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Declarations under Rule 4.17:

SYSTEMS AND METHODS FOR PARTICLE-ENHANCED
THERMAL STORAGE
CROSS-REFERENCE
[0001]

DRY HEAT REJECTION AND

TO RELATED APPLICATIONS

This application

claims priority to ET.S. Provisional

Patent Application

Serial No.

62/666,562, filed on May 3, 2018, and entitled, “Systems and Methods for Falling Particle Dry Heat
Rejection and Thermal Storage,” the disclosure of which is incorporated by reference herein in its
entirety.
STATEMENT OF GOVERNMENT INTEREST
[0002]

The ETnited States Government has rights in this invention pursuant to Contract No. DE-

NA0003525 between the United State Department of Energy and National Technology & Engineering
Solutions of Sandia, LLC, for the operation of the Sandia National Laboratories.
FIELD OF INVENTION

[0003]

The present disclosure is generally directed to cooling systems, and more particularly to

cooling systems that use particles for heat removal and/or storage.
BACKGROUND

[0004]

Cooling is a requirement of many industrial processes, including all thermo-electric energy

conversion systems that make up greater than 60% of the energy generated in the U.S. The majority
of cooling today uses water. However, dry cooling is becoming more important as water is becoming
more scarce and costs increase. Dry cooling also enables greater flexibility in plant siting.

[0005]

Air cooled condensers are the common industrial design for dry cooling design of the

common Rankine cycle. They are large and costly in both capital and operating expenses. In them,
steam is condensed in fin-tube heat exchangers with fins and large fans on the air side to augment heat
transfer.

Dry cooling can be 3.5 times more expensive and require much more energy than wet

cooling.

Also, current dry heat rejection results in elevated power cycle minimum temperatures,

decreasing plant efficiency further by about 2% annually, with up to 25% reductions at the hottest time
of year, often when full generating capacity is needed most. In techno-economic modeling studies of
another energy conversion cycle, the supercritical CO2 (SCO2) recompression closed Brayton cycle,

increasing compressor inlet temperature 2°C over nominal caused the cycle thermal efficiency
decreased by 4.6% and levelized cost of electricity (LCOE) increased by 16%. Advanced dry cooling
designs have large impacts on both cycle performance and cost for all known thermo-electric power
cycles. A need remains for systems and methods that provide dry cooling with improved performance

and decreased costs.

SUMMARY OF THE DISCLOSURE
[0006]

The present disclosure is directed to dry cooling systems and methods that use particles to

drastically increase air-side heat transfer for dry cooling. In an embodiment, the systems may be used
for the dry cooling of power plants and other industrial processes that require cooling. The systems
use moving particles to remove heat from a hot fluid or system through a heat exchanger of some
form. This may be a fluidized bed or moving bed heat exchanger, or similar concept. The moving

particles are then cooled easily with exposure to air, the ultimate heat sink. Particles enable thermal
‘cold’ storage that can increase cooling and power cycle efficiencies, especially in arid climates, by

cooling particle storage at night. This novel cooling method decreases both capital and operating
expenses compared with traditional air-cooled units by a factor of four and two, respectively.
[0007]

An embodiment of the invention includes a cooling system. The cooling system has a heat

transfer structure with one or more heat transfer surfaces, particles in contact with the heat transfer
surfaces, and a transport system. The heat transfer structure can include a hot tube bank and/or a fan.

The transport system moves the particles through the heat transfer structure and can be an elevator or
a conveyor belt. The heat transfer structure can include a particle storage zone, which is preferably
below grade. The particle storage zone includes a particle storage bin that may be hyperbolic in shape.
The particle storage bin can have one or more internal surfaces to passively conduct heat to external
surfaces that can radiate the heat away to the environment. The heat transfer structure can include a
shell and plate heat exchanger, a fluidized-bed heat exchanger. The cooling system can be part of and

connected to a concentrated solar power system.
[0008]

Another embodiment of the present invention includes a cooling method which includes

contacting moving particles with a heat transfer surface of a member to remove heat from a hot fluid

in contact with another surface of the heat transfer member; and passing a fluid through the particles
to remove heat from and cool the particles. At least a portion of the particles can then be stored.
[0009]

One embodiment is a system that includes a solar receiver and a cooling system. The cooling

system has a heat transfer structure with one or more heat transfer surfaces and particles that contact

the heat transfer surface. There is also a transport system for moving the particles through the heat
transfer structure. The particles remove heat from the system.
[0010]

Other features and advantages of the present disclosure will be apparent from the following

more detailed description of the preferred embodiment, taken in conjunction with the accompanying
drawings which illustrate, by way of example, the principles of the disclosure.
BRIEF DESCRIPTION OF THE DRAWINGS
[0011]

The accompanying drawings, which are hereby incorporated into the specification, illustrate

one or more embodiments of the present invention and, together with the description, explain the

principles of the invention. The drawings are only for illustrating one or more preferred embodiments
of the invention and are not to be construed as limiting the invention. In the drawings:
[0012]

Figure 1 illustrates a particle-enhanced dry cooling and thermal storage system according

to an embodiment of the disclosure.
[0013]

Figure 2 illustrates a unit section of a MBHE according to another embodiment of the

disclosure.
[0014]

Figure 3 illustrates a thermo-electric power cycle system according to an embodiment of

the disclosure.

DETAILED DESCRIPTION
[0015]

The present invention is directed to advanced dry cooling systems and methods that improve

performance and decrease costs compared with traditional cooling designs. The systems use thermal
‘cold’ storage for the large daily temperature swings found in arid climates, thereby removing the

cycle efficiency penalty during the hottest part of the day, a large advantage over traditional dry
cooling. This is especially impactful because the hottest times of day are typically, when electricity

demands are highest, and electricity has the most value. Dry cooling can also be used in humid

climates, but thermal storage may be less advantageous. The systems of the present invention use

falling particles in rising or cross-flowing air to overcome the bottleneck of air-side heat transfer that
is common in dry cooling applications. Particles pick up heat from tubes, plates, or similar as they

fall by gravity in a moving bed heat exchanger (MBHE), fluidized bed, or similar, such that the heat

transfers from the tubes, plates, or similar to the particles thereby improving cooling. In an
embodiment of the MBHE, the heat transfer improvement may be by a factor of about 4.7 times over
forced convection. After removing heat from the system requiring cooling, the particles are exposed
to atmospheric air where their small size has the natural benefit of very large heat transfer coefficients.
A fluidized bed approach is another option that has even higher heat transfer performance at the
expense of higher complexity and higher operational costs. A cross-flow embodiment may also be
advantageous. To complete the particle pathway, an elevator or hoist may be used to raise the particles
to repeat the cycle.
[0016]

The particles may be made of an array of materials including, but not limited to, ceramic,

metal, or polymer. Generally, smaller particles improve heat transfer but are harder to contain and

transport through the system. Spherical geometry is readily available and is expected perform well
and reduce abrasion.
[0017]

MBHEs have advantages of low parasitic energy use, compactness, and low maintenance

costs. An example of their use for heating is in the concentrating solar power (CSP) application where

MBHEs heat the power cycle and store energy for power production at times when solar heating is not
available. In contrast in the current embodiment, the system is used to cool the power cycle and store
cold particles for enhanced cooling during the day. The CSP system includes a solar receiver and the

cooling system of an embodiment of the disclosure cools particles that are heated in the solar receiver
and then transported to the cooling system. In an embodiment, moving beds may enhance heat transfer

by a factor of four compared with forced convection alone and do not require added high pressure gas
systems as found with fluidized beds. The MBHE includes a particle bed falling by gravity over a
tube bank or series of staggered plates. Compared with tortuous paths that can be used to increase airside heat transfer, the pressure drop is much smaller for similar performance.
[0018]

Particles have significant advantages over air-cooled fin-tube heat exchangers including

increased heat transfer coefficients in packed moving beds, large total surface area, and large heat
capacity. An example method of particle-aided convection of heat removal from a tube bank is shown

in Figure

1.

Cooling tower structure 100 resembles a forced air wet cooling tower. The particle bed

102 replaces the evaporative cooling surface around the hot tube bank 104. The particle bed 102 falls

while being contained by screens (not shown) that continuously allow ambient air 114 to flow across
the particle bed 102. The cold particles 106 augment heat transfer from the hot tube bank 104 while
continuing to fall. The heated particles 108 fall further into particle storage 110 that is below grade to
avoid environmental heating. At night, the particle storage 110 may be cooled by ambient air that is
drawn through them at low velocity. The fan 116 drawing out hot air 118 at the cooling tower structure
100 top is likely only needed during the hottest part of summer days as natural convection from the

particles to air can be very effective. The transport system 112 continuously draws particles from the
bottom of storage and lifts them to the top of the MBHE 100. The transport system 112 can be an
elevator or a conveyor belt. The transport system 112 can be enclosed or open to lose more heat (i.e.,
a Magaldi conveyor system). A fan (not shown) can blow ambient air across the conveyor belt in a
counter or cross-flow arrangement. The fan preferably remains below the particle entrainment
velocity.
[0019]

The thermal storage could be shaped similar to a hyperbolic natural-draft cooling tower to

promote natural convection of the hot particles with cool nighttime air. Radiation heat transfer can
also be used to reject heat at night by increasing the exposure (solid angle) of the hot particles to the
clear sky either directly or with adjacent surfaces/fms. The effective radiative temperature of a clear
sky is well below 0°C to promote effective heat transfer in arid environments that tend to have few
clouds.
[0020]

In an embodiment, a portion of the particles may be removed from the system for heat

recovery and/or preheating purposes, or for additional cooling purposes.
[0021]

With the proposed systems and methods, for a given cooling requirement at a power plant,

the capital equipment is smaller as thermal performance is increased.

The MBHE systems and

methods are an effective and practical method for increasing convective heat transfer when compared
with traditional forced convection.
[0022]

In an embodiment, a MBHE or fluidized bed may be used on the outside of a plate geometry

containing the fluid to be cooled. Figure 2 illustrates a portion of a heat exchanger 200 wherein heat
is removed from a power cycle fluid, in a fluid channel 202. Particle channel 204 allows particles 206

to gravity fall thereby removing heat from the fluid in fluid channel 202. Wall 208 separates fluid

channel 202 from particle channel 204. In another embodiment, tube banks (not shown) may have
advantages for increased mixing and subsequently heat transfer and may be used.
[0023]

Referring to Figure 3, the closed thermo-electric power system 300 used for electricity

generation includes heat 308 added to the system in the heater 302. Energy is extracted in the turbine
304, and residual heat 3 10 is removed via the particle-enhanced cooling tower structure 100. The fluid

pressure is raised in the pump/compressor 306.
[0024]

The following discussion addresses the convective heat transfer of the MBHE in the shell

and plate geometry for easy comparison with commonly accepted empirical correlations, though other
configurations may prove advantageous. The analysis assumes the particles fall by gravity but are
slowed to achieve desired temperatures without forcing the interstitial gas flow.

An example

simulation predicts that the particle to wall heat transfer coefficient is 208 W/(m 2-K) for panels that
are l-meter high, 50-cm wide with a 6-mm gap.

Others have predicted similar heat transfer

coefficients for MBHEs of 250-600 W/(m 2-K) in small vertical tubes and 150-225 W/(m 2-K) around
horizontal tube.
[0025]

In contrast to the MBHE thermal performance, the heat transfer of forced convection of air

in the same geometry and thermal conditions is predicted to be 44.6 W/(m 2-K), a reduction of 4.66x.
In this analysis, the correlation for fully-developed laminar flow between parallel plates with constant
wall temperature is used.
h
N UD

[0026]

=

—r—

= 7.54.

Consistent geometry was used for the comparison and air properties were evaluated at

elevated conditions of 1050 K and atmospheric pressure. The intermediate values were

[0027]

Laminar flow is a good assumption for this small 6-mm gap and is valid for average air

velocities up to 34.1 m/s (76.3 mph).
[0028]

As detailed previously, moving packed beds in MBHEs produce much higher heat transfer

coefficients than forced air and require no forced air at all, just particles falling by gravity. The
predicted increase in heat transfer will allow for the same heat exchange in a smaller area, reducing
capital expenses by a similar ratio.
[0029]

Reduced operating expense claims are substantiated by a reduction in parasitic energy use.

Traditional dry cooling units require large cooling fans to force air over fin-tube heat exchangers. In
a conventional example of an operating plant, the steam bottoming cycle of a natural gas combined
cycle is cooled by a hybrid wet-dry cooling system with dry accounting for 60% of the load.
Approximately 10% of the dry-cooled portion of electricity generated by the steam bottoming cycle
goes to drive the fans during the summer, a very large parasitic energy load.
[0030]

Another benefit of MBHEs is that the energy required to lift particles is very small when

compared with that to force air at high to moderate velocity.

This allows for reduced operating

expenses as parasitic energy can be greatly reduced. Some energy may be required to force air to cool
the particles, but it can be minimized because particles have excellent convection performance and the
particle heating can be done by a MB HE.
[0031]

In contrast to the approximately 10% parasitic energy required in the convectional example,

the energy to lift particles will likely be about 0.61% of the electrical power output. The work below
outlines basic predictions leveraging concentrated solar power (CSP) particle lifting understanding.
[0032]

Considering a theoretical 50 MWe plant with 50% thermal efficiency, the cooling

requirement is

Qcooi

= 50 MWth. We will estimate the energy required to lift the particles 10 meters

with a lift efficiency of 45% (commonly accepted value).

Defining properties, the specific heat

capacity of ceramic particles is cP = 1.2 kJ/(kg-K) and temperature drop is
mass flow required is
r

'

=Qcooi/(cp

∆ Τ) = 1389 kg/s.

T=30°C The particle

[0033]

The lifting power is

[0034]

The relative lift power to electrical power is therefore

P
302.9 kW
— =
= 0.61%
Pelec 50,000 kW
which is a 16 χ reduction in the parasitic energy of the dry cooling solution in the convectional example
at Afton Power Generating Station in Afton, NM. As mentioned previously, the particles may have

to be cooled by forced air, but the increased thermal performance will likely drive the parasitic energy
requirement up to about 1/3 of that of traditional dry coolers. This decrease in parasitic energy should,
in concert with other beneficial impacts, help reduce operational expenses by a factor of two.
[0035]

Thermal storage increases cycle efficiency by maintaining lower cold side fluid

temperatures during periods of high air temperature. This is accomplished by using colder particles
to effectively cool during the day and warmer particles to reject heat at night. The system is suited for
arid climates where water is least available because air temperatures have larger daily swings.
[0036]

In an embodiment, the system can easily be extended to a hybrid cooler that uses small

amounts of water with the moving bed when the air temperatures are especially high. Traditional wet
cooling units have water scale buildup that requires shutdowns and maintenance. This hybrid concept
can reduce water scale as the particles naturally lend themselves to abrasive scale removal, reducing

maintenance costs.

This self-cleaning effect would maintain performance and reduce required

maintenance and shut-down periods.
[0037]

In CSP applications, ceramic particles are typically used for stability at high temperatures.

The temperatures in cooling are generally less than l40°F, so metals, polymers, or other materials can
be used, offering a large range of options. Metals possess several desirable attributes including high
thermal conductivity, high heat capacity, and high mass density.
[0038]

In the invention being thus described, it will be obvious that the same may be varied in many

ways. Such variations are not to be regarded as a departure from the spirit and scope of the invention,
and all such modifications, as would be obvious to one skilled in the art, are intended to be included

within the scope of the appended claims. It is intended that the scope of the invention be defined by
the claims appended hereto. The entire disclosures of all references, applications, patents and
publications cited above are hereby incorporated by reference.
[0039]

In addition, many modifications may be made to adapt a particular situation or material to

the teachings of the disclosure without departing from the essential scope thereof. Therefore, it is
intended that the disclosure not be limited to the particular embodiment disclosed as the best mode
contemplated for carrying out this disclosure.

CLAIMS
What is claimed is:
1.

A cooling system, comprising:
a heat transfer structure comprising one or more heat transfer surfaces;
a plurality of particles in contact with the one or more heat transfer surfaces; and
a transport system for moving the plurality of particles through the heat transfer
structure.

2.

The system of claim 1, wherein the heat transfer structure includes a particle storage zone.

3.

The system of claim 2, wherein the particle storage zone is below grade.

4.

The system of claim 2, wherein the particle storage zone comprises a particle storage bin.

5.

The system of claim 4, wherein the particle storage bin is hyperbolic.

6.

The system of claim 4, wherein the particle storage bin comprises one or more internal surfaces

to passively conduct heat to external surfaces that can radiate the heat away to the

environment.
7.

The system of claim 1, wherein the heat transfer structure comprises a hot tube bank.

8.

The system of claim 1, further comprising a fan disposed on the heat transfer structure.

9.

The system of claim 1, wherein the transport system comprises an elevator.

10.

The system of claim 1, wherein the transport system comprises a conveyor belt.

11. The system of claim

1,

wherein the heat transfer structure is a shell and plate heat exchanger.

12.

The system of claim 1, wherein the heat transfer structure is a fluidized-bed heat exchanger.

13.

The system of claim 1, wherein the cooling system is connected to a concentrated solar power
system.

14.

A cooling method, comprising:
bringing a plurality of moving particles in contact with a heat transfer surface of a member to

remove heat from a hot fluid in contact with another surface of the heat transfer member; and
passing a fluid through the plurality of particles to remove heat from and cool the particles.
15.

The method of claim 14, further comprising storing at least a portion of the particles.

16.

A system comprising:
a solar receiver; and
a cooling system, wherein the cooling system comprises:
a heat transfer structure comprising one or more heat transfer surfaces;

a plurality of particles in contact with the one or more heat transfer surfaces; and
a transport system for moving the plurality of particles through the heat transfer
structure;

wherein the plurality of particles remove heat from the system.
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