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This handout explains basic aspects of convection and radiation, the
two primary ways of heat transfer other than conduction. We wish to
understand the concepts of buoyancy, forced convection, radiation from
first principles. The hope is to establish the importance of different
boundary conditions in heat transfer process.

Newton’s Cooling Law: When the Heat Conductor is Exposed

When the insulator is still there

In Lab1 we discuss the heat transfer process only by conduction,
where we force thermal energy flowing at radial and axial directions
by cutting off heat exchange between the conductor and ambient en-
vironment. Let’s first review the setup of linear heat conduction in
Lab2 (see Fig.1), where we have a metal rod isolated from surround-
ing environment by thermal insulator. We already discussed that
the temperature profile at axial direction is linear as the (1D) heat
equation

∂T
∂t

= α
∂2T
∂x2

at steady state becomes

0 = α
∂2T
∂x2 ,

which has a simple solution of T = ax + b. But what if we want to
be more realistic by considering the heat transfer along the radial
direction?
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Figure 1: Schematic of one-dimensional
conduction.
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Figure 2: Temperature profiles at
axial(top) direction and at radial di-
rection(bottom) at two distinct axial
coordinates x before steady state

We can develop our intuition of radial temperature profile by
first considering boundary condition at the radial direction. Because
the surface of our metal rod has a direct contact with the thermal
insulator, it is forbidden for any heat transferred at the interface
between the rod and the insulator. This brings up the boundary
condition of zero heat flux, i.e., q = 0. Remember that Fourier’s law
tells us that the driving force of heat flow is temperature difference,
so q = 0 indicates no temperature difference at the interface. As
a result, the temperature profile near the interface must be flat, or,
the temperature gradient must vanish at the interface according
to Fourier’s law. Now, imagine that the system in Fig.1 haven’t
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reached its steady state, and that the insulator is colder than the
rod at the beginning. By enforcing the boundary condition of q =

0, the axial temperature profile should look like the solid line in
the bottom subplot of Fig.2. As time passes by, the hot center of the
rod dissipates heat radially to the rod-insulator interface. Again,
by enforcing the boundary condition, the profile becomes more flat
while the temperature at the interface increases. Finally, at steady-
state, the same temperature is found everywhere along the radial
direction.

When the insulator isn’t there

So much for the conduction, Let’s now imagine that the insula-
tor is removed and the thermal conductor has a direct contact with
ambient environment. Compared with the conduction experiment,
it is obvious that we are dealing with a different boundary condi-
tion. Naively, you might think that the condition of q = 0 no longer
hold at the conductor-air interface. However, it does hold, but for
a different reason. To see this, let’s first recall the Seebeck effect1 1 Thermoelectric effect on Wikipedia

where heat is carried by electron flow from hot end to cold end (see
the bottom inlet in Fig.3). At the solid-air interface, the electron that
carries thermal energy is bounded to positively charged nuclear in
the solid. It is unlikely for free molecules in the air to carry electrons
out of solid body. Thus, the flux of heat flow defined in Fourier’s
law must be zero at the solid-air interface because the electrons
that carry the thermal energy cannot jump off the solid surface by
themselves (see the top inlet in Fig.3). As a result, the boundary con-
dition of q = 0 remains unchanged. But q = 0 does not mean no
heat exchange at the interface. We know this because we use heating
radiator to warm our room up in the winter. Obviously, Fourier’s
law describes energy flow by conduction, and is no longer sufficient
in this scenario. We need a different law to describe heat transfer
process at the interface. It was Sir Isaac Newton who first found that
interfacial heat transfer rate Q̇conv, is proportional to the temperature
difference between the solid surface Ts and the air T∞. In mathemati-
cal terms, this law can be written as
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Figure 3: Electrons’ behavior in con-
ductor body(bottom inlet) and solid-air
interface(top inlet). The wavy lines
represent interactions between different
particles, and the weight of those lines
indicates the interaction strength.

Q̇conv = hm As(Ts − T∞) (1)

with hm and As being "convection coefficient" and surface area,
respectively. With Eqn. (1), we are now well-equipped to derive an-
other governing equation for the convection and conduction process
in a solid by employing the conservation law of thermal energy.

Similar to what we did in Lab1, we cut a thin slice out of an one-
dimensional thermal conductor with arbitrary geometry(see Fig.4).

https://en.wikipedia.org/wiki/Thermoelectric_effect
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Here we again have some heat flux ql coming in at the left and some
coming out at the right (qr). On the surface, molecules in the air take
heat away with a rate of Q̇conv. The conservation of energy tells us
that the total change in the thermal energy of the slice ∆Q is simply

∆Q = ql Ac,ldt− qr Ac,rdt− Q̇convdt, (2)

where Ac,l and Ac,r are the cross section areas at left and right faces
of the slice, respectively. Recall that, from Lab2, the change in ther-
mal energy ∆Q is related to the change in temperature Tl − Tr by the
following equation:

∆Q = mcp(Tl − Tr) (3)

dx
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Figure 4: A slice of conductor with
non-uniform cross section

with the mass of the slice m = ρ
∫ δ

0 Ac(x)dx. We now write Q̇conv

explicitly using Eqn.1, and divide both sides of Eqn. (2) by dt to give

ρ
∫ δ

0
Ac(x)dx

∂T
∂t

= ql Ac,l − qr Ac,r − hm As(T − T∞). (4)

Eqn.4 implies two assumptions: (1) the change in temperature is one-
dimensional so the surface temperature is equal to the body temperature, and
(2) the change in temperature is negligible at the slice outer surface(i.e. T is
not a function of x at surface). With these assumptions, we now take a
first derivative with respect to x at both sides of Eqn.4 to give

ρAc(x)
∂T
∂t

= −∂(qAc)
∂x

− hm
dAs

dx
(T − T∞). (5)

Once again, we can derive a governing equation free of flux q by
applying Fourier’s law to give

ρAc(x)
∂T
∂t

= − ∂

∂x

Å
−κ

∂T
∂x

Ac

ã
− hm

dAs

dx
(T − T∞). (6)

Eqn.6 is the so-called heat equation for extended surface.
Newton’s cooling law gives the macroscopic description of con-

vection. At atomic level, the molecules in the air collide with the hot
surface while taking some energy off the solid through the process of
elastic collision2. But it was not long after John Tyndall3 showed his 2 Elastic collision on Wikipedia

3 John Tyndall on Wikipediafellow scientists how to measure infrared emission from a platinum
filament, people started to wondering whether Eqn.(1) is still valid
as there is one more mechanism for interfacial heat transfer except
convection, that is, thermal radiation.

Buoyancy: things happen to heated molecules

Before we discuss radiative heat transfer, there are something about
the heated air worth mentioning. Why do we care about what hap-
pen to them? The answer to this question helps us to understand

https://en.wikipedia.org/wiki/Elastic_collision
https://en.wikipedia.org/wiki/John_Tyndall
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the concept of buoyancy, which is a key fluid property to engineers
when they want to design a proper cooling system for large infras-
tructures such as internet server farm. After one or multiple colli-
sions, ambient molecules take thermal energy off the solid surface,
which adds to their kinetic energies. Those hot molecules have a ten-
dency of fast moving in the ambient environment, and travel longer
distances than those cold molecules. At macroscopic level, a large
group of hot gas molecules expands in the ambient environment,
resulting in decreased density. Now imagine that the hot air is con-
tained in a mass-less but thermally insulating balloon which allows
the hot air to expand freely.4 According to Archimedes’ principle, the 4 In the real world, the pressure inside

a balloon is always slightly higher than
the pressure outside of the balloon.
This phonomenon is described by the
Young–Laplace equation

cold air applies an upward force to the balloon, Fb, and

Fb = −ρcoldgV (7)

with ρcold and V being the density of cold air and the balloon volume
in our case. Because the density of hot air, ρhot, is less than ρcold, Fb is
larger than the gravity of hot air. Without any influence of wind, the
mass-less balloon should float upwards until it reaches an altitude
where ρcold = ρhot. 5 5 In the reality, hot air balloons are

operating upon the similar principle. A
fun fact about commercial balloons is
that one cubic meter air is able to drag
a mass of 7grams when it is heated to
100

o F.
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Figure 5: Hot air accumulation due to
the buoyancy

Knowing the buoyancy of hot air can help us to see why natu-
ral convection is not an efficient way to dissipate heat in large-scale
infrastructure. From Eqn. (1) the convective heat transfer rate de-
pends on temperature difference between the heated body and its
surrounding. However, the heated air near the bottom of a large
body will float upwards to the top where the temperature difference
is no longer large because of the accumulation of hot air. As a re-
sult, the upper part of the body will be overheating. For a large-scale
electronic infrastructure, overheating is the primary killer of de-
vice health. To avoid this problem, engineers have designed various
forced cooling methods, such as water cooling and fan cooling.

A Few Words on Radiation

Radiation is perhaps the most special one among the three pri-
mary heat transfer mechanisms as it relies on neither solid nor fluid
to transport heat. Instead, it is the electromagnetic wave that carries
thermal energy and gets emitted or absorbed at surface of solids.
People postulate the effects of radiation of visible light since ancient
farming society without knowing its electromagnetic nature. Then,
in 1888, German physicist Heinrich Hertz succeeded in demonstrat-
ing the existence of long-wavelength electromagnetic waves and
showed that their properties are consistent with those of the shorter-
wavelength visible light6. Two decades before that, James Maxwell, 6 Light as electromagnetic radiation on

Britannica

https://en.wikipedia.org/wiki/Young%E2%80%93Laplace_equation
https://www.britannica.com/science/light/Light-as-electromagnetic-radiation
https://www.britannica.com/science/light/Light-as-electromagnetic-radiation
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in his formalation of electromagnetism, describes light as a propa-
gating wave of electromagnetic fields, from which he predicted the
existence of electromagnetic radiation.

In the case of heat transfer by thermal radiation, we can still use
Newton’s law of cooling to describe heat exchange rate caused by
the emission of electromagnetic radiation. But it’s only for very
small temperature differences. People rely on Newton’s law for ra-
diation heat transfer because the mean heat transfer coefficient hm

can be written as a sum of convective hm,c and radiative coefficients
hm,r

7. As a result, Eqn.(6) is still the governing equation for convec- 7

hr,m = σξF
T4

s − T4
∞

Ts − T∞

where emissivity ξ = 0.95 of the surface
in this experiment, and F = 1 is the
so-called "view factor."

tive+radiative heat transfer process at the heated surface. In fact,
radiative cooling is better described by the Stefan-Boltzmann law in
which the heat transfer rate varies as the difference in the 4th powers
of the absolute temperatures of the object and of its environment. In
mathematical terms, the power of radiative heat transfer P is

P = ξσA
Ä

T4 − T4
∞

ä
(8)

where ξ is the emissivity of the object (ξ = 1 for black body), A is
radiator’s surface area, and σ = 5.6703× 10−8watt/m2 K4 is Stefan-
Boltzmann constant.

Juice from the History

According to Nikola Tesla, energy, frequency, and vibration tell the
secrets of our universe. However, the concept of energy was not well-
understood by the scientific community untill 19th century. Before
that, age-defining genius such as Isaac Newton, was even afraid of
admitting that "temperature" and "heat" are two different things. In
his anonymously published paper, "Scala graduum Caloris. Calorum
Descriptiones & signa", Newton used a small font size at the end
to give the first description of the so-called Newton’s cooling law8, 8 Newton’s law is recently veri-

fied by two Japanese researchers
using IR camera, and they found
Newton’s results were “quite accu-
rate”.(https://doi.org/10.1016/j.
ijheatmasstransfer.2020.120544))

where he argued that the amount of heat getting off solid surface is
due to the difference in "temperature", not "heat", between the sur-
face and the environment. Standing at the frontline of mordern phys-
ical science, the situation that we’re facing now is almost identical to
what Newton encountered during his time. Mordern-time physcists
argue that our classical world is essentially quantum-mechanical and
stochastic at atomistic level. So they believe there must exist an ulti-
mate unification between quantum mechanics and general relativity,
with the later describing phenomena at length scale of galaxies. Will
scientists find that quantum mechanics and general relativity might
be indeed two distinct things just like how we distinguish "heat" from
"temperature"? Only the future can tell. For now, let’s just worry
about things from Newton’s time.

https://doi.org/10.1016/j.ijheatmasstransfer.2020.120544
https://doi.org/10.1016/j.ijheatmasstransfer.2020.120544
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