature. The selected characteristic is called the ffft"???fﬂfﬂ?ﬁ'{{"
property. and the reference body which is used in the determination of temperature 15*
called the thermometer. A very common thermometer consists of a small amount r.:rt
mercury in an evacuated capillary tube. In this case the extension of the mercury in
the tube is used as the thermometric property.

There are five different kinds of thermometer, each with its own thermometric
property, as shown in Table 2.1.

2.2 MEASUREMENT OF TEMPERATURE—THE

REFERENCE POINTS e
The temperature of a system is a property that determines th[:rmnm::;c
whether or not a system is in thermal equilibrium with other § mperty ol varioat
systems. If a body is at, say, 70°C, it will be 70°C, whether thermometers and
measured by a mercury-in-glass thermometer, resistance methods used
thermometer or constant volume gas thermometer. If X is for temperature
the thermometric property, let us arbitrarily choose for the measurement

lmperature common to the thermometer and 7o all systems in
thermal equilibrium with it the following linear function of X:

Table 2.1 Thermometers and thermometric properties

Thermometer Thermometric property Svmbol
I. Constant volume gas thermometer Pressure p
2. Constant pressure gas thermometer Volume
3. Electrical resistance thermometer Resistance R
& Then'nﬂmuple Thermal e.m.f. £
i« Mﬁrcury-in-glass thermometer Length L

F_ W ook
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FUNDAMENTAL CONCEPTS AND FIRST PRINCIPLES |[CHAP

{¢) The Fahrenheit temperature scale and the Rankine scale differ only in respect to the zero point of
the scale, and the Fahrenheit degree and the rankine are units of exactly the same size.

(d) The Fahrenheit degree is smaller than the Celsius degree by the factor 1.8: they are related exactly
as the rankine and the kelvin.

All these relationships are easily seen in Fig. 1-3.
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4.3 || APPLICATIONS OF SFEE

4.3.1 Hydroturbine

In a hydroturbine water flows from a height and strikes the
turbine blades to gencrate electricity (Figure 4.2). Through
the process, the height at exit can be considered zero if the
shaft height is considered as datum. Also, the specific volume
1s not going to change before and after impact. There can be
no effective heat transfer either. As there is no change in
temperature, the change in internal energy becomes zero.
Water does work meaning the work is done by the sysiem
and hence, it is positive in the equation.

(1)

Figure 4. 2 Hydroturbine system

Thus, in summary,
= : ={)
an L=0V=V,=V.0=0,U,-U =

b

Suhgtituting in the general equation,

i s

8 U =U) +(pYy - pV)

Gom 1.,
=5 + 5{1?'2 - B )+ (2,8 — 58)

R

e

+ W

o S |
ST

U:Iﬂ[(ﬂ‘z - P|}V+ |

5('13-3' = ’51:] = Ehjﬂ}“'w

University Questions

1. Derive the eguation for a flow in
nydroturbine from the Steady Flow
Energy Equation (SFEE).

2. Staie the Steady Flow Energy Egquation
and explain how this equation can be
applied lor {i) Nozzie, (ii) Boiler, and (i)
Steam Turbing. (GTU, 2015)

3. Derive the equation for a flow in sizam
turbine from the Steady Flow Energy
Equation (SFEE).

4. Derive the equation for a flow in
centrifugal pump from the Steady Flow
Energy Equation (SFEE).

5. Derive the equation for a flow in
cenirifugal compressor from the Steady
Fiow Energy Equation (SFEE). Hence,
derive the equation for the reciprocating
pump-

6. Derive the equation for a flow in steam
boiler from the Steady Flow Energy
Equation (SFEE).

7. Derive the equation for a flow in
condenser from the Steady Flow Energy
Equation (SFEE].

8. Derive the equafion for a flow in an
evaporator from the Steady Flow Energy
Equation (SFEE).

9. Derive the equation for a flow in nozzle
fram the Steady Flow Energy Equation
(SFEE).

10. Derive the equation for a flow
encountering a blunt body such as the
nose of an airplane from the Steady Flow
Energy Equation (SFEE).
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4.3.2 Steam Turbine OV
L Steam generator of hoiler impacts

Tn a steam turbine, steam fron : ot wan e Adiabatic Steam \
on the turbine blades (Figure 4.3)- Therelofe, & :"EL}T‘ :'f“ L
considered the same. Then the general gquation TECLEES T

e [ EAAAARRRS L ny o
Q= m[[uz -U,) F{pVa = p ¥ E-(l‘.‘a‘: - ]]4‘ W ™y R |
LA e |
Q=m [{ H, - H)+ T.,"Zﬁ:% - "&tﬂ -]} +W Figure 4.3 Stean turbine system
4.3.3 Centrifugal Pump
water from a lower level to pump 10 & higher level as required

A centrifugal water pump is used o draw ump
(Figure 4.4). Work is required to run the pump and this may be supplied from an external source such

as an electric motor or a diesel engine. Here, there is no heat transfer. Therc fore, © = 0 and the internal
energy, AU = 0 as there 15 00 change in temperature of water: Further, the inlet and exit volumes are the

same V, = Vs = V (Figure 4.5). Applying these (o the steady flow equation,

Cutlet
cheack
valve

Discharge

Pump Casting

Impeller Vane

impeller
Inlet
g check
Volute Casting 3 e
Single Acting Reciprocating

Figure 4.4 Comnfugal pump

[

Q:m{l’r‘_ﬂl}‘l'( V
2 PV = oV (zae = 2.0y b L2 _ a2
1 28 2R+ (8 0%y |+ w

Figure 4.5  Reciprocating punp

s m[(ﬁ’: ~ PV 42— )+ (D7 — 5 ’]+ W
2 * i f :{]

G5 Note: W would be negative as the work is done on the &y
] s YSTEeT.

AR

4.3.4 Centrifugal Compressor
) .
o For an air compressor, the incoming and exit P

-

DTy . - & r Faty o
— = at the same height (Figure 4.6). The heat is mk:b-mrea dre the same 4
: : 1 ou

oA 3 nd 18T
&5y (Figure 4.7). Therefore, both are neeative Subatis tof the system w generally (he
= : Stituting

hile the work is d;;:][ and entry are



First Law Applied to Flow Processes @ 4.5

s

: [

é.‘.entrifugal Centrifugal Compressor
cmpressor (Turbine Driven)

Figure 4.6  Centrifugal compressor
i hiisassl
Q= ’”{{Uz U+ (P Vo= p V) + (58— zg) + ‘2““?5 U }J + W
! 2
—Q=m|H,—H +— { — )

For a reciprocating compressor, the velocities are also equal. Therefore, it reduces to:
—Q=m[H,-H]-W

|

- Outlal

Diffuser

Impeller

‘\\ =)

Violute casing

.@;H Figure 4.7 Schematic diagram of centrifigal compressor

4, 3 5 Steam Boiler

Fﬂémhteam boiler, it generates steaim due to heat supplied by heat from below. Therefore, changes in

Ihf: gnérgy due to elevation and kinetic energy are zero, Also, no work is done on the system or hy the
‘. L=
8y
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educes 100

In such a case, the general equation t

Q= m[(ui = U[} r [PEVE

i — - ——I’——"/’——‘
QO =ml|H,— H|] "WetStBEm in

! L 1?-1 o+ W
- p V)t (298 = zi8)t :?_'(ﬁz | J]

Water |
Out

4.3.6 Condenser

A condenser is used to condense steam or other Vapors
to their liquid form (Figure 4.8). Both the potential
and kinetic energies appear small before enthalpies

and hence can be neglected. There 15 no work done
either. } Condensate out |
In such a case, the general equation reduces (0: "5k ]
Figure 4.8 Water-cooled surface type condenser

Q:m[(b’z —U)+(pYs — W)+ (28— 58) + %(ﬁf - }} +W

~Q=m[H,—H,]

4.3.7 Evaporator HRININH (\3 ‘
C

An evaporator is a useful device used in refrigeration to
extract heat from the refrigerator to maintain the required
!ow. temperature (Figure 4.9). The refrigerant liquid, as B
it passes out through the evaporator, comes out as vapor
absorbing its latent heat from the surroundings of the
evaporator. This is similar 1o a boiler. - =3

In such a case, the general equation reduces to:

& N
\J
I kbt s B S

Figure 4.9  Evaporaror

Q:JH[(U,—U!]+[PV = ’
- PV =PV) H(ze -7 Lo 3
3 18) + :}_{ﬂ: ) |+ W

_“r\\"‘;:_,‘]ﬁ.-' Q:IHIH:_H”
@)
4.3.8 “Nozzle

In casesea nozzle, th

casez4 nozzle, the velocity inc

. L{z@'ﬂ . l' ¢ velocity increases due to change in ki
(Figure :lt_]}. This action also results in the degrenca ¢

Thus, ther} Is no heat transfer or work done and, g e of enthalpy, A pres ~ €Ost of potential energy

e erefor. “* Pressure
— 0= | €, the “quation redy, drop s also observed
= =m Uy ~U) + (g, - s

. $.3 Pt"ﬂ}-%{en l

: 2[131 —8)=0
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