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LED Lighting: A Case Study   
in Thermal Management

This article examines the thermal management of a light 
emitting diode (LED)-based lighting system. First, we discuss 
the environment in which the lighting system will be used. 
Then, we look at the system’s cooling needs and the various 
analyses used to confirm that the LED thermal requirements 
are being met. The article concludes with a comparison of 
the results.

LED-Based Lighting System Requirements
An LED-based lighting system was to be designed to replace 
a halogen-based downlight. A downlight is typically installed 
in a hollow opening in a ceiling and provides a concentrated 
output in the downward direction. A thermal management 
analysis was needed to properly design a cooling method for 
the LED system, which had to include a natural convection 
heat sink. This environment is shown in Figure 1

Figure 1. A Typical Downlight Environment.

Product Requirements
The lifetime of an LED relates to its junction temperature and 
forward current. The new downlight includes three InGaN-
based LUXEON cool white K2 LEDs at a forward current of 
1000 mA. The maximum operational junction temperature 
for these cool white LEDs is 150ºC [1]. The downlight has 
a lifetime requirement of 60,000 hours. Figure 2 shows the 
lifetimes of the cool white LED for different forward currents, 
junction temperatures, and for the B10, L70 lifetime condition 
(which implies that for a specific lifetime, 10% of the LEDs 
are expected to fail at the specified junction temperature 
and forward current.) The failure criterion is when the light 
output of the LED has been reduced to 70% of its original 
light out. To achieve the 60,000 hours lifetime with a B10, 
L70 condition, the junction temperatures required for specific 
forward currents are shown in Table 1. From Table 1, with a 
forward current of 1000 mA, the junction temperature needs 
to be kept below 124ºC to achieve a 60,000 hours lifetime.

Figure 2. Lifetimes for Different InGaN Versions of the LUXEON 
K2 LED [2].
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Table 1. Required Junction Temperatures of LUXEON K2 LEDs for 
Specific Forward Currents to Achieve 60,000 Hours Lifetime Under 

the B10, L70 Lifetime Condition [2]. 
Forward Current 

[mA]
Max Junction 

Temperature [ºC]
350 154

700 134

1000 124

1500 112

For this study, in order to achieve a 60,000 hours lifetime the 
LED junction temperature must be kept under 124ºC, with an 
average year-round temperature of 20ºC. Under maximum 
temperature conditions, the junction temperature must be 
less than 150ºC at an ambient temperature of 40ºC.

Thermal Management Analysis
The lifetime and maximum temperature conditions were 
determined previously; now, a thermal management analysis 
is applied to each condition. This is a confidence level analysis 
performed to build in safety margins for all unknowns in all 
engineering phases. The analysis comprises three sections: 
analytical, numerical (CFD) and experimental. 

1.	 Analytical analysis
a.	 Based on the unknowns in the analysis and 

shortcomings of empirical and experimental 
correlations, assumptions made in order to 
do the analysis

2.	 Numerical or CFD analysis
a.	 Unknowns and assumptions made in order 

to do the analysis
b.	 Shortcomings in the numerical code

3.	 Experimental
a.	 Incorrect thermocouple placement
b.	 Variations in thermocouple response
c.	 Errors in velocity probe calibration
d.	 Power input measurement

Equation 1 is used for the confidence level analysis, where 
Tj is the required junction temperature and CFL is the 

confidence level being applied. Additionally, Tj,condiction is the 
specified junction temperature and Treference is the reference 
or ambient temperature. The temperature difference 
between the required junction temperature and the reference 
temperature, ΔTcondition, is used when comparing different 
conditions.

 
      (1)

Table 2. Confidence Factor Level, CFL, for Different Types of 

Analyses.

Type of Analysis CFL

Analytical 80%

Numerical 80% to 85%

Experimental 90%

A confidence level of 90% is used in this study. Re-arranging 
Equation 1 yields Equation 2. Applying the lifetime conditions 
to Equation 2 determines the temperature difference for the 
lifetime condition.

                                (2)

                                   (3)

The maximum temperature difference can also be 
determined, as shown in Equation 4.

                                     (4)

From Equations 3 and 4, the lifetime condition is the most 
severe condition. Re-arranging Equation 1 yields Equation 
5, which, applied to the lifetime condition, gives us Equation 
6.

j reference condition

j,condition reference j,condition reference

T T T
CFL

T T T T
− ∆

= ≤
− −

( )condition j,condition referenceT CFL T T∆ = × −

( )lifetimeT 0.9 124 20 93.6 K∆ = × − =

( )maximumT 0.9 150 40 99 K∆ = × − =

( )j j,condition reference referenceT CFL T T T= × − + (5)
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Advanced Thermal Solutions’ Thermal Mange-
ment Design Kit contains 96 of its best-selling 
maxiFLOW™ heat sinks and maxiGRIP™ sink 
attachment systems, to quickly provide opti-
mum component cooling solutions during the 
prototyping, trouble shooting and final design 
stages. 

There are 288 parts in all, including heat sink, 
frame clip, spring clip and pre-applied thermal 
interface material for 16 of the most common 
component sizes available. This allows engi-
neers to have the best cooling solution avail-
able for nearly every application. 

ATS maxiFLOW heat sinks feature a low profile, spread 
fin array to maximize surface area for more effective air 
(convective) cooling. The maxiGRIP heat sink attach-
ment system features a plastic frame clip and a stainless 
steel spring clip that runs through the heat sink’s fin field, 
fastens securely to the plastic frame and applies steady, 
even pressure to the component throughout the product 
lifecycle. 

Every heat sink in the Kit comes with a high quality ther-
mal interface material to enhance cooling performance 
and allow immediate qualification testing. An enclosed 
catalog provides each heat sink’s part number, dimen-
sions (base and fin tip to fin tip) and cooling performance 
in both ducted and unducted airflow conditions. 

All parts in the kit are RoHS compliant. 

Individual orders of maxiFLOW heat sinks with maxiGRIP 
frame and spring clip assemblies, including replacements 
for the Kits, are available exclusively from Digi-Key, and 
can be ordered at digikey.com. Tools that aid in the instal-
lation and removal of the assemblies are also available 
and can be ordered from Digi-Key or ATS. 

For further technical information, please contact Advanced Thermal 
Solutions, Inc. at 1-781-769-2800 or www.qats.com

»  96 Heat Sink Assemblies   
Each includes a heat sink, 
with pre-applied phase-
changing thermal interface 
material, plastic frame clip 
and stainless steel spring clip

»  Ideal for Prototyping & Testing  
Allows engineers to have the 
best cooling solution avail-
able for nearly every applica-
tion

»  Parts Available from Digi-Key  
Additional samples and 
replacement parts are 
conveniently available from 
Digi-Key and can be ordered 
at www.digikey.com

»  maxiFLOWTM Heat Sinks  
maxiFLOW heat sinks reduce 
device junction temperatures 
(TJ) by more than 20 percent, 
compared with other heat 
sinks of comparable volume

»  maxiGRIPTM Attachment  
Provides secure heat sink at-
tachment and applies steady, 
even pressure to the compo-
nent throughout the product 
lifecyle 

»  Meets Shock & Vibration 
Standards  
maxiGRIP assemblies are 
certified to meet Telcordia, 
ETSI and MIL-STD vibration 
and shock test standards 

»  Detailed Performance Data   
An enclosed catalog provides 
each heat sink’s part number, 
dimensions (base and fin tip 
to fin tip) and cooling perfor-
mance in both ducted and 
unducted airflow conditions. 

»  RoHS Compliant

89-27 ACCESS roAd, norWood, mA 02062 USA  |  t: 781.769. 2800  f: 781.769.9979  |  WWW.QAtS.Com

Thermal Management 
Design Kit
AtS-tmdK-96

COMPONENT SIZES: 
17 mm x 17 mm
19 mm x 19 mm
21 mm x 21 mm
23 mm x 23 mm
25 mm x 25 mm
27 mm x 27 mm
29 mm x 29 mm
30 mm x 30 mm
31 mm x 31 mm
32.5 mm x 32.5 mm
33 mm x 33 mm
35 mm x 35 mm
37.5 mm 37.5 mm
40 mm x 40 mm
42.5 mm x 42.5 mm
45 mm x 45 mm

COMPONENT HEIGHTS: 
Standard - 3 mm to 4.5 mm
Low Profile - 1.5 mm to 2.99 mm 

HEAT SINK HEIGHTS:
STD  LP
7.5 mm  9.5 mm
12.5 mm  14.5 mm
17.5 mm  19.5 mm
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                                 (6)

Therefore, the junction temperatures to be determined by 
different analyses must be less than 113.3ºC at an ambient 
of 20ºC.

Analytical Analysis
As a starting point, an LED junction temperature of 108ºC 
is assumed, with a required forward current of 1000 mA. 
The usable light tool [3] gives a light efficiency of 9.4% and 
electrical power dissipation, Pe, of 3.53 W. The light efficiency 
is the ratio of the light power, Pl that the LED emits to the 
electrical power input, Pe. This is also given by Equation 7, 
which can be re-arranged in the form shown in Equation 8.

                                                  (7)

                                                      (8)

Figure 3. Control Volume Around an LED.

Consider the control volume around the LED in Figure 3. 
The electrical power input, Pe enters the control volume while 
the heat dissipated, jQ  and the light power, Pl leave the 

control volume. Applying an energy balance to the control 
volume yields Equation 10.

                                                              (10)

Re-arranging Equation 10 yields Equation 11:

                                                                (11)

Substituting Equation 8 into 11 yields Equation 12. Re-
arranging Equation 12 gives Equation 13:

                                                    

                                           

Because all other values of Equation 13 are known, the heat 
dissipated by the LED can be calculated.

                                      (14)

Standard FR-4 boards can be used for LEDs with up to 0.5 
W of dissipation, but metallic substrates are required for 
higher levels [4]. Because the LED heat dissipation is 3.2 W, 
a metal core board type PCB was used. Figure 4 is a sketch 
of the LED junction to heat sink. It shows each material 
that the heat from the LED must transfer through before 
it reaches the heat sink. Figure 4 also provides a thermal 
resistance diagram based on the sketch. The resistances 
are considered to be in series.

The metal core board’s spreading resistance, Rmetalcore can 
be determined using the spreading resistance calculation 
method explained in [5]. The effective in-plane thermal 
conductivity can be calculated using Equation 15, as 
described in [6]:                                                    
where t is the total thickness of the PCB, tc,i and tg,i are the 

( )jT 0.9 124 20 20 113.3 ºC= × − + =

l l eP Pη =

l l eP P= η

e l jP P Q= + 

j e lQ P P= +

j e l eQ P P= − η

( )j e lQ P 1= − η

( )jQ 3.53 1 0.094 3.2 W= × − =

(13)

(12)

 

Pe 

Pl 

Qj 
. 

NN gc
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k

t
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thicknesses of the   copper and glass-epoxy or prepreg/
dielectric layers, and kc and kg are the thermal conductivities 
of the copper and glass-epoxy, respectively.

Equation 15 can be modified to accommodate the PCB’s 
aluminum layer, as shown in Equation 16. Additionally, the 
coverage percentage of each layer can be taken into account 
by the factor βi,

                           (16)

where tAL is the aluminum thickness and kAL is the thermal 
conductivity of the aluminum.

The PCB’s material properties are shown in Table 3. Using 
the spreading resistance calculation and effective in-plane 
thermal conductivity methods previously mentioned, along 
with the PCB’s material properties, the spreading resistance 
in the metal core board was calculated as Rmetalcore = 1 K/W.

Table 3. PCB Material Properties.

Material Coverage 
[%]

Conductivity 
[W/m∙K]

Thickness 
[µm]

Copper 50 385 70

Dielectric 100 3 150

Aluminum 100 180 1600

The other thermal resistance needs are as follows:

1.	 Rs-solder is the thermal resistance in the solder under 

NN gc
i c c,i i g g,i AL AL AL

i 1 i 1
p,e

k t k t k t
k

t
= =
β + β + β∑ ∑

=

Figure 4. Heat Sink-to-LED Junction and Corresponding Thermal Resistance Diagram.
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FEELING OVERWHELMED BY YOUR 
THERMAL CHALLENGES?
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More information about ATS thermal design and testing services can be found on the Advanced Thermal 
Solutions website, www.qats.com, or by calling 781-769-2800.

Advanced Thermal Solutions, Inc.   
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T: 781.769.2800 | F: 769.769.2800 |www.qats.com
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the LED slug. It is 146 µm thick with a thermal 
conductivity of 50 W/m∙K and an area of 22.5 mm². 
This results in a thermal resistance of 0.13 K/W.

2.	 The interface resistance is assumed to be 0.2 K/W. 
This is comparable to the resistance of Chomerics 
T405-R thermal interface material.

3.	 The spreading in the heat sink base, Rhs base,spreading is 
assumed to be zero.

4.	 The junction-to-heat slug thermal resistance of the 
LED is 9 K/W [1].

Consider the thermal resistance in the heat transfer path 
from the junction to the heat sink base shown in Figure 4. 
These resistances are considered to be in series, and the 
junction-to-heat sink resistance is the sum of the individual 
resistances. Using Fourier’s law of heat conduction in a one-
dimensional differential form, the heat transfer rate between 
the junction and the heat sink can be expressed by Equation 
17. Because the required lifetime junction temperature, the 
heat dissipated by the LED, and the thermal resistance from 
the junction to heat sink are known, Equation 17 can be re-
arranged to calculate the heat sink temperature, Equation 
18. 

                                                            (17)

                                                       (18)

                            (19)

Because there are three LEDs on the heat sink, the sink 
must be able to transfer 3 x 3.2 W = 9.6 W from a heat sink 
temperature of 80.34ºC to an ambient of 20ºC. Using the 
thermal resistance diagram shown in Figure 5, the thermal 
resistance from the heat sink to ambient can be calculated 
using Equation 21. From Equation 22, the heat sink thermal 
resistance must be less then 6.28 K/W or the heat sink must 
be able to dissipated 9.6 W at a temperature difference of 
60.34 K.

                                                         (20)

                                                   (21)

                               (22)

Figure 5. Thermal Resistance Diagram of LED Junction to 

Ambient.

For the analytical simulation, two methods available to 
determine the heat sink thermal resistance. The first is 
to refer to the heat sink’s data sheet, which, in this study, 
shows that 9.6 W can be dissipated at a 56.3K temperature 
difference (see Figure 6.) This is less than the required 63.4 
K temperature difference. 

The second method is to use an analytical model of the 
heat sink (whose part number is ATSEU-077B-C4-R0.) The 
results of the analytical analyses are shown in Table 4.
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Figure 6. Experimental Results using the ATSEU-077B-C4-R0 
Heat Sink.

Numerical Results
Based on the analytical results, a model of the downlight 
was created. It was simulated in a free air environment. The 
boundary conditions for a free air environment are discussed 
in [7]. The results of the numerical analysis are shown in 
Table 4.

Figure 7. Numerical Results of the Downlight Analysis.

Experimental Results
An experimental model of the downlight was manufactured 

and tested. This was done in order to verify the results of 
the analytical and numerical analyses. The LEDs were 
calibrated using the forward voltage method, also referred 
to as the electrical method. In the forward voltage method, 
the LED is calibrated at a sense current. Thereafter, the LED 
is tested at the required forward current of 1000 mA. When 
steady-state has been reached, the junction voltage at the 
sense current is measured and the junction temperature can 
be calculated from the calibration curve. A detailed example 
of the forward voltage/electrical test method is given in [8].

Figure 8. Images of the Experimental Analysis showing the LEDs 
(a), the Experimental Set Up (b) and an Infrared Picture of the 
Lighting System (c).

Comparing the Analytical, Numerical and Experimental 
Results
Table 4 summarizes the analytical, numerical and 
experimental results for the LED lighting system. The table 
shows that the results obtained using the different methods 
are within 10% of each other and have a high confidence 
level. The maximum temperature difference calculated for 
the CFD results is 93 K. Further, the experimental results 
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Figure 5. Thermal Resistance Diagram of LED Junction to 

Ambient.

For the analytical simulation, two methods available to 
determine the heat sink thermal resistance. The first is 
to refer to the heat sink’s data sheet, which, in this study, 
shows that 9.6 W can be dissipated at a 56.3K temperature 
difference (see Figure 6.) This is less than the required 63.4 
K temperature difference. 

The second method is to use an analytical model of the 
heat sink (whose part number is ATSEU-077B-C4-R0.) The 
results of the analytical analyses are shown in Table 4.
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have a temperature of 87 K. Both of these results are below 
the required 93.6 K for the lifetime condition. Therefore, the 
analyses have  shown that the LED-based downlight system 
satisfies the lifetime temperature condition. The LED-based 
downlight lighting system end product is shown in Figure 9.

Figure 9. LED-based Downlight Whose Cooling Solution was 
Developed by ATS Europe B.V.

Summary
This article explains the development of an LED-based 
downlight system. The LED lighting system uses 3 LUXEON 
K2 LEDs at a forward current of 1000 mA. The article 
discusses analytical, numerical and experimental analysis 
methods  A comparison of the different analysis results are 

given. For reliability, it is recommended that at least two 
independent results be obtained, and that these not differ by 
more than 20%.
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Parameter Units
Analytical, 

with 
experimental 

hs-data

Analytical,  
only CFD Experimental

Tambient °C 20 20 20 20

Iforward mA 1000 1000 1000 1000

Light efficiency % 9% 9% 9% 9%

Pdissipated,total W 9.6 9.6 9.6 9.6

Theatsink base °C 68 76 75 71

Tboard °C 73 81 84 78

Tj, led °C 102 110 113 107

Comparison of methods % 95% 103% 105% 100%

ΔTj-amb K 82 90 93 87
Less than the required temperature 
difference of 93.6K TRUE TRUE TRUE TRUE

Table 4. Comparison of the Analytical, Numerical and Experimental Data, Normalized to an Ambient Temperature of 20ºC.


