Thermodynamics

Jintal Lin
Teaching materials are from Michael Wallace and Richard Goody
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Michael Wallace book

4.30 A small, perfectly black, spherical satellite is in

4.31

orbit around the Earth at an altitude of 2000
km as depicted in Fig. 4.37. What angle does the
Earth subtend when viewed from the satellite?

If the Earth radiates as a blackbody at an

equivalent blackbody temperature T = 255 K,
calculate the radiative equilibrium temperature
of the satellite when it 1s in the Earth’s shadow.




Michael Wallace book

4.35 Consider two opaque walls facing one another.

4.38

One of the walls is a blackbody and the other
wall is “gray” (i.e., &, independent of A). The
walls are initially at the same temperature 7 and,
apart from the exchange of radiation between
them, they are thermally insulated from their
surroundings. If & and £ are the absorptivity and
emissivity of the gray wall, prove that ¢ = a.

(a) Consider the situation described in
Exercise 4.35, except the both plates are gray,
one with absorptivity ay and the other with
absorptivity as. Prove that

Fi_F
¥ o

where F| and F> are the flux densities of the
radiation emitted from the two plates. Make use
of the fact that the two plates are in radiative

equilibrium at the same temperature but do not
make use of Kirchhoff's law. [Hint: Consider the




ldeal Gas Equation
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p = pRT
pa = RT

a = 1/p is the specific volume of the gas

Universal gas constant R*: 83145 J K1 mol !
I € o
A ldeal gas: negligible molecular size and no interactions

except elastic collisions
A Ambient air is close to ideal gas, and is treated as so
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Grammolar mass\:

n:

S

| @2 3| RuNMBeON: 6.022 X 1023 per mole

| @2 3 RNR QAa(18K18 ¢adfed dorBaingithe
same number of molecules occupy the same
volumes at the same temperature and pressure. So:

pV = nR*T
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John Dalton in 1787:

The total pressure exerted by a mixture of gases that
do not interact chemically is equal to the sum of the
partial pressures of the gases

Partial pressure of a gas is the pressure it would exert
at the same temperature as the mixture if it alone
occupied all of the volume that the mixture occupies




Dry Alr

For dry air: pgoy = R,;T

ABelow turbopausé> 1M km), R
IS constani(287.0 J k§ K1)

AAbove turbopause, heavier gase
decrease with height faster!

Apparent molar mass:

Emi

Md — imi
2,

= 28.97 gmhol

Therefore:

R* 8.3145
R,; = 1000 — = 1000
d M, 28.97

= 287.0J K- lkg™!



Water Vapor

Water vapor: ea, = R, T
Therefore:
R* 8.3145
R, = 1000 — = 1000 = 46151 J K 1kg!
v M., 18.016 Thke
R M
—d = = = 0.622



Virtual Temperature

Virtual temperature:
The temperature that dry air would need to attain in

order to have the same (mass) density as the moist air
at the same pressure

Density of moist air:

mg + m,
p = v =pat py
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Virtual Temperature

e =p,R, T and

5Fftaz2yQa tlgY
pP=paq Te
p:p—€+ e
R,T R,T
p (o
=—— [1-=-(1 -
RdT[ o 5]
Thus:

P — deTv

pa=paRaT

Virtual temperature:

T

T, =
e

1 ——(1 —¢)
P
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Water Vapor in the Atmosphere

Mixing ratio:

Specific humidity:

Water vapor pressure:

__m, N
w=— —
m, P N
o m,, - | 4%
q_mv+md 1 +w
w
€:
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Hydrostatic Equation F

Column with unit

—0p = gpoz cross-sectional
area
as 0z = 0, —5,13!.1 | —Pressure=p+ép
s

op (lﬁz —<f 71| — Pressure=p
.- —9p r |
0z gpéz ;l

z |

I
,I.. e e
=
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Hydrostatic Equation

gdz = —adp

J gpdz
Z

p(z) = J xgpdz

|
=
O
Sh
||

Often used to calculate atmospheric mass
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Geopotentialr W | Geopotential Height W

DS2LIROSYdGAlLf Y

d® = gdz

Z

d(z) = J gdz
0
Geopotential height Z:
; go is the globally

7 = ®(2) = lJ gdz averaged gravity at
90 9o Jo 0KS 9 NI K

Hydrostatic:
d® = gdz = —adp
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Acceleration of Gravity

Table 3.1 Values of geopotential height (Z) and acceleration
due to gravity (g) at 40° latitude for geometric height (2)

z (km) Z (km) g (m 5_2)
0 0 9.81
1 1.00 9.80
10 9.99 9.77
100 08.47 9.50

500 463.6 8.43
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Geopotential Thickness

d d
-RTZ = —R, 1,7

P P

®2 P2
J dd = —J RyT, %2

D, P1 p

Cd - ‘7 dp
d - D = RdJ T,

P1 P

dd = gdz

P

Geopotential thickness:

R P1
Z,-21=—"| T,%
90 Jp: p
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Scale Height

Isothermal atmosphere

Z, — Zy = Hln(p{/p,)

o ex (- Zy)
P2 = P1 P_ H )
RT
H=—=293T
90

A Below turbopauseg> 1@ km), R is constan{287.0 J kg K1)
A T =255K, sothat H~ 7.5 km
A Aboveturbopause heavier gases decrease with height faster!
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Thickness of Height of Constant Pressure Surfac

Warm core lows Cold core, warm core

b
il
i
‘

(a) (b)

Fig. 3.3 Cross sections in the longitude-height plane. The
solid lines indicate various constant pressure surfaces. The
sections are drawn such that the thickness between adjacent
pressure surfaces is smaller in the cold (blue) regions and

larger in the warm (red) regions.
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First Law of Thermodynamics

For our purposes, we only discuss the case in the absence
of changes imuclear energyinternal inter-molecular
potential energy, and macroscopic kinetic energy

dg — dw = du

g: heat (interaction, not transported)
w: work (interaction, not transported)
u: internal kinetic energy (function of state)

Precisely,
B gshould bett a
B should betto
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dW = Fdx

Vs

pdV

Vi

Work

Cylinder

Working —

substance

N ] — F
\Piston

pA dx = pdV

¢

3

o

Pressure ———
S

—p Distance, x

V.
dVv
Volume

Thermodynamic diagram
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Specific Heats

Closed system (no phase change) for dry air:

At constant d q du du
volume: c, = (—) (_) — (_)
T v const dT v const dT

At constant
pressure:  dq = c,dT

()
C, — | —
P aT p const

Ingeneral: 'QR Q6 AR ®OQY| QR

c, + R
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Enthalpy

Closed system (no phase change) tomt massof dry air:
h=u+ pa
dh = du + d(pa) = c,dT

Enthalpy Is a state function, like u, p, v, T

Therefore, under hydrostatic balance:

dq = d(h + ®) = d(c, T + ®)
K b:dry static energy
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Air Parcel Z

1. thermally insulated from its environment so

11.

that its temperature changes adiabatically as it
rises or sinks, always remaining at exactly the
same pressure as the environmental air at the
same level,?* which is assumed to be in
hydrostatic equilibrium; and

moving slowly enough that the macroscopic
kinetic energy of the air parcel is a negligible
fraction of its total energy.
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Dry Adiabatic Process

C

d(c,T + ®) =0 T
o 3 Adiabat
: /

Dry adiabatic lapse rate: L
O 1 Isotherm A
(d_T ) 9 r Volume
- — — 1d
dz dry parcel  Cp
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Potential Temperature

Potential temperature of an air parcel:

The temperature that the parcel of air would have if it
were expanded or compressed adiabatically from its
existing pressure and temperature to a standard
pressure g (generally taken as 1000Pg)

C T p
= ¢, dT — adp =0 ~Lln—=In~—
dg = ¢, adp Rnﬁ npo
¢ Q_@zo Do R/cp,

R T p 0=T|—

p
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Equilibrium (Saturation) Vapor Pressure

e, Saturation vapor pressurart a plane
surface of pure wateat T
e, Saturation vapor pressurgrt a plane
surface of puraceat T
K
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Saturation Mixing Ratio

mVS
Wq =

mg
- Pvs _ _ Es / (p — &)

S opa (R /) (R4T)
w. = 0.622 —3
P — €

w. = 0.622 53

p
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Relative Humidity

RH =100> © 100
e w

S S

w, (at temperature 7; and pressure p)

RH T 100
w, (at temperature 7 and pressure p)

T,: Dew point temperature
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Latent Heat

Latent heat of vaporization or evaporatioh;:

The heat that has to be given to a unit of mass of
material to convert it from the liquid to the vapor
phase without a change in temperature

L, = 2.5 x 10J kg for water at 1atm and 10&C

L, is weakly dependenton T

B e d M for aunit mass of moist air (dry +J0)
Q >0 | | dgq<0
Q) <0:6 I dg>0
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Saturated Adiabatic andPseudoadiabatid®®’rocesses

dq = —L,dw, = c,dT + gdz Wy = 0622 =
Gttt - ()2
dz ¢, dz ¢ c,dz [\ dp /r aT J, Cp

. dT L, (dw g L, (dwg\ dp
Thus: —1+—( H=—[1+ ( ) ]
dz[ c, \dT /, Cp g \dp Jrdz
Moist adiabatic lapse rate:
dw
dT [1 ~rh ( dp )7]

L=, =l L, (dw
[1+—"( S”
Cp dTp

dz
where: For T = 1%, P from 1000 to 958Pa
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