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Welcome to the Fall issue of Electronics Cooling Magazine.

Curiosity is often defined as the desire to learn something new. This trait is common in children, with many children having an in-
satiable appetite for questions. Although the constant stream of questions can sometimes be overwhelming, I appreciate the curiosity 
and eagerness behind them. As we all advance through our education and professional careers, we learn best practices, iterate from 
existing solutions, and often are forced to put our heads down and focus on the task at hand. While these traits and processes are 
essential for a profession, such as engineering, that directly impacts people’s livelihood and quality of life, they should not replace our 
curiosity. I always find myself energized or reinvigorated when I think outside the box. Often, these general curiosities have led me to 
professional insights that I would not have reached via traditional means.

A recent experience sparked this topic in my mind. During my run on a beautiful summer morning, I noticed a hot air balloon. What 
would it be like to be in that balloon up there? The cool air at altitude being a welcome relief to my run. Over a few miles, the wind 
pushed the balloon along my path, allowing me to watch it slowly descend.

Being surrounded by a river, fields, and wooded areas; I began to get nervous as the balloon drifted towards various obstacles during 
its descent. As the balloon approached, I began to see the balloon’s pilot periodically operate the burner to change the air temperature 
in the balloon, increasing or decreasing its buoyant force. The pilot’s maneuvers led me to consider the thermal time constant at play 
as the air in the balloon heated and cooled to control its altitude.

Yes, I am already familiar with the working principles at play. Yet, being there in person—observing the nuances of hot air balloon 
navigation—sparked my interest. I began brainstorming about how buoyancy, Charles law, the variation of air pressure with altitude, 
center of gravity, center of buoyancy, and other principles could be leveraged to solve other problems in my day-to-day life. While I 
can’t say this led to an immediate breakthrough, it sparked my interest and curiosity, energizing me through the rest of my day. Per-
haps observing biomimicry during a hike will lead you to a breakthrough or a rapidly evolving AI tool will inspire you. Whatever your 
interests, get out there, be curious, and find innovative solutions to new and existing thermal challenges.

This edition of Electronics Cooling Magazine includes a range of interesting articles that cover a diverse set of topics meant spark your 
curiosity, including: high power-density immersion cooling in data centers, a comparison of steady and transient package thermal 
resistance characterization methods, and a deep dive into non-contact measurement methods for vapor chambers. You will also find 
columns that help you tune up your fundamentals. Check them out to learn about the critical radius for cylindrical heat transfer prob-
lems, and thermocouple usage best practices for transient measurements.

I hope you enjoy the content in this issue. Don’t hesitate to share feedback so we can continue improving. Thanks.

Alex Ockfen, P.E.
Associate Technical Editor of Electronics Cooling Magazine
Product Design Engineer, Meta

EDITORIAL

http://www.electronics-cooling.com
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Meet the 2024 Editorial Board
TECHNICAL EDITORS SPOTLIGHT

VICTOR CHIRIAC, PhD | GLOBAL COOLING TECHNOLOGY GROUP
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A fellow of the American Society of Mechanical Engineers (ASME) since 2014, Dr. Victor Adrian Chiriac is a co-

founder and a managing partner with the Global Cooling Technology Group since 2019. He previously held 

technology/engineering leadership roles with Motorola (1999 – 2010), Qualcomm (2010 – 2018) and Huawei 

R&D USA (2018 – 2019). Dr. Chiriac was elected Chair of the ASME K-16 Electronics Cooling Committee and 

was elected the Arizona and New Mexico IMAPS Chapter President. He is a leading member of the organizing 

committees of ASME/InterPack, ASME/ IMECE and IEEE/CPMT Itherm Conferences. He holds 21 U.S. issued 

patents, 2 US Trade Secrets and 1 Defensive Publication (with Motorola), and has published over 110 papers 

in scientific journals and at conferences.
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the SEMI-THERM conference and is an active reviewer and technical committee member in key conferences 

including SEMI-THERM, Therminic, and Eurosime. She has over 20 journal and conference papers and 16 
worldwide patents.

► gmartin.sig1@gmail.com

ROSS WILCOXON | COLLINS AEROSPACE
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► ross.wilcoxon@collins.com
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Alex Ockfen is a product design engineer at Meta (formerly Facebook), providing technical leadership for 

thermal and structural design of consumer electronics products. He held previous positions at Raytheon where he 

obtained experience in thermal management and electronics cooling of a wide range of aerospace and defense 

applications. He has more than 10 journal and conference publications, is an inventor on multiple patents, is a 
professional mechanical engineer, and served as the program chair for SEMI-THERM in 2024.
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THERMINIC 2024
Suburban Collection Showplace | Toulouse, France

THERMINIC is the major European Workshop related to thermal and reliability issues in 
electronic components and systems. For aca- demics and industrialists involved in micro and 
power electronics this annual event promises to be a very special occasion with a high quality 
technical programme and exciting social events.

► therminic2024.eu

MicDAT 2024
Ibiza Twiins Hotel | Ibiza, Spain

The conference is the 6th of Series of annual International Conferences on Microelectronic 
Devices and Technologies (MicDAT) held in Ibiza, Spain organized by IFSA - non-profit, 
professional association, serving for academy and industry since 1999. The MicDAT 2024 
conference is intended to create awareness of the huge potential of modern microelectronic 
technologies and to improve understanding on the recent challenges in a wide range of 
applications. The many different technological bases for the fabrication of microelectronic 
devices, SoC, SiP, MEMS and NEMS will be outlined in this event. A number of recognized 
experts from both: academy and industry in the field of microelectronic design will be 
invited to give their view in selected application areas. Featuring strong participation of 
industry and academia, the MicDAT 2024 conference will provide an excellent opportunity 
to exchange ideas and present latest advancements in these areas.

► micdat-conference.com

THE BATTERY SHOW 2024
Huntington Place | Detroit, MI

The Battery Show and EVT Expo is moving! Now entering its 14th year, North America’s 
largest advanced battery event will take over Huntington Place in Downtown Detroit this 
October. The Battery Show brings together engineers, business leaders, top-industry 
companies, and innovative thinkers to discover ground-breaking products and create 
powerful solutions for the future. More than 19,000 attendees are expected to take 
advantage of four full days of educational sessions, networking opportunities and, of course, 
explore the latest market innovations from over 1,150 exhibitors across one of the world’s 
largest battery technology trade shows. Become part of this great event!

►thebatteryshow.com

News of Upcoming 2024 Thermal Management Events

COOLING EVENTS

25-27

SEP

7-10

OCT

25-27

SEP

http://www.electronics-cooling.com
https://therminic2024.eu/
https://micdat-conference.com/
https://www.thebatteryshow.com/en/home.html
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T 
The SEMI-THERM 40 Symposium was held March 25-28, 2024 at the Double Tree Hotel in San Jose, CA. Program organi-
zation was led by General Chair Alex Ockfen (Meta), Program Chair Dr. Lieven Vervecken (Diabatix), and Program Vice 
Chair Dr. Navid Kazem (Arieca). It featured a variety of activities including technical short courses, technical sessions, invit-
ed presentations, vendor exhibits and workshops, two panel discussions and two luncheon talks.

Short courses

Seven short courses were held on Monday, March 25. These courses were selected to provide learning opportunities for individuals 
ranging from those who are new to thermal design to those who are highly experienced. These courses were included:
• “Semiconductor Packing and Thermals: Upcoming Challenges”, taught by Dr. Kyle Arrington of Intel.
• “Navigating Thermal and Reliability Challenges in Chip Components for Automotive High-Performance Compute Systems”, 

taught by Dr. Fen Chen of Cruise LLS.
• “Fundamentals and Applications of Machine Learning in Thermal Management and Heat Transfer Technologies”, taught by 

Professor Van P. Carey of UC Berkeley and Professor Alanna Cooney of San Francisco State University.
• “Passive Two-Phase Cooling: Pulsating Heat Pipes and Loop Thermosyphon”, taught by Dr. John R. Thome of JJ Cooling In-

novation.
• “Thermal Challenges and Opportunities of Advanced Packages and Microelectronics Systems. Figure of Merit and Applications”, 

taught by Dr. Victor Chiriac of Global Cooling Technology Group and Alex Ockfen of Meta. 

Summary of SEMI-THERM 40 Conference

Alex Ockfen, P.E.
Alex Ockfen is a product design engineer at Meta (formerly Facebook), providing technical leadership for thermal and structural 

design of consumer electronics products. He held previous positions at Raytheon where he obtained experience in thermal 

management and electronics cooling of a wide range of aerospace and defense applications. He has more than 10 journal and 
conference publications, is an inventor on multiple patents, is a professional mechanical engineer, and served as the program 

chair for SEMI-THERM in 2024.

Dr. Lieven Vervecken
Dr. Vervecken is the CEO and co-founder of Diabatix, a software company specialized in advanced thermal design. Prior to 

founding Diabatix, Dr. Vervecken received a Ph.D. in mechanical engineering from the renowned KU Leuven in the field of nu-

merical simulations. Dr. Vervecken incorporated his expertise into the advanced A.I. technology at the heart of Diabatix. What 

started as a small venture has become a fast-growing SaaS company serving multinationals worldwide. Dr. Vervecken is the lead 

author of multiple peer-reviewed journal articles and an experienced keynote speaker at national and international conferences.

Navid Kazem
CEO and co-founder of Arieca Inc

Lieven Vervecken 
CEO and Co-Founder of Diabatix

Alex Ockfen, P.E. 
Product Design Engineer at Meta

Navid Kazem
Dr. Navid Kazem is CEO and co-founder of Arieca Inc. He completed his PhD in computational mechanics at Carnegie Mellon 

where he developed the core technology behind Liquid Metal Embedded Elastomers (LMEE). He is a former Swartz Center 

for Entrepreneurship Fellow at Tepper School of Business, with multiple high-impact publications and patents. His background 

combines a deep technical expertise with the capacity to convert cutting-edge scientific advancement into commercial tech-

nology. As a CEO with deep technical expertise at Arieca, Navid leads product development of LMEEs, commercial strategic 

partnerships, as well as fund raising, and is currently serving as program chair of the SEMI-THERM conference.

http://www.electronics-cooling.com
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• “Direct to Chip Liquid Cooling: Single Phase Water and Two-Phase Refrigerant Cooling with Pumped and Passive Systems”, 
taught by Professor Alfonso Ortega of Villanova University and Dr. Luca Amalfi of Seguente Inc. 

• “Transient Thermal Analysis Using Linear Superposition”, taught by Roger Stout, professional engineer retired.

Technical Conference

Held from Tuesday, March 26 to Thursday, March 28, the technical conference featured 26 presentations across seven tracks and 
eight sessions:
• Consumer Electronics
• Data Center Cooling
• Testing and Measurement Methods
• CFD / Numerical Methods
• Thermal Interface Materials
• Emerging Technologies
• Two Phase Cooling

The technical program also included three invited presentations by industry experts in thermal management:
• Tim Shedd, of Dell, delivered the Keynote presentation on “Driving Sustainable Scaling of Compute to 2023”, which explored 

the key elements of trends, standards, and sustainability in the realm of data centers until 2030 and beyond. 
• Wendy Luiten, of WLC, was recognized for winning the SEMI-THERM 40 Thermi Award.  Her presentation “Electronics 
 Cooling Design and Modelling 1984 - 2024” gave her perspective on her thermal engineering journey (so far).
• Ross Wilcoxon, of Collins Aerospace, presented “Apollo: The Dawn of Semiconductor Thermal Management” during a special 

session on the fourth day of the event.

Awards and Recognition

Bonnie Crystall and Walter Schuch were recognized for winning the SEMI-THERM 40 Hall of Fame Award. Bonnie and Walter, along 
with Bernie Siegal, laid the foundation for SEMI-THERM in 1984 as its founders. In her speech, Bonnie fondly recalled the early days 
of SEMI-THERM and expressed gratitude for its growth over the past 40 years. She highlighted the importance of community and 
collaboration in advancing thermal management.  

The Best Paper Award was given to “Simulation of Solder Fatigue Effects on Typical BGA Package due to Material and Temperature 
Variations” by Jim Petroski of Design by Analysis Technical Consulting

Other technical papers recognized included:
• “Investigation of Flow Restrictors for Rack Level Two-Phase Cooling under Nonuniform Heating” by Serdar Ozguc, Qingyang 

Wang, Akshith Narayanan, and Richard W. Bonner III of Accelsius, 
• “A Thermal Performance Characterization Method for Thin Vapor Chambers by Photonics Technologies”, by Kuang-Yu Hsu, 

Wei-Keng Lin, Yi-Jing Chu, Ming-Hsien Hsaio, and Chiao-Jung Tien of T-Global Technology Co.  This paper has been adapted 
as an article in this issue of Electronics Cooling Magazine.

The Harvey Rosten Award, which is sponsored by Siemens Digital Industries Software, is presented at SEMI-THERM. This year’s 
winner was “Applicability of JESD51-14 to clip-bonded, Discrete Power Devices”, Szilárd Zsigmond Szőke and Henrik Sebők. The paper 
was presented at the 2023 29th International Workshop on Thermal Investigations of ICs and Systems (THERMINIC).

Vendor Exhibits and Workshops

Thirty-eight companies participated, showcasing a variety of thermal management products and services, including heat sinks, ther-
mal interface materials, heat pipes, vapor chambers, fluid connectors, air-movers, and advanced materials. Other exhibitors featured 
tools for thermal simulation and testing, thermal consulting, a university consortium and, of course, Electronics Cooling Magazine.  In 
addition to the booths in the exhibit hall, several vendors also gave Vendor Workshops in which they provided detailed information 
on their products in a more formal presentation format.

Other SEMI-THERM 40 activities included:

• In the panel discussion “Artificial Intelligence and its Implications for Thermal Engineers; Driving the Thermal Demand” invited 
speakers provided their thoughts on the role of AI for thermal engineers. The panel was moderated by Navid Kazem (Arieca) and 
included Padam Jain (NVIDIA), Kyle Arrington (Intel), Nader Nikfar (Qualcomm) and Tim Shedd (Dell) as panelists.

• In the follow-up panel discussion “Artificial Intelligence and its Implications for Thermal Engineers; Providing, Using, and 

http://www.electronics-cooling.com


8 Electronics Cooling  |  FALL 2024 electronics-cooling.com

 Powering New Design Tools” invited speakers continued the discussion on the role of AI for thermal engineers. The panel was 
moderated by Alex Ockfen (Meta) and included Lieven Vervecken (Diabatix), Professor Van Carey (UC Berkeley), Cheng Chen 
(Meta) and Mehdi Abarham (Ansys) as panelists.

• Invited speakers gave informational and entertaining luncheon presentations on the first two days of the Symposium. On 
Tuesday March 26, Ken Joyce, independent executive advisor to Brewer Science, Inc., focused on key economic and commer-
cial considerations on domestic packing and test in his presentation entitled “U.S. Domestic Packaging and Test – The Difficulty 
and the Opportunity”. On Wednesday March 27, Sarah da Silva Andrade, Marketing Engineer of Diabatix, talked about the role 
of social media in promoting scientific research and the importance of digital communication.

About SEMI-THERM

SEMI-THERM, or the Semiconductor Thermal Measurement, Modeling, and Management Symposium, is an annual internation-
al conference dedicated to the thermal management and characterization of electronic components and systems. The first SEMI-
THERM was held in Phoenix, AZ in 1984 with a goal of fostering networking opportunities for industry and academic professionals 
in semiconductor thermal management. Over the past decades, the event has developed into its own unique format with technical 
sessions covering a wide array of topics, from thermal design and modeling to system-level validation testing, providing insights from 
both academic research and private sector R&D. Additionally, the event includes vendor exhibits where companies showcase their 
latest products and services in thermal management.

In parallel, the SEMI-THERM Educational Foundation (STEF) was established in 2013 as a Non-Profit Educational Foundation. STEF 
is dedicated to worldwide educational opportunities and resources within the electronics thermal engineering community, with a goal 
of providing programs for on-going professional development, technical networking, and engagement of academia and industry in 
pursuit of innovation and excellence.

More information on SEMI-THERM is available on https://semi-therm.org/.  SEMI-THERM 41 will be held in San Jose, CA, March 
10-14, 2025.

http://www.electronics-cooling.com
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T E C H  B R I E F

Thermocouple Transient Behavior

Ross Wilcoxon
Associate Technical Editor for Electronics Cooling

Collins Aerospace

P
revious articles in this series described how thermocouple 
wire size [1] and thermocouple attachment method [2] 
can affect steady state temperature measurements. This 
article briefly discusses how these factors can affect the 

transient response of thermocouples when used to monitor tem-
peratures that change value over time.

Bare Thermocouple Junction

Before addressing how the thermocouple attachment method 
affects its transient behavior, it is worth discussing the transient 
behavior of the thermocouple itself. As described in previous 
articles, a thermocouple is a welded junction between dissimilar 
metals that generate a small voltage that is dependent on the 
temperature of that junction. The welded connection is typically 
a spherical bead comprised of a mixture of the two metals. This 
bead is generally small enough that it can be assumed to be fairly 
uniform in temperature.

The transient thermal response of any mass that is assumed to 
be uniform in temperature1 can be described in terms of a time 
constant, τ, where the transient change in temperature of the mass 
from its starting temperature, ∆T, normalized by the total possible 
change that the mass will see, ∆Ttotal, can be written as shown in 
Equation 1:

If the mass is moved from ice water to boiling water, which cor-
responds to a 100°C temperature change, it would be 63.2°C after 
one time constant (63.2°C = 100°C*(1-e-1) and 95°C after three 
time constants.

The thermal time constant of a mass, m, that has uniform 
temperature at any point in time and has a constant thermal 
resistance, R, to an external temperature is τ = mcR, where c is 
the specific heat of the mass. One can estimate the thermal time 
constant of a thermocouple bead of diameter, D, by considering 
its mass (m = ρπD3/6), where ρ is the density, and its thermal 

resistance, R = 1/hA, where the surface area of the bead is πD2. 
For a sphere that is small enough that it remains close to uniform 
temperature, the time constant is shown in Equation 2.

The junction of a type T thermocouple is essentially copper, so 
its density is 8.9 g/cm3 and its specific heat is 0.39 J/gK (ρc = 3.47 
J/cm3K). A 1mm (0.1cm) diameter thermocouple bead in free 
convection (with h=10W/m2K =0.001W/cm2K) would have a time 
constant of 58 seconds. In comparison, a smaller thermocouple 
with 0.25mm diameter in forced air cooling with convection of 
100 W/m2K would have a theoretical time constant of 1.4 seconds.

In practice, the thermocouple wires will add mass (that can increase 
the time constant) and heat transfer area (that can decrease the time 
constant). To assess the impact of the wire, a simple finite element 
model (FEM) of a type T thermocouple was created. 2 cm long 
30 gauge wires with a 1mm bead were subjected to convection at 
100°C after starting at 0°C. Figure 1 shows the model at the end of 
the 300 second simulation.

Figure 1: Simple thermocouple model for transient analysis

1  One can assess this assumption by calculating the Biot number for the mass (Bi = hL/km where h is the convection coefficient, L is the characteristic 
length (L = D for a sphere) and k is the thermal conductivity of the mass. We can assume that the temperature of the body is approximately uniform 
at any given time, i.e. it is a lumped mass, if Bi<0.1 [3]
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Two levels of convection were applied: 10 and 100 W/m2K; Figure 
2 shows the results from each simulation are compared to the 
analytical solution of Equation 2. This shows indicates that the 
analytical estimate for thermocouple time constant, using only the 
mass of the bead, is very close to the FEM analysis. As expected, the 
thermocouple responds more quickly to the external temperature 
change with better cooling (higher convection coefficient). Howev-
er, the small difference between the analytical and FEM solutions is 
somewhat more noticeable with the higher convection coefficient. 
The FEM analysis slightly slows the response, presumably due to a 
larger portion of the wires being affected by the improved cooling.

Attached Thermocouple Junction

A previous article in this series discussed the effect of thermocouple 
attachment on steady-state temperature measurements [2]. That 
testing also revealed some information on how the attachment 
method can affect its transient response. 

Figure 3 shows images of the test fixture and different methods for 
attaching thermocouples to an aluminum plate. These methods 
included a) two-part epoxy used in a standard approach, b) a soft 
tape, c) a quick curing adhesive, i.e. ‘superglue’), and d) the same 
epoxy as used for a) but applied with a dam (a large paperclip) to 
create a 1mm thick bondline. The aluminum plate was attached 
to a thermoelectric cooler (TEC) that are maintained at controlled 
temperatures.

Sixteen thermocouples were attached to the aluminum plate 
(four replicates for each of the four attachment methods). For the 
transient testing, the test plate was covered with foam to minimize 
thermal loss from its top surface. The TEC was set to maintain a 
temperature of 35°C and allowed to stabilize. The TEC setpoint 
temperature was then changed to 75°C and the transient tempera-
ture response was recorded. The TEC and aluminum plate required 
approximately five minutes to reach the new setpoint temperature.

Figure 4 shows the average temperature for each thermocouple 
attachment method and includes a higher resolution image at the 
‘knee’ of interest. This shows that the thermocouples with the dif-
ferent attachment methods had fairly similar transient responses.

However, there are small, but noticeable, differences between the 
lines in Figure 4. These differences are illustrated more clearly in 
Figure 5, which shows the difference between the average tempera-
ture for three of the attachment methods relative to the standard 
method with epoxy.

This plot shows that the transient response with the superglue 
attachment was nearly identical to the epoxy. However, the other 
two methods did introduce a small thermal lag that led to a tem-
perature difference between them and the epoxy attachment for 
a few minutes. Since the responses in Figure 5 are relative to the 
thin epoxy data, any attachment method that introduces a larger 
thermal resistance should lead to a slower transient response. How-

Figure 2: Transient response of a thermocouple with different cooling conditions: 
comparison between FEM and analytical solutions

Figure 3: Test fixture for different thermocouple attachment methods

Figure 4: Transient responses of thermocouples when TEC temperature changed by 40°C
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ever, the thick epoxy does have an unexpectedly larger influence on 
the transient behavior if one only considers the thermal resistance, 
given that the resistance for the thick epoxy should still be smaller 
than the thermal resistance to external cooling air2, which had a 
time constant on the order of seconds.

One explanation for transient response with thick epoxy is that 
the epoxy itself has thermal mass and specific heat. While the 
resistance may be lower, the thick epoxy represents additional 
mass that must change temperature along with the thermocouple. 
To assess this, the FEM model was modified to add an aluminum 
plate and primitive bodies to represent epoxy. Figure 6 shows an 
image of the model.

The model was run with the temperature at the bottom of the plate 
changing by 40°C over a five minute period, which is similar to the 
experimental transient test conditions. Average temperatures of 

the thermocouple beads as a function of time are shown in Figure 
7, which includes an insert that plots the difference in temperature 
of the two beads as a function of time. The vertical magnitude of 
the ‘bump’ in temperature difference in the insert plot is similar 
to what was experimentally measured.

Summary

The analytical solution for the transient response of a thermocouple 
shows that its time constant is proportional to its diameter and the 
thermal resistance between the thermocouple bead and the object 
whose temperature is being measured. A simple finite element 
model confirmed the reasonableness of the analytical solution and 
that the time constant of a small thermocouple in air will have a 
time constant on the order of a few seconds at most, depending 
on the convection coefficient.

When a thermocouple is attached to a surface, even a poor attach-
ment method will have a lower thermal resistance to the object 
being measured than the same thermocouple being convectively 
cooled. Therefore, the attachment method generally would not be 
expected to have a significant effect on the transient response for 
a step change in temperature. However, the attachment material 
can add mass to the thermocouple bead and potentially increase 
its thermal time constant, which reduces its transient response. 
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Figure 5: Transient temperature differences of thermocouple attachment method
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Figure 7: FEM results for two thermocouples with transient heating of plate
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I
n the current world of heat transfer analysis, most work is 
performed with numerical simulation. However, there are 
analysis methods, which are faster and useful for early esti-
mates or even design guidance, that are beneficial to thermal 

engineers. A recent ECM article [1] mentioned the concept of the 
critical radius when discussing the cooling/insulating effect of 
wire insulation; this is one of those useful analysis methods that 
thermal engineers should know about. Critical radius is rarely 
discussed today and many of the standard heat transfer texts do 
not mention it, even in passing. This author’s modest heat trans-
fer library contains no books with references to the critical radius 
concept–even the thorough Heat Transfer Handbook from Wiley 
does not mention critical radius in its voluminous 1,500 pages. 
The author was taught this concept in his undergraduate heat 
transfer class at Georgia Tech and this article is a similar intro-
duction to the subject, derived from the class notes [2].

Figure 1 shows the basics of the cylindrical heat transfer case in 
cross section. While this is often used to examine wire insulation 
diameters and how to reduce wire temperatures from resistive 
heating, the concept applies to any similar object with two ma-
terials at different distances from the center (not only cylindrical 
but also spherical), and some method of heat transfer from the 
outer surface. In theory, other shapes can also be developed but 
the concept of the critical radius is the one found in older litera-
ture with circular cross sections. In this article, the inner region 
with radius r1 is the heat generating section. The outer region be-
tween r1 and r2 is the added, or outer, layer. Heat transfer from 
the outer layer is a convection loss with a convective coefficient 
of hc. Note that different correlations could be used for the co-
efficient: for wiring, natural convection is most common, but in 
some environments, such as with fans moving air, a forced air 
convection coefficient might be appropriate. Radiation may also 

be included if the temperature difference from r2 to ambient is 
significant. The two thermal resistances of conduction through 
the outer region and convection from the outer surface are repre-
sented by Rth(cond) and Rth(conv) respectively.

Before writing the equations and finding the analytical solution, 
the reader should note that changing r1 and r2 influences the 
thermal resistances in opposite directions. Holding r1 constant 
for a moment, as r2 increases the value of Rth(cond) increases as 
the heat must conduct a longer distance through more material. 
However, as r2 increases, the surface area of the outer region for 
convective heat dissipation also increases, which reduces Rth(-
conv). When these two resistances move in opposite directions, 
it becomes one of the maximum/minimum problems (optimiza-
tion) seen in calculus courses. 

Changing r1’s value and holding r2 constant produces a different 
observation. As r1 approaches r2, the conductive thermal resis-
tance of the outer layer shrinks and the heat transfer at the r2 

Figure 1: Heat transfer from an insulated cylinder: definition of terms
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boundary remains the same. This means the heat transfer is max-
imized. However, in critical radius problems, r1 is usually fixed, 
so this situation is not typically encountered. Thus, r1 is normally 
considered fixed in these problems because wire size or other cy-
lindrical heat source size is fixed.

Detailing the variable r2 situation in equations, results in the 
following: Rt heat transfer resistance is the sum of the two parts 
shown in Equation 1, namely

and when the thermal resistances are inserted in terms of the 
one-dimensional heat transfer equations, this becomes Equation 2:

where k2 is the thermal conductivity of the outer region. The terms 
L and A2 describe this as a 3D problem where a cylinder of length 
L is in view and A2 is the outer area of the cylinder at r2. This third 
dimension will cancel out shortly in the derivation of the critical 
radius. Further, this equation shows the total thermal resistance is 
also a function of the thermal conductivity k2. The entire thermal 
path depends on the thickness of the outer region, its thermal con-
ductivity, and the heat transfer coefficient from the r2 surface.

The optimization problem can now be created and solved. First, 
we need to meet the condition (Equation 3)

where q is the applied power. For the critical radius, the optimi-
zation is a maximum heat flow rate or a minimum total thermal 
resistance for the geometry parameter r2. Using the equation for 
total thermal resistance, the expression for q (Equation 4) is

where t1 is the internal cylinder temperature (at r1) and tamb is the 
ambient temperature. Inserting Equation 4 into the Equation 3 
condition results in:

Solving this for r2, we find the critical radius to be (Equation 6):

Thus, the ratio of the outer layer’s thermal conductivity to the 
outer surface’s heat transfer coefficient determines the critical ra-
dius, at which the heat flow is a maximum in the system. If the 
system’s outer radius is already larger than the critical radius, 
then any added thickness will impede heat transfer and increase 
the inner section’s temperature. 

This result is for a cylindrical system, but it is also possible to 
generalize this to add a planer and spherical system shown in 
Equation 7:

where n=1 for a planer wall 
 (i.e., no critical radius but only added insulation)

 n=2 for a cylinder
 n=3 for a sphere (derived similarly to cylindrical case)

This formula is helpful for quickly evaluating any cylindrical 
or spherical system for the thermal impact of changes in radii, 
changes in thermal conductivity, or changes due to a different 
heat transfer method (changing hc). These allow an engineer to 
quickly assess a possible design change, when tuning a design, 
without resorting to a longer FEA/CFD analysis.

Where can this be applied? Wire and wire insulation is one area 
where this can help. A larger wire insulation diameter might be 
helpful to remove Joule heating in the wires. Other applications 
can be found on PCBs with conformal coatings applied. Large 
flat integrated circuits will likely have added thermal resistance 
since they are planer when compared to their heights. However 
discrete cylindrical components, such as electrolytic capacitors, 
can remove heat more effectively with a conformal coating. This 
is advantageous if these are in a power supply and see higher 
duty cycles and temperatures. This is counterintuitive for many 
people but, by demonstrating this with the equations developed 
here (and shown by testing), the thermal design of a system can 
be enhanced.

The author is grateful to the late Dr. S. Peter Kezios who taught 
this and other heat transfer concepts in his Transport Phenom-
ena I class at Georgia Tech in 1980. Dr. Kezios was also a past 
president of the ASME in the late 1970s. This article is dedicated 
to him for his work teaching future engineers about sound funda-
mentals, and for which I am thankful.
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Introduction

I
n recent years, integrated circuit chips have enabled in-
creasingly powerful computing capabilities as advanced 
process nodes have moved from DUV (deep ultra-violet) 
to EUV (extreme ultra-violet) lithography, allowing for 

higher fabrication resolution and transistor density. Addition-
ally, advanced multi-die packaging has seen increased market 
demand. As a result, the total thermal power as well as the ther-
mal power density of systems are increasing, leading to the use 
of a heat spreader such as a metal plate or graphite sheet with 
good lateral thermal conductivity to relieve the thermal power 
density. Comparatively, the two-phase vapor chamber (VC) is 
an even more effective heat spreader in the lateral direction. The 
structure of a vapor chamber consists of a bottom plate (evap-
orator) and a top plate (condenser), both made of copper. In 
between, there are wick structures made of copper mesh and 
copper powders that contain a small amount of water. After the 
edges around the plates are sealed, the inner chamber is filled 
with water (the working fluid), and a vacuum is created inside 
the device. Other common combinations of VC material and 
working fluid include titanium/water and aluminum/acetone. 
When the bottom plate is heated, the liquid in its wick struc-
ture evaporates and the phase change absorbs a large amount 
of latent heat. The heat is then carried away by convection of 
the vapor. When the vapor reaches the cooler top plate, it con-
denses back to liquid form, releasing the latent heat. The liquid 
then returns to the bottom plate by the capillary effect of the 

wick structure. Vapor chambers are an effective heat spreader 
because of their ability to absorb large amounts of latent heat 
during phase change, as well as their effective and uniform 
spreading of heat via the convection of vapor. Thin vapor cham-
bers, with thicknesses less than 1 mm, are typically utilized in 
passive cooling designs where available space is very limited. 
This article discusses measurement challenges regarding thin 
vapor chambers.

Performance Measurement of Thin Vapor Chambers

Traditionally, contact measurement has been used to measure 
VC performance. This method often involves the use of resistive 
rods/wires and ceramic heaters, with a copper block typically 
inserted between the heater and the vapor chamber to facili-
tate heat conduction. The thermal dissipation from the heater, 
Qe, can be determined from the electrical power, calculated as 
the product of current and voltage. The presence of the copper 
block introduces a temperature differential due to its own ther-
mal resistance along the conduction path between the heater 
and the evaporator plane of the VC. The thermal capacitance 
of the copper block also stores energy during transient events. 
Although the copper block is typically insulated, heat losses due 
to lateral heat dissipation Ql from the copper block can be sig-
nificant [1]. Figure 1 schematically shows the critical test com-
ponents, VC sample, and the lateral heat loss path in a test setup 
that relies on contact measurements. 
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The heater design of commercial test equipment must also con-
sider mechanical attachment for production line applications, 
which can make the design process even more complex. The tem-
perature gradients due to thermal resistance and lateral spread-
ing, as well as transient effects related to the thermal capacitance 
of test components, fundamentally limit the amount of heat that 
can be delivered to the DUT (device under test). The VC’s perfor-
mance is dependent on the heat load since the amount of water in 
the VC is limited and the temperature uniformity of the VC can-
not be sustained beyond a certain power level. An over-estimat-
ed thermal load may result in inaccurate OQC (outgoing quality 
control) and pose potential risks to the final system, making an 
accurate power estimate particularly important for VC testing. 
Thin vapor chambers with thicknesses less than 1 mm are typical-
ly used in cases when the power is less than 10 W and relative heat 
losses can be relatively large. Due to the thermal mass of the heat-
er and copper block, contact measurement can also take several 
minutes to bring the thin vapor chamber up to its correct oper-
ating temperature for accurately testing the device. In summary, 
contact measurement methods are challenging for VC testing due 
to the required power delivery accuracy and increased cycle time.

A laser heater is an alternative method to precisely deliver ther-
mal dissipation to the vapor chamber by radiation in the form 
of electromagnetic waves rather than conduction. The thermal 
conductor (copper block) is no longer necessary and therefore 
thermal resistance and thermal capacitance issues are eliminated. 
The directional power flow of electromagnetic waves is described 
by the Poynting vector S = E x H, i.e., the cross product of the 
electric field vector E to the magnetic field vector H. The output 
beam from a laser is highly coherent and directional, so the lateral 
power dissipation is negligible. The power of a collimated laser 
beam can be directly measured by a high-precision optical power 
meter. The issue of the accuracy of heat power is solved using the 
laser heater method [2, 3].

Temperatures at specific locations on the vapor chamber are 
measured for the test: including TJ at the heated location on the 
evaporator, TC on the condenser opposite TJ, and TX (5.0 cm away 
from TC) on the condenser side. The temperature measurement 
is also non-contact and uses infrared bolometers that detect ther-
mal radiation from objects without contacting the sample. The TJ 
temperature is important because its position would be in direct 
contact with the chip. However, when using the infrared bolom-
eter to measure the temperature at TJ, the laser would interfere 
with the detected signal. Therefore, the Time Domain Extinction 
Method was used to exclude the laser light from the measurement 
of TJ. In this method, the temperature is taken when the laser is 
switched off for a very short interval of time to avoid interfer-
ence [3]. Using the non-contact method, measurements can be 
rapidly completed (within 60 seconds) because the temperatures 
obtained through this process are much closer to thermal equilib-
rium and much faster than when taken via contact measurement.

Constant Power Measurement

Figure 2 shows the measured results of (a) a vapor chamber and 
(b) a copper plate using the non-contact method under a power 
of 5 W. There are some notable differences between the non-con-

Figure 1: Schematic diagram of the heat losses in a contact measurement system. Qh: the 
actual heat load of VC sample

Figure 2: Temperatures TJ, TC and TX by non-contact measurement of (a) the vapor chamber (contact measurement results also shown for comparison) and (b) the copper plate. The 
heat power is 5 W

(a) (b)

http://www.electronics-cooling.com


16 Electronics Cooling  |  FALL 2024 electronics-cooling.com

tact and contact results. First, both the VC and copper plate tem-
peratures increase rapidly with large slopes in the first few sec-
onds after the onset of laser heating, while the temperature curves 
observed during the contact method have moderate slopes. Addi-
tionally, after heating for just 60 seconds, the VC temperatures TJ 

and TC reached around 55 to 60°C, which is significantly higher 
than those reached by the contact measurement over a much lon-
ger duration. These results confirm the power delivered to the VC 
via laser heater is significantly higher than that of a contact heater 
over the 60-second test duration. 

The temperature uniformity, TC-TX, is a measure of heat spread-
ing ability. A smaller value indicates the heat effectively spreads 
over a larger area. Since the heat is less concentrated around the 
heating spot, TJ decreases. Comparing the VC and the copper 
plate, TC-TX is well within 5°C for the VC, as shown in Figure 
2(a), while it is more than 15°C for the copper plate in Figure 2(b). 
Therefore, the two-phase operating mechanism of a VC is more 
effective than the thermal conductivity mechanism of a copper 
plate. TJ of the vapor chamber is 53.9°C and is about 8°C cooler 
than that of the copper plate.

Regarding power dissipation, since the amount of water in VCs 
is limited, great care should be taken when using them. When 
the power goes beyond Qmax, the two-phase cycle of liquid water 
and vapor can no longer be sustained. This is because excess ther-
mal dissipation causes the water in the wick structure around the 
heater to dry out. For a power of 9 W (higher than Qmax), TC-TX is 
greater than 15°C while TJ goes up to as high as 73.1°C, as shown 
in Figure 3.

Transient-state Measurement

The thermal capacitance in the contact heating method is a lim-
iting factor in transient measurements. The transient response 

of the vapor chamber was experimentally measured for tens to 
hundreds of seconds after the onset of heating [4]. The transmis-
sion of mobile communication data occurs in bursts, where the 
transmitted power is boosted for a short period of time, to im-
prove signal to noise ratio and spectrum reuse efficiency, and the 
thermal dissipation is proportional to transmitted power. Under-
standing the transient response of the vapor chamber can provide 
more information to system designers. The semiconductor laser 
can serve as a function generator of power dissipation by con-
trolling the drive current to generate a variety of profiles, such as 
a single rectangular pulse. The transient response of the VC can 
be accurately measured using the laser heating method with a fast 
response since the thermal capacitance of the copper block is no 
longer there. 

Figure 4 shows a 1-second single rectangular heat pulse generated 
by the laser. The temperatures of both a VC and a copper plate 
are measured for comparison, for a dissipation of 10 W, which 
is greater than Qmax. The maximum TC occurs during the falling 
edge of the heat pulse. It is 9°C lower for the VC than the copper 
plate. TX rises slowly as the heat propagates away from the heated 
spot. TX increases faster in the vapor chamber than the copper 
plate because the heat propagation speed is faster by vapor con-
vection than by copper thermal conduction. The measurements 
show that the vapor chamber is both a fast-acting and effective 
heat spreader, which is advantageous for handling transient ther-
mal pulses or spikes. The transient dissipation can go beyond the 
steady-state Qmax limit under the proper power and time duration 
conditions, as confirmed in Figure 4.

Conclusions

The non-contact measurement method for thin vapor chambers 
has the advantage of more accurate measurements using the la-
ser heat source, faster measurement time, and the ability to mea-
sure transient characteristics. It has great potential for thin vapor 
chamber testing.

Figure 3: Temperatures TJ, TC and TX of the vapor chamber. The heat power is 9 W

Figure 4: Transient thermal performance of the copper plate and the vapor chamber at 
10 W input. The rectangular single heat pulse is shot from 1.0 to 2.0 second
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Nomenclature
At Area of a tank opening
Lt Length of a tank
Wt Width of a tank
Vserver Server chassis volume
Lserver Server length
Wserver Server width
Hserver Server height
∆H Liquid level rise in the tank
Vdisplaced Displaced server volume

Vother Displaced volume of air-cooling hardware 
 and steel chassis
Velectronics Displaced volume of electronics alone
Vair Volume of air
Vfluid Volume of fluid
mfluid Mass of fluid
melectronics Mass of electronics
Delectronics Power Density of electronics [kW/liter]
P2PIC Passive two-phase immersion cooling
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Introduction

I
ncreased power density (the amount of power per unit 
volume) is often listed among high priorities for data center 
operators who rightly perceive that higher rack density can 
drive down data center costs. However, in traditional air-

cooled data centers, increased density does not necessarily translate 
to improved economics [1]. 

Higher-density servers increase IT capacity per rack, but this can 
strain fan power and computational efficiency [2]. This rise in IT 
density can decrease data center footprint but requires sufficient 
temperature and airflow conditions [3]. Capital costs escalate with 
the additional plena, filters, and heat exchangers needed for these 
denser racks. Modern servers utilize multiple fans to direct air 
toward hot components, increasing power consumption, noise, 
and the risk of system failures [2]. While modern processor designs 
distribute work across low-power processors to mitigate heat, 
air cooling limits potential processor density [3]. Liquid cooling 
technologies enable a much higher power density. However, direct-
to-chip water cooling and even liquid/single-phase immersion 
cooling eventually reach density levels at which the flow of the 
coolant becomes an engineering challenge in a manner similar to 
air-cooling [4-6].

Passive 2-phase immersion cooling (P2PIC) is different in this 
respect because many aspects of P2PIC improve with density. A 
certain level of density is a requisite to economically justify this 
approach, with economics that continues to improve with higher 
density. To explore how and why this is so, it helps to think of 
power density not in traditional units like kW/rack or kW/m2 
but to consider it as Archimedes would, by volume displacement.

In this study, the true volume of the electronics and air-cooling 
hardware in a 2U server is measured in this way, permitting direct 
calculation of the fluid volume required to cool it by immersion. 
These data are then used to extrapolate to higher hardware power 
densities where the advantages of immersion emerge.

Experimental Procedures
Measurement of Power Density by Displacement
Figure 1 (a) shows a tank of liquid and a server chassis. The cross-
sectional area of the rectangular tank as seen from above is

The server chassis volume is calculated from its XYZ dimensions as

When submerged in the tank of liquid (Figure 1 (b)), the server 
displaces a volume of liquid such that the liquid level in the tank 
rises by ∆H. The actual displaced server volume is then

(a)

(b)

(1)

(2)

(3)

Figure 1: (a) Tank and server and (b) Measurement of server displacement

Figure 2 (a): Removal of GPU card from its heatsink

Figure 2 (b): A copper boiler mounted on the GPU
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Additional experiments were conducted to isolate the displacement 
of various components of a server as shown in Figure 2 (a). These 
were broadly grouped into 2 categories: The first, Vother, includes 
those components that exist purely for air cooling, such as fans, heat 
sinks, shrouds, ducts, etc. It also includes the steel used to make the 
chassis and to arrange the electronics within. The second, Velectronics, 
includes the rest of the server, those things that would be difficult 
to dispense with as they ARE the server. These include the PCBs, 
chips, capacitors, power supplies, etc. that comprise the server. 
A copper boiler made by Cooler Master (Taiwan) is mounted 
on an Intel Xeon Phi math coprocessor as shown in Figure 2 (b). 
Such a boiler is the only additional volume required for 2-phase 
immersion. The remaining volume is air but also represents the 
volume that must be filled with liquid if the same server is to be 
immersion-cooled.

Results and Discussion

The results of these experiments are shown in Figure 3. Though 
the server chassis is 14% solid matter, only 6% of its total volume 
is occupied by electronics (Figure 3). Calculations like these point 
to the illogicality of immersion cooling servers that were designed 
to be cooled by air.

The 5mm Datacenter

If you could air cool 21 of these servers (27.3 kW) in a conventional 
rack (23 inches wide x 39 inches deep x 2-meter height), the total 
volume of the electronics ((21 servers x Velectronics = 2.13 liter from 
Figure 3 x 1000) cm3) would represent only 8cm (4%) of the rack’s 
2-meter height, with the fluid required to fill them reaching another 
112cm (Figure 4). If the volume of the electronics was instead 
distributed at a typical data center floor space density of 3kW/m2, 
it would be only 5mm thick, a result that belies the use of a multi-
story facility that might house it (Figure 5).

Extrapolating to Higher Density

These data can be used to extrapolate to higher power density. For 
this analysis, the volume of the steel chassis (found to be half of the 
volume of Vother) is assumed to remain constant (Table 1). The mass 
of electronics per displaced volume, which averages 4.5 kg/liter, and 
the electronics power density of Delectronics=0.61 kW/liter (from the 
server power and Figure 3) are also held constant. A fluorochemical 
fluid density of 1.6 kg/liter is assumed. The power density, expressed 
as Velectronics/Vserver, is then increased while Vserver is kept constant.

Figure 3: Summary of volume displacements for 2U Server

Figure 4: Total volume of fluid required to immersion cool a rack of conventional air-
cooled servers compared to the actual volume of the electronics

Figure 5: Volume of electronics if spread to a typical data center floor space density of 
3kW/m2 would be only 5mm tall

Figure 6: Velectronics/Vserver Vs mfluid/melectronics
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This analysis shows how the mass of fluid becomes less significant 
relative to the mass of the electronics as the power density increases 
(Table 1). When Velectronics/Vserver= 70%, the fluid requirement has 
dropped from 25 to <1 Liter/kW (Table 1 and Figure 6) and 11 of 
the 15kW servers can be placed in a 170kW tank with 6 times the 
floor space density of the air-cooled rack (Figure 7).

Reality Check

Will P2PIC even function at this density?  One 40MW two-phase 
immersion facility [6] uses less than 2 liters of fluid per kW with 
12kW 1U modules housed in 250kW tanks that use 48-53°C 
water to cool. These same tanks are sized for up to 500kW to 
accommodate next-generation hardware. One can look also at the 
refrigeration industry, in which 2,000+kW low-pressure chillers 
[7] are deployed with evaporator footprints no larger than these 
tanks. Lastly, technology demonstrations with simulated computer 
hardware showed that fluid power densities, Dpower, fluid <0.1 Liter/
kW are possible [8].

Additional Considerations

There are additional savings to be gained at the server level:
• The cost of engineering an air-cooled solution for a modern 

server can be quite high and involves computational fluid 
dynamics simulations, wind tunnel testing, and validation.

• A myriad of heat sinks, interface materials, isolation pads, 
conformal coatings, fans, and baffles can be eliminated from 
servers and power supplies.

There will, of course, be costs incurred in immersion cooling and 
these are primarily associated with more rigorous pre-cleaning 
of hardware, cleaner cabling insulations, and the capital cost of 
nontraditional test and burn-in equipment for hardware that can 
no longer be cooled by air.

However, savings at the facility scale can also be realized and most 
have been demonstrated in the aforementioned 40MW facility of 
detailed projections:

Figure 7: Power output of 21 air-cooled servers in a standard rack compared with 11 
hypothetical immersion-cooled servers occupying a standard rack footprint

Table 1: Extrapolations of 2U calculations to higher density [fluid requirement]
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• Elimination of raised floors, fans, air filters, baffles, plena, 
adiabatic, or refrigerated cooling equipment coupled with 
reductions in telecom requirements can reduce facility costs 
by up to 43% [9]. 

• Elimination of fire protection equipment would reduce fa-
cility costs but will require modification of relevant indus-
try standards. The merits of submerging IT equipment in a 
clean agent fire suppressant are already recognized [10].

• Ability to re-use tanks and mechanical infrastructure for fu-
ture generations of hardware.

Simplicity

• Ability to design hardware, to densities that reduce the fluid 
requirement to <0.1 Liter/kW [8], without regard for how 
it will be cooled. No airflow simulations, thermal solution 
validation, etc. needed.

• Passive heat transfer process. No use of rack pumps, redun-
dant pumps, controls, etc.

• Elimination of node-level cooling hardware. No require-
ments of cold plates, interfaces, manifolds, quick discon-
nects, hoses, etc.

• Reusable, environmentally sustainable working fluids like 
Hydrofluoroethers (HFEs), fluoroketones, hydrofluoroole-
fin (HFOs), etc., which have no Ozone Depletion Potential 
(ODP) and very low Global Warming Potential (GWP). [14].

Challenges on the Path to x86

• As is always true with any burgeoning technology, challenges 
to the implementation of two-phase liquid immersion cool-
ing exist; including concerns about fluid loss, fluid selection, 
material compatibility, safety, and environmental impact.  
While outside the scope of this work, these must be evaluated 
for this technology to succeed for a given application.

• The challenges in advancing x86 technology include se-
curing a reliable supply chain for compatible materials, 
ensuring effective maintenance and fluid loss mitigation, 
developing an ecosystem that supports high power density, 
statistically meaningful demonstrations in the realm of x86, 
and commercially available turn-key systems.

• Given the importance of fluorochemical fluids in two-phase 

liquid immersion cooling, it’s understandable that readers 
may have concerns about their future availability, especially 
in light of recent developments at 3M. However, the cur-
rent state of the market indicates no significant issues with 
the availability of these fluids. Although this article does 
not delve into supply chain specifics, it's important to note 
that the availability of fluorochemical fluids remains stable. 
Some key suppliers include Unistar Chemicals, Inventec 
Performance Chemicals, and Chemours. These companies 
ensure both a reliable supply and alternative options. Of 
course, testing the viability of these potential alternatives 
will be crucial.

Conclusion

Though comprised of energy-dense GPU hardware, the volume 
of the chassis in this study is more than 90% air. The low power 
density of the air-cooled server hardware intensely affects the 
economic feasibility of immersion cooling. A modern 1.3kW, 2U 
GPU server was only 6% electronics on a volumetric basis. The 
electronics comprising 21 of these servers (27kW, 42U) would fill 
only the bottom 8cm of a rack footprint. The fluid required to fill 
them would require an additional 112cm and the fluid mass would 
be 5X that of the server.

Higher-density hardware, already realized in Bitcoin mining, 
enables the value proposition of immersion [11,12,13]. If a server 
could instead be 70% electronics, it would be 15kW, enabling 
170kW dissipation to be housed in the footprint of a traditional 
rack. The fluid required to submerge this hardware would represent 
around 14% of the electronics’ mass.

In a nutshell, a volume displacement analysis reveals just how low 
the power density in a typical facility is. At 3kW/m2, a typical air-
cooled data center floor space density, the electronics in a typical 
data center would fill only the bottom 5mm of the building which 
is often several stories tall. P2PIC can increase floor space density 6 
times or more while simplifying server design and reducing facility 
capital and operating costs. With increased density comes increased 
interconnect bandwidth and the potential to reduce E-waste.
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T
hermal characterization plays a vital role in electronic 
package reliability testing, design, and verification of 
manufacturing processes. The reliability of electronic 
packages is controlled, in part, by ensuring the maxi-

mum junction temperature is not exceeded during operation. 
Systems such as cell phones, electric vehicles and computers, 
must operate with die temperatures below their maximum al-
lowable temperature. A clear definition of thermal metrics used 
to characterize thermal performance is needed to exchange nec-
essary design information between electronic package manu-
facturers, system designers and reliability engineers. This study 
compares steady-state and transient methods used to measure 
component junction-to-case thermal resistance, Theta-JC. Tran-
sient Theta-JC measurements tend to predict lower thermal re-
sistance compared to steady-state Theta-JC measurements when 
multi-directional heat flow paths are present.

Comparative Metrics Versus Predictive Models

Comparative metrics are used to contrast the performance of one 
device to another while operating under the same conditions, see 

for example the thermal metrics developed by the JEDEC JC-
15 Thermal Characterization committee [1] and the AQG-324 
guideline [2].

Thermal resistance is a metric commonly used as an electrical cir-
cuit analog to represent heat flow restrictions in thermal systems. 
In an electrical environment, a voltage drop occurs when current 
flows through a trace of a given resistance. Since the electrical 
resistivity of a typical insulator surrounding a trace is at least 10 
orders of magnitude higher than the trace, for all practical pur-
poses, current only flows through traces. In contrast, the thermal 
resistance of insulators surrounding thermally conducting ma-
terials is only perhaps 3 orders higher. Due to lower resistance, 
heat spreads more readily into thermal insulators than current 
into electrical insulators. While it is therefore difficult to make 
the argument of one-dimensional conduction for thermal appli-
cations, in the purest sense, thermal resistance is defined as the 
temperature drop between a hot isothermal plane, TH, and a cold 
isothermal plane, TC, divided by the heat flow, Q, as shown in Fig-
ure 1. A good overview of the limitations of the thermal resistance 
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concept is discussed by Lasance [3]. Actual semiconductor pack-
ages do not have isothermal planes nor does heat flow in a single 
direction. Despite these limitations, thermal resistance is still a 
useful concept in developing a comparative metric to contrast the 
thermal performance of different packages. 

Theta-JC, also written as 0JC or Rjc, is a comparative metric used 
to define the thermal resistance between the die and the semicon-
ductor package case. It is defined by Equation (1) where Tj,max is 
the maximum junction temperature, TC is the outer case surface 
temperature measured directly above the hot spot on the die and 
Pc is the power flowing through the case surface.

Significant errors may result when comparative metrics, such as 
Theta-JC, are used as predictive models. It is tempting to rewrite 
Equation (1) to predict Tj,max for a different set of application con-
ditions, where Ptot is the total dissipative power.

The problem with applying Equation (2) to predict Tj,max is that 
Theta-JC is measured during characterization tests in which 
power is only conducted to the case. However, in Equation (2), 
Tj,max estimates are made using the total power flowing in more 
than one direction as usually happens in operation. Also, when 
Equation (2) is applied to predict Tj,max for an application that uti-
lizes a different heat sink design, errors will result due to differing 
heat flow paths. It is therefore important to use comparative met-
rics only to compare the performance of one package design to 
another when considered in the same testing conditions.

Predictive models must consider more than one heat flow di-
rection. Examples of steady-state predictive models include the 
two-resistor model [4] and the Delphi thermal network model 
[5]. For the more general transient cases, reduced order models 
(ROM) [6] or full order models (FOM) may be used to accu-

rately predict junction temperatures for different application 
environments

Steady-State Thermal Resistance

The first Theta-JC test considered here is based on a steady-state 
method, see MIL-STD-883E [7]. Electrical power is supplied via a 
current source to the die and the virtual die temperature is mea-
sured by reading a temperature-dependent voltage drop at the 
die, e.g. for a MOSFET between drain and source, see JESD51-1 
[8]. Figure 2 shows an example of a steady-state Theta-JC test set-
up for a leaded discrete device.

Power that doesn’t flow into the case, PNC, includes the heat flow-
ing into the motherboard, power leads or other surfaces, and is 
not included in the calculation of Theta-JC.

An estimate for PNC may be made by running the Theta-JC 
test using the same setup but with the cold plate replaced by 
an insulating block. Ptot is adjusted to produce the same Tj,max 
as measured during the cold plate test. Using a well thermally 
insulated block, Pc may be approximated as zero and PNC will 
be approximately equal to Ptot. This method may be used to test 
improvements to thermal insulation and test boards designed 
to minimize PNC.

Experimental measurement errors in calculating Theta-JC can 
be reduced by using the temperature differences referenced to a 
zero-power condition. Equation (4) is equivalent to Equation (1) 
since at the zero power condition, Tj,max,P=0 equals TC,P=0.

Measuring the case temperature is challenging for high power 
packages, due to the large temperature gradient in the thermal 
interface material (TIM). Moreover, there are large temperature 

(1)

Figure 1: Theoretical definition of thermal resistance

(2)

Figure 2: TO247 package steady-state Theta jc test setup

(3)

(4)

(5)
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gradients across the case surface at a location directly below the 
die. These spatial temperature variations make it difficult to re-
peatably measure case temperature with a temperature probe.

Transient Theta-JC Measurement

To overcome the experimental uncertainty in measuring case 
temperature, a second method called transient dual interface 
method (TDIM) was developed, see JESD51-14 [9]. TDIM is 
applicable for packages that exhibit one-dimensional heat flow 
where PNC is approximately zero and PC = Ptot. A transient im-
pedance, defined in Equation (6), tracks changes in junction 
temperature as a function of time. Note the similarities between 
Equations (1) and (6). A step change in power at times greater 
than zero is applied and the corresponding junction tempera-
ture is measured. 

The time at which the transient thermal wave reaches the case 
can be determined by testing the same package twice. The first 
test uses a higher resistance TIM and the second test uses a lower 
resistance TIM, referred to as dry and wet TIM, respectively. At 
early times, before the thermal wave reaches the case, Zth follows 
the same curve for both dry and wet TIMs. Once the thermal 
wave reaches the case, Zth increases at a greater rate for the dry 
TIM compared to the wet TIM, as shown in Figure 3.

The Zth value at the point of separation of the dry and wet curves 
may be used to estimate Theta-JC. A more detailed description 
of this method is given in JESD51-14 [9]. The major requirement 
for the application of the TDIM Theta-JC measurement is one-di-
mensional heat flow. This requirement is rather restrictive and 
typically only applies to die that are mounted to a low-resistance 
heat spreader with a high-resistance thermal path in the opposite 
direction. The TO247 and micro lead frame (MLF) are examples 
of electronic packages that exhibit one-dimensional heat flow. If 
the heat flow path is multi-dimensional, values of Theta-JC mea-
sured by TDIM tend to be lower than Theta-JC measured by the 
steady-state method.

Experimental Measurements

Experimental Theta-JC measurements were performed on two 
thermal test vehicles (TTVs) to compare TDIM and steady-state 
measurements. The first TTV is a flip chip ball grid array (FCB-
GA) package and the second TTV is a wire bond plastic ball grid 
array (PBGA) package. Details for each package are listed in Table 
1. Both package styles experience multi-dimensional conduction, 
i.e., heat flows both to the case and to the motherboard side of 
the package. It is known that TDIM Theta-JC values will be lower 
than steady-state Theta-JC values, see for example Bornoff [10], 
due to the multi-dimensional heat flow that is not accounted for 
when using TDIM. TDIM measured Theta-JC is approximately 
2X lower than steady-state Theta-JC measurements, as shown in 
Table 1 and Figure 4. Error bars shown in Figure 4 represent ± 
one standard deviation.

Since the focus of this study is the application of comparative met-
rics, the actual Theta-JC value is less important than the precision 
in measuring changes in its value. Measurements should be re-
peatable regardless of the measurement method, but a consistent 
testing approach is required, for either a transient or steady-state 
Theta-JC method. For the FCBGA and PBGA packages tested, 
both the transient and steady-state methods yielded repeatable 
Theta-JC measurements.

What Causes TDIM Theta-JC To Be Lower Than Steady-State 

Theta-JC?

Finite Element Analysis (FEA) simulations are used to explain 
why the measured TDIM Theta-JC values are similar to steady-
state Theta-JC values for one-dimensional conduction, and 
smaller when multi-dimensional conduction is present.

(6)

Figure 3: TO247 simulated Zth curve separation

Package FCBGA PBGA

Body size (mm) 45 35

Die size (mm) 10.0 10.0

Heat spreader size (mm) 40 27

Interconnect style Flip chip Wire bond

Steady-state Theta-JC Mean ± Std Dev 0.706 ± 0.033 5.12 ± 0.012

TDIM Theta-JC Mean ± Std Dev 0.331 ± 0.026 2.45 ± 0.18

Table 1: Package styles tested using TDIM and steady-state Theta jc methods

Figure 4: Comparison of Theta jc measurement methods for FCBGA and PBGA packages

http://www.electronics-cooling.com


27 Electronics Cooling  |  FALL 2024 electronics-cooling.com

Thermal simulations were run for the TO247 package shown in 
Figure 2 to predict the Zth versus time. The model consists of a 
die bonded with solder to a die paddle that acts as a heat spread-
er. The package has three leads: the source, the drain and the 
gate. The package is overmolded with a low conductivity epoxy. 
A TIM is inserted between the exposed surface of the die paddle 
and the cold plate. A uniform heat flux is applied to the top sur-
face of the die and a large convective heat transfer coefficient, 
e.g. 1000W/m2, is applied to the base of the cold plate.

Temperature distributions are plotted in Figure 5 for different 
distances measured from the top of the mold cap vertically along 
a line centered at the die. At approximately 7msec, the case tem-
perature begins to increase above its initial zero power tempera-
ture. At this time, the wet and dry curves in Figure 3 separated 
and the Zth predicted by Equation (5) is equivalent to Theta-JC 
predicted by Equation (1) since Tc = Tj,t=o.

At later times, the temperature difference between the case and 
junction remains constant, even after reaching steady-state 
conditions, see ∆Tjc,trans at early times is approximately equal to 
∆Tjc,ss at later times. For the TO247 package, over 99% of heat 
flows into the cold plate with the rest flowing to the top of the 
package or the leads. 

The transient analysis was repeated for the FCBGA package 
shown in Figure 6. Unlike the TO247, there are two resistance 
paths having similar orders of magnitude: one to the cold plate 
and a second to the JEDEC board.

At the point of separation of the wet and dry Zth curves, at ap-
proximately 0.1sec as shown in Figure 7, Zth is approximately 
0.30K/W.

Figure 5: TO247 temperature variation along a line through center of die, P = 80W

Figure 6: FCBGA FEA model

Figure 7: FCBGA simulated Zth curve separation

Figure 8: FCBGA temperature variation along a line through center of die, P = 60W
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Temperature distributions along a vertical line centered at the die 
were predicted at several times ranging from 3.07msec to steady 
state, see Figure 8. At 101msec, the case temperature begins to 
increase at the same point in time when the dry and wet curves 
separate as shown in Figure 7. At steady state the temperature dif-
ference between the junction and case, ∆Tjc,ss, is higher than the 
transient temperature difference, ∆Tjc,trans. The junction-to-case 
temperature difference for steady-state is ∆TJC,ss =15K compared 
to transient ∆TJC,trans= 9K, as shown Figure 8.

The large difference between TDIM and steady-state Theta-JC is 
attributed to multi-dimensional heat flow. The two-resistor mod-
el discussed in JESD51-3 [4] may be used to indicate if multi-di-
mensional heat flow is present. Theta-JC represents the restriction 
of heat flowing to the case and Theta-JB represents the restriction 
of heat flowing to the motherboard. When Theta-JB is much larg-
er than Theta-JC, heat flow is primarily one-dimensional to the 
case. Bornoff [10] showed that, when Theta jb is at least 10X larg-
er than Theta-JC, multi-dimensional heat flow effects are small 
and TDIM Theta-JC is similar to steady-state Theta-JC. 

Theta jb predictions for the package shown in Figure 6 are ap-
proximately 6 times the Theta-JC value. Due to multi-directional 
heat flow, a large difference between transient and steady-state 
Theta-JC can be expected. 

Steady-State Theta-JC Testing Criteria

When running steady-state tests for certain packages the tem-
perature difference between the junction and case is 30K or more 
while the temperature drop between the case and cold plate is less 
than 4K. Even though probing the case temperature introduces 
measurement errors, the Theta-JC error can be managed by es-
tablishing a minimum Theta-JC limit. 

A minimum steady-state test condition is developed by requiring 
the TIM resistance be less than 10% of the measured Theta-JC so 
that by applying this constraint, the TIM temperature drop is no 
more than 10% of the junction to case temperature drop. Like-
wise, from Equation (5), the ∆Tc term uncertainty attributed to 
the case temperature is limited to less than 10% of Theta-JC. 

A conservative estimate for the TIM thermal resistance is made 
by assuming one-dimensional heat transfer through the TIM 
bond line thickness, L, and thermal conductivity, KTIM, with an 
effective area equivalent to the die area, Adie. In practice, spread-
ing within the package increases the effective heat flow area. An 
approximation for the thermal resistance in the TIM layer is writ-
ten in Equation (7).

Solving Equation (7) for 0JC gives a lower limit on the ratio of 
bond line thickness to TIM conductivity (L/KTIM) for a given die 
size, as shown in Equation (8).

The 0JC* Adie metric is used to estimate minimum Theta-JC values 
allowable as a function of die area. Regions to the right of a given 
L/K line in Figure 9 meet the minimum Theta-JC, criteria given 
by Equation (8).

For high power and small area die, the large heat flux near the 
case temperature sensing location will cause a localized high tem-
perature gradient in the TIM layer. Due to the uncertainty in case 
temperature measurements, there are restrictions in steady-state 
Theta-JC measurements for small area die. For example, the min-
imum die area allowable for 0JC = 2.0°C/W in Figure 9 is 100mm2, 
provided L/K = 20°C/W*mm2. Thermal greases have been re-
ported to have L/K of 17-35°C/W mm2 [11]. 

The thermal conductivity used in Equation (8) is an effective 
thermal conductivity and includes the contact resistances at the 
interfaces between the TIM layer and the case and the cold plate. 
Another challenge for measuring the case temperature is the 
presence of gradients in the TIM and across the case surface be-
low the die. A good discussion of the challenges of measuring case 
temperature with a thermocouple is found in Pape, et.al. [12].

For certain package styles, case temperature measurement uncer-
tainty can be reduced by embedding a temperature sensor into 
the case. For example, if the package has a case thickness greater 
than 1mm, then a fine gauge (0.5mm diameter) temperature sen-
sor can be flush mounted to the outer surface of the case, see for 
example Galloway and de los Heros [13].

Conclusions

(i) Theta-JC may be used as a comparative metric for measur-
ing relative thermal performance improvements between 
different suppliers or comparing thermal enhancements of 
different bill of materials. 

(7)

(8)

Figure 9: Valid 0JC testing range as a function of die size
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(ii) Theta-JC can be used to quantify degradation in thermal 
performance as function of repeated stress conditioning. 

(iii) Theta-JC measurements should be repeatable. 
(iv) TDIM and steady-state Theta-JC tests may produce differ-

ent values depending on the presence of multi-directional 
heat flow. 

(v) When comparing thermal performance of two or more 
packages, the same testing method should be employed, i.e. 
do not mix steady-state and TDIM test results. 

(vi) Steady-state Theta-JC test methods should be used with 
caution when Theta-JC is in the region to the left of curves 
shown in Figure 9.
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