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Engineers are always looking for an edge in their designs to extract as much power and performance as
possible from a system, while attempting to meet industry trends in miniaturization. In the power
electronics industry, this has required an examination of the materials being used to overcome inherent
limitations from heat, voltage, or switching speed.

Engineers are using wide-bandgap materials to expand the capabilities of power electronics, pushing them beyond the thermal
and electrical limits of silicon-based components. (Background image created by Xb100 – Freepik.com)

For years, silicon was the answer for the power electronics market, but in the past decade there has
been a growing movement towards wide-bandgap materials, particularly silicon carbide (SiC) and
gallium nitride (GaN). Wide-bandgap materials have higher breakdown voltage and perform more
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efficiently at high temperatures than silicon-based components. [1] Recent research indicated, “For
commercial applications above 400 volts, SiC stands out as a viable near-term commercial opportunity
especially for single-chip current ratings in excess of 20 amps.” [2] This efficiency allows systems to
consume less power, charge faster, and convert energy at a higher rate.
A recent article from Electronic Design explained that SiC power devices “operate at higher switching
speeds and higher temperatures with lower losses than conventional silicon.” SiC has an internal
resistance that is 100 times lower than silicon and a breakdown electric field of 2.8 MV/cm, which is far
higher than silicon’s 0.3 MV/cm, meaning that SiC components can handle the same level of current in
smaller packages. [3]
Engineers use the new material to produce systems with higher power-density and energy efficiency.
While some industries have adopted new materials quicker than others, recent research from Yole
Développement, a semiconductor and advanced packaging company based in France, indicated that
there has been a significant growth in the SiC market in recent years. The research placed the market at
$200 million as of 2015 and said that the market would reach an inflection point in 2017. [4]

New Electronics wrote that silicon carbide technology had reached a “tipping point” where engineers
would focus more attention on new materials than on silicon, “pushed by the space, weight and
efficiency requirements of electric vehicles and hybrids and by some particular industrial applications.”
[5] All About Circuits added, based on the Yole research, that SiC was the material of choice for “power
factor correction (PFC) power supplies, chargers, photovoltaic inverters, and trains.” [6]
As evidence of the industry’s acceptance of wide-bandgap materials, JEDEC Solid State Technology
Association, a leader in standards development for the microelectronics industry, announced in
September that it formed a committee on Wide Bandgap Power Electronic Conversion Semiconductors
with sub-committees for SiC and GaN. “GaN and SiC technologies are poised to benefit from the
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development of standards focused on quality and reliability, datasheets, and test methods,” said Tim
McDonald, Senior Director, GaN Applications and Marketing at Infineon Technologies. [7]
Industry leaders such as Texas Instruments (TI), Infineon, and Wolfspeed have signed on to the JEDEC
committee and have already established products based on SiC technology. For instance, Infineon has
released CoolSiC™ semiconductor solutions that include MOSFET, Schittky diodes, and hybrid modules.
[8] ROHM Semiconductor recently announced that it had produced full SiC power modules that it claims
reduces switching losses by 64 percent at 150°C. The company also announced that it is supplying power
modules for the Venturi Formula E racing team. [9]
At the recent APEC 2018 show in San Antonio, sponsored by the PSMA (Power Sources Manufacturers
Association), TI unveiled a new reference design (pictured below) for an HEV/EV onboard charger that
used SiC-isolated gate drivers. [10]

ATS cold plates were on display at the TI booth, as a thermal solution for a new TI design. (Advanced Thermal Solutions, Inc.)

Thermal Management Concerns for SiC
SiC (and GaN) is clearly not just the future of semiconductor technology, it is also the present, but while
wide-bandgap material allows components to perform at higher temperatures, there are thermal
management concerns that engineers need to consider when designing the devices into a system. While
SiC and other wide-bandgap materials may be able to withstand high temperatures, there are potential
performance issues, such as higher rates of switching losses, and researchers still recommend that SiC
dies operate at temperatures lower than 100°C for best efficiency. [11]
Higher temperature limits mean that, in theory, less complex cooling systems are required, which also
means that SiC component packaging can be smaller since it no longer needs to account for larger, more
intricate thermal management designs. It also means potential cost- and energy-savings for designers.
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But, the higher heat loads and the desire for smaller packaging mean passive, air cooling techniques are
unlikely to accommodate the thermal management needs of the system. Liquid cooling is usually
required, particularly the use of liquid cold plates to increase the rate of heat transfer to the ambient.
A recent presentation by SatCon Applied Technology showed that, despite higher power outputs, SiC
components required smaller thermal contact areas and suggests the use of cold plates (copper in this
particular example) to achieve the necessary cooling. [12] This was backed up by research from the
European Research Council, which reported that active thermal management systems improved the
performance of power electronics systems. [13]
Research from Cal Tech and the Jet Propulsion Laboratory (Pasadena, Calif.) explored the use of novel
thermoelectric (TEC) microcoolers at the device level that provided spot cooling at higher heat fluxes
than standard passive heat sinks. [14] According to researchers, the use of diamond or aluminum
substrates enhanced the thermal performance of the microcoolers and thick-film coolers were able to
achieve power densities greater than 100 W/cm2.
As noted in a research report by the National Renewable Energy Lab, while wide-bandgap materials can
withstand much higher junction temperatures, those high heat loads can have a detrimental effect on
other components in a system. Increasing the temperature of the system as a whole can lead to more
failures, switching losses, and other issues for components that are not built to withstand hightemperature operation. Therefore, cooling needs to take not only a device-level but also system-level
outlook. [15]
The NREL research suggested the following tactics for cooling SiC: using thermal interface material
(TIM) that has low thermal resistance and is “reliable at functional temperatures,” using microchannels
in cold plates to lower device junction temperatures, enhancing the surface and including “turbulence
promoters” in the module, and incorporating both advanced manufacturing techniques and “multiple
mode cooling” at the system level.

This slide from the presentation by the NREL explains how thermal management of wide-bandgap materials encompassed
device-level, module-level, and system-level solutions. (NREL)
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SiC has found a niche in the automotive world where the material is frequently mentioned in reports of
new designs for electric vehicle batteries, as well as brake components and other components in highheat environments. Some recent studies have gone beyond standard liquid cooling to include jet
impingement cooling, which demonstrated significant thermal enhancement.
According to a 2015 study, simulations demonstrated that a commercial, off-the-shelf (COTS) cold plate
reduced the junction temperature of an SiC power module operating at a design heat load of 151 W
from 290°C to 215°C. A COTS microchannel heat exchanger reduced the junction temperature to 215°C
and a jet impingement-cooled heat exchanger lowered the junction temperature to 169°C at the same
flow rate. [16]
The European Commission’s Community Research and Development Information Service (CORDIS)
recently closed its SMARTPOWER project that brought together 15 partners from seven countries to
examine the use of SiC and GaN technologies in industrial power devices. [17]
The research led to the creation of forced cooling solutions with TEC modules to enhance heat sink
thermal performance by as much as 200%, dropping device junction temperature from 250°C to 125°C.
The research also developed enhanced TIM composed of vertically-aligned carbon nanotubes that
increased heat transfer away from the devices, as part of novel 3-D packaging solutions.
Advanced Thermal Solutions, Inc. (ATS) continues to work on thermal solutions to meet the latest
developments in power electronics. ATS recently released a new line of high-performance liquid cold
plates that provide 30% improved performance compared to other commercially-available cold plates.
An innovative, internal fin array with an optimized aspect ratio makes ATS cold plates, available in
aluminum or copper and easily customizable to meet specific size or thermal requirements, the perfect
choice for cooling high-powered electronics, including wide-bandgap devices.
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ATS cold plates are the perfect solution for cooling high-powered electronics, such as IGBT modules.
(Advanced Thermal Solutions, Inc.)

ATS cold plates provide uniform surface temperature across an IGBT or other high-powered device and
can be fitted to a variety of components including Semikron SemiTRANS® Case D56, Infineon 62 mm,
Fuji Semiconductor M127, M234, and M235, Powerex 62 mm, Mitsubishi 62 mm, and Vincotech 62 mm
packages among many others.
As wide-bandgap materials proliferate across the power industry, ATS has liquid cooling solutions that
will ensure optimal thermal management. For example, the TI reference design mentioned above used a
customized ATS cold plate to provide the necessary cooling.
Learn more about ATS liquid cold plates and its array of liquid cooling solutions
at https://www.qats.com/Products/Liquid-Cooling/Cold-Plates.
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Engineering How-To:
Removing Thermal Interface Materials
By Norman Quesnel
Senior Member of Marketing Staff
Advanced Thermal Solutions, Inc. (ATS)
As you may already now, TIMs – thermal interface materials – are not especially easy to remove from
heat sinks. But the needs to do so are common: repositioning the sink, switching to a better performing
TIM, replacing components, etc.
Most of today’s TIMs are bonded to heat sink surfaces with a pressure-sensitive adhesive layer. The rest
of the TIM may be an elastomer filled with thermally conductive particles. Bonding pressure, such as
from clips and screws increase the thermal performance, but the result can be a TIM that’s hard to
remove from the heat sink surface.
Another kind of TIM is thermal grease, which is an excellent heat conductor but is inherently messy. This
must be accounted for when removing thermal grease from a heat sink surface.
With the right tools and some patience, a heat sink can have its TIM removed completely. The
approaches are similar for removing different kinds of TIMs.
Removing Thermal Tapes
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Double-sided thermal interface tapes provide exceptional bonding properties between components and
heat sinks. For many applications they remove the need for mechanical fasteners to secure the sink to
the component.
Here we are showing the removal of Parker Chomerics Thermattach T412 tape from a heat sink. The
T412 tape has aluminum mesh carrier which helps improve heat transfer. The aluminum also helps keep
the TIM together when it’s removed.

Use a razor blade, but don’t gouge the aluminum because if it makes the surface uneven that will
negatively impact heat transfer. Start at one corner, try to lift the TIM slightly the razor blade, be careful
not to cut yourself.

Next, put the heat sink (upside down) on a paper towel. This is mainly to protect the fins of the heat sink
from getting scraped. Then, use a putty knife with a flexible blade, or a plastic scraper or something
similar with a non-gouging edge to help remove the rest of the TIM.
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Push the scraping edge carefully forward under the TIM corner, while pulling the TIM slightly up. While
you are starting to lift the original TIM corner from the surface, you can start doing the same on another
corner. And if continue to work at it from different angles eventually you can get the TIM off.

If there is TIM residue left over on the heat sink surface, you can use a lint-free cloth and a solvent to
wipe it clean. The solvent should be something that won’t damage the finish on the heat sink. Here we
used isopropyl alcohol. You may have to repeat this several times to get everything off and you have a
clean surface.
Removing Phase-Change Materials

Phase-change materials (PCM) can be removed with similar steps as with thermal tapes. These images
show the removal process using a maxiFLOW™ push pin heat sink from Advanced Thermal Solutions, Inc.
(ATS).
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Start with sharp, clean razor blade because a plastic scraper’s edge isn’t fine enough to penetrate
cleanly under the TIM. Be sure the razor blade is straight to minimize the risks of nicks to the heat sink
surface. The TIM manufacturer’s data sheet recommends using a razor blade to remove the phase
change TIM. In this demo, the TIM is Chomerics T766 PCM. Slowly work the razor blade edge under the
TIM, be careful of your fingers.

After a lot of use phase change materials can be hard to remove compared to new pieces. Use the razor
under different corners. Go slowly until you get all the material off. You will be left with some PCM
residue on the heat sink surface.
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You can put a small amount of isopropyl alcohol on the surface and use this as a lubricant and go back
with the razor blade to get a close shave on that surface to remove much of the remaining TIM residue.

When your sink’s surface is nearly clean, get a lint free cloth or a wipe. With some alcohol and with a bit
of rubbing you should be able to remove the rest of the phase change material.
Removing Thermal Grease

Here we start with a heat sink with thermal grease on its mounting surface.
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Start by removing as much grease as possible using a dry cloth or paper towel. You should be able to get
most of the grease off this way.

Then, for the leftover grease residue, use a lint-free cloth or rag with some alcohol or another type of
solvent that won’t eat away at the heat sink’s anodized surface. With a little elbow grease, you should
be able to get the surface clean.
Note that If you’re going to be doing a lot of handling of thermal greases and solvents, it’s advisable to
wear protective gloves.
Learn more by watching https://www.youtube.com/watch?v=_Bj7RaU5rN0.
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Industry Developments:
Extrusion Profile Heat Sinks
By Norman Quesnel
Senior Member of Marketing Staff
Advanced Thermal Solutions, Inc. (ATS)
Extruded metal heat sinks are among the lowest cost, widest used heat spreaders in electronics thermal
management. Besides their affordability, extruded heat sinks are lightweight, readily cut to size and
shape, and capable of high levels of cooling.
Metal Choices
Most extruded heat sinks are made from aluminum alloys, mainly from the 6000 alloy series, where
aluminum dominates. Trace amounts of other elements are added, including magnesium and silicon.
These alloys are easy to extrude and machine, are weldable, and can be hardened.
Common alloys for extruded heat sinks are the 6063 metals. These can be extruded as complex shapes,
with very smooth surfaces. 6061 aluminum is also used for extrusions. Its tensile strength (up to 240
MPa) is superior to 6063 alloys (up to 186 MPa). In addition to heat sinks, these aluminum alloys are
popular for architectural applications such as window and door frames. [1]

Figure 1. An extruded aluminum heat sink with a black anodized finish. [2]
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The surfaces of these metals can be anodized to replace their naturally occurring surface layer of
aluminum oxide. Anodizing provides more heat transfer, corrosion resistance and better adhesion for
paint primers. It is an electrochemical process that increases surface emissivity, corrosion and wear
resistance, and electrical isolation.
The Extruding Process
Aluminum alloys are popular for extruding as heat sinks because they provide both malleability and
formability. They can be easily machined and are as little as one-third the density of steel. This results in
extrusions that are both strong and stable, at a reduced cost relative to other materials.

Figure 2. Heated aluminum alloy billets are pushed through a die to produce extruded length heat sinks and other parts. [3]

The aluminum extrusion process starts with designing and creating the die that will shape the heat sink
profile. Once this has been done, a cylindrical billet of aluminum is heated up in a forge to high
temperatures, generally between 800-925°F (427-496°C). Next, a lubricant is added to the aluminum to
prevent it from sticking to any of the machinery. It is then placed on a loader and pressure is applied
with a ram to push heated aluminum through the die.
During this process, nitrogen is added in order to prevent oxidation. The extruded part will pass
completely through the die and out the other side. It has now been elongated in the shape of the die
opening. The finished extrusion is then cooled, and if necessary, a process of straightening and
hardening creates the finished product.
They can be cut to the desired lengths, drilled and machined, and undergo a final aging process before
being ready for market. [4]
Finished heat sinks typically come with anodized surfaces, which can enhance their thermal
performance. Alternatively, a chromate finish provides some corrosion protection, or can be used as a
primer before a final paint or powder coating is applied. [5]
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Shapes of Extruded Heat Sinks
Extruded heat sink profiles range from simple flat back fin structures to complex geometries for
optimized cooling. They can be used for natural (passive) or forced convection (active) with an added
fan or blower. Extruded profiles can also include special geometries and groove patterns for use with
clip or push pin attachment systems. [6]

Figure 3. Extruded heat sinks are available in many shapes and lengths. [6]

Extrusions are also available in bulk lengths, e.g. 8 feet, which can be cut to different lengths per
customer needs.
Optimizing Thermal Performance
6063 aluminum alloy has a thermal conductivity of 201-218 W/(mK). Higher tensile strength 6061
aluminum’s thermal conductivity ranges from 151-202 W/(mK).
Besides choosing the aluminum alloy, selecting an optimal extruded heat sink should factor in its overall
dimensions and weight, the specified thermal resistance, and the extrusion shape (flat-back, flat-back
with gap, hollow, double-sided, etc.). [7]
Extruded heat sinks can be designed with very thin, and thus more, fins than other sink types. They can
be extruded with aspect ratios of around 8:1, which can greatly optimize heat sink performance. A heat
sink’s aspect ratio is basically the comparison of its fin height to the distance between its fins.
In typical heat sinks the aspect ratio is between 3:1 and 5:1. A high aspect ratio heat sink has taller fins
with a smaller distance between them for a ratio that can be 8:1 to 16:1 or greater.
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Figure 4. Different thin fin extruded heat sinks mounted on a PCB. [8]

Thus, a high aspect ratio heat sink provides greater density of fins in a given footprint than with a more
common size sink. The great benefit is the increased amount of heat dissipating surface area it provides
due to its additional fins. Further, these heat sinks do not occupy any more length or width. The result is
a more efficient heat sink with higher performance per gram in the same footprint. [9]
Applications
An extruded heat sink is used mainly to increase the surface area available for heat transfer from highpower semiconductor devices, thus reducing a given semiconductor’s external case temperature, as well
as its internal junction temperature.

Figure 5. Extruded heat sinks mounted on processors by clips (left) and push pins (right). [10]
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This allows the semiconductor devices to perform at their highest level, with maximum reliability. Such
semiconductor devices include (but are not limited to) RF power transistors, RF power amplifiers, Power
MOSFETs, IGBTs, inverter power modules, and thyristor modules.

Figure 5. Extruded heat sinks screwed onto a brick DC-DC converter. [11]

In some power conversion circuit applications, large diodes, rectifiers, diode modules and even highpower resistors (thick film, etc.) can also require thermal contact with an extruded heat sink. For cooling
DC-DC power converters and power modules, extruded heat sinks are available for full, half, quarter and
one-eighth brick sizes
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Cooling News: New Thermal Products Showcase
(May 2019)
In this article, Qpedia will explore some innovative thermal management products that have recently hit
the market. These new thermal products encompass a variety of thermal management applications
from CPU coolers to thermal interface materials (TIM) to sensors and test instruments to advanced
materials and concepts.
Metal Oxide Microparticle Thermal Compound

NT-H2 is a second generation, hybrid thermal compound from Noctua. The compound uses a mixture of
metal oxide microparticles for lower thermal resistance and reduced bond-line thickness at typical
mounting pressures. Up to 2°C lower temperatures were attained In Noctua’s standardized internal
testing at various platforms and heat loads. NT-H2 thermal compound does not require a break-in
period. Because of its long-term stability, it can be used on the CPU for up to five years.
Both pastes are electrically non-conductive and non-corroding, so there is no risk of short circuits and
they’re safe to use with all types of heat sinks. NT-H2 thermal compound will come in standard 3.5g and
extra-large 10g package that come with a supply of pre-moistened wipes for effective surface cleaning.
1

Form in Place Liquid Thermal Gap Filler is Peel-able

The new Bergquist Gap Filler TGF 1500RW offers thermal interface material (TIM) re-workability without
sacrificing thermal conductivity or automation performance in a single material. TGF 1500RW is a onepart, cure-in-place liquid gap filler that can be used with automated dispensing equipment for highvolume manufacturing operations.
Because the material is applied as a liquid, it is ideal for miniaturized, high-density assemblies and
complex architectures, penetrating small gaps for complete coverage. Once cured, the material provides
optimized surface contact and thermal transfer with a 1.5 W/m-K thermal conductivity and delivers
excellent low and high temperature mechanical and chemical stability.
While traditional cure-in-place TIMs generally require very high force for disassembly, TGF 1500RW
peels away cleanly from contact surfaces to safeguard delicate componentry and preserve product
value.
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All-In-One Liquid Cooler for Demanding Workloads

Asetek has introduced its highest performance all-in-one (AIO) liquid cooler, designed in collaboration
with Intel. The Asetek 690LX-PN liquid cooler is approved for the Intel Xeon W-3175X processor. The AIO
liquid cooler features extreme performance to enable overclocking up to 500 watts (W) and provides
stable operation for demanding workstation and content creation workloads.
The 690LX-PN cooler uses the new Gen6-s pump from Asetek – the same core technology that is used to
cool some of the world’s fastest supercomputers and includes a highly efficient copper radiator. A large
cold plate covers the entire CPU package and ensures optimal plate-to-package thermal contact.
The 690LX-PN liquid cooler is approved to cool the new 28-core/56 thread Intel Xeon W-3175X
processor, which offers up to 4.3 GHz single-core turbo frequency.
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Data Center Racks Enhance Thermal Management

The NRSe series of data center racks from NetRack helps achieve effective air flow management at the
rack level. These racks are manufactured out of steel sheet punched, formed, welded and powder
coated with highest quality standards under stringent ISO 9001-2008 Manufacturing and Quality
management system.
Thermal management with air seal kit and blanking panels and bottom brushed access with enhanced
grounding and bonding assures 100 per cent compatibility with all equipment, conforming to general
industry standards. Features like Intelligent Locking and Rack Monitoring add to easy management of
data centers.

4

Silicon-Based Microchannel Heat Sink

Imec, a research and innovation hub in nanoelectronics and digital technologies has introduced a siliconbased compact microchannel heat sink that enables high heat flux dissipation. When assembled to a
high performance chip for cooling, the Imec heat sink achieves a low total thermal resistance of 0.340.28 K/W at less than 2 W pump power. It is directly integrable in the semiconductor infrastructure.
The Si-based microchannel heat sinks are fabricated separately and then interfaced to the back side of a
heat-dissipating chip. Using an optimized Cu/Sn-Au interface, very low thermal contact resistance is
achieved between both parts.
Because the fluidic performance and thermal behavior can be predicted with a high degree of accuracy,
the new microcooler can be tailored according to external system constraints such as space and liquid
supply.
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Air to Air Heat Exchangers for Closed Loop Systems

The new Pfannenberg PKS Series Air to Air Heat Exchangers use the Pfannenberg Kinetic System next
generation cooling technology that out-performs conventional heat exchangers. The units are
lightweight and easy to install, while air to air technology takes advantage of a cooler ambient
environment when closed-loop cooling is required, sealing against gas, humidity, and dust.
Designed for indoor, outdoor, remote and washdown applications that require a closed loop system to
protect electronics, the PKS Series of exchangers are ideal for keeping rain and dust from sensors and
drives on outdoor systems and protecting against corrosion and contamination.
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Technology Review: Cooling Nuclear Power Plants
By Norman Quesnel
Senior Member of Marketing Staff
Advanced Thermal Solutions, Inc. (ATS)
Most man-made electricity in the U.S. is provided by thermoelectric power plants. In these large scale
installations, water is boiled to steam to spin the plant’s turbines and to ultimately generate electricity.
To provide the heat necessary to produce this steam, a power plant could burn coal, natural gas or oil.
But, in fact, most plants don’t burn anything. Instead, they use a very hot, but carefully controlled core
of nuclear material to provide the thermal energy for continuous steam.
Most large power plants use pressurized water reactors (PWRs) with nuclear fuel as their power source.
There are different cooling requirements inside these plants and they are typically achieved with
primary, secondary and tertiary thermal solutions.
First, heat must be managed inside their reactor vessels where the radioactive material is housed. Then,
in the steam generators, hot water from the reactor vessels is cooled by transferring its heat to a
separated water source, converting it to steam. Lastly, after the steam moves past the turbines, it is
condensed back to liquid water, which then returns to the steam generator. An illustration of a nuclear
power plant with a pressurized water reactor is shown in Figure 1. [1]

Figure 1. Components of a Pressurized Water Reactor in a Nuclear Power Plant. [2]
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Inside a PWR’s reactor core, the primary coolant, usually ordinary water, is heated by energy from
atomic fission. Under high pressure to keep it from boiling, the heated water flows along a primary,
closed-loop piping system into a steam generator. Here, the heat from the primary loop transfers into
an isolated, lower-pressure secondary loop also containing water.
The water in the secondary loop enters the steam generator at a pressure and temperature slightly
below that required to initiate boiling. Upon absorbing heat from the primary loop, it becomes
saturated and slightly super-heated. The water changes phase to steam, which serves as the working
fluid to push the turbine blades and generate electricity.
Finally, the steam is condensed back to water and re-enters the secondary loop. There are different
ways to provide this tertiary level of cooling to cause this condensation. [3]
Fueling a Nuclear Reactor
A nuclear power plant’s reactor is most often fueled by U-235, a type of uranium that fissions easily. U235 is a component of uranium hexafluoride fuel, which is made from mined or milled uranium oxide,
called yellowcake. To make the uranium hexafluoride usable as a fuel, it is enriched to increase its U-235
content from 1 percent up to 3-5 percent. This is a low concentration and the enriched uranium is stable
over a wide range of environmental conditions.
After the uranium hexafluoride is enriched, a fuel fabricator converts it into uranium dioxide powder
and presses the powder into solid fuel pellets. The fabricator loads the ceramic pellets into long, pencilthin rods made of a noncorrosive material, usually a zirconium alloy. These tubes, each about 4 meters
long, are grouped by the hundreds into bundles that are called fuel assemblies. [4]

Figure 2. A Pressurized Water Reactor Includes Inlets and Outlets for Passing Water Coolant. [5]
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A single fuel rod assembly for a pressurized water reactor (PWR) is approximately 13 feet high and
weighs about 1,450 pounds. [6]
Step 1. Cooling the Nuclear Core
During a nuclear fission chain reaction, fuel rods heat up to about 800°C. If they are left uncovered by
water, they’ll reach temperatures well about 1,000°C and begin to oxidize. That oxidation will react with
any water that remains in the vicinity, producing highly explosive hydrogen gas. So, fuel rods are kept
submerged in demineralized water, which serves as the primary coolant. The water is kept in a
pressurized containment vessel and reaches about 325°C. [7]
At the atomic level, continuous exothermic fission in the fuel rods releases heat into the water in the
PWC’s reactor. Nuclear power plants manage this fission and its resulting heat with the use of control
rods. The rate of fission can be controlled–even stopped–by inserting and removing the control rods in
the reactor. The control rods are made with neutron-absorbing material such as cadmium, hafnium or
boron. Their presence controls the rate of nuclear reaction by absorbing neutrons, which otherwise
would contribute to the fission chain reaction.

Figure 3. Control Rods Manage the Fission Rate Inside Nuclear Reactor Cores. [8]

A single uranium fuel pellet the size of a fingertip contains as much energy as 17,000 cubic feet of
natural gas or 1,780 pounds of coal. This relatively clean energy property, along with its vast half-life
(700 million years), makes U-235 a viable alternative to burning fossil fuels to turn power plant turbines.
[6]
Control Rod Drive Mechanisms (CRDMs) lower, raise, and keep in position assemblies of control rods
inside a nuclear reactor. The rods absorb free neutrons, limiting the number available to cause fission of
nuclear fuel. [8]
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Step 2: Heat Transfer in Steam Generators
In a PWC-style nuclear power plant, the primary coolant, carrying heat from the reactor core, flows
through a looped system into and out of a steam generator. Inside the generator it transfers its heat to
an isolated, secondary coolant, water, converting it to steam. This steam travels in a secondary loop to
the turbines. The transfer of heat from the primary loop to the secondary loop is accomplished without
mixing the two fluids to prevent the secondary coolant from becoming radioactive.

Figure 4. Illustration of a Steam Generator. [9]

There are multiple generators in a nuclear power plant. Each can measure up to 70 feet in height and
weigh as much as 800 tons. A generator has more than 10,000 tubes, adding up to hundreds of miles in
total length. A steam generator’s tubes are in a U-shape formation and each tube is about 19mm in
diameter. Coolant from the reactor enters the generator’s inlet nozzle and circulates through the Utubes.
The secondary coolant flows upward by natural convection through the bundle absorbing heat from the
tubes of primary coolant. As heat is transferred through the tube walls, the secondary coolant, water, is
turned into steam that flows from the top of the generator.
The materials that make up the steam generators and tubes are specially made and specifically designed
to withstand heat, thermal expansion, high pressure, corrosion and radiation. The tubes are an
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important barrier between the radioactive and non-radioactive sides of the plant. For this reason, the
integrity of the tubing is essential in minimizing the leakage of water between the two sides. [9]

Figure 5. Steam Generator Tubes Transfer Heat from the Primary to the Secondary Loop. [8]

Step Three: Condensing the Steam
Once the steam has passed through a turbine, it must be cooled back into water by a third process and
returned to the steam generator to be heated once.

Figure 6. Simple Illustration of Recirculation Scheme for Power Plant Steam. [10]

There are three main methods of cooling a power plant’s steam and residual hot water:
Once-through systems take water from nearby sources (rivers, lakes, oceans), circulate it through
condensers, and discharge the now warmer water to the local source. Once-through systems were
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initially popular because of their simplicity, low cost, and the abundant supplies of cooling water. But
these systems can cause disruptions to local ecosystems, mainly from the large water withdrawals.
Wet recirculating systems reuse cooling water in a second cycle rather than immediately discharging it
back to the original water source. Typically, wet recirculating systems use cooling towers to expose
water to ambient air. Some water evaporates, but the rest is sent back to the condenser in the power
plant. Because wet-recirculating systems only withdraw water to replace what’s lost through
evaporation, these systems have much lower water withdrawals than once-through systems. Before
being fed into the steam generator, the condensed steam (referred to as feed water) is sometimes
preheated in order to minimize thermal shock.
More recently, plants have started using a third type of steam cooling system called dry cooling. Instead
of using water to lower cooling water temperature, these systems use air passed over the cooling water
by one or more large fans. Running those fans can require a significant amount of electricity, which
makes this system less suited for large plants that require a lot of steam such as those powered by coal
or nuclear energy. [11]
Three Integrated Cooling Systems
The illustration below is a simplified look at the main cooling loops in the Davis-Besse nuclear power
station in Ohio. It features a pressurized water reactor in which uranium fuel is in long metal fuel rods
(1) leading down to the reactor core (2). The reactor core is inside the reactor vessel (3) which is filled
with purified water. Control rods (4) on top of the reactor start and stop the chain reaction that
produces heat. When the rods are withdrawn, the nuclear chain reaction occurs, producing heat.

Figure 7. The Three Main Cooling Loops in a Nuclear Power Plant. [12]

The water inside the Davis-Bessie PWR is under pressure so it won’t boil as its temperature rises by
passing through the nuclear core. The water then travels along tubes through the steam generator (5)
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and back to the reactor. This constitutes the primary loop (green). After it has passed through the steam
generator, the water has cooled down. The average temperature in this cycle is maintained at 582°F.
When the primary coolant water passes through the steam generator, its heat is transferred to the
secondary loop (blue). Heat is transferred without the water in the primary loop and secondary loop
ever coming in contact with each other. The water in the secondary loop boils to steam in the steam
generator. This steam flows to the turbine generator (6). It is here that the steam’s energy is made into
electricity.
When the steam leaves the turbine, it comes in contact with pipes carrying cooling water. As the steam
cools, it changes back into water. The third loop (yellow) contains the water that is cooled by the large
cooling tower (7). [12]
Among all of the power plants in the US, just over half reuse their cooling water. The rest are either dry
systems or hybrid systems which can switch between dry and some sort of wet cooling depending on
the temperature and availability of water.
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