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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
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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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Chip Level Cooling 
The Final Frontier
With clock rates and transistor counts increasing in today’s microprocessors, power dissipation has become a critical part of 
system design complexity. Thermal and power delivery issues are especially significant in high performance computing sys-
tems. As device densities and clock frequencies continue to increase, the switching currents carried by the power and ground 
networks increase as well, leading to an increase in power density. This increase, along with the lower power supply voltages 
and thinner wires, can adversely affect the robustness of the IC. Power distribution systems are designed to provide needed 
voltages and currents to the transistors that perform the logic functions of a chip. The supply voltages are assumed to be con-
stant across a chip, and are expected to operate reliably over the chip’s lifetime. The complexity of power distribution systems 
and their subsequent spot heating have a significant impact on chip performance. If IC designers do not consider such matters, 
they will have a difficult time producing a robust system since the chip can fail in the field after it is embedded in a system.

This issue is acutely highlighted by ITRS: Table 1 shows the trends in electronics packaging for the next eleven years [1].

Table 1. High Performance Logic Technology Trend Targets [1].

1Functions per chip at production (million transistors)
2Chip size at production (mm2)
3Physical gate length (nm)
4Effective saturation drive current (uA/um)
5Source/drain sub-threshold off-state leakage current (uA/
um)
6Intrinsic transistor delay for NMOS devices at 250C (ps)
7Energy per device switching transition with dimensions W/
Lg=3 (fJ/device)

Year 2007 2010 2013 2016 2019
Planar Bulk Double Gate

Supply Voltage (V)
1Transistor (M)
2Size (mm2)
3Lg  (nm)
4Id.sat (uA/um)
5Isd, leakage (uA/um)
6Intrinsic Delay, τ  (ps)
7Switching Energy (fJ)
8Max, P.D.(W/cm2)

1.1

1106

310

25

1200

0.2

0.64

0.1634

60.97

1.0

2212

310

18

2050

0.28

0.40

0.0447

63.87

0.9

4424

310

13

2220

0.11

0.25

0.0198

63.87

0.8

8848

310

9

2713

0.11

0.15

0.0091

63.8

0.7

17696

310

6

2744

0.11

0.10

0.0036

63.87
8 Maximum allowable average power density (W/cm2)

As observed by Lin, et al., [2], the projected allowable maxi-
mum power density (shown in Table 1) is approaching satu-
ration in the next few years, due to the limited capability for 
system level heat removal. While increasing the chip size can 
reduce the overall heat flux, the desire to place more circuitry 
on the same silicon will negate the notion of a larger chip. 
As noted by Taur [3], the thermal problems are amplified be-
cause the leakage current (power at the transistor level) forms 



� January 2009 |Qpedia

the major portion of the total power dissipated by the chip. 
Concluding this leakage is undesirable from the thermal stand 
point, it has become the primary factor in limiting the scaling 
of CMOS devices. 

As the power dissipation across the chip has risen, the lo-
cal so-called, “hot-spots” have become a unique challenge 
for device designers and thermal engineers. As a result of the 
combination of small device features and passage of elec-
trical current in such locations, the local heat flux densities 
have risen dramatically while posing a significant challenge 
for cooling thermal spikes on the chip. Figure 1 shows one 
such effect where there is significant power and subsequently 
temperature distribution on the chip, [4]

The power profile over the chip has peaks and valleys, where-
by the peaks represent the highest power concentration (larg-
est heat flux, W/mm2) and highest temperature levels on the 
chip. This is depicted in Figure 2 for a CPU.

These peaks have a proportionally higher temperature than 
the rest of the chip and represent the potential for a chip’s 
malfunction or its catastrophic failure. Once we translate this 
to a PCB, some of the components are of high to average 
power and some are of low to average power. Consequent-
ly, the PCB has the same power and thermal response as 
the chips on the components forming the PCB. This impacts 
the thermal response of the components residing on it, i.e., 
change of boundary conditions. The thermal management 
at both levels of packaging, chip (component) and PCB, are 
huge bottlenecks in the successful launch of an application. 
They become even more prevalent as the heat flux density 

Figure 1. Map of FET Junction Temperature for a 115 W 
Packaged Power 4 Chip Derived from Chip Power Analysis and 
Thermal Modeling Simulation [4].

Figure 2. Power and Temperature Distributions at the CPU Junction 

[5].

increases.
Despite significant advances in component packaging and 
material-design, the industry continues to struggle with this is-
sue. The solution for the spot cooling has two broad forms – 

At the silicon level
At the package level.

Silicon Level
At the silicon level, a number of solutions have been explored. 
These include: deployment of Micro-Channel Heat Exchanger 
(MCHE), Thin Film Thermo Electric Cooler, Micro-Heat Pipes 
or Localized Copper bumps to facilitate the spreading of the 
heat on a larger surface area or transporting it to a different lo-
cation in the case of MCHE. Figure 3 shows a stacked MCHE 

•
•
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that is used for cooling a silicon substrate.

The success of these techniques (except for a handful of high-
ly customized applications, such as larger scale computers) 
has been weak and unsatisfactory. The TEC, Bump, micro 
heat pipes, etc, have had moderate success in dampening 
the peaks observed as a result of the power density variation. 
Often, because of the aspect ratio or the area, the heat flux 
exceeds 400-500 W/cm2. In some high power applications, it 
exceeds 1-2 kW/cm2. With such high heat fluxes, one can ap-
preciate the limits of the aforementioned technologies. 

An interesting approach to this problem, apart from the main-
stream thermal sciences, has been the electrical control of 
the chip, which is highlighted in [7]. In this technique, named, 
Dynamic Thermal Management (DTM) for High-Performance 
Microprocessors, the authors have investigated the dynamic 
thermal management as a technique to control CPU power 
dissipation. As stated in their paper, the term Dynamic Ther-
mal Management refers to a range of possible hardware and 
software strategies which work dynamically, at run-time, to 
control a chip’s operating temperature. Traditionally, the pack-
aging and fans for a CPU or computer system are designed to 
be able to maintain a safe operating temperature even when 

the chip was dissipating the maximum 
power possible for a sustained period 
of time, and therefore generating the 
highest amount of thermal energy. This 
worst-case thermal scenario is highly 
unlikely, however, and thus such worst-
case packaging is often expensive over-
kill. DTM allows packaging engineers to 
design systems for a target sustained 
thermal value that is much closer to 
average-case for real benchmarks. If 
a particular workload operates above 
this point for sustained periods, a DTM 
response will work to reduce chip tem-
perature. In essence, DTM allows de-
signers to focus on average, rather than 
worst-case, thermal conditions in their 
designs. Figure 3. Stacked Micro Channel Heat Exchanger for Substrate Cooling [6].
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The key goals of DTM can be stated as follows: 

to provide inexpensive hardware or software responses, 
to reliably reduce power and, 
to impact performance as little as possible.”

To better understand the process the authors state that “the 
maximum power dissipation occurs when all of the structures 
within the processor are active with maximum switching activ-
ity. In reality, the maximum power dissipation is constrained 
by the software program that can maximize the usage and 
switching activity of the hardware. Special max-power bench-
marks can be written to maximize the switching activity of the 
processor. These benchmarks are often quite esoteric, per-
form no meaningful computation, and dissipate higher power 
than “real” programs. Thus, DTM techniques could be used 
solely to target power levels seen in maximum power bench-
marks and would rarely be invoked during the course of typi-
cal applications.” As depicted in Figure 4, there are three hori-
zontal dashed lines. The topmost line shows the designed for 
cooling capacity of the machine without DTM. The second line 
shows that the cooling capacity could be reduced if dynamic 
techniques were implemented, because DTM reduces the ef-
fective maximum power dissipation of the machine. Finally, 
the lowest horizontal line shows the DTM trigger level. This is 
the temperature at which the DTM techniques are engaged. 

Two curves in Figure 4 show chip temperature for some se-
quence of code being executed on the machine.The upper, 
solid curve is executed on the machine without DTM, and the 
lower, dotted curve is executed on a machine that has imple-
mented DTM. Both curves are the same until the DTM trigger 

1.
2.
3.

level is exceeded. At this point, after a small delay to engage 
the response, the curves diverge. In the uppermost curve the 
chip temperature slowly increases and then falls back below 
the trigger level. The lower curve shows how DTM would af-
fect the same sequence of code. 

Package Level 
At the package level, the cooling solutions can be applied to 
the top of the silicon, or alternatively the component is im-
mersed in some sort of heat transfer fluid. The goal of these 
approaches is to rapidly remove the heat from the device or 
to provide a medium that can effectively absorb the thermal 
peaks by improved thermal spreading. A number of tech-
niques have been explored by many researchers in the field 
with varied success. Reference [8] provides a detailed review 
of different techniques, highlighting their salient features and 
challenges for deployment. Table 2 presents such techniques 
and their respective characteristics.   

Figure 4. Overview of the Dynamic Thermal Management (DTM) 
Technique [7].

Technology Advantages Disadvantages

Fan sinks = heat pipe (hybrid Compact, versatile Reliability, space, limited to ambient temperature

Thermoelectric Spot cooling Reliability, low capacity

Liquid cooling High surface heat transfer Sealing, cost, maintenance, packaging

Direct immersion High capacity Cost, sealing, packaging

Refrigeration Sub-ambient Cost, power, space, packaging

Cryogenics Super cooling Cost, power, packaging

Table 2. Thermal and Deployment Characteristics of Select Cooling Options, [8].
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Other researchers have highlighted 
the other cooling solutions that are de-
ployed or exist at university or company 
laboratories, [9 and 10]. In an excel-
lent paper by Lin and Banerjee [2] the 
authors demonstrate the impact of the 
global and local cooling solution as is 
applied to hot spots on dies specifically 
designed for such study. 

Figure 5a and 5b show the functional 
block layout of a test chip showing pow-
er density associated with each block. 
Nominal total power consumption is 90 
W, and Figure 5b shows four hot-spots 
on the topical substrate temperature 
profile of the test chip. In this case, the 
highest temperature is around 73 oC. 

And Figure 6a and 6b show the topical 
substrate temperature profile of the test 
chip for global and spot cooling respec-
tively. 

89-27 Access Road, Norwood, MA 02062 USA | T: 781.769.2800 | F: 781.769.9979 | www.qats.com
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ATS’ Automatic Temperature and Velocity Measurement Systems deliver unmatched 
accurate, stable and versatile performance for all aspects of thermal analysis. Fully 
automated, these research-quality instruments take accurate single- or multi-point 
measurements of air temperature, velocity and surface temperature in complex 
environments, such as PCBs and electronics enclosures.
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Figure 5. Block Diagram and the Topical Temperature Measurement of a 10 x 10 mm Test 
Chip, respectively [11].

Figure 6. Topical Temperature Difference for Global (6a) and Spot Cooling (6b) of a 10 x 
10mm Test Chip.
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As stated by the authors, “the substrate temperature profile, 
(Figure 5b), shows several hot spots and the highest junction 
temperature is around 73 oC. Although the results shown here 
are specific to the aforementioned IC, the conclusions drawn 
are more generic. Figure 6 shows the effect of applying global 
and localized cooling strategies on hot spot management. As 
shown in Figure 6a, a lower junction-to-ambient thermal resis-
tance (θja) obtained by applying global cooling (through better 
interface material, higher cooling efficiency, etc.) reduces the 
maximum junction temperature. However, on-chip hot spots 
and thermal gradients still remain. On the other hand, local-
ized cooling solutions such as local spray cooling and thin-
film thermoelectric coolers can be applied to eliminate the 
hot spots. For example, if a thin-film thermoelectric cooler is 
placed on the backside of the wafer below the location of the 
bottom-right hot spot, it can effectively eliminate the targeted 
hot spot as shown in Figure 6b.”

Summary
The power profile over the chip has peaks and valleys. The 
peaks represent the highest power concentration (largest 
heat flux, W/mm2) and highest temperature levels on the chip. 
Thermal management of the so-called hot-spots has become 
a unique challenge for device designers and thermal engi-
neers alike. Through the combination of smaller device fea-
tures and the passage of electrical current in such locations, 
local heat flux densities have risen dramatically. They pose a 
significant challenge for cooling thermal spikes on the chip.

To successfully manage such occurrences, it is clear that a 
topical or spot approach for thermal management of these 
hot spots alone is not sufficient. To successfully develop such 
products, it is essential for thermal management and logic-
flow to be considered concurrently, and for a system level ap-
proach for cooling to be taken.
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h     = heat transfer coefficient
Afin  = heat sink fin area + base area between fins
m
•

  = mass flow rate, equal to ρVfA
Vf  = velocity between fins
A   = total cross sectional area of the channels between fins
Cp  = specific heat at constant pressure

To determine Rsa, the heat transfer coefficient (h) and flow ve-
locity within the fin field (Vf) must be determined. In Equation 
1, the heat transfer coefficient is based on the average air 
temperature between the fins. The second term is included for 
the additional thermal resistance of the fluid due to its thermal 
capacitance. If we base the heat transfer coefficient on the 
inlet air temperature, the heat transfer coefficient is obtained 
from Equation 2 [2]:               

(2)

Where,  
Nub = hb/k 
K   = fluid thermal conductivity

Heat Sink Thermal Resistance                 
As a Function of  Height: Ducted Flow with Fan Curve

12

In the October 2008 issue of Qpedia, we looked at the thermal performance of a heat sink as a function of height for a ducted 
flow, but with a fixed volumetric flow rate. This implies that we have a constant pressure source of airflow that is independent of 
the pressure drop caused by the heat sink [1]. Another article considered thermal performance as function of the number of fins 
for a ducted flow, but with a fan curve involved [2]. Here, we look at the performance of a heat sink as a function of height, but in 
a real case scenario with a fan curve involved. The heat sink geometry and size are exactly the same as in the earlier issue. 
Figure 1 shows the front view of a simple straight heat sink.

Where,
b = fin-to-fin spacing
tf = fin thickness
H = fin height
W = width of the heat sink
The heat sink thermal resistance (Rsa) is defined by the follow-
ing equation [1],

       (1)

Where, 
Rsa = sink-to-ambient thermal resistance

W

H

b 
t f 

Figure 1. Schematic of a Simple Straight Fin Heat Sink.
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Re = Reynolds number, equal to ρVfb
2/µL

B   = fin-to-fin spacing
µ = dynamic viscosity
L = heat sink length
By using the above heat transfer coefficient, the second term 
in Equation 1 drops and the heat sink thermal resistance is 
calculated from:

					     (3)

The pressure drop is calculated as follows [3]:

                  (4)

Where,
ρ = density
Dh = hydraulic diameter
The other terms are defined as follows:
Ke and Kc are pressure loss coefficients for sudden expansion 
and contraction [3], respectively, and are defined as,

                                                                        (5)

Where,
σ = the ratio of the open channel area to the total frontal area

appf = the apparent friction factor for hydrodynamically devel-
oping laminar flow

                                                           (6)
 

Where,
			                            		  (7)             

                                                                                      

and L = heat sink length in the direction of the flow              
The Reynolds number is defined differently than the Nusselt 
number calculation and is defined as,

                                                                             (8)

f is the friction factor for a fully developed laminar flow and is 
defined as,

fin

1Rsa =

 2

appC

VL f
eD 2h

= + +

 2

2 2

K 0.42.(1c
K (1e

= −

= −

 L /DhL Re
∗ =

1/2

211.8( (f.Re)
*Lfapp Re

 
 
 
  

+
=

hfRe=

                (9)

Where the aspect ratio is defined as,
 (10)                                                                                           

  
Let’s consider a heat sink with the following characteristics.

Width = 80 mm
Length = 80 mm
Base thickness = 4 mm
Height = 30 mm (variable)
Fin thickness = 0.5 mm
Number of fins = variable
Let’s assume we are using a fan with the characteristics in 
Table 1:

Table 1. Fan Characteristic Assuming a Linear Curve.    

Pressure Volumetric Flow Rate

0 0.0148 m3/sec (33 CFM)

650 Pa (2.6 H2O”) 0

In the first scenario, we assume that the flow is fixed at 0.0148 
m3/sec and the pressure drop has no effect on the fan flow 
rate. We also assume that the heat source is 80 x 80 mm, so 
there is no spreading resistance. The number of fins is fixed 
at 60 for all subsequent cases.

Figure 2 shows the thermal resistance of this heat sink as a 
function of height when it varies from 10 to 30 mm. The graph 
shows that the rate of improvement of the thermal resistance 
decreases as the height, increases. In fact, after reaching a 
height of 25 mm, the improvement in performance has al-
most reached a practical asymptote. Figure 3 shows that the 
pressure drop in the heat sink decreases as the fin height 
increases.  This is due to the fact that, with taller fins, the 
larger aspect ratio channels formed between the fins create 
less pressure drop compared to shorter fins with a smaller 
channel aspect ratio. The results also show that taller fins cre-
ate slower airflow velocity, hence less pressure drop..

= − ⋅ + ⋅ − ⋅ + ⋅ − ⋅ 2 3 4 5f (24 32.53

b
H=
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The above graphs are based on a hypo-
thetical fixed flow. Now, let’s consider a 
real life situation with the above speci-
fied fan. For simplicity, we assume the 
fan curve is a straight line. In order to 
calculate the thermal resistance of the 
heat sink, we must first know how much 
airflow is provided to the heat sink by the 
fan. This is found by intersecting the heat 
sink pressure curve and the fan curve. 

Thermal Resistance as a Function of Height
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Figure 2. Thermal Resistance of the 80 x 80 mm Heat Sink as a 
Function of Fin Height For a Ducted Flow-Fixed Flow.

Figure 3. Pressure Drop of the 80 x 80 mm Heat Sink as a Function 
of Fin Height for a Ducted Flow-Fixed Flow.
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Fig 4. Fan Curve and the 80 x 80 mm Heat Sink Pressure Drop for Different Fin Heights. 

The point of intersection is the operating 
point of the system, which determines 
the volumetric flow rate and, hence, 
the thermal resistance. Figure 4 shows 
the fan and the heat sink curves for fin 
heights ranging from 10 to 30 mm. It can 
be seen that by increasing the fin height, 
the heat sink curve shifts downward and 
the operating point – the intersection of 
the fan curve and the heat sink curve 

– moves to the right hand side on the X 
axis (volumetric flow rate axis), thus in-
creasing the volumetric flow rate. Figure 
5 shows the thermal resistance of the 
heat sink as a function of fin height. This 
figure demonstrates that as we increase 
the fin height, the thermal resistance 
continuously decreases.  The interesting 
observation from this graph is that the 
thermal resistance does not reach an 

asymptote. The rea-
sons for this continu-
ous improvement in 
performance are the 
decrease in pres-
sure drop, increase 
in volumetric flow 
rate and increase in 
surface area. Figure 
6 compares the two 
cases of fixed flow 
and flow with a fan 
curve. This graph 
shows that the dif-
ference in thermal 
performance be-
tween the two cases 
decreases as the fin 
height increases.
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There are few 
choices for in-
creasing the per-
formance of the 
heat sink. Some 
of the options are 
to select a fan with 
higher pressure, 
higher flow rate, 
fans in series, or 
fans in parallel. In 
any of these cases 
the fan and heat 
sink curves should 
be plotted, repeat 
the above process 
to find the operat-
ing point and follow 
the trend. Figure 
7 shows the same heat sink pressure 
curves along with pressure curves for 
two fans either in parallel or in series. 
The combination to use depends on 
the fin height. Point A is the intersection 
between the two curves for series and 
parallel combination. Figure 7 shows 
that if we are on the right hand side of 
point A, parallel combination will provide 
more flow. On the other hand, if we are 

Figure 5. Thermal Resistance of the 80 x 80 mm Heat Sink as a 
Function of Number of Fins. 
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on the left hand side of point A, a series 
combination is better. This implies if the 
fin height is more than 16 mm we use a 
parallel combination, otherwise we use 
the series combination. 

Figure 8 shows the heat transfer coef-
ficient as a function of fin height. It can 
be seen that the heat transfer coefficient 
decreases as height increases. The dip 

Figure 6. Thermal Resistance of the Sink as a Function of Fin Height 
for Two Cases of Fixed and Flow with Fan Curve

Thermal Resistance of the Heat Sink as a Function of Height for 
Fixed Flow and Flow with Fan Curve
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Figure 7. Thermal Resistance of the 80 x 80 mm Heat Sink as a Function of Fin Height. 
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in the heat transfer coefficient at 14 
mm of height can be explained by re-
ferring to Figure 9. Figure 9 shows that 
the volumetric flow rate at 14 mm has a 
dip in volumetric flow rate which causes 
the dip in the heat transfer coefficient. 
The dip in the volumetric flow rate is due 
to the nonlinear nature of the fan curve 
and heat sink pressure curve operating 
point. Figure 10 also shows that fin effi-
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ciency as a function of fin height constantly decreases. These 
graphs show that even though the heat transfer coefficient 
and the efficiency drop, because the overall surface area has 
increased, the net effect is a decrease in thermal resistance.

Figure 8. Heat Transfer Coefficient of the 80 x 80 mm Heat Sink as 
a Function of Fin Height. 
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Figure 9. Volumetric Flow Rate of the 80 x 80 mm Heat Sink as a 
Function of Fin Height. 
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Figure 10. The Fin Efficiency of the 80 x 80 mm Heat Sink as a Func-
tion of Fin Height. 
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Future articles will discuss the optimization of a heat sink 
by changing both the number of fins and the fin height. The 
above analysis is a purely theoretical practice. In a real life 
situation, there might not be the luxury of using a very tall heat 
sink due to space constraints and, more importantly, because 
of the manufacturing difficulty in making taller fins. In these 
circumstances, engineers should look at all the variables and 
try to optimize based on what is available.
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Heat Sink Testing Methods        
and Common Oversights

Introduction
The effective use of an electrical 
component is limited by its maximum 
operational junction temperature. 
To achieve a desired component 
temperature, excess heat dissipated 
by the device must be transferred to 
the environment [1]. The most common 
method for transferring heat from the 
component to the environment is to use 
a heat sink. 

To estimate a component’s junction 
temperature, a required value is the 
heat sink’s thermal resistance. The 
thermal resistance of a heat sink 
can be determined analytically or 
experimentally. This article looks at 
three experimental methods of testing 
heat sinks.

First, it is necessary to understand the 
heat transfer path from the component 
to the local ambient, and then to 
understand the differences between the 
practical and experimental application 
of a heat sink.

Heat Sink Mounted On a Component: 
Practical Use
In a practical application, the heat 
transferred to the air from multiple 
junctions of a component follows 
a complex 3D heat transfer path. 
Simplified, the heat transferred from 

the junction of a component, jQ , to 
the air follows two heat transfer paths, 
as shown in Figure 1. The first heat 
transfer path is from the junction to the 
air via the heat sink j a,hsQ −

 . The second 
path is also from the junction to the air, 
but via the board j a,brdQ −

 . The portion of 
heat transfer via the heat sink depends 
on the thermal resistance of the two 
paths. 

For BGA components without a heat 
sink, heat transfer to a board is typically 
80% of the total heat transfer rate. When 
a heat sink is mounted to the BGA, the 
thermal resistance from the case to the 
air is decreased. Heat transfer to the 
board will decrease and more heat will 
be transferred to the air.
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Figure 1. Heat Sink Applied to a Component, Mounted on a Board.

Heat Sink Set Up for Testing
A research quality wind tunnel, air 
temperature and velocity sensor, 
thermocouples and a power supply are 
needed to test heat sinks. A resistor is 
used to dissipate electrical power in 
the form of heat energy. The resistor 
is typically attached to the heat sink 
using thermally conductive double-
sided tape. Such tape also attaches the 
resistor to a board, which is typically a 
low thermal conductivity printed circuit 
board or FR4. 

As with a heat sink mounted on a 
component, the heat dissipated in the 
resistor is transferred to the environment 
by two paths. However, the thermal 
resistance from the resistor to the 
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heat sink and to the board is only the 
interface resistance, RTIM. Heat transfer 
to the air via the heat sink, r a,hsQ −

  will 
not equal the energy dissipated in the 
resistor. If this value is used, there will 
be an error in determining the thermal 
resistance of the heat sink because the 
energy dissipated, rQ , is not the heat 
transfer to the environment via the heat 
sink. 

Thermal resistance from the board to 
the air increases with decreasing board 
thickness. Resistance decreases with 
increasing board thermal conductivity 
and increased air flow velocity across 
the board. Though, as previously 
stated, a low thermal conductivity 
printed circuit board is used to minimize 

the loss through the board.

Heat Sink Experimental Set Ups
The first method of heat sink testing 
is set up in an unducted environment. 
This is similar to the flow experienced 
in typical applications. The airflow 
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Figure 2. Heat Sink Experimental Set Up.

Figure 3. Heat Sink Experimental Set Ups: Unducted (a), Ducted (b) and Dual Heat Sink 
Testing Methods [3].
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through the heat sink is affected by its 
fin density. The higher the fin density, 
the more airflow bypasses the heat 
sink. This provides realistic data for the 
thermal performance of the heat sink.
The test is easy to set up, but requires 
a higher quality testing facility. One 
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prominent issue is that the heat loss to 
the board must be taken into account. 

The second method of heat sink testing 
is set up in a duct. This forces all of the 
airflow to go through the heat sink. 
There is no air flow around the heat 
sink or bypass airflow. It is moderately 
easy to set up. Vendor supplied thermal 
resistance data is commonly provided 
for ducted test results. However, the 
results are optimistic and can give 
misleading data when heat sinks are 
used in an unducted application. 

The third method is dual heat sink 
testing, which uses two identical heat 
sinks with a heater sandwiched between 
them. The assembly is suspended on 
the centerline of a research quality 
wind tunnel. Dual heat sink testing is a 
good approach because there are no 
heat transfer losses to the air, e.g. via 
a board. 

But this method is rarely used in 
industry because it is time consuming 
to set up and because the approach 
velocity is difficult to measure without 
using a quality testing facility.

Example of a Heat Sink Testing 
Results
To show the differences in thermal 
resistances, as determined by each 
testing method, we can compare the 
resistances of a maxiFLOWTM and a 
straight fin heat sink. The maxiFLOW 
heat sink has a base size of 42.5 x 42.5 
mm, and is 17.5 mm high. However, the 
straight fin heat sink has a base size of 

80 x 76 mm and is 20 mm high. Due 
to these size differences, the thermal 
resistance of the smaller maxiFLOW 

sink will be higher than that of the 
straight fin heat sink. The straight fin 
sink is 284% bigger in volume than the 
maxiFLOW heat sink.

As shown in Table 1, the maxiFLOW 
heat sink has a thermal resistance of 
1.5 K/W when ducted, and 1.9 K/W 
when unducted at 1 m/s,. This results 
in a 21% difference between the testing 
methods. The dense straight fin heat 
sink was simulated using CFD. It has 
a ducted thermal resistance of 0.38 K/

Test 
Environment

Thermal resistance 
[K/W]

Difference between thermal 
resistances [%]

Ducted 1.5 -21%

Unducted 1.9 Datum

Table 1. Ducted and Unducted Thermal Resistance of an ATS-52425P-C2-R0 at ~1 m/s 
(200 LFM) (42.5 x 42.5 x 17.5 mm) [2].
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Testing Method Base Temperature 
[ºC]

Thermal Resistance 
[K/W]

Difference 
Between Thermal 
Resistances [%]

Pressure Drop [Pa]

Ducted 23.8 0.38 -71% 40

Unducted 33.1 1.31 Datum 2.0

Dual 34.7 1.47 12% 2.4

Table 2. Ducted, Unducted and Dual Thermal Resistance of a Straight Fin Heat Sink at 1 m/s (~200 LFM) (80 x 76 x 20 mm).

W, and resistance of 1.31 K/W when unducted as shown 
in Table 2. This results in a difference of 71%. The large 
difference in thermal resistance between testing methods is 
due to the dense fins. Airflow goes around the heat sink in an 
unducted test, as shown by the particle tracks in Figure 5. All 
of the particle tracks go through the heat sink in the ducted 
simulation, as shown in Figure 4. 
Simulated as a dual heat sink, the thermal resistance differs 
by 12%. This is due to the heat loss to the environment via 
the FR4 board.

Summary
Heat sink manufacturers often report ducted test data, but 
most practical applications involve an unducted heat sink. 
Unducted thermal resistance data can be 20% higher 
or more than ducted data. It is essential that the design 
engineer makes sure what test data to use. Failure to do 
so can have serious implications for the reliability of the hot 
components. Table 3 provides a summary of the heat sink 
testing methods.

Figure 4. CFD Image of a Straight Fin Heat Sink in a Ducted Environment, Dissipating 10 W at an Inlet Air Flow Velocity of 1 m/s (~200 
LFM).

January 2009 |Qpedia



Thermal Minutes

22

Figure 5. CFD Image of a Straight Fin Heat Sink in an Unducted Environment, Dissipating 
10 W at an Inlet Air Flow Velocity of 1 m/s (~200 LFM). 

Method Description Pros Cons

Unducted Place heat sink on a heat 
source on a board and suspend 
assembly in the middle of a wind 
tunnel.

A better method for thermal 
characterization.
Relatively easy to setup.
Provides realistic data that 
corresponds to application.

Must accurately account for the 
heat coming through the heat 
sink.
Requires a quality testing facility.

Ducted Force the entire flow through the 
heat sink and provide no room 
for bypass flow.

Most commonly practiced by heat 
sink vendors because it shows 
superior data.
Moderately easy to setup.

It provides far too optimistic 
thermal resistance that is 
misleading for unducted 
applications.

Dual Heat 
Sink

Use two identical heat sinks with 
a heater  sandwiched in between; 
suspend the assembly in the 
wind tunnel.

No heat losses due to a board.
Rarely practiced in the industry.

Time consuming to set up.
Requires care for measuring 
the approach air velocity and 
temperature.
Requires a quality testing facility.

Table 3. Summary of Heat Sink Testing Methods
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Conduction Heat Transfer
and How it is Calculated

Introduction
Conduction heat transfer is the spontaneous transfer of heat 
energy through a material due to temperature gradient. This 
process continues as long as a temperature gradient exists 
in the material. The governing equation is known as Fourier’s 
law of heat conduction for one dimension [1].

 	 (1)

Where,

q = rate of heat transfer (W)
k = conduction heat transfer coefficient (W/m/°C)

T
x
∂
∂

= temperature gradient in the direction of the heat flow

This equation shows that the rate of heat transfer per unit 
area is directly proportional to the temperature gradient 
between the points of conduction, and k (the conductive 
heat transfer coefficient) is the proportionality constant.

To illustrate the role of conduction heat transfer, we will 
consider a typical heat transfer analysis problem, involving 
convection and radiation, and derive the necessary differential 
equations to predict the heat transfer behavior. Finally, we 
will solve the differential equation for a baseline case.

Discussion 
A heat transfer analysis was performed on the cylindrical pin 
fin shown in Figure 1 below. 
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For this problem, the boundary conditions are assumed to be 
known at the base and tip of the pin. To develop a differential 
equation describing heat conduction through the pin and 
subsequent heat removal due to convection and radiation, 
an energy balance is performed on a differential element of 
the pin. This is shown in Figure 2.

Figure 2. Differential Cylindrical Element.

The following equation results:

 (2)

Here qx is the energy into the left face of the differential 
element and qx+dx is the energy out of the right face of the 
element. The terms dqconv and dqrad represent the energy lost 
by convection and radiation, respectively, for the differential 
slice. For this problem the energy generation terms have 
been neglected.  The term qx+dx can now be written in terms 
of the Taylor series expansion [2].

  		    			   (3)
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Figure 1. Description of Pin for Heat Transfer Analysis.
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Substituting (3) into (2) results in a new equation (4).

  	 (4)

This equation basically says that the difference between 
the conduction heat transfer into and out of the differential 
element is equal to the sum of the convection and radiation 
heat transfer from the surface of the element to the 
environment.    	

Substituting the dimensional equations for conduction, 
convection and radiation in (4), and noting that the surface 
area on the perimeter of the pin on a differential basis can 
be written as dAs = πDdx ; and finally dividing through by dx 
the following equation emerges.
	
	 	

(5)
	   		

Where Tsur is the temperature of the radiating surface.
Because both the thermal conductivity k and the Area of 
conduction Ac remain constant for this example, (5) reduces 
to (6) below.

			   (6)

This is the governing differential equation. In order to solve 
this equation and gain some insight into what is going on, we 
need to define an expression for the convective heat transfer 
coefficient.  If we assume natural convection, we can use the 
following equation (7) as a typical correlation [2].

		  (7)
	
Defining a radiation heat transfer coefficient as follows: 

2 2
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And with the BC (boundary conditions) shown in (9) and (10) 
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below:

BC - 1, at x = 0				  
					     (9)

BC - 2, at x = L			 
	
	      (10)

		
The governing differential equation can now be solved for the 
temperature distribution T along the length of the pin. With T 
known, the total heat transfer qtot, and the contributions from 
convection and radiation (qconv and qrad) can be calculated 
using (11), (12), and (13) below.

				    (11)

	 (12)

	  	
(13)

   

Table 1. Baseline Values for Use in Calculating Heat Transfer for 

the Pin Style Fin.

Description Variable Value Units

Pin Base 
Temperature Tb 100 ºC

Surrounding 
Temperature T∞ 25 ºC

Length of Pin L 10 cm

Diameter of Pin D 1 cm

Thermal 
Conductivity k 14 W/mK

Emissivity ε 0.2 -

Stefan-Boltzmann 
Constant σ 5.67e-8 W/m2K4
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Defining a baseline case for numerical analysis (Table 1), 
and solving using the Finite Difference method, we get the
following temperature distribution for the pin (Figure 3).

It can be seen that the temperature decreases along the 
length of the pin.  This is expected because there are 
heat transfer losses from convection and radiation as 
heat conducts down the pin. The temperature decrease is 
exponential as predicted by Newton’s Law of Cooling. 

The ratio of the heat loss by convection and radiation with 
respect to the total heat transfer is shown in Figures 4 and 
5 for a base temperature range of 30°C to 350°C. The total 
heat transfer is equal to the conductive heat transfer at x = 0 
(the heat entry point) of the pin. Note that Equation 11 is the 
Fourier Conduction equation.

These plots show us that approximately 80% of the heat 
transfer from the pin is due to convection for the baseline 
case, with the remaining 20% from radiation.  When the 
base temperature of the pin is changed, the temperature 
distribution, and particularly the temperature gradient at X = 
0, will change, resulting in more or less heat conduction into 
the pin as predicted by Fourier’s Law (larger or smaller qtot).  
The effect of different pin base temperatures shows that there 
is a point of inflection at approximately 100°C beyond which 
further increases in temperature will result in an ever greater 

Figure 3. Baseline Temperature Profile for Length of Pin.

radiation heat transfer, until this mode becomes dominant.  

Conclusion

In this article, we attempted to gain some insight into the role 
of heat conduction as one of the three major modes of heat 
transfer, which also include, convection and radiation. We 
derived the basic differential equations that govern the heat 
transfer in a pin in a natural convection environment, and 
we showed how conduction, radiation and convection are 
related. While this case was for a one-dimensional steady-
state condition, it is important to note that the fundamental 

Figure 4. Plot of Convection Heat Transfer with Respect to Total 
Heat Transfer.

Figure 5. Plot of Radiation Heat Transfer with Respect to Total Heat 
Transfer.
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conduction equation (Fourier’s Law) can also be generalized 
to handle multi-dimensional, transient heat conduction and 
heat generation.
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