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With the growth of the LED industry, effortless thermal management is

becoming essential for last-longing LEDs. Thermal simulations have

emerged as a powerful approach to predict the behavior of LEDs

accurately. This paper explains the cooling challenges for LEDs and

demonstrates the three main benefits of adopting simulation in your

workflow.

might prematurely fail and provide

less light output. Adequate thermal
management is crucial to improve production
costs, material usage and operating range.
While conventional experimental tests can
be expensive, time-demanding and require
extensive preparation, the current technologies
simplify this process by using numerical
simulations to predict the LED behavior.

I EDs operating in high temperatures

INTRODUCTION

Light-Emitting Diodes (LEDs) are considered
environmentally friendly and have become popular
due to their cost-effectiveness. They represent an
energy-saving alternative compared to compact
fluorescent (CFL) and incandescent lighting.
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Opting for LED lights can depend on how efficient
the LED device is and if it provides the necessary
light for the targeted location.

Two of the main advantages of LEDs over
other types of light sources are their low power
consumption and long lifespan (up to 50,000
hours!) [1]. Yet, both can only be guaranteed if the
LED remains within the prescribed operating range.
Light fixture designers are therefore obliged to
give special attention to the thermal management
of their products. While experimental validation
is commonly applied, thermal analysis employing
simulation offers a cost-effective alternative.

For several reasons, the electrical power loss in
the form of heat should be conducted away from
the LED. The semiconductor material is potentially
the main source of damage since its operating
temperature is strongly dependent and limited
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by light output, forward voltage, wavelength and
service life.

The paper will illustrate that thermal analysis via
numerical simulations allows to:

1. Obtain detailed insights into the temperature
distribution of the LED lights to assess their
performance;

2. Make and optimize design choices for
different operating conditions quickly;

3. Reduce the need for expensive and
time-consuming prototypes.

The paper is structured as follows. An initial
section provides a concise overview of the
LED mechanism, followed by an explanation of
its thermal challenges. A series of simulation
studies are conducted to evaluate the thermal
performance of LEDs. This part outlines the
assumptions made in the modeling and analysis
process and culminates with a presentation of
the performance results. Finally, the paper
concludes with a critical discussion of the
comparative advantages of simulation methods
over experimental validation, specifically focusing
on their relevance to studying LEDs.

WHAT IS AN LED?

An LED, classified as a solid-state device, is a
semiconductor device that converts electrical
energy into light. When the particles that carry the
electrical currents (electrons and holes) combine
with the semiconductor, energy is released in
photons, causing light emission.

Fig. 1 shows a typical LED. The LED package
is attached to a Printed Circuit Board (PCB) and
a heat sink to dissipate the heat further from the
package. It comprises a housing, encapsulant,
die, bond wire, die attached, metal heat slug, and
solder joint. Additionally, a lens promotes better
light distribution due to the brightness of LEDs [3].
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Figure 1 Diagram of the common elements of a LED light

Figure 1: Indication of the heatsink, PCB, lenses, chip.
Source: [?]

WHAT ARE THE COOLING
ISSUES OF AN LED?

The energy released by the photons indicates
that LEDs produce heat within the junction during
operation. The heat must be evacuated to
avoid component damage. Thus, the junction
temperature refers to the region where the diode
connects to the base, also called the LED’s active
region.

The heat dissipation in an LED system includes
conduction, convection and radiation. Conduction
refers to the heat transferred from a solid to a
solid; convention, from a solid to a moving fluid
(usually air); and radiation, the heat transferred
from two bodies at different temperatures through
thermal radiation. Fig. 2 shows a sketch of the
heat transfer in an LED system from the die to the
surrounding environment.
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Figure 2: Heat transfer in an LED. Adapted from: [4]
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Increasing the junction temperature will cause
the bandgap energy to diminish, reducing the
forward voltage. As a result, the electrical power
also suffers a decrease. Together with the thermal
drop, it represents a loss in light output. In other
words, the luminous flux gets smaller for the light

output when the junction temperature increases.

In general, the cooler the environment, the more
light there will be. Apart from the decrease in the
light output, high operating temperatures cause a
color shift and a drop in brightness.

As most LED failure mechanisms are
temperature-dependent, the junction must
have a low temperature to guarantee optimal
performance. A typical thermal design for LED
lights is separated into the package and the
system level. The former refers to the thermal
management of the connection between the LED
and the PCB. The latter operates by transferring
the heat from the PCB to the heat sink and finally
to the environment. Therefore, the heat sink has
a crucial role in removing the heat from the PCB
to the ambient as efficiently as possible.

MODELLING CONSIDERATIONS

Conduction

Conduction is the most fundamental form of heat
transfer, in which the flow of internal energy from
an object is transferred by direct contact by the
particles’ iteration between different objects in the
environment.

The rate of heat transmission through a material
is proportional to the negative temperature
gradient and the area at right angles to that
gradient, according to the law of heat conduction,
sometimes referred to as Fourier’s law.

According to Fourier’s law, which is also known
as the law of heat conduction, the rate of heat
transfer through a material is proportional to the
negative temperature gradient and to the area that
heat flows over.

The Fourrier’s law states that the local heat flux
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density (q) is the product of thermal conductivity
(k) and the negative local temperature gradient
(—VT):

q=—kVT (M

In an isotropic medium, Fourier’s law leads to
heat equation:

2 2 2
8T:a<8T T 6T) )

ot 222 "o T 92

where (z,y,z) are the spatial variables, ¢ is the time
and « is the thermal diffusivity of the medium.

Convection

Convection is the transfer of internal energy of an
object due to the movement of a fluid. This motion
can be triggered by an external force (pump, fan,
boundary) or by buoyancy.

The fundamental equation for heat transfer by
convection is:

Q=hA(T ~Ty) (3)

where Q@ is the heat transferred per unit of time,
Ais the area of the object, & is the heat transfer
coefficient, T is the temperature of the object and
Ty is the fluid temperature.

In the context of numerical simulation, the heat
transfer coefficient can either be modeled through
correlations or simulated via appropriate boundary
conditions.

Radiation

Heated surfaces emit electromagnetic radiation. It
means all materials with an absolute temperature
above zero degrees Kelvin radiate thermal energy.
The hotter the object, the more it will radiate to
its colder surroundings, and the more important
it becomes to take radiative heat transfer into
account in simulations. Radiation distinguishes
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itself from conduction and convection as it does
not need a medium to carry it. Radiation can thus
occur through any transparent medium, a fluid, a
solid, or a vacuum.

In radiative heat transfer, the Stefan-Boltzmann
law is a well-known formula as it relates the heat
flow rate emitted or absorbed from an object to the

fourth power of its absolute surface temperature.

gr = ecT*A (4)

where ¢ represents the emissivity, o the
Stefan-Boltzmann constant, T' the temperature
expressed in Kelvin and A the surface of the
emitting body. Besides the surface’s temperature,
the rate at which a body radiates thermal radiation
also depends on the surface properties.

A surface with an emissivity of one is called a
black body. This black body is an idealized object
that would absorb all wavelengths of thermal
radiation without reflecting or transmitting any
energy. Hence, it would absorb light and appear
black at low temperatures. However, black bodies
don't exist in real life; in reality, all objects are
gray bodies. It translates into incident radiation
on a surface that is partly reflected, absorbed and

transmitted according to the surface properties.

For gray surfaces, the following condition holds:

e+T+p=1 (5)

where ¢ denotes the emissivity, 7 the
transmissivity and p the reflectivity of the
surface.

Kirchoff discovered that a good emitter is also
a good absorber. Therefore, the emissivity (¢) of
a surface can be linked to the absorptivity of a
surface («) as follows:

Ee=a (6)

If a medium absorbs, emits or scatters a
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thermal ray as it passes through, it is called a
participating medium. The ray can lose energy
through absorption and scattering away from the
ray. However, energy can also be gained from
light sources in the medium through emission and
scattering toward the ray. If the medium does not
absorb, emit or scatter a thermal ray, the medium
is called a non-participating medium.

The energy balance of the ray over an infinite
layer of the medium results in a differential
equation, the radiative heat transfer equation
(RTE). The RTE is solved here with the Discrete
Ordinates Method, which means a discrete
number of finite solid angles. This formulation
is the most comprehensive radiation model, which
can be used for (semi-) transparent media and can
account for scattering and wavelength-dependent
transmission. The model can handle both
participating and non-participating media. In the
first case, the RTE is coupled with the general
energy equation for fluids or solids, and a source
term is added to the energy equation to account
for the radiative heat transfer; in the latter, the
source term is zero.

If large temperature differences are to be
expected concerning the surroundings, radiative
heat transfer will become important as it relates to
the fourth power of the temperature. In this case,
radiation should be considered.

Buoyancy

In natural convection cases, the fluid motion
occurs by buoyancy effects. When a heat source
is added to the fluid, the density will vary with
the temperature. The material will become less
dense with increasing temperature and cause the
hot fluid to rise. Buoyancy is also present in forced
convection cases but is less dominant.

By definition, buoyancy is an upward-directed
force exerted by a fluid that opposes the
weight of the partially or fully immersed object.
Mathematically, this can be described by the
following equation:
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Fbuoyant = Fup — Faown (7)

where F,, represents the force related to water
pressure at the bottom of a body submerged
in water and Fj..,, is force related to the water
pressure at the top of the body.

Considering the relation between pressure (p)
and force (F), F' = p x A, where A is the area of a
surface; and that pressure can be expressed as
p=p x g x h, where p is the fluid density, g is the
directional gravity vector and h is the depth, Eq. 7
becomes:

Fbuoyant = ngdisplacedﬂuid (8)

where Viisplaceasinid Fepresents the volume.

The buoyancy force depends on the fluid’s
density in which it is submerged, the gravity and
the volume of the displaced fluid. This force
is independent of the submerged object’s mass
or density. Therefore, the buoyancy force is
independent of how deep the object is in the fluid
as the pressure at the top and the bottom of the
object increase by the same amount if you go
deeper.

When the density variation is limited, the density
can be taken as a constant in the unsteady and
convection terms and only as a variable in the
gravitational term. This method, called Boussinesq
approximation, is implemented to account for
buoyancy. The density which takes into account
the thermal expansion is calculated as:

Peff = p(]- - B(T - Tref)) (9)

with pq the effective driving density, p the density,
T the temperature , T, the reference temperature
and g the thermal expansion coefficient. Note
that the effect of buoyancy on turbulence is
also taken into account. This happens through
the application of source terms on the turbulent
kinetic energy  and the turbulent kinetic energy
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dissipation rate ¢ or specific dissipation rate w
depending on the chosen turbulence model.

Turbulence

In fluid dynamics, flow can either be considered
laminar or turbulent. In the first case, the fluid
particles follow a smooth path with almost no
mixing or disruption between adjacent paths.
On the other hand, in turbulent flow, the flow
becomes very irregular, and the fluid particles
follow a chaotic path, full of eddies, swirls and
flow instabilities.

In the 19th century, Reynolds was one of the
first scientists to perform experiments and show
the transition between laminar and turbulent flow
regimes and link this transition to the ratio of the
inertial and viscous forces.

inertia forces  p-u-l

Re = (10)

viscous forces 1

where p the density of the fluid, u the velocity of
the flow, [ a characteristic length scale and n the
viscosity of the fluid.

This Reynolds number is still widely used today
to characterize flow regimes. A laminar flow
regime will occur when the Reynolds number is
smaller than 2300 in circular tubes. If it exceeds
4000, the flow will be turbulent. Everything in
between is called the transitional regime.

When running simulations with turbulent flow,
the turbulence must be resolved, or an appropriate
model must be selected. Turbulence models are
simplified constitutive equations that predict the
evolution of turbulent flow. Even though much
research has been done over the past decades,
turbulence modeling is still not a trivial task.

Three main approaches, DNS, LES and RANS,
can predict the evolution of the turbulent flow.

a.DNS

Turbulence can be fully described and resolved
by the complete unsteady Navier-Stokes
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equations without any modeling assumption
regarding turbulence. In this case, a Direct
Numerical Simulation (DNS) is
However, this requires extreme computational
resources as the mesh resolution and the time
steps need to be extremely small to capture the
full range of temporal and spatial scales. This fact
makes the DNS approach impractical in industrial
applications and is mainly considered a research
tool.

b.LES

In the Large Eddy Simulation (LES) approach,
the most energy-containing structures of the flow,
i.e., the large eddies, are still resolved. Smaller
scales of turbulence are treated by turbulence
models instead.

c. RANS

The Reynolds-Averaged Navier-Stokes (RANS)
approach is the most commonly used approach
in industrial applications. In most engineering
applications, we are only interested in mean or
integral quantities. Solving turbulent flow with
a turbulent model is the most cost-effective
way to obtain good results. In this approach,
the Navier-Stokes equations are averaged
to obtain the mean equations of the fluid
flow. These averaged equations are similar
to the full Navier-Stokes equations. Still, they
contain some additional terms in the momentum
equations called the Reynolds stresses due to the
nonlinearity of the equations, which are unknown

and need to be modeled with a turbulence model.

performed.

Several different RANS models are available.
Each of these models has limitations due to
specific modeling assumptions.

Temperature dependent properties

Material properties can be highly temperature
dependent. Numerical simulation allows
accounting for this additional complexity without
any additional complexity for the user.

CASE STUDIES

Two LED lamps (Fig. 3) are simulated using CFD
(Computational Fluid Mechanics) to evaluate their
thermal performance.

(a) LED without a fan. Source: [5]

MechaTronix

(b) LED with a fan. Source: [6]

Figure 3: LED light products for the simulations

Table 1: Specifications of each LED light product.

LED without a fan

LED with a fan

Dimensions 14" x 16” W x 5" D ¢ 99 mm x h 75 mm
Weight 27.2 kg 0.4 kg
Total Watts 150 W 200 W
Total Lumens 17500 Ims 38000 Ims
Housing Material Cooper Free Cast Aluminum ALB063-T5
Fan Speed - 3000 rpm

Diabatix publications, No. 2023.2
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CFD allows the inclusion of the

above-mentioned models in the simulation.

It is, therefore, the ideal method for LED thermal
analysis.

The LED without a fan is rectangular with the

head mounted to a two-part adjustable arm [5].

The LED with a fan is a circular lamp with active
cooling mounted to a ceiling [6]. Fig. 3 shows
a picture of each of the lamps, and Table 1
summarizes the specifications.

1. LED without a fan

Fig. 4 shows the LED without a fan model. The
LED light is modeled with the pivoting arm, and
it inclines 45°, mimicking a normal use for the
light. For the fluid zone, the air is assumed to
have an initial temperature of 20 °C and an initial
pressure of 101 kPa. Radiation and buoyancy are
both enabled for the area.

The metallic components of the product are
made with Aluminum, with a density of p =
2700 kg/m?, a specific heat capacity of ¢, =
896 J/(K-kg) and a thermal conductivity x =

180 W/(m - K). The LED package is modelled with
Gallium Arsenide (GaAs), which has the following
properties: p = 5320 kg/m?, ¢, = 360 J/(K - kg)
and k = 48 W/(m - K). The LED glass is a silica,
with p = 2128 kg/m?, ¢, = 750 J/(K-kg) and
k = 1.38 W/(m-K). The heat source provided
for the LED is 7.5 W.

", .- '] =R -\ hm
P o« 0
:: — : P _-\'_.
.;.::'.:‘\."""' : :\
R ‘-

Figure 4: CAD model of LED without a fan.

The temperature distribution on the LED light
after the numerical simulation is shown in Fig. 5.
The importance of the heatsink is very clear for

71.85

- 66.85

T[°C]

61.85

56.85
54.85

Figure 5: Temperature distribution on the LED without a fan.
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this model. Helping to dissipate about 15°C of
temperature, a proper heatsink design makes a
difference in a longer semiconductor life.

2. LED with a fan

This LED light with active cooling is modeled with
a fan at the bottom end of the light. The fan is
a San Ace 9GA0912P4J03 and its performance
curve is shown in Fig. 6.

Figure 6: Performance  curve of San  Ace
9GA0912P4J03 fan.

The fluid region contains air and is enclosed
by boundaries that define an inflow condition
at atmospheric pressure. The atmosphere is
assumed to have an initial temperature of 20°C
and an initial pressure of 101 kPa. Radiation is

enabled for the area.

The metallic components of the product, the
support plate and the heatsink are Aluminum parts
with the same properties described earlier. The
glass is modeled with silica, and the LED package
is made with Gallium Arsenide material. Finally,
the material of the fan housing is Bakelite, which
has the following properties: p = 1300 kg/m?, ¢, =
920 J/(K - kg) and x = 0.2 W/(m - K). The LED heat
source provides 150 W for the system. Radiation
and buoyancy are not enabled in these parts.

The temperature distribution on the LED light
after the numerical simulation is shown in Fig. 7.
This high-performance LED needs to dissipate
150 W of heat to the environment. The current
LEDs are designed to withstand a temperature
of 80 — 85°C'. At the LED package, the maximum
identified temperature is 74°C, which means the
fan and the heatsink are sufficient to dissipate the
generated heat.

Unlocking LED’s full potential

Numerical simulation has become an increasingly
popular method for evaluating the performance of

48.04

Tra

42.75

37.47

Figure 7: Temperature distribution on the LED with a fan.
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LED systems, as it offers several advantages over
experimental validation. The key points are:

1. Numerical simulation has the ability to give
detailed information about T-distribution and
flow behavior;

2. Optimize designs quickly for different
operating conditions;

3. Reduce the need and frequency of physical
prototyping.

All in all, numerical simulations are a powerful
tool for understanding and optimizing the
performance of LED systems. It is becoming
necessary for LED engineers to have the ability to
perform these types of simulations in their work.

Extra examples

All analyses were simulated using Diabatix
proprietary platform ColdStream [7]. In Fig. 8,
two more CFD simulation examples generated by
ColdStream are shown.

ColdStream is a cloud-based platform that
is not limited to CFD simulations. All thermal
analysis, heatsink selection and generative design

are included in the thermal engineering software.

Check the website or contact Diabatix for more
information.

CONCLUSION

LED thermal management’s added value is
illustrated through LED light simulations. The
numerical simulations provide a non-intrusive
and efficient understanding of the thermal
performance of products and designs. The
temperature distribution can be accurately
predicted, proving the means to assemble
last-longing LEDs.

Additionally, numerical simulation can provide
an efficient model and predict the LED behavior,
eliminating the costs related to the experimental
setup and saving time. When prototyping, testing
and analyzing the results of LED lights, reducing
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either time, material or both can reduce costs
significantly.

(a)

(b)

(c)

Figure 8: Other examples of simulations with

ColdStream.
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