Heat and Heat Capacity

Consider two bodies at different temperatures in
thermal contact. Then internal or thermal energy from the
hot body will flow to the cold body. The energy
transferred is called heat. In thermodynamics heat
always refers to an energy transfer. It is technically
incorrect to say a body has a certain amount of heat.

One can increase the temperature of a body by
increasing the internal energy through heat transfer (e.g.

(heating a liquid with a flame) or by doing work on the
body (e.g . stirring a liquid, moving one surface past
another friction, or bending a metal wire etc). For the
moment we assume no work is being done and restrict
the discussion to heat transfer. (W=0)

We use symbol Q for a finite amount of heat transfer
whereas an infinitesimal amount of heat is dQ. The

common units of Q are the cal (calorie) or Btu (British
thermal unit)

»1 cal is heat required to raise the temperature of 1gm of
water from 14.5 °C to 15.5°C.

»kcal=1000cal is one food energy calorie

»1Btu Is the heat required to raise one pound water from
63°F to 64°F.

1cal=4.186 J
1Btu=778ft.Ib= 1055 J = 252 cal



Change in Internal Energy of a body
equals heat transfer + work done
(AU=Q+W)

Work=Force x distance

Heat

(k)
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Specific Heat Capacity

Consider a body of mass m at temperature T,. How much
heat Q is required to raise the temperature by an
infinitesimal amount dT?.

dQ = medT

dQ scales with the mass of an object since it takes

twice as much energy change the temperature of body
with twice the mass. The constant of proportionality c is
called the specific heat capacity. ¢ depends in

detail on the material properties (i.e. constituent atoms,
Interactions between them, structure etc). In general

it also depends on the temperature T, but for small finite
changes in the temperature AT=T-T, (away from any
phase transition) it can be assumed to be a constant

so that

Q = mcAT

Specific heat of water at 15°C is 1 cal/gC° or 4190J/kg.K
or 1 Btu/lb.F°- See table 15-3 for a list of heat capacities.

Example 15-8. Consider a 23 mg Si microchip absorbing
7.4 mW . Whatwill T rise be after one minute if you don’t
design any cooling mechanism?

~Q  74x107°Js'x60s 57K
mc  23x10 °kgx 7053 /kg - K




Molar Heat Capacity (C)

Similarly one can define a molar heat capacity C=Mc
Where M is the mass per mole of a substance. Then
using m=nM where n is the number of moles

Q = NMCcAT = nCAT

For water C=Mc=(0.018kg/mole) 4190 J/kg.K
=75.4 J/mole.K

Heat capacities measured at constant pressure are
denoted c, or C,. In gases heat capacities can also
be measured at constant volume and are then
denoted c, or C, In general c, and c, are different.

Note from table 15-3 heat capacities of all the
elements are all about the same. Al (M=27 g/mole) is
24.6 J/mole.K whereas Ag(M=108 g/mole) is 25.3
J/mole.K. Thus the heat capacity depends on the
number of atoms rather than their mass!

This is the rule of Delong and Petit which we discuss
later.



Latent Heat and Phase Transitions

As the temperature of substance passes through certain
values (transition temperatures T) its physical
properties may change suddenly as a result of a phase
transition. It exists in one phase below T. and another
phase above T. e.g water vapor condenses into liquid
water below 100 °C and water freezes into ice at 0° C.

There are many different kinds of phase transitions
In nature. The most well known type (call first order)
iInvolves a latent heat. This is the energy or heat per
unit mass required to covert the substance from one
phase to another at the transition temperature at T,
Latent heat is given the symbol L .

U(T) L

Consider what happens when one supplies a steady
flow of heat into a body. Below T, temp rises
steadily according to c, of the lower phase. At T, the
temperature stops increasing, the two phases coexist
the amount of the lower phase decreases while that of
the upper phase increases.



Latent heats associated with vaporization and freezing

Latent heat associated with freezing is call the heat
of fusion and denoted L;. For water:
L=3.34 x 10°J/kg=79.6 callg
Heat of vaporization is denoted L, . For water
L,=2.256 x 10° J/kg=539 cal/g.

Consider a block of ice mass m being heated at a
constant rate R. What is the temperature as function of
time? At a phase transition the temperature stays
constant for a time t during which the two phases
coexist. All the energy goes into changing one phase to
another.

T(°C) p i -
Gas phase
(steam)
125
1)) P 9 Je  Boiling
point
75
50+ Liquid phase
(water)
25
oL/ _ _ __ _ _ _ _ Melting
int
p Solid phase (ice) pon

-25 Time
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Examplel

Consider two bodies masses at different temperatures
T and T,. Bring them into thermal equilibrium.

What is final temperature T given they have masses
m,; and m, and heat capacities c. and c, respectively.
Assume no phase transition.

Energy conservation impliesno changein theinternal
energy of the system (both bodies) after reaching
equlibrium i.e. AU, + AU, =0:
AUc =Qc =ccm (T -T¢)
AU, =Q =¢,my (T -Ty)
thus
Ccmy (T=To)+Cymy (T -T,)=0
Solving for T weobtain :
CcmeTe +¢,my T,
CcMe +CyMmy

T-=

Exercise : Repeat this for three bodies, m;, m, and m,.



Example 2:

Now assume the colder body (C) is a solid (e.g. ice)
at the melting temperature and that all the ice melts
when put in thermal equilibrium with hot body (H).
What is the final temperature given the latent heat of

fusion is L?
AUc =mLy +meCe(T-Te)
AU, =m,c, (T-T,)
Asbefore sincethereisnochangen thetotal internalenergyof the
systemthesumof AU + AU, =0.Solvingfor T wefind:
My C, Ty +MpCeTe —meL,
M Ce + My G,

T=

Note this is the similar to the previous example except
the latent heat term lowers the average temperature.

Question: What is T if only a fraction (f) of the solid melts
when the two bodies reach thermal equilibrium?
What are AU-and AU, ?

Question: What if you don’'t know if all the ice melts or not?



Latent heat cont’d Example 3

How much heat is required to bring 1500 g of ice at -50°C
Into steam?

Step1 -50°C — 0°C: Q, = mc,, =1.5kgx 2kJkg- K x 50K =150kJ

Step2 meltice > Q, =mL, =1.5kg x 334kJkg = 501kJ

Step3 0°C —»100°C: Q, =mc,,,, =1.5kgx 4.186kJ/(kg- K )x100K = 628kJ
Step 4 boil water Q, =mL, =1.5kg x 2256kJkg = 3384kJ

Total = 4663 kJ

What is the temperature if you only supply 1000kJ?

651kJ = (150kJ+501kJ) to just meltice so 349 kJleft over.
349 kJ =1.5kgx 4.186kJ (kg- K AT
AT =55.6K

T=0°C+55.6°C=55.6"C



Heat Transfer

Heat transfer from one body to another may take place
In 3 distinct ways conduction, convection and radiation.

Conduction involves no change in atomic positions but
energy of atomic vibrations (and free electrons)

moves from hot regions to colder regions.

l.e. regions of high energy density to low energy. Consider
a conducting rod of length L and area A connecting
between two bodies at T, and T

Insulator Heat
(cutaway) current

Flg 15- 13
Then the rate of heat flow dQ/dt from hot to cold
Is called heat current or H and experimentally is given by:
H =kaln e

L
where Kk is called the thermal conductivity and depends only
on the properties of the material and not the dimensions. k
has units W/m.K. A good conductor like Cu has k=385
W/m.K whereas a good insulator like glass has k=0.8 W/m.K




Example. What is the rate at which ice melts inside
a 2 cm thick stryrofoam cooler. (k=0.01W/m.K from table
15-5) with an area is 0.8m? given the outside temperature is

30°C?
/A (3\\‘ O°C)

H = (0.0 / mK)(0.80m?) —12W =12]/s

Therateat whichice meItS|sg|ven by
12J/s

- =3.6x10°kg/s
3.34x10°J / kg

R=HIL, =
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Thermal resistance

One can rewrite the heat flow equation so that it is similar
to Ohm’s law for electricity where the voltage drop (AV)
across a resistor with current | is given by:

AV =IR,
Inanlogy:
AT =HR,; wherethethermal resistance

R, = L/kA

Note this definition of thermal resistance is different
than in the text where R=L/k. We will call this the R-
factor or R; (see below). Thermal resistances of two
substances add in series just the way electrical
resistances do. Suppose one has two bars end to
end between the hot and cold resevoirs. What is the
heat flow?

Insulator (cutaway)

COPPER T.= 0°C

< 20.0 cm =
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Let T, be the temperature at the interface between
two materials labeled a and b. The key point

Is that in the steady state the heat current

flowing in bar a is the same as in bar b in order for

energy to be conserved.
H, =H_, =H by energy conservation
T,-T, =H_R,; whereR_, =L_/k A,
T, -T.=HR,; whereR, =L /k,A,
Adding the last two equations with H=H_=H, yields:

T,-T.=HR,+R,)

Now you can solve for H and T,. Exercise this
for repeat for 3 bodies a,b and c. It can be
generalized to n different substances in series.

T, -T. =HR,,, where
Ry =R, +R,+R;+..R,



R- factor (Ry)

In Industry the R- factor is defined as:

R, == - AR,.sothat
Kk

H=A(T, -T.)/R,

This gives a way to rate the insulation value of a certain
thickness of a material. The Sl units of R; are m?K/W.
whereas in commercial applications they

are in ft2.°F.h/Btu but usually quoted without

units. e.g. a 6 inch layer of fiberglass has an R-factor of 19
meaning 19 ft2.°F.h/Btu.

Heat current through several layers of different substances
IS obtained by adding the R-factors just like
thermal resistances, R..

R® =R; +R7+..R]

Example: What is the heat flow through a wall panel

2ft wide and 8ft high composed of 6in fibreglass (R=19)
and 3/8 in gypsum (R=0.32) with 20 °C on one side and
0°C on other?

_ 16ft?36°F

 (19.0+.32)ft2°F
,Btu _ 1055

h  3600s

Btu/h = 29.8Btu/h =8.7W

=0.29W




Thermal resistors in parallel

Suppose the two resistors are in parallel as follows

20.0 cm >
2.00 cm

COPPER TC =(0°C

1

Insulator
(cutaway)
2.{}3{:111
Ty=1 ST}?EL I.=0°C
10.0 cm
H _ HC;p:ng:;_@pfiialus: Waeshay Longman, Inc
T, - T T, - T
:kCuACu(H C)+kstAst(H C)
Cu Lst
T, - T
:(TH—TC){ 1. 1}: e hee + -1 1
RCU Rst I:Qtot I:Qtot RCU Rst

In other words thermal resistors in parallel add like
electrical resistors in parallel. Put in the numbers
using table 15-5 where k.,=385 W/m.K and
k=50.2W/m.K



Convection

Only liquids and gases can transfer heat by convection

since motion of atoms/molecules is required. In general there
IS no simple theory for convection. Some experimental

facts are:

1. The heat flow from convection scales with area.

2. The atoms of a gas/liquid near the solid surface

are slowed by viscosity. This leads to a quasi-stationary

layer of gas near the surface presents a surface

resistance to heat flow from convection.

The layer is decreased if the gas/liquid is forced.

Example: Redo the calculation of heat flow from the
wall panel taking into account the R-factor for stationary
air (e.g. inside a house) is R;;,=0.68 whereas

for blowing air(outside) R;,,=0.17.

o 16t*36°F
(19.0+0.32+0.68+0.17)ft2.°F

compared to 8.7 W without the surface resistance.

Btu/h = 28.5Btu/h = 8.3W



Radiation

Any body at finite T will radiate electromagnetic energy
(light) evenin avacuum. This is another means by which
energy may be transferred from a hot body to a cold body.
Consider a sphere at T=Ts.

(1s)

The body emits so called black body radiation with a
spectrum as follows:

A

HIgh T 0.2898cm-K/T

()
Low T

— A

»

The radiation emitted for a body of surface area A
IS given by the Stefan Boltzman law:

H = AeoT?

where T is absolute temperature in K,

e is the emissivity, and o is the Stefan Boltzman
constant equal to:

& =5.67051(19) x 10 *W/m? - K *



Radiation Cont'd

Emissivity e is a property of the material

and equal to a number between 0 and 1. A black
body, which by definition absorbs everything, has
e=1 whereas reflective materials have e values less
than 1.

Now suppose the body is surrounded by another body
at temperature T,which radiates onto the inner
sphere.

Ts) T,

If T,=T,radiation emitted by the inner sphere must
equal to the radiation absorbed, If the inner and out
spheres are not at the same T then the net radiation
given off by the inner sphere is:

H,, = AecT — AecT, = Aeo(T/ -T/)

Example: Consider a tungsten sphere (€=0.35) and
radius 1.5 cm in a large evacuated enclosure with
walls at 26.8°C. What power is needed to keep the
temperature of the tungsten sphere at 3000K?



Example (Cont'd)

H = AcelT." -T,%)

= 47(1.5x1072m)? x5.67x10°W /(m? - K * ) 0.353000* — 300* |K *
— 4545 W
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