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Z_—_l
A=1—R111 [%) 1 (1.50)
X 1
where
=P (1.42)
Cy

cv =cp — R=29.33-8.31 =21.02 J/ Kxmol

_233 1.395

X=0102

X-1_0395 _(5e3
X 1.395

no, =% =2mol

Let us introduce the obtained values into expression (1.50):

A= 2x8.31x298

0.395

2 \0-283
{(T) -~ 1j| =12538.632(1.217-1) =2717,122 J

AU=A=2717kJ.
Let us use expression (1.40) for determination of T,:
A=ncyv(T, -Ty)

We equalize the right-hand side of expression (1.40) to the value of A,
calculated by us:

Ao, =ncv (T —T,) =2717.122J
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2717122

=2 """ -646'K
2x21.02

IL-T

7, =298+ 64.6=362.6 K

The value of V; will be calculated from the ideal gas equation:

nRT, 2x0.082x362.6

V:
op 2

=29.741L

Problem No 1.13

By what value will change the work calculated in previous problem, if 2
mole of neon is compressed adiabatic and reversible in the same temperature
range?

What value will take P, and ¥,?

Take into account, that neon is monoatomic gas and its ¢y = 12.47
J/ Kxmol.

Solution,
The following expression is used for reversible adiabatic compression:

A=ncy(T,-T) (1.40)

Let us calculate work necessary for the compression of neon by using
obtained in problem Ne 1.12 value of AT:

Ay, =nc,AT =2 x 12.47 x 64.6 =1612J
Ao, — Ay, =2717-1612=1105J.
Equation of adiabate (1.47) is used for estimation of the value of Px:

T* P°% = const
-y _ 1-x
YR =T]P
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l-x X
Ay _[4L
(P]J _[TJ @

Zzg_p:cij _ 12.47 +8.31 _ 20.78 ~1.666
Cv Cy 12.47 12.47

- x=1-1.666 =—0.666.

Let introduce the obtained results into expression (a):

f_z— —0.666 _ 298 j1.666
1 362.6
P2-O.666 — 0 821.666
—0.666 Ig P, = 1.666 1g 0.82

—-0.666 1g P, =—10.143

g P = 21 _g215
0.666

P, =10%" =1.64 arm

Let us calculate the value of V5:

nRT, 2x0.082x362.63

V =
) 1.64

=36.26 L

Problem Ne 1.14

2 moles of neon present at room temperature and under 1 atm pressure. The

same amount of work is fulfilled at reversible adiabatic compression of this

system, as at compression of 2 moles of oxygen (see problem Ne 1.12).
Determine the values of 75, V,, P, after compression.
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Solution:
According to expression (1.40) and condition of problem,

A=ncy(T,-T)) =2717J
Hence,

L-T = —ﬂ—:loss"K
2x12.47

T,=T,+108.9=298 + 108.9 =406.9 K
Let us determine the value of ¥, from the (1.46) equation of adiabate:
TV =const

LV =Ty

_Cr _2078 . s66
e, 1247

7—1=1.666-1=0.666

y, = nRT _ 2x0.082x298 _48.87

P 1
298 ~ V2 0.666
4069 | 48.87

0.666
0.732 = V2
48.87
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V.
Ig 0.732 = 0.666 1 2
£ g (48.87]

—0.135= 0.666 g &
48.87

_0203=1g | -2
48.87

£

—2_ =10"%?=0.63
48.87

V,=48.87 x0.63 =30.61 L

nRT, 2x0.082x 406.9

Py=
Ty, 30.61

=2.18 arm

Let us tabulate the results of problems NeNe 1.12+1.14,

Table 1.2. The characteristic values of adiabatic compression
of mono— and twoatomic gases.

(n=2mole, T7;=298K, P,=1atm, V,=48_87L)

Substance Cy, AT, AV, P, A, AU,
J / Kxmol K L atm J J

0, 21.02 64.6 -19.1 2 2717 2717

Ne 12.47 64.6 —-12.6 1.64 1612 1612

Ne 12.47 108.9 -183 2.18 2717 2717
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As is shown from Table 1.2, less energy expends on the compression of
monoatomic gas (Ne), than it is required for the compression of two—atomic
gas (O,) (see problems Nel.12 and 1.13). This is conditioned by difference
between their heat capacities. Monoatomic gas possesses with a less heat
capacity and therefore it may “assimilate” less energy, than two—atomic gas
with a higher value of heat capacity (by the the same change of
temperature).

On the other hand, by absorption of the same amount of energy, the
temperature of gas with a less heat capacity increases more than temperature
of gas, which is characterized with a higher value of heat capacity (compare
problems Ne 1.12 and Ne 1.14).

Accordingly, the value of heat capacity is determined by two factors:
assimilation of energy and capability of change of temperature at this
assimilation. Moreover, substance with high value of heat capacity
assimilates a large amount of energy and changes its own temperature little,
but substance with a low value of heat capacity assimilates a minute
quantity of energy and changes considerably its own temperature.

Problem Ne 1.15
One mole of CH, is expanded adiabatic and reversible until triple volume.
The temperature declines from 298 K to 213 K.

Calculate the values of 4, AU and AH.

Solution:
Fulfilled work is:
4="RE 1) (1.41)
y -1
Equation of adiabate is used for calculation of ( y —1):
TV *™! = const (1.46)

I Vlz—l =T, Vzl_]
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£ =3. Then

According to condition of problem, 7
1

347 :39§=1.399
213

(x -Dlg3=1g 1.399

(x —1)x 0.477 = 0.146
_0.146

_120146 6306
X047

Let us introduce the values of (y—1) and other quantities into
expression (1.41):

(PR, ~T)) _1x831(213-298) _
7 -1 0.306

-2308J

AU=4=-2308J
cv of methane may be determined by two ways:
a) by using of expression (1.43):

- R 831

Cy =

=27.16 J/ Kxmol
7-1 0306

b) by using of expression (1.40):

A=ncv(T, -T))



The First Law of Thermodynamics 35

Hence,

- 4 ~2308  —2308

Cy = = = =27.15J/Kxmol
wT, -T,) 1(213-298 —85

Cp=cv+R=27.15+831=35.47 J/Kxmol

AH =nc,(Ty ~T,)=1x 35.47(213 ~298) = 35.47 x (- 85) =— 3014 J

Problem Ne 1.16

Pressure of 1 mole helium at ambient temperature is equal to 2 atm. Pressure
of a gas reduces to 1 atm after adiabatic expansion.

Determine the values of T, V3, 4.y, AU and AH at reversible and
irreversible adiabatic expansion.

Solution:
Find in handbook for He:

cv=12.47J /K xmol and ¢, =20.78J /K x mol.
1) Reversible adiabatic expansion.
For calculation of T, use the expression (1.47):

T* P% = const

R =T P

t-x X
Cil [ (@
P, I
_cp 20,78

cr _22"° 1,666
o, 12,47

1- x =—0,666

According to conditions of problem, 77=298 K, P;=2 atm, P,=1 atm.

Introduce these values in expression (a):
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g -0.666 B E 1.666
1 T, |

T.
0.666 1g2 = 1.666 Ig —TZ—

1

T,
g2 =008, 5 _ax03=-012
T, 1.666
T,
—2=10"""2=0.758
Tl

T,=T,x0.758 =298 x 0.758 =225.9K
From the ideal gas equation

nRT, 1x0.082%225.9
P, 1

=18.52L

V2=

Work of adiabatic expansion is equal:

A=ncv (T, —T,) =1x12.47(225.9 — 298) = 12.47 x (~72.1) = —899.087J

AU = A=-899.087J
For calculation of AH use expression (1.44):
AH =AU+ nRAT =-899.087 + 1 x 831 (-72.1) =
=-899.087 —599.151 =-1498.238 J = —=1.498 kJ

2) Irreversible adiabatic expansion opposite constant external pressure.
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In this case work is expressed in the following way:
A=-P, AV (1.8)

On the other hand, in adiabatic process (in both reversible and
irreversible):

A=nc,(T, -T)) (1.40)

Equalize these two expressions:

— P_AV =nc,AT.
Hence,
AT P 1 g3K (b)
AV ne,  1x0.123 L
- Lxat
(cv =12.47J/ K x mol =12.47x9,867x 107> =0.123 ——2"
K x mol

Determine the value of ¥; from the ideal gas equation:

_nRT; 1x0.082x298
I 2

14 =12.221L

Depict ¥, by using 7T»:

PV, =nRT;; PV, =nRT,
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T.
=%. Then N _nL and

According to conditions of problem,
2, T,

|

T .
v, =y, 2 2xX1222 1 heop ©)
7, 298

Transform expression (b):

_A_T_Z_T2__T1=_3_13

AV ¥, -V,
T2—T1=—8.13 (VQ—V1)=—8.13 V2 +8.13 V]

T,+8.13 V=T, +8.13 ¥, (d)

Introduce the numerical values of 77 and V; and the value of V, from
expression (c) in the expression (d):

7,+ 8.13 x 0.082 7,=298 + 8.13 x 12.22
T,+0.66 T, =298 + 99.35=39735K

1.667,=39735K

397.349

) = =238.50 K
1.66

Determine the value of ¥, from the ideal gas equation:

_nRT, 1x0.082x238.5
P, 1

v, =19.56 L

For calculation of fulfilled work use expression (1.40):

A=nc, (T, - T,)=1x12.47(238.5 — 298)=12.47 x (- 59.5)= — 741.965 .J
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AU=A4=-741.965J
According to expression (1.44):
AH = nE,,(T2 —1,) =1%x-20.78 x(— 59.5)=-1236.41 J

Table 1.3. The characteristic values of adiabatic expansion.

(1 mole He; T,=298K; V,=1222L; P=2atm, P,=1 atm)

Type of T,, AT, Vs, AV, A, AU, AH,
process K K L L J J J
Reversib
eversible 559 _721 1852 6.3 899  -899  —1498
Irreversible
2385  —59.5 1956 73 742 —742  —1239

Remark: At reversible adiabatic expansion as well as at irreversible
one:

AU = ne, AT (1.40)

U represents the state function. Hence, if the initial and final stages are
the same in both (reversible and irreversible) processes, then

AU = AUirrev_ :

rev.

But at adiabatic expansion even in the case of the same initial conditions
AU, #AU,,, . Thisis caused by fact that AT,,, #AT,,,, , ie.
Ty 0o % Ty ,rer. The system does not transfer from the same initial conditions

2rev.

into the same final state at reversible and irreversible adiabatic expansions.
In the irreversible process T, and V; exceed, but fulfilled work is less, than

in the reversible one (see also problem N 3.23).

Problem Ne 1.17
Volume of 5 mole of argon presented at 25°C and under | atm pressure
increases four— fold as a results of expansions:1) isothermal reversible,
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2) adiabatic reversible and 3) in a vacuum.
Calculate the values of T5 , P, , A, AU for each process.

Solution.

Following condition of problem, first and second processes proceed
reversible. As for third process, it proceeds irreversible, since expansion
occurs immediately and P, = 0..

1) Isothermal reversible expansion (7 = T, = const).

In condition of n, T = const, according to ideal gas equation PV = const

. ¥ . ..
, ie. P\Vy = P,V,. Hence, P, =P, —L In accordance with condition of

V.
problem, - = 1 . Thus,
vV, 4

2

Fulfilled work is:

V.
A=-nRTIn—* (1.36)
V] ’

A=-5x831x298In4=-17164J=—-17.165kJ
In isothermal process:
AU=g+4=0 (1.33)
and
q=—-A=17.165kJ.

2) Adiabatic reversible expansion
Let us use the equation of adiabate for detemination of P».

PV* =const (1.45)
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P1V11 =P2Vzl
V4
P =h 5
V2
=52 2078 ) 666
oy 1247

P, =1x0.25"% = 0.1atm
T, may be calculated from equation of adiabate (1.46):
TV = const

LV =T,p

x-1
T, = T{—VLJ =298 x 0.25°%=1184 K
£
Work of reversible adiabatic expansion is:

R
 (T,-Ty)
-1

A=

_ 5x831
0.66

In the adiabatic process g = 0. Therefore
AU=4=-11.205kJ

3) Immediate expansion in a vacuum.

41

(1.41)

(118.4 —298) =62.387 x (- 179.6) =— 11205 J =-11.205 kJ
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Since expansion proceeds in a vacuum, then P, =0 and
A irrev. = ™ P AV = 0

Heat transfer does not take place between system and surroundings
because of instant expansion: g=0 and AU=g+ A =0.

Internal energy of ideal gas is temperature function only. Therefore
AU = 0 means that AT =0.

Thus, instant expansion of gas in a vacuum represents both isothermal
and adiabatic process simultaneously. The work is not fulfilled, heat transfer
is not occurred, internal energy and temperature are not changed in this
process. The change of volume and pressure take place only.

Let us determine the value of P, from ideal gas equation. At
n, T = const.

PV = const

P1V1 =P2V2

V
P, :Pl_1=1><l=0.25 atm
V, 4

Let us tabulate the obtained results (Table 1.4).
It is shown from Table (1.4):

1) IA isoth.rev.l > IA adiab.rev.l .

AT = 0 in isothermal process, but AT < 0 in the adiabatic expansion.
Therefore T isom >T7 agiab. in the same initial conditions. Hence, P; j0m.>P2 adiab
This ratio of pressures is characteristic not only for final state, but also for

V2
the whole process. Work of reversible expansion is: A, = —I PdV ; since
Vl

P is higher in isothermal process, than in adiabatic one, then | A jom | >
|Aadiab|-

2) |A rever‘l > | A irrever.l .
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The work of expansion takes place in reversible isothermal and
adiabatic processes. But work is not fulfilled at all in most irreversible
process (expansion in a vacuum), proceeded in the same initial and final
conditions. The reason lies in the fact that P., = 0 at the expansion in a
vacuum.

Table 1.4. Characteristic values of expansion of various kind.

(5mole Ar; T,=298K; P,=1atm; V,/V,=4)

Kind of T,, P,, A, q AU,

process K atm kJ kI kJ
Isothermal

ibl
reversible 298 0.25 ~17.165 17.165 0
Adiabatic
reversible
118 0.1 —11.205 0 —11.205

In a vacuum
irreversible 298 0.25 0 0 0
(isothermal-
-adiabatic)

Problem Ne 1.18
Is it possible and what work is needed for returning the system and
surroundings to the initial state after expansions: 1) isothermal reversible,
2)adiabatic reversible, 3) in a vacuum?

Use the results of problem Ne 1,17,
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Solution:

1) System fulfils —17.165 &J work on surroundings by isothermal reversible
four—fold expansion. The pressure of system declines from 1 to 0.25 atm
(see problem Ne 1.17).

In order to return the system to its initial state, surroundings must
compress the system isothermal and reversible until initial volume of system
is achieved. As a result of this process pressure will increase four—fold and
reach the initial value. In conditions n,T7 = const, PV = const, i.e. P\V| =
P b V2 and

4

P2=P1_
VZ

:0_25%:1 atm

That energy, which is transferred from system to surroundings at
isothermal reversible expansion, is necessary to be transferred from
surroundings to the system in order to return surroundings to the initial state.
To do this, surroundings must compress system isothermal and reversible.
The work fulfilled by surroundings in this process is:

V.
Apovers =—nRTIn—%= —5 x 831 x 2981n%= 17165 J=17.165 kJ.

1

Thus, after isothermal reversible expansion it is possible to return
system and surroundings to the initial state by means of isothermal
reversible compression .

It should be mentioned that there is no necessary to carry out the
reversible compression for returning the system in the initial state, but it is
essential for surroundings. Otherwise surroundings will expend more work
on irreversible compression, than it is fulfilled at reversible expansion of
system. In result, a certain change will remain in surroundings and it will not
return to its initial state.

2) The system has fulfilled —11.205 kJ work on surroundings at
reversible adiabatic expansion. This results in four—fold increase of system’s
volume and decrease of pressure from 1 to 0.1 arm; temperature is changed
from 298 K to 118 K.
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In order to return the system and surroundings in the initial state, it is
necessary to realize reversible adiabatic compression of system, by which
thermodynamic parameters of system restore their initial values, and
surroundings will fulfill 11,205 &J work.

Work, fulfilled by surroundings at adiabatic compression of system
from 118 K to 298 K is:

Apes adias, =ncv(To—T1) =5 x 12.47(298 — 118) = 11223 J = 11.223 k.

Pressure of system changes as a result of compression. For
determination P, we use equation of adiabate (1.47):

T* P™* = const

Hence

_Cr 2078 666
o, 1247
-y =—0.666

-29_8 1.666 B 9_1 —-0.666
118 P,

0.666
5 5§95 1666 _ P_z
’ 0.1

4.679 = (10P,) %
Ig 4.679 = 0.666 Ig 10P,

0.67 = 0.67 lg 10P;
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lg10 P, =1

10P,=10
P2= 1 atm

The value of V,/¥; may be determined from equation of adiabate
(1.46):

TV *7 = const

Hence,

1g 2.525 = 0.666 Ig %:‘—

2
0.402 = 0.666 Ig %

2

V,
lg —1=0.604
7

2
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ﬂ: 1006% — 4
"

Thus, if surroundings expend so much work on equilibrium compression
of system as is fulfilled by system on surroundings at equilibriom
expansion, then both surroundings and system will return to their initial
state.

3) Expansion in a vacuum is a most irreversible process, at which work
is not fulfilled at all:

Aexp=_PexAV=O (Pexzo)

But it is necessary to fulfil work for returning (for compression) system
to the initial state. Because expansion in a vacuum proceeds isothermal,
therefore let us return system to its initial state by isothermal reversible
compression. The work, fulfilled by surroundings in this process is:

Acompr. rever. =—nRTlnﬁ=—5 x 8.31 x 298 1n%= 17165 J=17.165 kJ.

1

Thus, returning of system expanded irreversible in a vacuum to the
initial state is possible via reversible isothermal compression. But returning
of surroundings to the initial state is impossible, it will have a shortage of
energy 17.165 kJ. If the system is returned to the initial state via irreversible
isothermal compression, then surroundings removes further from the initial
state; it will have to fulfill more than 17.165 kJ work, since 4 compr. irrev. >
> Acompr. revers..

It may be mentioned at the end, that returning of system and
surroundings to the initial state is possible only after equilibrium expansion.
A certain change remains in system or in surroundings,either in both after
nonequilibrium (irreversible) expansion.



