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Introduction

There is an urgent need to find a solution to dle@ming and to energy
shortage. At present over 70% of the world’s enésglerived from greenhouse gas
producing fossil fuels and there is no substitatsight. A possible solution to this
problem may be the extraction of energy from atrhesip vortices. Theory and
experiments suggests that controlled atmospheritcces can be used to harness energy.
The energy produced in a single hurricane can extteszenergy produced by humans in
a whole year. Harnessing a small fraction of thergy produced during upward heat
convection in the atmosphere could supply humanggneeeds without carbon
emissions.

The scientific basis of atmospheric vortex engihéK) is consistent with the
prevailing thermodynamic theory of vortical storriibe engineering approach used to
analyze the process described in this article des/a range of valuable benefits. The
technology has much potential and a focused demedop program to assess its
feasibility is recommended. Power engineers coldgl @ major role in the development
of the AVE because of their practical knowledgehaf thermodynamics of power cycles,
convection processes and cooling towers. Therebeitiechnical challenges to overcome
but they should be no more difficult than thosenidin the development of other
industrial processes. Producing and controllingrex extending kilometers into the
atmosphere is a major undertaking and cannot be thatie laboratory.

An atmospheric vortex engine uses a controlledexaitd capture the mechanical
energy produced during upward heat convection.vbnex is created by admitting
warm or humid air tangentially at the base of anglyical enclosure. The source of heat
can be solar energy, warm sea water, warm or hamior waste heat from thermal
power plants and other industrial processes. ThE Agrnesses energy from sources
similar to those that drive hurricanes, tornadaeswaaterspouts. The feasibility of the
concept has been demonstrated theoretically ardsmill scale models, but not yet in
an installation large enough to power turbines.



Fig. 1. Contierd rendering of an AVE.

An AVE will look like a natural draft cooling towewvith a controlled vortex
emerging from its open top. The artistic renditiorfig. 1 illustrates how a vortex engine
would appear. From the inside an AVE will look liadarge circular open roof stadium
with a controlled vortex firmly anchored at its tem Fig. 2 illustrates how a natural draft
cooling tower might be modified to produce a vortdr AVE could have a diameter of
100 m and a height of 50 to 80 m; the vortex cdalde a diameter of 30 m at the base
and could extend to a height of up to 15 km. Thehaaical energy would be extracted
from the vortex by peripheral turbo-generators.AAfE of the above size could generate
about 200 MW of electrical power. Wet or dry heatleangers similar to those used in
cooling towers are used to heat the air.



Fig. 2. Atmospheric vortexgee plan and side views.

The AVE has the same thermodynamic basis as taedumney, except that
instead of the updraft being contained by the gaysvall of a chimney it is contained by
centrifugal forces in the vortex, and the solatemtor is replaced by waste heat from a

3



power plant. A solar chimney consists of a tattieal tube surrounded by a circular
greenhouse. The Manzanares solar chimney builp@ainSn the 1980°s operated
successfully for 7 years and had a peak electagadcity of 50 kW. The chimney was
200 m tall, 10 m in diameter and was surrounded B0 m diameter solar collector.
The work of buoyancy was transferred to a vertzoas turbine located in the base of the
chimney. Fig. 3 compares the Manzanares solar aypaproposed Australian solar
chimney and the AVE. The efficiency of the solamnahey is proportional to its height;
the center panel in Fig. 3 shows that a vortexecdand the updraft to higher altitudes
than a physical chimney and therefore can achiawehrhigher heat to work conversion
efficiency.

Fig. 3. Solar chimney and vortexiardheight and efficiency comparison.

In the AVE, warm air enters the area within a ojtinal wall referred to as the
arena via tangential entry ducts thereby filling/ith spinning warm air. An annular roof
with a central circular opening forces the air entggthe arena to converge. A vortex
with a diameter somewhat smaller than the roof mgeforms as the air escapes through
the roof opening. The lower end of the vortex iekled from the wind by a cylindrical
tube. The entry of air in the vortex is restrictedh thin layer next to the underlying
surface. Once the vortex is established, the presifierence between the surrounding



ambient air and the base of the vortex forcesar the turbines. Turbine exhaust can be
directed either to the entrance of the tangentiiyeducts or to the center of the vortex
via an opening in the center of the arena flooe &iflow is controlled with dampers
located upstream of the heat exchangers or witi@niangential entry ducts. The vortex
can be stopped by closing air dampers.

The AVE concept was tested with models with diamseté 1 m and 4 m. The
vortex, which looked like a small dust devil, wasidered visible with saltpeter smoke
emitters. The 4 m diameter model produced a va@@eto 50 cm in diameter extending
up to 20 m above the top of the model. Four 20 kdpane heaters located upstream of
the tangential entry ducts were used to warm thd-aj. 4 shows a photo of a vortex
produced by the 4 m model.

Fig. 4. Photo of vortex guced with a 4 m diameter model.

A natural draft chimney is a cylinder in radial gor@ssion that prevents ambient
air from mixing with warm rising flue gas. The drat the bottom of a natural draft
chimney is proportional to the difference in tengtere between the rising warm air and
the surrounding cooler ambient air and to the hedfithe chimney. In a vortex, the
centripetal force replaces the physical chimney@egents cooler ambient air from
entering the rising warm air stream. The diametéh® vortex is self-regulating and
adjusts itself until centrifugal force balancesiaa@ressure differential. The vortex acts
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as a chimney and transmits the draft produced &ydrm buoyant air above to the
turbine below. The rising air in the vortex chimnsyontinuously replaced by
moist/warm air at its bottom. The chimney andribimg air column are essentially one.

Cooling towers are commonly used to transfer wiastd to the atmosphere.
Using order of magnitude calculations for illusivat a 500 MW thermal power plant
typically rejects 1,000 MW of waste heat. By réjeg 1000 MW of waste heat to the
upper atmosphere instead of doing it at ground |eweAVE can generate an additional
200 MW of electrical energy, thereby increasingribeelectrical output of a power plant
by 40%. The AVE increases the efficiency of a therpower plant by reducing the
temperature of the heat sink from about +20 °@atiottom of the atmosphere to about
-70 °C at the tropopause.

Fig. 5 illustrates the earth’s energy budget. Heatrried upward by convection
because the atmosphere is heated from the bott@ulayradiation shown in yellow and
cooled from the top by infrared radiation showmad. There is a potential for producing
work equal to the heat carried upward by convecttomwn in green (102 W/An
multiplied by the Carnot efficiency based on therage temperature at which the heat is
received and given up because more energy is peddugthe expansion of warm air
than is required to compress the same air aftercvoled.

Fig. 5. Earth energy budget.




Thermodynamics

Fig. 6 depicts the idealized AVE process consisthgonstant
entropy expansion processes 1-2, constant pressatmg process 2-3, and constant
entropy lifting process 3-4. The water spray whgrefthalpy is transferred from water
to air in process 2-3 can represent either a wairagptower or sea spray at the eyewall
of a hurricane. The total energy equation

w=q- h- gz

is used to calculate the energy received and pemtiinceach of the three processes,
wherew is work,q is heatg is the acceleration of gravitgjs height, andh is enthalpy.
In the ideal process, kinetic energy and frictidnakes are assumed to be negligible.
After the ideal process is understood, the effetedding irreversibilities can be
investigated.



Fig. BVE ideal process.




Air properties:

P, (kPa)

T1 (T)

r. = r, (g/kg)
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s1 =S, (J/IK-Kkg)
h; (J/kg)
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T2 (T)
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Heat Input (J/kg)
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Work (J/kg)
W= hl - h2

Velocity (m/s)
v=(2W)°>®

Efficiency (%)
N (%) = W1,/Qz3
n (%) =1-T4T;

Heat source

Table 1 - Vortex Engine Process Calculations.

Case 1

101.1
25.8
16.87
80.0
241.0
68910

101.1
0

25.8
80.0
68910

25.8
80
16.87
68910
241.0

10.0
-87.1
16570
-96210

n/a
n/a

None

Case 2

101.1
25.8
16.87
80.0
241.0
68910

97.72
3.38
22.92
92.3
65930

24.5
97
19.57
74430
269.7

10.0
-80.92

16570
-91130

8500

2980

77.2

35.1

354

26T water
at P,

Case 3

101.1
25.8
16.87
80.0
241.0
68910

97.70
3.40
22.91
92.3
65920

30.7
57.4
16.87
73990
268.0

10.0
-82.2

16570
-91150

8070

2990

77.4

37.1

37.2

36T dry
heat at P,

Case 4

101.1
33.6
16.87
50.1
267.7
76990

97.73
3.37
30.6
57.6
73940

30.6
57.6
16.87
73940
267.7

10.0
-82.3

16570
-91180

8080

3050

78.1

37.8

37.2

40<C dry
heat at P,



The work in process 1-2 drives a generator to predlectricity; the work in process 3-4
is used to lifts the air. The key to solving thelgdem is realizing the net work in
process 3-4 is zero. Given the temperatlisegnd relative humidityl,) at state 3, the
pressure at the base of the vertical tBpeequired the make the wowk, zero is
calculated by iteration. A second iteration camubed to find the value &, that
maximizesw,2; work is maximized when state 4 corresponds tdetel of neutral
buoyancy which is usually near the tropopause.

Table 1 shows sample thermodynamic calculationfolar cases. Properties are
per unit mass of pure air. Enthalgy @nd entropys) include the contribution of water in
any phase. The Case 1 state 3 conditions weretsel® make the work zero when there
IS no heat addition in process 2-3 to provide amafl he height of the 10 kPa level
16,570 m is typical for maritime tropical conditn

In Case 2, The temperature and relative humidityefair in state 3 of 24.5 °C
and 97% respectively correspond to hurricane eyewatonditions. The water
temperature of 26 °C corresponds to typical hunecayewall water temperature. The
calculated pressure at the base of the vertical ) of 97.7 kPa agrees with observed
category 5 hurricane eyewall pressure measuremBmscalculated specific work of
2984 J/kg corresponds to a velocity of 77 m/s wiaigtees with observed in category 5
hurricanes maximum wind. The heat received durnoggss 2-3 is 8490 J/kg; the work
done in process 1-2 is 2984 J/kg for an efficiefmyof 35%. The efficiencyn) is
approximately equal to the Carnot efficiency gilsgn n =1 -T4/ T3, whereTz andT,
are the temperatures at the bottom and at theftthg wertical tube in degrees Kelvin.

Case 3 shows that work can be produced with a elay instead of a wet heat.
Case 4 shows that the dry heat can be suppliedeapsiof the turbine. The conditions in
cases 3 and 4 were selected to produce approxyriheesame work as in case 2. The
bottom item of the table show that the heat sotew®erature is 26 °C in case 2, 36 °C
in case 3, and 40 °C in case 4. The ability toloaetemperature heat sources is valuable
since they are more widely available. Approximat@#9o of the heat received is
converted to work during the convection processu@igss of whether the heat is
received as sensible or latent heat. The workdpgational to the heat received,;
doubling the specific heat would double the speaifork.

The energy of hurricanes is the result of upwawd/ fin the eyewall. There can be
a weak downward flow on the axis of the vortex et downward flow in the eye is
small compared to the upward mass flux in the elleiae lower end of the eyewall
acts like the rotor of a centrifugal pump and @nsdhe air in the eye downwards.
Because of this forced rotation, the pressureeaelfe of a hurricane is smaller than the
pressure at the eyewall.

The heat content of oceanic tropical surface aypgcally sufficient to produce
work of between 1000 and 2000 J/kg without addéldrearting. Increasing the work of
convection by 1000 J/kg requires either increatiegtemperature of the surface air by
3 °C or increasing the mixing ratio of the air h® #i/kg corresponding to an increase the
relative humidity of approximately 7%. Sea surfeamperatures of 26 °C are sufficient
to sustain a hurricane; tropical sea surface teatpers can be as high as 31 °C. The
temperature of power plant waste heat can be &sasig5 °C.

Heating process 2-3 is a constant enthalpy mixineggss wherein the enthalpy
gain of the air is equal to the enthalpy loss efwhater. The final temperature of the air
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(T5) is slightly lower than the water temperature.d@ng 24.5 °C air at 97% relative
humidity with 26 °C water requires a water to aass flow ratio of 0.5 to 2. Air
temperature increases with water flow. In hurricathe air is repeatedly sprayed with
water; the quantity of water sprayed per unit nedsar is unknown but could well be
around one kilogram of water per kilogram of aicdese water spray called spume can
be very heavy.

The temperature difference between the risingradrthe surrounding ambient air
in the 200 m high Manzanares solar chimney illdsttan Fig. 3 was 20 °C. To produce
the same power with same flow, a 1000 m high sdianney would require a
temperature difference of only 4 °C and a 10 knihlolgimney would require a
temperature difference of only 0.4 °C. The higlsethe chimney; the lower is the
required temperature difference. A vortex can extemnich higher than a physical
chimney and therefore can make use of lower tenyoreraeat sources thereby
eliminating the need for a solar collector.

The temperature of saturated air decreases Ipshyras it rises than the
temperature of dry air because the heat of contiens&duces the cooling rate of the
rising air. Heat of condensation comes into plageotine condensation level has been
reached which is usually at elevations of betwe@hdnd 3,000 m. The heat source in a
solar chimney, which cannot extend high enougteaei the condensation level, has to
be sensible heat. The heat source in a vortex enginere the vortex can extend well
past the condensation level, can be either lateait or sensible heat. The heat source in
an atmospheric vortex engine can have a lower teatyre than the heat source in a solar
chimney since the water temperature only has tligbktly higher than the wet bulb
temperature of the air. Reduced pressure at theeddake vortex further enhances the
heat transfer from water to air thereby increasivegenthalpy of the air and the power
production. An AVE could improve the efficiencytbie conventional part of the power
plant by reducing cooled water temperature.

The rotation of the rising air inhibits mixing aneduces turbulence and friction
losses. This happens because when rotating airaed inward its tangential velocity
increases to conserve angular momentum, resuftiag increase in centrifugal force
which in turn pushes the air back outward as ewddrby the smooth appearance of dust
devils, waterspouts, and tornadoes.

Based on a specific work of 10 kJ/kg of air, a RO vortex engine could have a
heat input of 1,000 MW with air and water flows2if Mg/s, and 40 Mg/s respectively.
In a vortex engine with 20 sectors the work and degy per sector will be 10 MW and
50 MW respectively. Each sector will have a siffleMW turbine with a diameter of 5
to 10 m. Based on a precipitation rate of 12 grafmgater per kilogram of air the
precipitation would be 240 kg/s or 20,000 Mg/d&e precipitation produced by an
AVE would be small compared to that produced inuradtstorms. The 20,000 Mg/day of
precipitation produced by a 200 MW vortex powetistawill produce rainfall rates of
less than 2 mm/day when spread over an area ofnf0 k

An AVE will be provided with numerous safety feasr Redundant air dampers
and quench systems could be provided to permitrstpitdown. The air flow and the
diameter of the vortex will ultimately be limited kthe size of the tangential air entries.
Natural vortices are rare in spite of the fact thetural heat sources are ubiquitous.
Humid air at 40 °C is not dangerous unless givepia. Testing of large prototypes
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would be restricted to remote locations and stabi@spheric conditions until the ability
to control the vortex including starting and stompat will is demonstrated. An AVE
may reduce the likelihood of natural storms invitsnity by reducing the heat content of
surface air.

Fig. AVE combined cycle power plant.

The most favorable sites for the production of oaligd vortices are tropical
maritime areas. The water production benefits cbelithvaluable in warm dry climates.
The fact that the elevation of the 10 kPa levébwger in high latitude and the large
difference in temperature between waste heat samd@mbient air in cold climates
could make mid latitudes favorable locations wHenheat source is waste heat. Fig. 7
shows how the AVE could increase the efficiencpmy thermal power plant. Waste
heat from power plants is the low hanging fruifarsas heat sources are concerned; the
heat is already concentrated and utilities alrgaadyto get rid of it. Existing costly waste
heat disposal systems could be replaced with ppvegiucing AVE's.

Future Outlook

The AVE has potential to produce large quantitiesanbon free energpecause the
atmosphere is heated from the bottom by solar tiadiand cooled from the top by
infrared radiation. There is a potential of convegytand capturing 12% of the heat
carried upward by convection to work. Fig. 8 shalaat converting 12% of the heat
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carried upward by convection in the atmosphereccpubduce 3000 times the present
world electrical energy production. The upward Heat¢ of 52,000 TW in Fig. 8 is the
upward heat flux of 102 W/fhof Fig. 5 multiplied by the earth’s surface. Tieryy
production potential of the AVE is far greater andt is far less than those of
conventional solar power plants because the sollctor is the earth’s surface in its
natural unaltered state. The cost of power couldslew as $0.03 per kWh; there is no
fuel cost.

Fig. 8 AVE enenoipduction potential.

Providing the energy need of a city with convergicgolar power plants would
require an area 50 to 500 times that of the citywauld make the area unavailable for
other uses such as farming. An AVE power plant dagsequire a solar heat collector
and would have approximately the same footprird ti'ermal power plant of equivalent
capacity.
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Fig. 9 Comparison of the potential of the Eagtlhergy resources.

Fig. 9 shows that the heat content of an ocean lagemed by 3°C is 20 times
the heat content of the world’s remaining oil reses. The AVE process provides a
means of converting 10 to 30% of this heat intdulseork. There is no need for
collecting the solar heat directly; it is alreadigred in our oceans. The work of
convection is produced where warm air rises anduetre the heat is received. The
AVE has the potential of concentrating the workdueed from heat received over a long
period of time and over a large area in a sma#tion. Mechanical energy production is
concentrated in a small location as it is for hyticaenergy resulting in a high intensity
energy source.

The AVE has potential for greatly reducing greergegas (GHG) emission. The
output of a power plant could be increased by 240684 without increasing GHG
emissions; alternatively the existing output cdaddmaintained but with a 20 to 40%
emission reduction. There is a potential for furt3&lG emission reduction when the
heat content of the lower layers of the atmospbed warm sea water are used as the
heat source. The AVE replicates a natural proaedscan be turned off at will and
therefore would be far less hazardous than geamergng global warming mitigation
proposals.
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Tornadoes, water-spouts, and dust-devils demoadtrat low intensity solar heat
can produce vortices that can concentrate mecHameagy into small volumes. The
mechanical energy produced by a tornado can bauak as that produced by a large
thermal power plant. The AVE produces a controfled of rising air and captures its
energy. The AVE has the potential of capturingehergy content of low temperature
heat sources such as warm sea water. In additiprothucing energy, the AVE process
could be used to alleviate global warming, eveprtmluce precipitation, to enhance the
performance of cooling towers, or to clean or efeymlluted surface air.

The most appropriate way of developing the AVE ddg to build and test
prototypes at existing thermal power plants. Thigainprototype could have 20 to 30%
of the capacity of the existing cooling tower. Maaste heat could gradually be
transferred to the vortex engine prototype; meamsldvbe provided to regulate heat
input and air flow. The development process woddafe since initial testing could take
place at low heat input and low air flow. A gagéirpower plant in a non urban location
with dry cooling tower considering adding coolirgpacity would be a good candidate
site for an AVE prototype. The technology coulddeseloped without risk to existing
plant operation. The prototype would be designechpemal engineering practice by a
team including: a utility, an engineering desigmttactor and specialized equipment
suppliers. Once vortex control has been demonsiraiebines could be added or the
prototype could be replaced with a large AVE capalflhandling the complete plant
cooling load while also producing power.

The ultimate goal would be to produce power withoutning any fossil fuel.
Building the prototypes at existing thermal powkmngs would have the advantage that
the heat source can have a higher temperatureaanideccontrolled. The use of saltwater
as heat source should be delayed until the prdwesbeen demonstrated with fresh water
because the design of salt water cooling towemnsoise demanding.
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