Problems in thermodynamics and statistical physics
authors: Jakub Fisak and others

1. Let F(o,y) = x- ™. Caleulate (a) 5, (b) 57, (¢) 55, () 545, (0) 4. ()
9’F
2

Solution:

— % = dwexp (2% 4+ y?)+(1 + 227) 2w exp (2% + y®) = exp (2° + y°) (4o + 22 + 42°) =
exp (2% + v?) (6x + 423) = 22 (3 + 22%) exp (22 + ?)
82 (m-ezz+y2>

(d) =5~ =2y (1 + 22%) exp (2% + y?),
82 ZE'62 2
(e) % = 2yexp (22 + y?) + 4z%y exp (22 + y?) = 2y exp (2% + y?) (1 + 22?),

2
(f) ——5;7— =2zexp (2% + y%) + dzy? exp (22 + y?) = 2z exp (22 + y?) (1 + 32).

2. Let dw = A(z,y)dx + B(z,y)dy be any differential form (Pfaffian). Show that if
dw is an exact differential (there exists a function F'(z,y) such that dw = dF’), then it
must hold

0A 0B
a) a—y = %, b) %dw = 0,

(b) for each closed integration path.
Solution:

(a) Assuming satisfied

_9f of + _
df = B dr + o dy = A(z,y)dz + B(x,y)dy

since the interchangeability of the second derivatives holds:

9 of  d9f 0B(zy)  0Az,y)
oxdy Oyoxr  Oxr Oy

because apparently it fullfills

0 0
Atwy) = oL Bla) = 5L

(b) For the calculation, we use Stokes’ theorem, which is of the form

/dw:/w
1% v
1



Obrazek 1: Representation of the circular process for task 3.

We calculate the left side

of 4,21 R _
%df %(dx +dyay) /y(ay gd<d 8$+dyay) /y(ay:(g)d(df) &

because the outer derivative of the outer derivative of any form is always zero.

3. Let dw; = (2% —y)dz + x dy. Is it an exact differential, dws = dw;/2* an exact
differential? Calculate the integral | dw between the points (1,1) and (2,2) along the
lines (1,1) — (1,2) — (2,2) and (1, 1) — (2,1) — (2,2).

Solution:

Since the derivative of the term udx with respect to y s equal to -1 and the derivative
of the second term with respect to z is equal to 1 the term is not an exact differential.
Dividing by 22 both derivatives become equal — 2, so the term is an exact differential.
We calculate the curve integral as follows: we can divide the integral into two parts

/dwl :/ dw1+/ dwl
4 61 3

Subsequently, we parameterize the integration path, which is shown in Figure 1. For
path a and b, the parameters are as follows:

(a):x=1y=ttell,?2,

(b):z=t,y=2,t€el,2].
So we can calculate the relevant integrals:

2
/ dwl = / dt =1
61 1
since dz = 0. Second part:

2 ) t3 2 9
dw:/ dt (t* —2 :[——275] = _Z
/((«1&2 ! 1 ( ) 3 1 3



D2

b1

P p2 vV
Obrazek 2: Representation of the circular process for task 4.

1
dw; = =
[glz%

In the case of integration along the blue integration path, we get the result of ?.
Integrating dw; /z?, we get same result 1 for both cases.

So the result is equal

4. Is dw = p dV + V dp an exact differential? If so, determine the function F' whose
exact differential is dw. Compute the integral [ dw between the points (V3, p1) and (Va, p2)
along the lines (‘/17pl) — (‘/17])2) — (‘/271)2) a (‘/17])1) — (‘/27pl> — (‘/27]92)

Solution:

It follows from the integrability conditions that it is an exact differential. The function
w is easy to find. We know that

oF
v b
after that
F =pv+g(p)
the derivative of this function with respect to pressure is equal to V', from here
oF dg(p)
T

for the derivative of the function g(p) we get that it is zero, and therefore the function
g(p) must be some constant. So the function F' is equal to

F(p,V) =pV + konst

We calculate the curve integral analogously to the previous case. Fig. 2 shows the
integration paths. the curve integral along the blue path comes out as —Vip; + Vops
and of course exactly the same along the red path.

5. Is the fom dQ = ¢ dT + R% dV an exact differential? Calculate the integral [ dw
between the points (V;,77) and (Va,Ty) long the lines (V4,T7) — (Vi1,Ts) — (Va, T3)
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a (V1,Tv) — (Vo, Ty) — (Vo,Ty). What function f(V,7T) must we multiply d@ by to
make the product f d@) an exact differential? Determine the function S for which
dS = f d@.c and R are constants.

Solution:

Since the derivative of the first term with respect to volume is zero and the derivative
R

of the second term with respect to temperature is equal to {7, it is not a complete
differential. The integration takes place along similar integration paths as shown in 2
, the integral along the blue integration path is equal to RT5In % + c¢(Ty, —T7) and
along the red integration path: RT) In % +c(Ty —T1).

Next comes the slightly more complicated part. We need to find a function f(7,V),
such that the condition is satisfied

o(f(T,V)e) O(f(T,V)R])

oV N oT

We calculate the derivative on both sides:

of T of

after multiplying by V' we get an equation with separated variables

of . of
oV = RT 5o+ fR

we can then assume the function f in the form
(T, V)=g(T)-h(V)
Substitute and divide by V - ¢(T") - h(V')

1 ORV) 1 Og(T)

vy ov. - gy e TR

The left side now depends only on volume, the right side only on temperature. In
order to satisfy the equality for any V' and T, both sides must be constant. Thus, two
differential equations for volume and temperature fall out of this equation:

1 Onv)
WW = konst.

the solution is, after dividing the equation by the volume
cln(h(V)) = konst -In(V)

then the function A(V') is equal to

konst.

WV)=Vv"%



Let’s focus on the right side:

1 09(T) ,
RTmaiT + R = kOIlSt

we also solve by separating variables:

and the result is

after that
konst. 1
R

g(I)=T

Let us now recall the function f(7,V) = g(T) - h(V), into which we will substitute the
result of our calculations

konst. konst _ 1

F(T,V) = Ve %

where Const. is arbitrary. Therefore, we choose the simplest solution konst.= 0:

) =

6. Let z,y a z be 3 state variables, connected by the state equation f(z,y,z) = 0.

Show the validity of the relations
0n) _ ()" (1)
dy ) . -\ oz B
Ox Ox 0z
=) = (== i 2
().~ (%), (). ®
Ox Ox Ox ow
— | == — — 3
<3y)z <3y)w+<3w)y<8y)z @)
where the subscript indicates a constant variable and w is another state variable, w =

w(z,y, 2).

Solution:

and

We calculate the partial derivatives with respect to x and y assuming that z is constant:
d
AF (O8N (9 (91 _
dx ox - oz ), \ Oy oz
d
A (ary (o () _,
dy oy v.r oy ) \Ox -
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from each equation we express the term not containing f :

o (@), o (@),
()-8 (3 -

after multiplying both the two expressions we have:

P ﬁ)
(8y) (8%’) . (a_g]vr)y,z (8y T,z 1
o) \ae) = 7o 257 =
), Y/ . (8_y> s ( m)y,z
which proves (1). Let’s now write the right side of the expression

().

9y

we transform the derivatives on the right-hand side into z z-coordinates
Oz of Oz
9\ _ (5), (52),. _ (5), _ (92 (9
oz ), (@) (%) <@> ox ), \0z/,
oy " 0z/x,2 oy z

this proves expression (2). Recall the coordinate transformation formula (z,y,z) —
(u,v,w) for the derivative:

o0\ _ (%) () (0 (%) (04 (o
ozr Z_ ou - ozr - ov waw ozr - ow w ozr -

we will make use of this relationship assuming that we are only transforming a single
coordinate from z — w

Oy _ (%) L (%

ox ), \Oz o ow

7. The equation of state pV = NEKT connects the variables p,V and T, where N and
k are constants. Verify by direct calculation that

(#),- (%),
().~ (%),
(@), =), (&),
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(o), =~ (%), (&)

ov ), op ) \oV ),
So let’s look at the individual equations one by one:

O\  NET  p (OVNT' ([ NET\T' [ VN p

ov ), v o V'\op), p? B P v

O\ _ Nk _p (OT\T (VT (TN

or), V. T'\dp), \Nk) \p)

Op\ _ NKT_ p (Op)\ (OTN _ pp _
o), vz v \ar),\oV T Nk
p

Solution:

p

P
T
ory _T (0T (dp _Z(_>__Z
o), VvV’ o)y \oV ), p\ V) V

8. The equation of state of an ideal gas can be written as
o pV = NKT,
o pV =nRT,

where p, V., T are pressure, volume and temperature, N is the number of particles, n
is their concentration, k is Boltzmann constant (k = 1,38 - 1072 m?2 kg s 2 K™'), R
is the gas constant (R = 8,31 J mol™* K™! ), n; is the amount of substance, p is the
gas density and g is the molecular weight. Verify the units of £ and R. What are the
units of n? Show that the individual equations are equivalent rovnice jsou ekvivalentni
(Na =6.022 - 10% mol ).

Solution:

We determine the dimensions of the individual constants from the respective state
equations

V] kg-mT'-s7?em® 2 =2
H=tm = ke
[R] = PIlV] _ kg m s -m =kg-m?-s72-mol™*

AR mol - K
n has unit of m™3. It is the concentration of particles. Now to derive the equivalence
between the individual forms of the equation: We derive the second equation from the
first very easily: we expand the right-hand side of the equation by Avogadro’s constant

Na
V = N—KT
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since Nak = R - molar gas constant and N/N, = n, we get the second equation
pV =nRT

To derive the third equation, we start again from the first equation. Assume that we
know the average molecular weight p, with which we expand the right-hand side of the
equation of state

pV = NEgr
i
here again Nu is the mean mass of N particles. We divide the equation by the volume
m 1
= ——kT

and we see that we got the desired density in the expression
p= Pkr
i

The derivation of the last equation of state is simple. It is enough to divide the first
equation by the volume and realize that ze N/V = n, i.e. the number density of

particles
p =nkT

That’s all.

9. At a constant temperature of 20°C an ideal gas expands quasi-statically from a state
with a pressure of 20 atm to a state with a pressure of 1 atm. What work is done by 1
mole of gas?

Solution:

The work is generally equal to

Vs Va(p2) T
W= AVp(T) = / dv% = nRIn(V)|2#) =

Vi Vi) Vi(p1
V ( ) nRT
nRTIn 22 — pRTIn 22 = nRTIn 22 ~ 8.31-203.15 - n(10)J ~ 5.6 kJ  (4)

Vi (p1) D2

p1

10. During the quasi-static adiabatic expansion of 6 liters of helium at a temperature
of 350 K, the pressure drops from 40 atm to 1 atm. Calculate the resulting volume and
temperature (assume the ideal gas equation of state). Compare the obtained results
with the values that would be obtained for isothermal expansion (k = 1,63). Assume
it is an ideal gas.

Solution:



It is true for the adiabatic process
pV" = konst.

after that
poVy: =pi V¥

i.e. the new volume is equal to

Vi = /P = “§/40- 61 ~ 571
D1

To calculate the temperature, we must first find out the mass of the gas. We can do
this easily from the equation of state of an ideal gas, where we use the quantities from
the initial state of the gas

PoVo

Vo=nRIy —n="—
PoVo = nivily n RT,

the temperature itself is also calculated from the equation of state, but for the final
state

1
1
Vi \% \% K
— T T, =k —php  PAvim — PLg/Po — (PO Th ~
piVi =nRkly = T nRk poVo 0 po% 0 T po\/ ;0 D1 0

4076 —1-350 K = 84.11 K

Now let’s focus on the comparison with isothermal expansion. The temperature is the
same, we don’t have to deal with it. From the equation pyVy = p1 V) we can easily find
that the volume will be
Vi :?%:40-61:2401
1

thus, the final volume is approximately four times larger than in the case of adiabatic
expansion.

11. Calculate the work done by an ideal gas during a quasi-static adiabatic expansion
from a state characterized by pi, V] to a state pg, V. Determine the work done by the
gas if it passes from the initial state to the final state first by an isochoric process and
then by an isobaric process, or first by an isobaric process and then by an isochoric
process.

Solution:

For an adiabatic process, pV ¥ = konst. = p; VX = p, VK. he work can then be easily

Vs Va K 1—k | V2 K
P1V1 V p1V1 1— 1—
W = dVp = dVv = p V¥ = (V,7 =V 7F
i P /\/1 Ve plll_’ivl 1_'%(2 ' )
_pV | (T,
1—k Vi




We can easily calculate the second part of the example by reasoning. The work done
is equal to the area between the curve and the V. axis. If we look at the pV diagram
of individual processes 2, it is clear that no work is done during isochoric events, so
isobaric events will have the main contribution. The calculation of the work is therefore
limited to the calculation of the content of the rectangle. If the process is first isochoric
and then isobaric, the work done is equal

Wi =ps (Vo —W1)

for the second case

Wi =pi(Va—VW1).

12. During the exchange of air between the lower and upper layers of the troposphere,
expansion occurs, or air compression: rising air expands in an area of lower pressure.
Due to the low thermal conductivity of air, the expansion and compression processes
can be considered adiabatic. Calculate the change in temperature with height due to
these processes. (Consider air as an ideal gas.)

Solution:

First, let’s review the basic equations we’ll be using: this is an ideal gas, so its equation
of state will do
pV =nRT

and also from the information that the process can be considered adiabatic
pV" = konst.

However, we want to express this equation using temperature instead of volume, so we
use the equation of state and get

T K
P (R_) = pl_“R“T“ = pl_”T“ = konst.
p
we differentiate the expression
(1 —k)p "R*T"dp = p' "R*kT"* dT = 0
something is shortened here and the equation is then simplified to
(1—m)dp+z?dT:0 (5)

We will now be interested in where to take the height dependence. Therefore, we will
recall Euler’s fluid flow equation (which will also be useful in some other examples)

Sty (6)



Assume stationary flow and also neglect the nonlinear term. Then we get the hydrosta-
tic equilibrium equation in the form

Vp = —pg

which we can rewrite to

dp = —pg dh

and substitute in
_ K_I%_d_T_ld_T dh
P9 k p T T dh

in the equation we are still hindered by the pressure, which we get rid of using the
equation of state of an ideal gas in the form

p= Pkr
L
after that
ar_ pgr=l
dh kK
For g =9.81 m-s72, u = 29my a x = 1.4 will work out
a7 B

13. Assume that the atmosphere of the planet Venus contains k; = 96.5% molecules
COy and ky = 3.5% molecules No. We can neglect the other components. The tempe-
rature of the atmosphere is ¢ = 464°C and the atmospheric pressure on the surface of
Venus contains py = 9.1MPa. The mass of the planet is M = 4.87 - 10?* kg and the
radius R = 6052 km.
(a) Determine the density py of the atmosphere and the gravitational acceleration g,
at the surface of Venus.
(b) To research the planet’s atmosphere, we will use an open "hot air balloon"(filled,
of course, with the planet’s atmosphere) with a volume of V' = 50 m3. The weight of
the structure is m = 100 kg. To what temperature ¢; must we heat the gas in the
balloon to start rising above the surface of the planet? At what temperature ¢, inside
the balloon will we reach a height of 1 km?

Neglect the rotation of Venus and the drop in gravitational acceleration as the
balloon exits. Consider the temperature of the atmosphere up to a height of 1 km as
constant. The molar masses of the two main components of the Venus atmosphere are

My, (COg) = 44.0 - 1073 kg - mol ™', M, (Ny) = 28.0- 1073 kg - mol .
Solution:
(a) We determine the density of the atmosphere using an equation of state of the form
pk‘BT
p =
I
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where p is the average molecular weight, which we calculate using the formula

klel + k2Mm
M =

2 =721 x107*% k
Na % &

The density of the atmosphere is then equal

Hup -3
= —— =064.518 kg -
P = sl &1
We calculate the magnitude of the gravitational acceleration by direct substitution in
the formula
_GM

g = —py =8.87m-s?

(b) We will use Archimedes’ law to calculate the temperature. The magnitude of
the buoyant force must be greater than or equal to the magnitude of the gravity force,
broken down

m. . up

amva > - a n = s 7 T
Patm. Vbal § = Mg = (Mbal + Mpiyn ) g V+k:BT

from this equation we can easily express the temperature in the form

Tam
T> 8  _760.73 K

- 1 _ mkpTatm.
Vip

To calculate the temperature required for the balloon to take off to a height of 1 km, we
need to determine the density /pressure of the atmosphere at the appropriate height. We
can derive the barometric equation from the hydrostatic equilibrium equation, which
we write in the form

o _ _
into which we substitute the equation of state of an ideal gas
op _ 1
oh kgT

the solution of this equation is of the form

_ K
p(h) = poexp ( kBTh)

respectively density (substitution into equation of state)
p(h) = P2 exp (—Lh) — 64.063 kg - m~®

Assuming that the gas in the balloon has the same pressure as the gas in the at-
mosphere, then we can use the equation of state to write

p= Phball ]{ZBT _ Patm. kBTatm
fu fu

12



where do we get

p . p Tatm.
bal. — Fatm.
Thal.

The condition for temperature is then

T

1-— Vﬁpoexp (kBLTh)

14. A gas is described by the equation of state p = p(V, T"). Show by direct calculation
that 6(Q) is not an exact differential.

Solution:

We start from the first theorem of thermodynamics dE = §Q) — p dV, from which we
express 0¢)
0Q =dE+pdV

we can break down the energy differential in temperature and volume variables, then

oF oF
0= (a—T)v s KW)T“?} v

We recall what condition must hold for a complete differential and apply it to the

appropriate formula
0 (9B\ _ 0 (9B\ (o
ov\or), or\ov/), \oT),

due to the interchangeability of partial derivatives, we get

op B
(a—T)V !

however, this contradicts the assumption that pressure is a function of volume. There-
fore, this condition is not fulfilled and apparently it is not a complete differential.

15. The energy of a particle enclosed in an infinitely high potential well with dimensions
L, x L, x L, is given by the relation

h? n: n, n
E=_—_—_?2 =4 YL Y
om" (L; Tt Lg)

Assume that L, = L, = L, = L. Assume that the system as a whole is characterized
by the energy of the system. How is the microstate determined, how is the macrostate
determined? Calculate the force that the particle exerts on the walls of the container.
Determine the relationship between the energy of the system and the pressure.
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Solution:

A macrostate is a characterized bz macroscopic paremeters of a system that we can di-
rectly measure. In this case, the macrostate is characterized by energy E (L, n,, n,, n,).
For a given macrostate, there are several microstates that we cannot distinguish. Here,
the microstate is characterized by the values n,,n,, n..

Let’s write how the energy of the system changes when it is moved by a bit dx.
Since we assume a really gradual change, we will then perform the expansion only to
the first order

h2r?
E(L+dx,L,L)=FE(L,L,L) — — T3 n? da
After that p22
_ T 2
dE = — T3l dx

Since the relation dE = —F - dris valid, we get a formula for the acting force
h2m?n?
F, = =

mL3

the pressure is equal to p = F'/S, and therefore

2.2 2
:hﬂnx

mL®

p

Mean values are as follows: pressure:
h*m2n? R’r?
(p=) = < mL5 > -~ mlL5 ()

(B) = 0 ((n2) + (n2) + (n2)) = 2L

and energy

16. Derive from the existence of the equation of state f(p,V,T) = 0 the relation

o = p . B - K
between the thermal coefficient of expansion « := % (%)p, isochoric expansion coeffi-
ceint [ := 1—1) (%)V and the coefficient of isothermal compressibility x := —% (%—‘;)T.

Solution:

We substitute the appropriate expressions on the right side

1 (op 1/oVN ] 1 [0p ovV\ 1 [av\
p'ﬁ'“—p'ﬁ(ﬁ)v{‘V(a—p)J—‘V(a—f)v(a—p)T—V(a—T);“

14



17. The state equation has the form p = f(V) - T". Prove:
(a) (g_\b;)T =0

(b) if a holds, then (g—f)T —0.

Solution:

(a) We express the expression 6Q)/T from the first law of thermodynamics

0Q 1 (0F 1 oF

— == = dT'+ = || = dVv

-1 (o), o (),
The following formula will be used a lot, so the derivation needs to be done properly!
Since this is an exact differential, the derivative of the first term with respect to the
volume must be equal erivation of the second term according to temperature, i.e. We

will use the second law of thermodynamic for quasi-static processes, which we will
insert into the first thermodynamic theorem

dE  p
d5_7+f dVv (7)

We know that dFE is the complete differential, which we will break down into the
variables of temperature and volume

OF OF
dE = (8—T)V dT + <W)T dv (8)

1 (OF 1| [/0F

We know that dS s also an exact differential and therefore must hold

tor [ (2) )}, (o (2 (), )13,
rlav (or). ), =5 ), ool ()], - (). v

The second derivative disappears and we finally multiply the expression by 72. We will

get
oF oP
(3v),+r=7 (a—T)V 1)

Now it is enough to calculate the relevant partial derivatives

we will get

(2—5) — Tf(V) = F(V)T =0

15



(b) We rewrite the derivative of energy with respect to volume as follows
(@% _GE)<@Q 0
op ) oV ), \0p)r

18. For an ideal gas, calculate (g—"})ad, (g—)T.

Solution:

19. Show that for a gas described by the equation of state f(p,V,T) = 0 holds
N _ () @
8‘/ ad n 8‘/ T Cy

We break down the left side using the new variable T

().~ ), (), (&), n

Now we can prove three important formulas resulting from the first theorem of ther-
modynamics, from which we will express heat

Solution:

5Q =dE +p dV (12)

First, we derive another important formula describing the difference between ¢, and
cy. We start again from (12), where we break down dF again

oF oF
0= (a—T)T e Ka—v)ﬁp} v

Now we will break down the volume as a function of pressure and temperature

oV ov
- (3) oo ()

Since we want to express the heat capacity at constant pressure, we put dp = 0.

Moreover, it applies
0Q
e 1
o= (a7), )

We substitute in the relation for 6¢Q)
oF oV opP ov
= T — — T = T — —
so=war+|(50),+1] (r), 7= |+ (5r), (57),

16
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where we used formula (10). It already follows from this formula

(@) (D),

Before the actual calculation, it will still be necessary to express the adiabatic deriva-
tive. We start again with (12). We are interested in adiabatic processes and therefore

5Q =0
0=dE +pdV

dF is classically broken down into volume and temperature variables. We will use the
first derived formula for the derivative of energy with respect to volume. We will get

(9P
0_T<8_T)V dV + ¢y dT

where we now write d7" as a function of volume and entropy. We are interested in
processes where the entropy is constant, so we can take the sdS term to be zero

dp oT
O_T<8_T)V dV + ¢y <W)s dv

That’s where we get it from
oT T (0Op
=) == ([ =Z£ 1
(7)== (), 1

We have derived all the important identities, which now just need to be combined
correctly. We substitute formula (14) into (15) for the derivation of pressure by tem-

perature
(o), = (&)
5% S Cy 5% »

We can substitute this formula in (11), we get

OP\ _(OP\ _e—ev (0PN (0T
v )s \oV ), cv \9T ), \dV ),

We can modify the product of partial derivatives

or\ (or\ _ (9P
or),\ov), — \ov ),
After substitution

8_P — 8_P _|_Cp_CV 8_P — 1+CP_CV a_P _ % a_P
5% S_ 5% T Cy 5% T— Cy 1% T_CV 1% T

and finally we get the search term. When using Maxwell relations, the procedure is
simpler.
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20. Show the validity of the relation ¢, — ¢y = R between the isobaric and isochoric
specific heats of one mole of an ideal gas. The internal energy of an ideal gas does not
depend on its volume.

Solution:

It is sufficient to calculate this equation from the previously proven formula (14). We
substitute the ideal gas equation

B oP ovy . pV _pV
Cp_CV_T(aT)V(aT)p—TTT =7 =nR

For 1 mol of gas this is exactly R, so Mayer’s relation is proved.

21. Calculate the entropy of an ideal gas when ¢, = konst., ¢y, = konst. Show that 0¢)
is not an exact differential.

Solution:

We proceed from the formula (9), where we substitute (10), we have

_ o 9p
dsS = T dT+<8T>V dV

We substitute the derivation valid for an ideal gas

_ W B
dS—TdT+ v dv

Obviously, this is a full differential. From the first equation
(@) _ o
or), T
S(V,T)=cyIn(T)+ C(V)
a5y _ (oC W\ nR
ov ). o ), V

C(V)=nRIn(V)+ konst.

we will get

we now derive by volume

after that

The entropy sought is equal to

S(T,V)=cyIn(T)+nRIn(V) + konst.

18



22. Prove the validity of the relation pV* = konst. ( kK = ¢,/cy is the adiabatic

exponent) for quasi-static adiabatic process of an ideal gas. Calculate x assuming that
3

Cy = iR

Solution:

We start from the calculated entropy of an ideal gas, which is constant
S(T,V)=cyIn(T) +nRIn(V) + konst. = const.
Const. we hide in const. and we will edit further
1mﬂ+h(v%):m@vg):kmw
from this equation

TV% = konst.

Now let’s substitute for temperature from the equation of state of an ideal gas

ﬁvw = konst.

nR can be included in the const.
nR
pVHCV = konst.

We will use Mayer relation

cp=cv

leJr v :pV£ =pVE = konst.

So we have a proven adiabat equation for an ideal gas. It is good to emphasize that
this really only applies to an ideal gas and not, for example, to a van der Waals gas.

23. For a gas, it has been found experimentally that the product of pressure and volume
is a function of temperature only, teploty, pV = f(T') and that the internal energy also
depends only on temperature. What shape does f(7') have?

Solution:

We calculate the function by substituting the state equation p = f(7)/V into

oF ) oP
— +p:T<—J (16)
(8\/ T aTr ).,
after substitution .
[0 _ (052 _ T (05D
Vv aT ” vor ),
and integration
f(T) = konst. -T (17)



24. For a photon gas, the energy density is only a function of temperature and the
pressure is given by p = su(T), where u(T) = E/V. Calculate

(a) Function u(T),

(b) entropy,,

(c) isotherm and adiabat equation.

Solution:

(a) We calculate the function u by substituting the state equation into

(3,1 (3),

since we know that £ = Vu(T), then

1 L Lou(T)
whose solution is
u(T) = konst. -T* (20)
(b) Entropy is equal
_ P
ds = T dT + (0T>V dVv

we will calculate the heat capacity from the input

E
cy = (g—T)V — 4V konst. T3

then for dS we get

dS = 4V konst. T? dT + % konst. 72 dV

This is a complete differential, so by simple integration (or two integrations and one
derivative) we get entropy equal to

S(T,V) = gv konst. T + konst 2. (21)

(c) The adiabat equation is easily determined from the last calculated expression
for entropy, ta namely, it must be constant in the case of quasi-static events:

S(T,V) = konst.

from the expression, we can include all the constants by division or subtraction into
the constant on the right-hand side, then

V - T? = konst (22)
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dr F

Obréazek 3: Twisting the bar.

We find the equation of the isotherm from the equation of state, which says that if the
temperature is constant, the pressure must also be constant. The equation does not
depend on the volume.

25. A rod is twisted by a moment of force M through an angle . (a) Prove that the
first theorem of thermodynamics in this case is of the form

dE = 6Q + M de. (23)

(b) Derive from the definition of heat capacity (and the first theorem of thermodyna-
mics) expressions for cys a c,.

(c) Find the relationship between (%—M> a (%—M> :
# / adiab # / izoterm

Solution:

(a) From the expression of work in the form
dW =F -dr = —F - (r x dyp), (24)

where F is the acting force, dr is the displacement element of the point and d¢ the
rotation vector by the angle dy in the axis of rotation. We will show that dW =
—(F xr)-dgp, , e.g. by means of expression through the antisymmetric tensor ¢;;,. We
express the element of work dW by notation using the antisymmetric epsilon tensor

—F - (rxdyp)=—F; - (gijr-rj-dpg) = —¢€pij - F5-rj-dpg = —(F xr) -dp =M - dp

where we used the definition of moment of force M = —F x de. With a suitable choice
of coordinate system: the main axis of the Cartesian coordinate system merges with
the axis of symmetry of the bar, then the scalar product is simplified to the product
of two scalars and we can write the first thermodynamic theorem in the form

dE =0Q + M dy (25)
(b) we express ¢, analogously cy, for ¢ = konst. we have 1LT:

dE = 6Q
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from where oF 50
— | =l ] = (26)
(5r) = (57).
¢y 18 a bit more complicated, we express () from 1LT and write dE as a function of
temperature and angle:

OE OFE OE
0Q = (a—T)¢dT+ <%)T do — M dy = c,dT + [<%)T—M} de

The next task is to calculate the partial derivative with respect to the angle at constant
temperature. This is done analogously to the previous case where we had pressure and
volume variables. We know that Q) /T is a complete differential, so after dividing both
sides of the equation by the temperature we use the condition necessary for a complete

differential, then
oF oM
- M=—_T=—2 2

oM

5@ = CcpdT - T <8—T)@dg0

we insert into modified 1LT

we are interested in the heat capacity, which is given by the ratio of d¢) and the
differential of temperature at constant M, so we rewrite everything in the variables
of temperature and moment of force; members with a moment of force they drop out,

since M is constant
0Q B oM Op
(a7), =1 (a—T)w (57).,

the partial derivative on the left side of the equation is the definition of ¢y, since the
equation holds for any d7', we can write

w=c~1(57) (5)., (28)

(c) First we have to express some partial derivative for adiabatic processes, we get this
from 1LT, adiabatic (quasi-static) processes are for constant @), i.e.

B oM B oM Op
O—C¢dT T(a—T)cdeO— T(&T)@(&T)ad dT

99\ _ G (9L
), T \OM),

we substitute 28) for (g_f‘z;f)so and express (g-g)a d.

(@)= (-2) &),

22
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now we will use the formula (derived at the beginning)

(@)= (5),+ (7). (&).

and we substitute for the last partial derivative

(30), (o), 0-2) (50), = (52),+(5), 0 2) = 2 (5),

So the desired formula is
<8_M) _ M <8_M) (29)
00 )aa. Co \Op ) p

26. (a) 1 kg of water at 0°C is brought into thermal contact with a large reservoir at
100°C. Calculate the entropy change of the water, the reservoir, and the entire system
after equilibrium is established.

(b) Calculate the change in entropy of the entire system if the water was first in contact
with a reservoir at a temperature of 50° and then with a reservoir at a temperature
100°C.

(c) How to ensure that the entropy of the system does not change when the water is
heated?

Solution:
(a) In the calculation, we assume that the body is so large compared to the water that
its temperature changes negligibly. The entropy change is then equal to

AQ _ mcy (Tl — Tg)
T T

= mey (5 — 1) =—11256 J-K!
T

ASg =

T mey (Ty, — T
AST = /T dT% = mey (Ty — T1) hl(T)‘%

T.
= mey (Ty — T1) In (TQ) = 131022 J - K
1

the total entropy change of the system is therefore
AS = ASg + ASt = 1298896.4 J - K!

(b) Substitute again into the previous formulas, but with different temperatures. The
following entropy change occurs on first heating:

ASp = —649.9 J - K1 ASpy, = —562.8 J- K!
and body
ASp; = 35300 J- K™Y ASp, =30211 J- K™*
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(c) Consider that we have N + 1 reservoirs. The zero reservoir is in thermal equilibrium
with the body. We will gradually add the body to the individual reservoirs gradually
according to the increasing temperature, until it is heated to the temperature T5.
The temperature of the reservoirs always increases by the same temperature, so the
temperature of the i-th reservoir is the same

T, — T
N

T(i) = 1— 11 (30)
let’s say that the body now has a temperature of 7'(i) and we will heat it to a tempe-
rature of T'(i + 1). We calculate the change in entropy of the reservoir analogously to
the previous example

T(i) — T(i + 1)

ASR = 1
Sr = mcy T+ 1) (31)
and body
T(+1)
ASt = In ——= 2
St = mecy In 50) (32)
after substituting specific 7'(i) we obtain, denote the expression a = 2 NTl
ASg = mey————o (33)
BT i ) = T
and body
ASt = In ——= 4
St = meyaln o) (34)

the total entropy change is obtained by summing the entropy changes over all cycles

—a

ASg = _ 35
R = McCy Z Z T 1) T, ( )
and body
1 15
ASt = meva Z In % (36)
— 412

=1

The sum of logarithms is simple, the middle terms are subtracted and only the extreme

terms remain, i.e.

a(N+1) -1
a — T2

the final sum of the harmonic series cannot be calculated analytically, we know that

the sum can be approximately replaced by an integral and then

AST = mcyaln (37)

N
—a 1
AS = mc _— ) — dim ¢ aQa——Q——
R VZ ali +1) — T /1 O ir D) - .
CL(N—}—].)—TQ
a—T2

= —mcyaln
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for sufficiently high N this is exactly the case. Obviously, this is exactly the opposite
value to the entropy change of the body, so the sum approaches zero as N, increases,
as the summation approximation by integration made in the last step is refined.

27. Show that for small deviations dp, dp from the equilibrium values of density p, and
pressure py the propagation of sound waves can be described by a wave equation

0%6p B ,0%p
a2~ a2’

(38)

where the speed of sound is given by the relation ¢ = \/(dp/0p),, if we assume that
events are on- ad fast that there is no heat exchange between the individual elements
of the air. Show that the speed of sound can also be calculated as ¢ = \/Kaq/po, where
the adiabatic compressibility k.q = —V( ) .q Calculate the speed of sound in air
assuming that air is made up of only N, molecules and that k = ¢,/cy = 7/5.

Solution:

We start from Euler’s equation for fluid motion

8V ~Vp

we simplify the case to 1 D |, we assume that the waves move along a straight line and

we point the x-axis in the direction of the group velocity vector of these waves, Euler’s
equation will then be

ov 821 0p

and the continuity equation
Ip  O(pv)
=0 40
ot * Ox (40)

Subsequently, we will assume that the density changes by a small value compared to
its mean value, which we write as

dp
p=po+op=py+ <8p)ad. op (41)

on the right side of the equation, we assume that the sound wave is an adiabatic
process. Similarly, we break down the velocity v, for which we can appropriately choose
a coordinate system such that vy = 0, then

v =0v (42)

we substitute the relevant developments into the individual equations, then:
poﬁév +5p86v +p05U86v +5p5U86v —

ddv v dév v s} o
e (3, s it s (), oo =g

in the equatlon we Wlll neglect the second, third and fourth terms on the left side,
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because they are significantly smaller than the first term, on the right side only the
derivative of the pressure fluctuation will remain

0ov dop
po ol 9P (43)
ot Ox
we substitute the same in the continuity equation

gp\  %p v  (Op) O(opov)
<0p>ad. o "o +<5‘p)ad. or

we neglect the third term again because the fluctuation multiple is significantly lower

than the first two terms, then
ap dop 0ov
s it 14
<8p)ad_ ot~ Mor (44)
we derive equation (51) according to time, equation (52) again according to the z

-coordinate, the right-hand sides are equal due to the interchangeability of the deriva-
tives, then we get

op 0?6 0?6v
- = 45
<ap)ad. Po o8 Po 02 (45)
and finally, after a simple modification, we get the equation we are looking for
D*p  ,0%p
= 46
o~ oa? (46)

To rewrite the speed of sound using adiabatic compressibility, we modify the partial

) @) .- @) )

we rewrite the fraction as

S I<

m
>

To calculate the speed of sound, we will use the knowledge of the ideal gas adiabat
equation

since m = pV. Eventually

pv" = pu—ﬁ Vr= %
H P
from here we can easily determine the derivative

o K—1 K kT
(_p) S :fzKp—p_l =kl = B
9/ aa ps ps p I

= konst. = K
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where we substituted the ideal gas equation of state p = pkgT' /. The speed of sound
is then

k T
c= B — 49367 m s (48)
i

28. An ideal gas expands adiabatically from volume V; into vacuum. Calculate the
increase in entropy if the gas in the final state has volume V5 and prove that the
expansion process is irreversible.

Solution:

First, I will list the formulas that we will use in the calculation. You should find their
derivation in the workbook. The first formula follows from the first law of thermody-

namics
9EN _ (o) _
ov ). “\or), "

another important formula is the expression of entropy (or complete differential) from
the first theorem of thermodynamics

_ P
ds = T dT+<8T>V dV

Energy is a state quantity. Therefore, its change is determined only by the initial and
final conditions, regardless of the intermediate states through which the gas passed.
Therefore, we can write the energy change in the form

[0k oF B op
AE—<8T)VAT+(8V)TAV—CVAT+{T(aT)V p]AV

Since this is an isolated system, the total energy must be constant, i.e. AE = 0. From
here we easily find that
1
AT = [p T (ap ) ] AV

Cy oT

Entropy is also a state variable, so it can be written for the same reasons

e 05 oy oP
35— (25) a1 (25) av-ars () av

where we substitute for AT and get

p
AS = =A
S T V
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29. The van der Waals equation of state for 1 mole of gas has the form
a
(v + W) (V —b) = RT (49)

where a,b are constants. For a given 7" he curve can have two extremes given by

equation
dp
— | =0
(av),

In addition, at the critical point determined by the parameters 7., p. a V.

2
(72), -
T

Calculate the values of T,,p. a V.. Write the state equation using the variables T" =
T/T,, p=p/p.a V' =V/V..

Solution:

First, we calculate the first and second derivatives of pressure with respect to volume

at constant temperature:
dp RT 2a
- = 4+ 7" =0 50

(av)T V02 Ve (50)

and

We express the expression from both equatio %, that is

(02P> _ 2RT  6a
T

ﬁ B 2a
Ve V3V —b)

hence the critical volume V. = 3b. By substituting into (40), we obtain the value of the
critical temperature, which is equal to

B 8a
~ 27Rb

and we substitute the critical volume and the critical temperature into the equation of
state, from which we get for the critical pressure

Tc

_a
Pe = omp
Just put in the equation of state T'=T" - T,
81" 3
V=9 7= (52)
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30. Determine::

(a) the internal energy and entropy of a van der Waals gas,

(b) the work of a van der Waals gas during reversible isothermal expansion,

(c) the temperature change of a van der Waals gas during adiabatic expansion into a
vacuum.

Solution:

(a) We calculate the internal energy by substituting into the formula

op a
dE:CV dT+ |:T <0_T)V —p:| dV = Cy dT—FW dv
from here we easily find that
E=c/T— % + konst.
We determine the entropy from the formula
B op oy R
ds = ? dT + <8T) dV = v dT+m dVv

After that
S =cyIn(T)+ RIn(V —b) + konst.

(b) We determine the work by substituting the equation of state into

Va \ %}
W= de(T,V):/ v (ﬂ_i) _

Vi Vi V—b V2
Vo—0 1 1
TIn(V —10 = RTIn — — —
RT In( )+VV1 R Vl—b+ <V2 Vl)

(c) We work out the entropy equation, the entropy change of the gas itself depends
only on initial and final state, therefore we can write:

- Op
AS = AT + ( aT) AV (53)

since we are calculating an adiabatic process, AS = 0 and after substituting from the
equation of state::

Cy R
= AT+ —A 4
0= FAT + AV (54)
from here T R
AT = ————AV 55
va—b ( )

31. The Joule-Thomson coefficient is defined using a parameter

oT
A= — [ —
(ap)H
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(a) Show that
dH =T dS+V dp

and v
A=—(1—-T«a
Cp ( p)
ap = % (%)p is the coefficient of isobaric expansion.

(b) Show that

(c) Verify that A = 0 for a classical ideal gas.
(d) Show that it holds for a van der Waals gas

3ab 2a
NS
(0= +3%) - Cy

(e) Express the equation of the inverse curve that represents the interface between the
region A > 0 and A < 0 in the p — V' diagram for the case of a van der Waals gas.

Solution:

(a) Since H = H(S,p), it is logical that by Legendre transformation we get dH =
T dS + V dp. From this formula we also know that

OH OH
— | =T,|— ) =V 56
(5),7(5). 9
We start editing the expression for A, into which we substitute the given «,, and
oS
pum— T —_—
@ (8T)p

we will start modifying the right-hand side of the expression step by step, using the
identities for the partial derivatives that we known

Vo tay= Vi T(VN | _V (9T _(9T\ (9VY _
Cy YT(5), vi\er),| T\os), \as/),\or), —

). (), (s, (5), (57) -
(), (55, (%), -
(3), (),
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(b) The procedure is the same as in the previous case: we break down the right-hand
side of a we gradually adjust the partial derivatives:

T(H)+V (e TR +V )y
Cp' (%)T T(g_?)p (g\l;)T

(a5), (5, (ar)

(@), ), (@), (5).- (@), (5), -~ (@), =

(c) for an ideal gas we know the equation of state pV = nRT. We will therefore use
the expression for A from the previous subtask. If A is to be zero, either the numerator
will be zero or the denominator will go to infinity. Let’s look at the numerator first:

dp

ap nR __nRT nRT nRT
T —_— _— pr— T— _— p— _— pu— pu—
(8T)V+V<8V)T T % g 0=A

(d) First, we adjust the denominator to the desired form:

V3

o 1 RT  2a(V —b) _ . 1 RT _@+2ib B
PV b |V =0 V3 PV —_p|lV=b V2 V3|

1 a 2ab
“Ov Pt

Analogously, we will adjust the nominator

R P
v\ Py Ty

In the fraction, the factors —1/(V — b), are divided , and thus we get the formula we
are looking for..

RT \%4 a 2ab 1 " oab

V—b_V—b<p_W+W)—mRT—V< _WJFW)}

! - a _ 2ab 1 3ab  2a
m[@”ﬁ)(v_b)_p“ﬁ_w] m(‘bp—w+v):
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(e) From the condition that the numerator must be equal to zero, we calculate the

equation
2 3
p=a(ir 1) (57)
32. Show that the thermal coefficient of expansion
Cv\ar),

95y __ (& =—-Va
dp T_ oT p_

The first equality is the Maxwell relation resulting from the Gibbs potential. If we
expand the middle expression by the volume, the expression for a drops out and we
get the right side we are looking for.

meets the relation

Solution:

33. Show that the specific heat at constant pressure, c,, and at constant volume, cy,
satisfy the relation

c—c—T@ 8_V__T§ 95
v \er) \or ), v ). \ap),

The left and middle sides are derived earlier, see (14). Individual partial derivatives
can be rewritten on the right-hand side using Maxwell’s relations.

Solution:

34. Free energy of the system F(V,T) = —§~ const -VT*. Determine its pressure,

internal energy, 3 enthalpy and Gibbs potential.

Solution:

e pressure: from the free energy equation

dF = —S dT — p dV

F 1
p=— <2—V)T = 3 const. T

we easily find that

e cntropy: analogously to the previous point:

S = (g—?)vzg const. VT3
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e we can easily calculate the internal energy from the free energy:

4
4\ 3
E=F+TS = konst. VT* = (5) 115%
3
e for enthalpy:

4
H=E+ PV = 3 konst. VT

if we want to express using pressure and entropy, we express V konst. T from entropy

and T, from pressure, then
3\ 1
H=(-)] S
(3) s

e We can express the Gibbs potential as

=

1
G=F+PV=F+ gkonst.VTs =0

35. Calculate the efficiency of the Carnot cycle (1. isothermal expansion, T, = konst,
2. adiabatic expansion,, S = konst, 3. isothermal compression, 77 = konst, 4. adiabatic
compression, S = konst) for an ideal gas using its equations of state.

Solution:

First, we write down the work and heat produced during the individual processes:
(a) Isothermal expansion (py, Vi) — (p2, Va) :

Wi =nRTiIn Ve

1

(b) adiabatic expansion (pq, V2) — (ps3, V3) :

‘ e rk—1

Q2 =0

(Vi =Vi™")  psVs

_nRT2
11—k T 1-k N

1—k

Wy = ]93‘/:;i

k—1
-(8)]
Vo

(c) Isothermic compression (ps, V3) — (p4, Vi) :
v
W5 = nRT,In 74

3

v,
Qs = nRTy1n Vi
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(d) adiabatic compression (p4, Vi) — (p1, V1) :

‘/-1 k—1
b (7)
Qs=0 (59)

t will be most advantageous to express as many quantities as possible in terms of
temperature, for the adiabatic process TV*~! applies, i.e. for adiabatic expansion

(VI =vi)  pn
11—k 11—k

Wy =pi V)"

Tl‘/QK_l — T2‘[3)K—1
T2‘/4K_1 — Tl‘/lK_l

Tl B VE’, k—1 B ‘/4 rk—1
() - o)

then we can rewrite the individual work in adiabatic processes as

then we get

TLRTQ T1
Wy = 1——= 61
T 1k ( T2) (61)
and BT T
niily 2
= 1—= 2
W4 1—r ( Tl) (6 )
work during isothermal compression
v
Wy =nRTIn — = Qs (63)
Va

the efficiency of the machine is then equal

W nRTyIn Y 4 ni0 (1—%) + nRTyIn Y 4 2L (1—2)

o 1-k 1-k T
N nRTy In ¥
T2 nk Tl T2
—1-22 T(1-2)+7 (12
T1+1—fi|i2( T2)+ 1( Tl):|
T2 nR T2
122 Ty T4+ T —Tp) =1— =2
nTios Bt h -1 T

36. Calculate the efficiency of the following ideal gas cycle. Can this process be carried
out reversibly?

1. isothermal expansion 7T, = konst

2. isochoric cooling V5 = konst

3. isothermal compression 7} = konst

4. isochoric heating V; = konst.
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Solution:

Work and heat done in individual processes:
(a) isothermal expansion (p1, V1) — (p2, V2)

Vo
nRT, Vs
[/‘/ = dv = T l —_— =
1 [/1 V nR 2 111 ‘/1 Ql

(b) isochoric cooling (pa, Vo) — (p3, V2)

Qr=—cyn(lL=T), Wy =0
(c) isothermal compression (ps, Vo) — (p4, V1)

1%
Wy = —nRT; In — = Q4
Vi

(d) isochoric heating (p4, Vi) — (p1, V1)

Qu=cyn(Ty—Ty), Wy =0
The total work is then equal

W = anH% (T2 —Tl)

1

and the supplied heat @) = @1 + @4, then the efficiency is equal

- nRIn % (T2 — Tl) B T2 . Tl )
n nRT2 In % = Ql +cyn (T2 _ T1> T2 + chlZﬁ (T2 _ Tl) TICarnot

Vi

(67)

(68)

37. Determine the efficiency coefficient of an (idealized) Otto engine that works with

an ideal gas 5 of specific heat ¢, = gR/ mol at a compression ratio of 10:1.
1. adiabatic compression,,

2. isochoric heating (=burning of fuel),

3. adiabatic expansion (doing work),

4. cooling (=hot gas exhaust, new, cold gas is drawn in).

Solution:

Work and heat done in each process:
(a) Adiabatic compression (p1, V1) — (p2, V2)

. nRT1

1—k

nRTl

11—k

Wl (‘/*21—/@ - ‘/11—/@) — (61—/@ . 1)

where we modify the expression with x

. nRT1

W, = B ncy R1TY

o (61_“ — 1) = (51_"‘ — 1) = —ncyT] (51_"‘ — 1)
- cp—Cy
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Here we used the knowledge of Mayer’s relation for an ideal gas.
@1=0 (72)
(b) Isochoric heating (po, V2) — (ps3, Va)
Wy =0,Q2 =ncy (T —T5) (73)
(¢c) Adiabatic expansion (ps, V2) — (p4, V1)

Wy = nlily ("7 =1) = —neyTy (1 —'7%) (74)

Cp
cv

(d) Isochoric cooling (p4, V1) — (p1, V1)

W4 = 0, Q4 = Nncy (Tl — T4) (75)

We can then write the efficiency in the form

—chT1 (81_'{ - 1) - chT4 (1 - 81_'{) . T4 - T1
ncy (Tg — Tg) T3 — T2

n= (e'"—1) (76)

We will now use the adiabatic equation in the form of the TV*~! = konst., which we
write for both adiabatic process

Tlv'ln—l — T2‘/2n—1’ Tg‘/;_l — T4‘/1/§—1 (77)
where do we get
‘/2 rk—1 L
Tl = T2 71 = T2€ (78)
and )
o\
Ty =Ty (Vj) = Ty (79)

we substitute in the equation for efficiency, we get

T3€H_1 — TQER_l

1-k rk—1
_ —1)=1-— 80
7 Tl C ) ¢ (80)
For the given € = & a x = 5 = T it turns out n = 0.6.

38. The Diesel cycle consists of the following parts:

1. adiabatic compression of atmospheric air,

2. combustion of the injected mixture and isobaric expansion,

3. adiabatic expansion

4. and isochoric cooling.

Determine the cycle efficiency as a function of compression ratio for an ideal gas.

Solution:
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Work and heat done in each process:
(a) Adiabatic compression

W1 = —chT1

(%)H _ 1] — ney (Th—Th), Qs = 0 (81)

where we used the adiabatic equation
Tlv'ln—l _ Tg‘/;_l

(b) Isobaric expansion

V
Wy =py (Vz = V2) = pVa <73 - 1) (82)
2
using the equation for the isobar 2 = ¥ and the equations of state for an ideal
T, — Ty

gas we can T3 rewrite work using temperature to

nRT, <%’ - 1) =nR(T; — Tp) (83)

and heat
Q2 = nc, (T3 = Tr) (84)

(c) Adiabatic expansion

Qs =0, W5 = —ncy T

(%)H _ 1] — ey (Ti— T) (85)

(d) Isochoric cooling

W4 = 0, Q4 = Nncy (Tl — T4) (86)

We then calculate the efficiency classically

—ncy (Tg — Tl) — NCy (T4 — Tg) +nR (Tg — Tg)

= 87
" ney (Tg — Tg) ( )
when using Mayer’s formula, we substitute after R
n:Cv(T1—T2+T3—T4—T+T2)+CP(T3—T2):1_Cv(T4—T1) (88)
¢ (T3 — T) ¢ (15 — T2)

Efficiency can still be overridden using compression ratios. Let us recall from the equati-
ons of adiabats and the equation of isobars

‘/2 k—1 ‘/-3 ‘/-3 Kk—1 ‘/-3 k—1 ‘/3
T == Ty, T3 = =TTy = | — T3 = — —T: 89
1 ( ) 2,43 ‘/2 2,44 <‘/1 3 ‘/1 ‘/2 2 ( )
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Substitute for temperature in the equation for efficiency

k—1 Kk—1
(1) wn-() & s e
K (ﬁTg — Tg) %) K 3 2
Expressions Viz will be shortened. From the numerator, we will write VX and from the

denominator in parenthese V5, then

() -1 (91)

Let us now denote p = Kz ac= then

(92)

39. What is the total entropy change if we mix 2 kg of water at a temperature of 363
K adiabatically and at constant pressure with 3 kg of water at a temperature of 283
K? (¢, = 4184 J/Kkg)

Solution:
First, it will be necessary to calculate the resulting temperature, let’s denote it by 7.
The first body must give up the heat @), which the second body receives, i.e.

micp (Tl — T) = MaCyp (T - Tg)

from here
. m1T1 + m2T2

my +m2

T

The entropy change of one body is equal to

1 T 1 my + mz%
AS, = [ dQ= = AT~ = myc,In ———— &
1 / QT micy /va1 T miCp 1N my I -

analogously, we calculate the change in entropy of the second body

my + me my + Mo 2
ASy = mac,In ——— = myc, In —————— + moc, In —
2 2 m1%+m2 2 m1+m2% 2P Tl
The sum is then equal
P
AS =AS| +ASy = (my —ma)c 1n%—l—mc lng (93)
1 2 1 2)Cp m1+m2 2Cp Tl
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40. A refrigerator can turn 10 liters of water at 0°C into ice at the same temperature
in one hour. For this, the thermal energy ) = 800kcal(= 800 x 1,163Wh) must be
transferred to the air (27,3°C). What is the minimum power the refrigerator must
have?

Solution:

Assume that this is a Carnot cycle, the efficiency of which is equal to

n=1-— (94)

where 717 is the temperature in the refrigerator an 75 is the ambient temperature. Let
us denote ()1 the heat that must be removed from the refrigerator, W the work that the
working machine will do and @), the heat that will pass into the external environment,
apparently this heat is equal to

Q2 =W+ (95)
At the same time, we know that the basic definition of the efficiency of a heat engine
is
w w
(96)

S Wi

from where we can easily calculate the job sought

W= 1"?1” - jl_ : (97)
-7,
(21 is equal to the quantit ) from the specification, after calculation we get
W =93 W-h (98)
from which it is clear that the power consumption must be equal to Py = 93 W.
41. Prove that for " — 0 there is no system described by pV = const -T'.
Solution:
We can write the pressure of the system as
T
p = konst. v (99)

where T" and V' are the independent variables. Free energy is also expressed in these
variables

dFf =-SdT' —pdV (100)
According to the third law of thermodynamics limp_,o+ = 0 regardless of pressure,
volume, density, etc. Therefore, it must also be true that
0S
- 0 101
(), o
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From the free energy we find that

s\ ([ 0p _ konst.
(5v), = (57), == e

which contradicts the third law of thermodynamics.

42. A closed system consists of two simple subsystems that are separated by a movable
wall that allows
(a) only heat exchange,
(b) both heat and mass exchange,
(c) neither heat nor mass exchange.
What are the corresponding equilibrium conditions?

Solution:

Subsystems can be described by changing individual physical quantities. Since the
sub-systems form a system isolated from the surroundings, so the total energy does
not change, i.e.

dE = dE; + dE, (103)

whence apparently dF, = —dFEs.
(a) the same is also true for entropy

and for volume change
dVi = —dVj (105)
for the total entropy change we can write
1 P1 1 P1
dS=0= = dE; +=d — dFy + = dV; 1
§S=0=7 dB + 7 dVit 7 dB + - dVe (106)

where we substitute the equations written for the change in volume and energy

02%@&+%@%—%d&—%@%:Q%—%)Eﬁ(%—%)WMNU
for the expression to be equal to zero, the individual parentheses must be equal. The
first parenthesis implies equality of temperatures, the second parenthesis equality of
pressures.

(b) the same conditions apply here as in the previous point, in addition also the con-
dition for the number of particles dN; = —d N5, by analogous calculation we arrive at

the equation
1 1 P1 o P Mo
(- ) aE (B ay g (2w 108
(Tl TQ) 1+<T1 Tz) 1+<T2 n) M (108)
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which also results in the equality of chemical potentials.

(c) In this case, dS; = dSy = 0, also for heat and number of particles, only for volume

change we can still write dV; = —dV,. We describe the change in internal energy

dE(S,V) =p1 dVi +py dVo = (p1 — p2) dWy

from which it follows that only the pressures must be equal.

(109)

43. Two equal quantities of ideal gas with the same temperature 7" and different pres-
sures pi,pe are separated from each other by a partition. Determine the change in

entropy resulting from the mixing of the two gases.
Solution:

The entropy of an ideal gas is given by the relation
S=ncyInT+nRInV — Rnlnn
The entropy of the separated gases is given by
Si=n(cyInT+ RInVy) — Rnlnn, Sy =n(cy InT + RInV,) — Rnlnn
the entropy after mixing the gases is equal
Si2=2nlcy nT + Rln (V; + V5)] — 2Rn1n(2n)
the difference of these entropies is then equal

AS=851—-5 -5 =nR2In (Vi1 + V) —In(V;-V3)] —2nRIn2
2 P22
=nR {QIH (nRT + nRT) —1In (n R )] —2nR1n?2

b1 b2 Dbip2
2 2
=nRIn (prfpa) ) RnIln4 =nRIn (1 £ p2)”
P12 Ap1p2

(110)

(111)

(112)

44. Determine the maximum work that can be obtained by combining equal quantities
of the same ideal gas with the same temperature Ty (and different volumes or pressures).

Solution:

The entropy of the gas before mixing is equal

Si=n(cylnTy+RInVy) — Rnlnn, Sy =n(cy InTy + RInVs) — Rnlnn
after mixing the gases is entropy

S =2n[cyInT + RIn (Vi + V3)] — 2Rn1n(2n)
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We first determine the sum of entropies before mixing
S1+ Sy =2ncynTy +nRIn(Vy-V3) —2nRInn (115)

Again we calculate the entropy difference, so that the work is maximal, the entropy
change must be zero, from here I get the econdition

T Vi Vi
2y In— = Rln ———2— + 2RIn?2 (116)
To (Vi + V)

by combining the logarithms on the right-hand side and taking the logarithm, we obtain

(&) - [ae] )

from where we calculate the resulting temperature

R k—1
4V, - 30y 4 5
—T, [LV?J — {%} (118)
(Vi +V2) (Vi +13)
The maximum work is then equal
AW =2ney (To = T) (119)

45. Molar volume of water v(® = 18 cm?/mol, the molar volume of ice is 9.1% larger (at
a pressure of 10° Pa ), The molar mass of water is 18 g/mol. The latent heat of melting
of ice is 330 kJ/kg. Calculate the change in melting point as the pressure changes.

Solution:
We will use the Clausius-Capperian equation

d_T B TAv
dp q

(120)

it is enough to substitute the entered values in the right side. Difference in molar

volumes
Av=2v? — M =0.091-18-10"°=1.64-107% m™3 - mol ™! (121)

latent heat is equal
q = ml = 3300000 J - mol~* - 0.018 mol = 5900 J - mol " (122)

After substituting into the CC equation

dr
— =75-10 K -Pa™* (123)
dp
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46. When the magnetization M changes by dM the system performs work dW =
—H dM, where H is the intensity of the magnetic field. (This is work done per unit
volume; volume V' = konst. = 1.) Determine the difference in heat capacities cyg — cpr
at a constant field H and at a constant magnetization.

Solution:

The first law of thermodynamics is of the form
dE =0Q +H-dM (124)

according to the condition of constant field H and M we can choose a coordinate
system by rewriting the scalar product as H - dM. We can now proceed analogously as
in the case with volume and pressure: for ¢y, for M = konst.:

dE = 6Q

(), (),

to calculate cy we express 0@Q) term from 1LT and rewrite d&' = dE(T, M)

OE oFE OH

we convert to the variables of temperature and magnetic field intensity

5Q B OH oM
(a—T)H A= cu dT‘T(a—T)M (a—T)H ar

whence apparently it is true that

from where

0Q oH oM
2 — — —_T (== _ 12
(57), =en =7 (57), (o7), (126)
then the desired result is of the form
o0H oM
— =-T|— — 12
ew—en=1 () (57), ()

47. Determine the equation of the adiabat of an isotropic magnetic.
Solution:

from the previous example we can easily determine 6¢Q) from dS

. Cyp OH
dsS = T dT (0—T)M dM
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or the derivative at dM we substitute the result ¢y — ¢y, and AT = dT' (M, H), then

_CM oT oT Cg — Cp oT .
=5 (), v (), ] == (), =0

after editing

or oT
— dM — dH =
on (gaq),, 1+ o (5),, =0
in the end we multiply
1 (oH
Cyp oT M

and we get (using the formula for the relationship between partial derivatives)

Cy oM
— dM — | — dH =0 128
Cm <8H)T ( )
48. Show that it holds
‘n _ XT
CM XS’
where
_(om
XT = OH .,
and
B oM
Xs = OH .
Solution:

In the expression derived in the previous example

Cy oM
SHoam - (= H =
d (aH)T(1 !

we rewrite dH = dH (M, S), then

CH M — (8_M) (8_H) AM = E av — X am=o
CM aH T aM S CM XS

apparently it applies from there

CH _ XT (129)
M XS

49. The gamma function is defined by an integral

(e}

I(n) = / dt exp(—t)t"".

0
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1. Prove the relationship
I'(n+1) =nl(n),

2. calculate I'(n), n € N,

3. calculate

1
F<n+§),n€N.

We will prove 1, first, as we will use this formula in the following points as well. So
let’s write the relation for I'(n+ 1) from the definition and adjust this expression using
per partes

Solution:

I'(n+1) / dt exp(—t)t" = —t" exp(—t)|, +n/ dtt" texp(—t) = nl'(n).
0 0 0
In part 2 we first determine I'(1):
/ dt exp(—t) = —exp(—t)|;” = L.
0

We will now use the formula from 1 to calculate the values of gamma functions for

other natural numbers
re=ra+1)=1-r{1)=1,

ra)y=2-12)=1-2,
r'4)=3-I'3)=1-2-3=6,
['G)=4-T4)=1-2-3-4=24,
we can therefore determine a formula for general n:

F(n-]—l):n(n_l) ..... 3-2.1=nl

Analogously, we calculate 3: first I'(1/2):

r (%) = ]O dt exp(—t)t_% = 2]0 dsexp (—s*) = /T,

where in the last integral we substituted t = s?. Now we will calculate the values of
the gamma function for the next n:

()-r(od)-() -2
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(0)- ()1 e
(D)) -1 3 =B
generally for n
(e d) n g TS bt

50. Using the Gamma function, calculate the approximate expression In(n!) for large
values of n (Stirling’s formula).

Solution:

From the previous example, we know that I'(n 4+ 1) = n!. We will use this fact in the
calculation. So let’s write the Gamma function and adjust the argument accordingly

I'n+1) = / dt exp(—t)t" = / dt exp(—t) - exp[nn(t)] = / dt exp[nln(t) — t].

We make the substitution t = n + z

o

/dt exp[nIn(t) t]:/dx expnln(n +z) —n — x|
0

—-n

~ / dt exp [n In(n) —n — %} = exp[nIn(n) — n] / dt exp <_%) .

Since the Gaussian function is non-zero only on a certain interval, the width of which,
however, is much smaller than n, we can send the lower limit of the integral to —oo.
Then we have a Gaussian function that we can integrate

explnIn(n) — n] ]O dt exp <—§) - +/Oodt exp <—§) = V2mnexplnin(n) — n).

—-n —00

51. A hydrogen atom is in the level n = 3. Assuming that the occupation of the energy
levels is given by the microcanonical distribution, calculate the probability that the
atom is in states with the same secondary quantum number [.
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Solution:

First, it is necessary to determine the number of possible states for each quantum state

described by [. For n = 3 the possible quantum numbers are [ = {0,1,2}. Each state
with the orbital quantum number [ is further divided according to magnetic quantum
numbers, namely m = {—I,—l + 1,...,1 — 1,{}. Each such state is further divided
according to the spin quantum number s = £+1/2. Now we count the number of all
possible states for each state with a given [:

e | =0: m={0}, s={£1/2}, and thus two states are possible,

o [=1:m={-1,0,+1}, s = {£1/2}, six possible states,

o [=2:m={-2,—-1,0,+1,+2}, s = {£+1/2}, ten possible states.
We can easily calculate the probability using a formula

4 states with quantum number [ =1

Ww; 9

# all possible states

from here we easily find that

52. Entropy for an isolated system is given by the relation S = kgInI', where I' is
the number of microstates. For a closed system S = —kg ) w, Inw,. Show that both
relations are not contradictory.

Solution:

The system is divided into (body) and A" The energy of the isolated system is the sum

of the energies of these two systems, whose energy is equal to Fy = F+ E’ = konst. Let
us now calculate the entropy in individual cases. In an isolated system A each state n
is associated with I'(Ey — E,,) states of the system A’. We can modify this expression,
let’s take the logarithm of the number of states, which we expand according to the
Taylor formula to the first order according to E,

E
kg In[['(Ey—E,)] ~ kg In F(EO)_a%kB InT(E)E, = kgln F(E0>_§—ZE7L =kgInT(Ey)——=,
(130)
after subtracting the logarithm and dividing kg in this relation, we get
Ey
B

The total entropy of the isolated system is then equal to

So = kgln [Zn: I'(Ep) exp (- kz" )

kgT

E
— kD (Ep)+kpln 3 exp <_ " ) — ki InT(Ey)+ks In Z.
(132)
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In the case of a closed system, it is necessary to add the entropy in both subsystems

So=85+9 = —kBanlnwn+kBlnF(E0 —F)=

1 En En 8kB In F(E())

—kgY —exp(— —InZ— +kgInT(Ey) — ——"YF =
B;Z p( ks )( kBT) sIn1'(£p) 9E,
11 E, E E E

kBan+T;7eXp <_kBT) By + ki InT(Ep) — 7 = ki In Z o + b In T (o) — o =

kB In F(EQ) + ]{?B InZ. (133)

In both cases, the entropy is given by the same expression.

53. Show that the heat capacity cy is given by the energy fluctuation, i.e.

1
C o
VT kpT2

(AE?).

Solution:

The mean energy of the system is equal to
E=Y w,E,,

for V' = konst. FE, does not change, then we can write for the heat capacity
oF ) (8wn )
Cy = —_— = En e .
The probability of occupying a given state is equal
F—-FE,
W, = ex )
P\ ksl

from which we easily obtain the derivative with respect to temperature

ow, o (F—E, F-E,\ T(%),-F+E, F—E,

= — ex = €X .
ar ), or \ ksT ), T\ ksT k12 P\ kel

Now we will use the knowledge from thermodynamics, from which we know the defini-
tion of free energy

F=FE-TS, dF = —pdV — SdT,

oOF
(a—T)V =

E=F+TS,

after that

and
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which we substitute in the relation for the derivative w, with respect to temperature

dw, E,~E (F-E,\ E,—E
= ——— X - .
ar ), kpT? P\ kpT kpT2 "

The heat capacity is then in the form

E,—E 1 1

from there we get the relationship we are looking for

1
 kpT?

Cy

(AE?).

54. Calculate the thermodynamic properties of the system of /V distinguishable classical
harmonic oscillators with frequency w.

Solution:

The energy of the system of harmonic oscillators is equal

- pr 15,
E = Z <% + gmw qn) . (134)

We first calculate the statistical sum
N
1 P muw?q?
7 = __ dN . dN . o n n
PN oo @ 17 PEXP [ ; <2kaT ATy
N
1 P? mw?¢?
N o P geXp (2kaT T T
N
1 P2 mw?q?
— dp,, - dg, - n n) —
hNgl /R P Clln = €D (2kaT T ST
o N
1 /oo d p2 N / d mw2q2
_ . ex ex ==
R DTy ey TP\ kT
0

1 \/2 o 2T (2T (kT 135)
hN BT R o\ hw o\ w '

We can easily calculate the free energy from the relation

ks T\ ™ kT
F=—kgTln(Z) = —kgTIn (%) — —NkgT'In (;—w) . (136)
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We will use Maxwell’s relations to calculate pressure and entropy

p=— (g—g)T =0, (137)

S =— (g—i)v = Nkg [m (k;fj) + 1} (138)

55. Consider a gas with diatomic molecules. Calculate the molar heat capacity of the
given gas. Consider only the vibrational motion of molecules, when the energy is given

by the relation
1
E, = hw (n + 5) . (139)

First, calculate the statistical sum from which you will determine the free energy and
from the free energy you can already determine the required heat capacity. You can
write the resulting heat capacity in the approximation of low and high temperatures.

Solution:

We calculate the statistical sum (partition function)

2= on () - Zexp[ CLESIEAWE ) S ().

(140)
An infinite series is a geometric series for which we can find the sum. Then we can
write the statistical sum in the form

exp (—ﬂ) 2 1
7 2hel) = . (141)

1 —exp (—kBMT) 2 [exp (%) — exp (—%ﬂ 2 sinh (%)

The free energy can be easily found using the statistical sum

) hew
F=—kgTIln(Z) = kgTIn {2 sinh (QkBT)] :

From a computational point of view, the most advantageous procedure seems to be to
first calculate the internal energy using a formula

OF
E=F+TS=F— T(&T)

After substitution and derivating it comes out

‘ B ) hw hw hew
E =kgT1In {2 sinh <2kBT)} — kgT'In {2 sinh <2kBT)} + TCotanh (QkBT) =

h—wcot nh e
g OV 9p,T )

90



We can easily calculate the required heat capacity from the energy

v (g_]TE>v - (7%“)2 kg cosh12 () (142)

kBT

Finally, we will determine the heat capacity for high and for low temperatures:

e approximation of low temperatures: in the equation for heat capacity, we break
down the cosh function using exponentials

o= (), = (7) 1
V p— —_— prm— — .
or /J ') ke [exp (k%)T) — &Xp (_k%uT)]z

The first exponential acquires significantly larger values than the second expo-
nential, so we can write the heat capacity in the form

4 [ hw\? 2hw
~—  — —_ . 143
v kB(T) eXp( kBT) (143)

e approximation of high temperatures: in this case, sinh acquires very small values,
therefore we develop according to the Taylor formula to the first order, then

w1
oy~ 4 (_) g (144)
T kB <2hw>

kT

56. Derive the form of the Maxwell-Boltzmann distribution of the speeds of gas mo-
lecules. Proceed only from the assumption that the space is isotropic and that the
movement of gas molecules in individual directions is independent.

Solution:

Let us denote the desired function f(p) = f (ps,py,p.). Equations follow from the
conditions of the assignment: independence of direction

isotropy of the space
f e py, p2) = f(Ip) (146)

from here we get the equation

which we logarithmize (denote f, (p,) = f. a f(|[p||) = f

Inf,+Inf,+Inf.=Inf (148)
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we calculate the derivative with respect to v,, only the first term remains from the left

side, the right side is derived using the knowledge of the norm ||p|| = /p2 + p2 + p?

oL p f

= = - 149

f o7 ol S .
In this equation, the equations can be separated
/ /

Both sides must be equal to a constant. Let’s take the right side, which we multiply
by the speed norm

/

7 = konst. ||p|| (151)

we can find the solution easily

f=Cexp (k’|§||2) (152)

for a physically acceptable result, £ must be negative.

57. Derive the Maxwell-Boltzmann distribution of atomic momentum using the cano-
nical distribution.

Solution:

Normovaci konstantu nalezneme zintegrovanim funkce ptes cely hybnostni prostor, ta-
kovy integral musi byt roven jedné

+o00 p2
1= /_Oo /_OOCexp (_kaT) (153)

Prevedeme na sféricky integral

+00 p2 2m ™ [e'e) ) p2
/_OO //_OOCeXp <—2ka> :C/o dgp/o d@sm(é’)/o dpp” exp (—2ka)

(154)
Uhlova ¢ast je rovna 47. U radialni ¢asti provedeme substituci t = %j;”w
/ood 2 P /Oodt,/kaTz ksTtexp(—t) = V2 ( kT)%/oodtﬁ (—t)
exp | — = m exp(—t) = m exp(—
. pp- exXp omkT ; o B p B ; p
(155)
integral je roven gamma funkei I' (3) = 1I" (5) = /7/2 Nasledné
1 = CV2 (mksT)? g — (2mmkpT)? (156)
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normovaci konstanta je tedy rovna

= m (157)

(M3

58. Assuming the validity of the Maxwell-Boltzmann distribution of the speeds of
gas molecules, calculate (a) (p,), (¢) VAEZ2 (b) (p), (c) (p?), (f) the most probable
magnitude of momentum, (d) (v?), (g) probability that p, > 0.

Solution:

At the beginning, we calculate the general integral

I ot

Again we convert to spherical coordinates. We will perform the integration over the
angular part in exactly the same way as in the previous example. The radial part
throws out the Jacobian p?, then

+oo o0
/ // dpp” - exp (—ap?) = 47?/ dpp"*? exp (—ap?) (158)

0

by substituting ¢ = ap? we arrive at the integral

/ itz exp(—t) (159)
0

1
2an+§

from where we get the desired value of the integral

Foo 2 n 3
/// dpp” - exp (—ap®) = ——T (— + —) (160)
o az T3 2 2

(a) We don’t even need to calculate this integral. If we write the triple integral, it
is easy we convert to three integrals. The only integral over the x coordinate is of the

form
+00 p2
dp,p. — L 161
/_ P exp( 2mk:BT) (161)

o0

at first sight it is obvious that we are integrating an odd function over a symmetric
interval. The integral is apparently equal to zero.
(b) Using the formula for the integral for n = 1, then

3
2rC 27 (2mkgT)? 2mkgT
p)=—75TQ)=—7"""—"—"75 =2 (162)
a (2rmkgT)? &
where C' is the normalization constant, which we also need for the calculation.
(c) We apply exactly the same formula as in the previous case, only for n = 2.
(p*) = 3mkgT (163)
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(d) Assuming the classical relationship between momentum and velocity p = mv we
can write

()= (L) = oo = 2t (164)

(e) First we need to modify the fluctuation equation

AE = ((E—(E))’) = (E* = 2E(E) + (E)’) = <E2> (E)* = (E%) =
(165)
we assume the classical dispersion relation £ = which we substitute in the fluctuation

equation

2 )

p4 p2 ? 1 4 2
2= ()~ (3m) = e ()~ %) 109
the calculation was thus reduced to the calculation of mean values. In addition, we
have already calculated the mean squared value, so all that remains is to calculate the
fourth power, then
6 (mksT)> 6

= (ksT)? (167)

AE = \/ngT (168)

(f) We must determine the most probable magnitude of momentum from the defi-
nition of probability density

1 2 2
AE = yv (15 (mkgT)” — 9 (mkpT)") =

after square root we get

2

AW = f (ps, py, p2) dps - dp, - dp, = dmp*f(p)dp = dnp?exp | ——L1 dp (169)
kaBT

so the expression in front of dp is enough to differentiate to find the extremum of the

function ) ) )
p 2 P p

2 - — - =0 170

b eXp( ka:BT) Y omlksT eXp( 2kaT) (170)

after a simple modification, we obtain p? = 2mkgT. Then p = /2mkgT.

(g) this case, we solve the triple integral with the only difference that the integration
over z takes place only in the interval (0, 00). Considering that we are integrating over a
symmetric interval an even function, the contribution of both the positive and negative
parts must be equal. Then the probability is equal to one half.

59. Calculate the density distribution in a column of gas with base A under the
influence of a homogeneous gravitational field (in the atmosphere). Assume that the
gas is made up of indistinguishable particles, each of mass m.

Solution:
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Again, we start by calculating the statistical sum. We write this for a system of
indistinguishable particles in the form

1 p; mgq
Z — d3N . d3N . o n
NI(27h)? / prava-exp zn: 2mknT | kT

R3N xQ

where Q = {[z,y,z]; x € [-L,L], y € [-L,L], z € [0,00), L € RT}. We calculate the

statistical sum for one particle

1 p’ mgq
Z = dp-exp [ — dg-exp [ —
(27h)? / b eXp( zkaT) / 1 eXp( kT )|
R Q

the first integral is from a rescaled Gaussian, therefore it is equal

2
/ dp - exp ( Qmpk‘BT) (2rmkgT)3.

R

Second integral

L L [e%)

kgT

/dq-exp< kBT) /dx/dy/dz exp (—ZLQ;) :AmB—g.
“L 0

Q —L , _
) kR
After that . LT
ormkpT)2 A—E~ 171
(27?71) ( mmhpT)? mg (171)

The probability density that the particle occurs in the phase volume d®p - dq is given

4 1 d%-d’%g . p? . mgq
Wy, = 5 ———€xp | — xp | — =
Z @2rhp CP\  2mkeT ) TP\ kT
mg

2
p 3 3
exp | — exp d’p - d°q.

(2rmkpT)2 AkgT < 2kaT) < kBT)

We will only be interested in the probability of finding a particle in a given position
q, therefore we will integrate wn over the momentum space q, where w,, denotes the
probability density of the given particle in the element

mg mgqs\ 3
dw, = —— — d
/ = AT P ( kT ) ¢

p Vo
P

where P denotes the probability density of the given particle in the element d®q. Then
we get the number density

Nmg mygqs
= — . 172
T AT P ( kT ) (172)
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The density is equal

0(2) = 0(0) -exp (-2 (173)

60. Show that pressure and energy density have the same unit.
Solution:

ovéiime jednotky z defini¢nich vztahu:

C[F] kgem-sT? B
[p]—E—T—kg'm 877,

61. Calculate the density of states for relativistic particles and find the limit relations
for classical and ultra relativistic particles.

Solution:

The relation holds for the density of states

p(E) = ﬂi\/ol (Sd_l)

T (174)

where g is the degeneracy of energy levels, d he dimension of space, and Vol (S d_l) sur-
face of d—1 dimensional sphere. In our case, we have d = 3. The dispersion relationship
E(k) is given by the relation

E =~vm2c* + h2k2c2,
from here
T2 _ m2A
he ’
Substituting the appropriate quantities into (174) we get

L —

drgV 1
E)=———FVE?>—m?2c. 175
PE) = o e (175)

e (lassical limit — Energy in this case is equal to:

h?k?
Fu ~ E —mc* = Vm2ct + h2k2c2 — mc® = mczw I+ —5 - me? ~
mc

1 B?k? h2k?
2 - - 2_ -
me (1 + 5 m202) me Syt (176)
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e Ultrarelativistic limit — in this case E > mc?, applies , then we can neglect the
second term in the square root

62. Show that in the classical case it is possible to derive the Maxwell-Boltzmann
velocity distribution law from the grand canonical distribution of a single particle.

Solution:

It holds for the number of boson states in the energy interval (F, E + dFE)

p(E)dE

exp (%) +1

E —
exp (— kBTM) < 1,

we can neglect the one in the denominator. Then, after substituting for p(E) we get

dN =

Since in the classic case it is

AmgV E—
dN = —=—=V2m3FE dE.
@rhp " eXp( kT )

We transform the expression from energy coordinates to velocity coordinates

dE = 8—Edv = mu,
ov

because we consider the classical formula for kinetic energy E = 0.5 - mv?

4 — 4 2
dw = gV g M ™ exp 0.5mv* — pu mdo = 9V 32 e (—— 0 Vexp (— o
(2wh)3 kgT T m

To calculate p we start from the relation for one particle

Iz gV 3
2 T)z2
(127 = gt

(QkaBT)%

l\.’)\v?

1 r z2
3 / dx .
r (5) ; exp (a? — —kgT> +1

In the integral, the exponential acquires significantly larger values than one, so we
neglect the number one, we get

/ dz 22 exp ( T+ k:BLT) ~ exp (kBLT) / de 23 exp (—x) = exp <ICBLT) r (%) .
0

0
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We substitute in the previous formula

gV H 3
SEE exp (]{ZB—T) (2mmkgT) ™ 2.

—~

Where do we receive

dw—tr (=" Y orexp (=2 ) a (r7)
v 27T]€BT voexp QkBT v

1 T L
B,(y)=—=—— | d , 17
=165 | =g )
0
and -
1 l.n—l
F.(y)=—=— | d . 17
=165 | =g )
0
For these functions prove
dBn-i-l(y)
B,(y),
i (y)
and AFyir(y)
n+1\Y
F, )
i n(Y)
Solution:
Let’s do the math first
dy dy Fn+1 exp(z —y) —1 I'(n+1) dyexp(z —y) —1
0 0

In this phase, we will use the knowledge of the derivative of the function in the argument
of the integral. As

d 1 o d 1
dyexp(z —y) —1  dvexp(z —y)—1’

we can substitute the expression on the right-hand side into the integral, in which we
get integrating by parts

1 fd o d 1 1 B z" °°+/d n- ™!
I'(n+1) o drexp(r —y)—1 T(n+1) exp(x —y)— 1], xexp(x—y)—l
0 - 0

o8



Furthermore, we know that I'(n + 1) = nI'(n). Then we get

ABo(y) d 1 ]o )
v () (150)
0
The relation for fermions can be proved analogously.

64. From a relationship

_ 9V ip, (-
Q= kBT(QTrh)?’ (27rkaT) B§ (k‘BT) y (181)

valid for a non-relativistic ideal boson gas, count the number of particles N and derive
the relation for the chemical potential within the classical limit.

Solution:

The number of particles is given by the relation

),
o TV

where we substitute relation (181), then we get

gV 3 0 p
N = — Ti 2 T 2—35 I —— .
kel Gy (2rmkel ) 5 (w)

From the previous example we know that

dBn—l—l(y)

- Bn 5
i (v)

from where

dB, 11 (,CBLT) 1 5 A
du kgT " \kgT )’

The number of particles will then work out for us

V .
N = (er h)3(27rkaT)ng (kBLT) . (182)

65. Calculate ¢y of a non-relativistic fermion gas and verify the validity of the classical
limit for ¢y /N.

Solution:

In the calculation, we will use the knowledge of the internal energy of the fermion gas

in the classical case
1
EF=—-—""F(gTFs | — 183
28" 2<kBT>’ (183)



and the relation for the number of particles

gV 7
N = F — 184
)\3 <k:BT) ’ (184)
where
2mh?
Ar = . 185
r kaT ( )
We expand the energy using the expression indicating the number of particl N/N (T, u),
we get
I (L)
E-= gNkBTJ,

We will introduce

1
F,| — ) =F,..

We calculate the heat capacity according to the well-known formula

OF'5 OF'3

<8E> 3 Is 3 a7 I3 — s 57
Cy =

e = 5 Nks—=2 + S NhyT (F )2 :

the derivative of the function F;,, with respect to 1" looks as follows

OF, _ 9 m N |k 1 P
or )y, OT \ksT) " T )y ksT  kpT?

We put in the relationship for ¢y, and receive

n—1-

Fy FiFy
ev = SNkp— + 2 oy O _ﬁ S A 1
2 " Ty ar T (r,)

2

For the next calculation, we will use the fact that the total number of particles does
not depend on the temperature, i.e

ON 3 1 (o 1
(8—T)va =aht [ (8T> kT

From there we express the partial derivative of the chemical potential with respect to

temperature
op 3 P
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After replacing it in ¢y we get

3N F%F% 3k F% 3Nk Fg 3Nk Fg 3NF% FgF%
B O A i U O
% 2 2 2 Fs

In the classic case, we can approximate the function F), by

F, ~ exp (kBLT) , (187)

then all the ratios of the function F' are equal to one and we get the well-known relation
for the heat capacity

3
cv & 5 Nkp. (188)

Another way of solving: First, using thermodynamics, we calculate what cy y. is equal

to. We know that
C — T —S
V,u 9T ’ )

we introduce entropy as S = S (N(u, V,T),V,T), then

05\ . (9S(NGLV.TLV,T)Y (95 (0N o5
T((‘)T)W_T( aT W_T N ), \ar W+T I ) v

We will use Maxwell’s relations arising from the free energy relation

dF = —SdT — pdV + udN,

oS\ _ (0w
ON va_ I

Assuming that at constant volume the number of particles does not change, i.e.

dN:<3_N) +(3_N) o,
ol v or LV

ony  __(Ow) (9N
or') yv ON)py \OT ),y

We substitute the calculated partial derivatives into the expression for ¢y,

ON\ ! /ON\? oS
v =1 (w)w (a—T) o (a—T)
~—_——

CV,N

from where

we get a relationship
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For the heat capacity we then get the relation
(5),
— _potwv
Cy,N = Cvpu ( o )
o)y

In this step, we will finish with thermodynamics and use the results of statistical
physics. It is enough to just substitute the relevant quantities for the classical fermion
gas. for a non-relativistic fermion gas. The thermodynamic potential of such a system
of particles is equal to

(189)

gV P
b 5 keTFs (kB—T> (190)

From (190) we find the entropy of the gas

o0 —gVkg (5 I
=— (=) = g —__—— A
S <8T>W ¥ <2 5 kT )

From the entropy, we can easily find the heat capacity cy,,

oS ngB 15 ,u2
-7 _ “p Fy+ 1)
<8T) ¥ (4 3kBT TR

0=

Z (184) We calculate the partlal derivative from
ON gV [ 3 L
) =2k PR
(aT)w A3 (2T 5 hpgl? )

Ny _gV L

Substituting everything back into (189), we obtam

2
15 1 1 Y %
Ppoo3 g p)-1( L2 Pt p o Mo
(4 P T e ) IT°F, kel 1 RRTT S

And finally

gVks
C = —
V.N >\%-|

)

We divide the whole expression by kgN, we substitute (184) on the right-hand side
evw 158 oo o By ooFy o B
k3T Fs 4 F1 kyT k%T2 F% ’

ksN 4 Fy C “kgT

In the classical case, we can again approximate the function F,, by expression (187),
then ) ) 0 )
5
con 15 g p o w9 g p @
kgN 4 ksT ~ kgT? 4 ksT  kgT?
We get to the best part of the calculation, the only non-zero term will be 3/2, the

others disappear, then we have the result

Cy. N 3
— = — 191
ksN 2’ (191)

which is the same result as in the previous case.
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