What designers should know
about THERMAL ANALYSIS

What you know ahout structural
analysis will help run an accurate
thermal analysis. Of course, there
are a few variations.
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Thermal and structural analyses are the most fre-
quently performed finite-element analyses. Both use
the same type of partial-differential equations and
are analogous in other ways as well.

SIMILARITIES

Let’s start with thermal analyses. The primary un-
knowns are temperatures at nodes of the finite-ele-
ment mesh. Temperature is scalar so it needs only
one degree of freedom at each node, whether the
model is 2D or 3D and regardless what elements
mesh the model. Once temperatures are found at
the nodes, they are interpolated over elements to
calculate temperatures in the entire model. Temper-
atures are then differentiated to find the tempera-
ture gradients. Finally, the software calculates heat
flux based on the temperature gradient and thermal
conductivity of the material.

This is much like structural analysis in which pri-
mary unknowns, displacements, are first found for
nodes then are interpolated over elements. A dis-
placement field is then differentiated to find strains,
and stresses are calculated based on strain and ma-
terial elasticity.

However, displacements are vectors and so are
defined by more than one component. It takes two
components (two degrees of freedom) to describe
nodal displacements in 2D models, three compo-
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grees of freedom) in 3D models with shell elernents.
Since each nodal degree of freedom is an unknown it
takes more computing power for structural analysis
because it has more unknowns,

Results from static-structural analysis describe a
deformed structure in equilibrium between applied
loads and reactions provided by supports. A steady-
state thermal analysis provides an analogy in which
heat flows at a constant rate. It’s

nents (three degrees of freedom) in
3D models meshed with solid ele-
ments, and six components (six de-
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also in equilibrium.
Thermal analysis deals with
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heat flow in a solid body, so
there must be a way for heat to
enter and to exit that solid body.
If heat enters a body with no way
to exit, the body’s temperature
would theoretically rise to infin-
ity. This is analogous to applying
a structural load to an unsup-
ported model. The result: infinite
displacements.

Heat flowing inside a solid, and
heat entering and leaving the
solid, are governed by different
mechanisms. Heat inside moves
by conduction, while heat enter-
ing or escaping the solid moves by
convection, or radiation, or both.

Heat transfer by conduction,
for example, is heat flowing
through a wall. It is described by:

Qcondll(‘llnn = K-A(’Thol - cold)/L
where Qconauction = rate of heat
flow, K = thermal conductivity, A =
area of the wall, T}, = tempera-
ture on the hot side, T.,q = tem-

Comparing structural
to thermal analysis

perature on the cold side, and L =
wall thickness.

Heat transfer by convection
moves heat to or from an external
face of a solid body and surround-
ing fluid, such as air, water, or oil.
The heat moved by convection is
described by:

On)nvm"lml\ = hA(T'\“T/)
where Qconvection = flOow rate by
convection, h = convection coeffi-
cient, T, = surface temperature,
and 7; = fluid temperature.

The convection coefficient, h,
strongly depends on whether con-
vection is natural or forced. Nat-
ural convection takes place only in
the presence of gravity because
fluid movement depends on the
difference in the specific gravity
between cold and hot fluid. Forced
convection, such as forcing air
around a warm solid with a fan,
does not need gravity. Convection

coefficients also strongly
depend on the type of me-
dium such as air, steam,
water, or oil, which sur-
rounds the solid body.

Now consider a solid
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bar in which one end is
kept at 300°K and the
other at 600°K. This is

The solid rod
with convection
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after adding convection.

displacements in structural
analysis. The temperature differ-
ence between the ends creates
heat flow. The heat flow stabilizes
after an initial transient period.
Assume the bar is insulated so
no heat escapes through the
sides. All heat entering one face
must exit through the other. Heat
flux is a vector and can be plotted
using arrows (beside commonly

Thermal Conductivity (W/m.K)

Conduction coefficients show that thermal conductivities vary
widely among materials.
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Vectors (bottom) show heat flow in a bar
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vectors are tangent to the outside
faces of the bar, because in the
absence of convection, no heat
moves across the boundaries.
Adding convection signifi-
cantly changes heat transfer. For
example, make the surrounding
fluid a water temperature below
300°K. The two ends maintain
their prescribed temperatures,
but heat entering the model
through the hot face now does
not make it to the other end. It all
gets dissipated by convection. In

How resistance layers change temperatures
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Plots compare temperature distributions in the microchip assembly without
(left) and with (right) a thermal-resistance iayer separating the chip from
the radiator. Outside faces have the same temperature hut the chip
surrounded by a thermal-resistance layer runs hotter.

fact, the direction of heat flow
near the cold face reverses. Defin-
ing a lower convection coefficient
would eliminate this back flow of
heat.

Consider a heat sink in which a
ceramic microchip generates heat
throughout its entire volume. Heat
travels to the aluminum radiator
by conduction, then dissipates to
ambient air by convection.

Adding a cooling fan or im-
mersing the radiator in water
does not change the nature of
hear transfer in the heat sink. The
radiator still removes heat by
convection. From an FEA point of
view, the only difference between
air, water, or oil as cooling me-

A few heat-transfer coefficients

Medium

Heat Transfer Coefficient h
(W/m?2. K

[ air {(natural convection)

[ 5-25
air/superheated stearn (forced ‘ -
convection) 20-300

[ Oil (forced convection) | 60-1800
[ Water (forced convection) [ 300-6000
{-Water (boiling) [ 3000-60,000

{ Steam (condensing)

r 6000-120,000

Heat-convection coefficients vary among different media.
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dium and between natural and
forced convections are different
convection coefficients.

Convection rate on the outside
faces of the radiator determines
the temperature of those faces,
even though the microchip pro-
duces the same amount of heat. In
case of natural convection and a
low convection coefficient, the
outside fins get hotter because of
a steeper temperature gradiernt
between the radiator and ambient
air (T, -T.) is required to move
the given amount of heat. In case
of forced convection, (a higher
value of convection coefficient)
the radiator stays cooler because
a smaller temperature gradient
moves the same amount of heat
from solid body to surrounding
fluid. Plotting heat flux as vectors
lets analysts see heat movement
from radiator to ambient air.

There’s one more important is-
sue: thermal resistance at the
boundary between the microchip
and radiator. No two solid sur-
faces are ever in perfect contact.
There are always tiny air gaps be-
tween them.

There are two modes of heat
transfer through the boundary
between two contacting faces.
The first is conduction through
points of solid-to-solid contact,
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Radiation and spot lights

Vacuum side

Light bulb

which works well. The second is
conduction through the gaps,
which is poor. To account for
this, users can add a thermal-re-
sistance layer to the FEA model.

Thermal-resistance layers do
not change how much heat is gen-
erated or change the outside tem-
perature of the radiator. How-
ever, in the presence of a thermal-
resistance layer, the microchip
must run hotter because a higher
temperature gradient across the
thermal-resistance layer is re-
quired to push heat across it.

Heat transfer by radiation can
be ignored because at the work-
ing temperatures of the heat sink,
it's negligible, although there are
times when it is not.

HEAT TRANSFER BY RADIATION

Radiation moves heat between
a solid body and its surroundings
by carrying it off as electromag-
netic radiation.

Heat exchange by radiation
always takes place, regardless
of temperature and whether
bodies are in a fluid or vacuum.
At room temperatures, how-
ever, radiation is low compared
to convective heat transier,
Hence, it’'s often ignored.

All bodies radiate thermal en-
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Air side

vacuum.

ergy. Radia-
tion moves
heat between bod-
ies of different tempera-
tures and can send heat away into
space. The heat exchanged by radi-
ation between faces of two solid
bodies with temperatures T and T

is described by:
Qru(lialiun = Se (T]ll"Tz/l)
Where Qr;l(liz\nr)n = heat ﬂOVV by radi—

ation, s = Stefan-Boltzman con-
stant, and e = emissivity of the ra-
diating face. Because heat transfer

Thermal inertia and power cycling
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Reflector and light bulb are
exposed to vacuum. The yellow
side of housing is exposed to
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by radiation is proportional
to the fourth power of the ab-
solute temperature, the amount
transferred becomes significant at
higher temperatures.

For example, consider a spot-
light illuminating a large vacuum
chamber. The chamber is so large
we can ignore heat reflected from
chamber walls back to the light.
The light bulb and reflector are in
a vacuum, while the back of the

The arrow points to a
sensor in a coffee pot.
- Coffee temperature oscillates
as the heater (not shown)

. cycles on and off.
a. " The plat shows a
*.. temperatire cycle.
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Warming up to steady state
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The plot shows the temperature at the top of the cooling fin (arrow) after
the power is turned on at time f= 0. Every transient thermal analysis
requires an initial temperature and time duration.

aluminum housing is surrounded
by room-temperature air.

Heat radiates from the light
bulb to the outside space and the
parabolic reflector. Only a small
portion of heat enters the housing
directly by conduction where the
bulb contacts the housing. Con-
duction moves heat inside the
housing from vacuum side to air
side. Convection dissipates heat
from faces exposed to air.

Because radiation becomes ef-
fective only at high tempera-
tures, the light bulb must get hot

to dissipate the generated heat.
The temperature of the alumi-
num housing is practically uni-
form because heat conducts eas-
ily in aluminum.

This example illustrates that
cooling in vacuum is a major chal-
lenge for spacecraft designers.
Even though space vehicles oper-
ate in near 0°K, electronic compo-
nents can easily overheat be-
cause radiation, the only cooling
mechanism, is effective only at
high temperatures. To reach
steady state, where the heat gen-

When modulus of elasticity changes with temperature

Rings are supported on the inner circumference and loaded downward on
their outer edges. Displacements for the model with a constant modulus of
elasticity (left) significantly differ from the model with a temperature

dependent modulus (right).
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erated equals the heat dissipated
by radiation, an electronic device
must reach higher temperatures
than the same device cooled by
convection, which is effective at
lower temperatures.

The heat sink and spotlight
dealt with heat transfer in stcady
state and with enough time to sta-
bilize heat flow. An analysis of
steady-state heat transfer is not
based on the initial temperatures
or how long a system took to
reach a steady state. That could
take seconds or days.

TRANSIENT THERMAL

A coffee pot and the heater it
sits on provide an example of
transient-thermal analysis. The
heater turns on when coffee tem-
perature drops below 88°C and
turns off when it reaches 93°C. Be-
cause of thermal inertia, coffee
temperatures oscillate outside of
this range.

Two heat-transter mechanisms
are at work in the pot. A combina-
tion of convection and conduc-
tion (the pot’s bottom does not
completely contact the heater)
moves heat from heater to glass.
Conduction moves heat across
the glass to surrounding air and
to the coffee. Convection moves
heat from the coffee’s top surface
and from external surfaces of the
pot. An important consideration
in the coffee-pot model is the defi-
nition of the conduction coeffi-
cient for coffee. In reality, heat
transfer in coffee takes place pre-
dominantly by convection due to
fluid movement induced by heat-
ing. In an FEA model, however,
coffee must be modeled as a solid
body because the software can-
not simulate fluid flow. All heat
transfer in coffee must be mod-
eled by conduction, so an artifi-
cially high conductivity must be
assigned to coffee to compensate
for the lack of convective heat
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transfer. Also, no phase change
effects (boiling) can be modeled
either. In fact, FEA is not recom-
mended to solve this problem,
which would be better handled
using Computational Fluid-Dy-
namics (CFD) tools. Showing this
problem provides an opportunity
to emphasize the fact that FEA is a
tool for analysis of heat transfer
in solids, not in fluids.

A solid body with heat flowing
through it will not all be at one
temperature. Consequently, dif-
ferent portions of the body ex-
pand and shrink at different rates.
Stresses caused by this expan-
sion or shrinkage are called ther-
mal stresses.

Suppose hot coffee (93°C) is
poured into a porcelain mug.
What are the thermal stresses in
the mug? To find out, run a ther-
mal analysis that reveals the tem-
perature distribution. Apply a
temperature of 93°C to the inside
faces of the mug and define con-
vection coefficients for the out-
side faces. Because cooling is rel-
atively slow, use a steady-state
thermal analysis to calculate the
temperature distribution in the
coffee mug. It won’t be uniform,
so there will be thermal stresses.
Having found a temperature field
in the mug, calculate thermal
stresses by exporting the temper-
ature field from thermal analysis
to structural static analysis.

NONLINEAR THERMAL ANALYSIS

All examples so far involved
properties characterizing heat
transfer — material conductivity,
convection coefficients, emissiv-
ity, and heat power — that remain
constant and independent of tem-
perature. These assumptions are
often acceptable for traditional
engineering materials such as
steel and aluminum, which are of-
ten subjected to a narrow range
of operating temperatures.
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The probhlem with
sharp inside edges

Thermal
analysis of ad-
vanced materi-
als such as com-
posites, may require a nonlinear
approach when conductivity is a
function of temperature, while
heat load and convection coeffi-
cients are functions of tempera-
ture and time. Furthermore, prop-
erties that determine structural
response, such as the modulus of
elasticity, may also be functions
of temperature.

To illustrate, consider a com-
ponent heated so as to cause a
nonuniform temperature distri-
bution. Also make the material’s
modulus of elasticity temperature
dependent. Results from such a
structural static analysis under a
bending load show that ignoring
the effect of temperature on the
modulus of elasticity produces a
40% displacement error.

MORE MODELING CONSIDERATIONS

Similarities between thermal
and structural analysis mean most
modeling techniques are identical
and that skills acquired in one
type of analysis are useful in the
other. The difference in modeling
techniques, however, hegins with
thermal-boundary conditions.
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Meaningless
heat flux resuit

Correct heat flux comes from

models with fillets (left). Incorrect values
are due to sharp reentrant corners which
make heat-flux results singular (right).

The definition of symmetric
boundary conditions in thermal
analysis is based on the observa-
tion that if geometry and bound-
ary conditions are symmetrical,
no heat flows through the plane of
symmetry. Therefore, after simpli-
fying the modelto ¥ (or ¥in case of
adouble symmetry), nothing must
be done to the faces exposed by
cuts. A convection coefficient of
zero for those faces means no heat
flows across them.

Analysis of heat flux requires a
detailed edge model. Sharp reen-
trant corners — those not
blended with joining surfaces —
are not suitable for heat-flux
analyses near corners. Heat flux
is high and meaningless, a singu-
larity, in sharp inside corners.
This is directly analogous to
sharp inside corners that gener-
ate stress singularities in struc-
tural models. MD
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