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Abstract. An atmospheric vortex engine (AVE) uses an artflgi created tornado like vortex to
capture the mechanical energy produced during up\Wveat convection. The vortex is created by
admitting warm or humid air tangentially into aatitar arena with an open top. The heat source
can be solar energy, warm sea water, warm humicraivaste heat. The AVE has the same
thermodynamic basis as the solar chimney except tthe physical chimney is replaced by
centrifugal force in a vortex. The energy is proetlian peripheral turbo-generators. The AVE has a
large clean and sustainable energy production pateand a small footprint. The paper describes
the proposed process and its thermodynamics Hasfseen describes progress made to date and
current development plans of AVEtec Energy Corporaincluding economics and plans for
commercialization.

Introduction

Description. An atmospheric vortex engine (AVE) uses a corglivortex to capture the
mechanical energy produced during upward heat atiove The vortex is created by admitting
warm or humid air tangentially at the base of andyical enclosure with an open roof. The heat
source can be waste heat or solar heat, which eatetived from warm sea water or from warm
humid air. The feasibility of the concept has bdemonstrated theoretically and with small scale
models, but not yet in an installation large enotgghower turbines.

The scientific basis for the AVE is consistent wittevailing meteorological theory [1,2,3]. The
technology has much potential and a focused deredap program to demonstrate its feasibility is
being pursued by AVEtec Energy Corporation. Cdlgdotornadoes have the potential to produce
large quantities of clean power. The energy produnea single hurricane can exceed the energy
produced by humans in a whole year. Harnessingall $raction of the energy produced during
upward heat convection in the atmosphere could alektiman energy needs many times over.

An AVE will look like a natural draft cooling towevith a controlled vortex emerging from its
open top. Fig. 1 illustrates how a natural drafolecy tower might be modified to produce a
vortex [4,5,6]. A 200 MW AVE could have a diametd#r100 m and a height of 50 to 80 m; the
vortex could have a diameter of 30 m at the baskcauld extend to a height of up to 15 km.
Mechanical energy would be extracted from the vortgth peripheral turbines. Wet or dry heat
exchangers similar to those used in cooling towessused to heat the air.



Heat exchanger
Warm air rng
upflow passage o
Tangential air

entry duct

Plan view

Polygonal
elevated
floor

Roof opening

Deflectors
Foor opening

Conceptual
sketch
vortex engine

Side view
-
Annular 1\ 1\ Vortex
convergence
roof Arena
) Upflow
Ta{lgedntlzil passage
entry ducts
Wet or dry
Warm Heat exchanger
water inlet - Turbo-
— \.l = - | generator
o
—> =-< l]\/ = [ A 1\ &=/ <— Air Flow
[

Cooled =—— /
water return
Polygonal wall

Elevated floor
Air door  Central
warm air entry

Fig. 1. Atmospheric vortex engine plan and sigsvs.

The warm air enters the area within a cylindricallwalled the arena via tangential entry ducts
thereby filling the arena with spinning warm aim Annular roof with a central circular opening
forces the air entering the arena to converge. rfexowith a diameter somewhat smaller than the
roof opening forms as the air escapes through dbé& apening. The lower end of the vortex is
shielded from the wind by a cylindrical tube. Therg of air into the vortex is restricted to a thin
layer next to the bottom surface. The airflow iatcolled with air dampers.

The pressure difference between surrounding amigigrand the pressure at the base of the
vortex drives the turbines. The turbines are latatell away from the vortex so as not to interfere
with the natural vortex process. There is no atteimgapture the kinetic energy of the air rising i
the vortex itself. The turbine exhaust can be di@either to the entrance of the tangential entry
ducts or to the center of the vortex via an openinghe center of the arena floor. There is a



possibility of improving on the natural vortex pess by having some turbine exhaust directly into
the center of the vortex.

Solar Updraft Tower. The AVE has the same thermodynamic basis as tae cbimney [7]. It is,

in effect, a virtual chimney. In the AVE, the ploa wall of the chimney is replaced by centrifugal
force in the vortex and the heat source is heairally collected in the lower atmosphere or in
warm water, or waste heat. Fig. 2 compares the sbianney and the AVE. The efficiency of the
AVE and all solar chimneys is proportional to heiglideal process efficiency is equal to the
difference in temperature between the bottom aeddp of the chimney divided by the absolute
temperature at the bottom of the chimney. Tempegatuthe atmosphere typically decreases by 0.6
to 1 °C/100 m. The vertical temperature differenteghe 200 m high Manzanares solar chimney
shown at the upper left was 2 °C for an efficien€y).6%. The electrical output was 0.2% of the
heat collected because of kinetic energy losseatkimney exit and because of friction losses. The
central panel of Fig. 2 shows that an AVE couldcheauch greater height and could have an
efficiency of 20%. The AVE eliminates the needttoe costly chimney and solar collector.
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Fig. 2 - Solar Chimney and e$pheric Vortex Engine comparison.

Prototypes. The AVE concept was tested with 1 m and 4 m playsitodels. A vortex produced
with a 4 m diameter model is shown in Fig. 3. lt3 B diameter vortex extended some 20 m above
the top of the model. Propane heaters were us&htm the air to 40 °C; the vortex was made
visible with saltpeter smoke emitters. A naturaftichimney is a cylinder in radial compression
which prevents ambient air from mixing with warnsing flue gas. The draft at the bottom of a
natural draft chimney is proportional to the diffiece in temperature between the rising warm air
and the surrounding cooler ambient air and to #ight of the chimney. The diameter of the vortex



is self-regulating and adjusts itself until centgél force balances radial pressure differentiae T
vortex acts as a chimney and transmits the draflymed by the warm buoyant air above to the
turbine below. The rising air in the vortex chimnisycontinuously replaced by moist/warm air
from below. The chimney and the rising air columa @ssentially one. Should the vortex be broken
up by a strong gust, the top part fills up from Hmtom with cool air and dies out and the vortex
rebuilds from below from spinning warm air.

Fig. 3 — Convective vortex produced with 4 m diaengirototype

Potential. Cooling towers are commonly used to transfer whasi@t to the atmosphere. Using
order of magnitude calculations for illustration5@ MW thermal power plant typically rejects
1,000 MW of waste heat. By rejecting 1000 MW ofsteaheat to the upper atmosphere instead of
doing it at ground level, an AVE can generate adgitamhal 200 MW of electrical energy, thereby
increasing the net electrical output of a powenplay 40%. The AVE increases the efficiency of a
thermal power plant by reducing the temperaturthefheat sink from about +30 °C at the bottom
of the atmosphere to about -70 °C at the tropopause

In 1824 Sadi Carnot wrote: “To the flow of heatdse all movement including wind and
precipitation”. The Earth’s energy budget in Flgshows that atmosphere receives heat from the
bottom at a temperature of about 290 K and giveshegt by infrared radiation to space at an
average temperature of about 255 K; the correspgn@arnot efficiency is 12%. The green arrow
at the lower right shows that 102 W/mf heat is transported upward by convection. Timetic
energy of wind is a small fraction of the mechahieaergy that could be produced because
mechanically energy dissipates unless constrainedthe atmosphere, there is simply no
mechanism for capturing the energy. The Manzarsokes chimney demonstrated how a portion of
the thermal energy can be converted to mechameabyg and used to drive a turbine.



Fig. 4 — Earth’s Energy Budget

Thermodynamics

Ideal Process.Fig. 5 depicts the idealized AVE process congistfi constant entropy expansion
processes 1-2, constant pressure heating procgsard constant entropy lifting process 3-4. The
water spray whereby enthalpy is transferred frontewt air in process 2-3 can represent either a
wet or dry cooling tower or the spray in a hurrieafhe total energy equation

w=qg- h- gz 1)

is used to calculate the energy received and giyeim each of the three processes, wivers
work, g is heat,g is the acceleration of gravity,is height, andh is enthalpy. In the ideal process,
kinetic energy and frictional losses are assumededonegligible. After the ideal process is
understood, the effects of irreversibilities caadig/ be investigated.



Fig. 5. AVE ideal process.

The work in process 1-2 drives a generator to predidectricity; the work in process 3-4 is used
to lifts the air. The key to solving the problenréslizing that the net work in process 3-4 is zero
Given the temperaturel{) and relative humiditys) at state 3, the pressure at the base of the
vertical tubePs; required the make the worlg, zero is calculated by iteration. A second iteratio
can be used to find the value Bf that maximizesvi,; work is maximized. State 4 corresponds to
the level of neutral buoyancy which is usually elés the tropopause.

Process CalculationsTable 1 shows sample process calculations fordases. Properties are per
unit mass of pure air. Enthalpi)(and entropy9d) include the contribution of water in any phase.
The Case 1 initial conditions were selected to ntakework zero when there is no heat addition in

process 2-3 to provide a datum. The height of th&Fa level 16,570 m is typical for maritime
tropical conditions.



Table 1 - Vortex Engin®&ess Calculations.

Air properties: Case 1 Case 2 Case 3 Case 4

P, (kPa) 101.1 101.1 101.1 101.1

T, (°C) 25.8 25.8 25.8 33.6

ry =r, (g/kg) 16.87 16.87 16.87 16.87

U; (%) 80.0 80.0 80.0 50.1

s =% (J/K-kg) 241.0 241.0 241.0 267.7

h; (J/kg) 68910 68910 68910 76990

P, = P; (kPa) 101.1 97.72 97.70 97.73

DP1, 0 3.38 3.40 3.37

T, (°C) 25.8 22.92 22.91 30.6

U, (%) 80.0 92.3 92.3 57.6

h, (J/kg) 68910 65930 65920 73940

T3 (°C) 25.8 24.5 30.7 30.6

Us (%) 80 97 57.4 57.6

rs=rq (g/kg) 16.87 19.57 16.87 16.87

hs =my=my (J/kg) 68910 74430 73990 73940

3= (J/K-kg) 241.0 269.7 268.0 267.7

P, (kPa) 10.0 10.0 10.0 10.0

T4 (°C) -87.1 -80.92 -82.2 -82.3

z (M) 16570 16570 16570 16570

h, (J/kg) -96210 -91130 -91150 -91180

Heat Input (J/kg)

Qz=hsz-hy 0 8500 8070 8080

Work (J/kg)

Wi, =h;- hy 0 2980 2990 3050

Velocity (m/s)

v=(2W)" 0 77.2 77.4 78.1

Efficiency (%)

n (%) = Wi/Qz3 n/a 35.1 37.1 37.8

n(%)=1-T/Ts n/a 35.4 37.2 37.2

Heat source None 26°C water 36°C dry 40°C dry
at P heat atP, heat atP;




In Case 2, The temperature and relative humiditythef air in state 3 of 24.5°C and 97%
respectively correspond to typical hurricane eyéwamlconditions [8,9]. The water temperature of
26 °C corresponds to typical hurricane water tewruoee [10]. The calculated pressure at the base
of the vertical tubeHR3) of 97.7 kPa agrees with observed category 5 ¢amg eyewall pressure
measurements [8]. The calculated specific work @84 J/kg corresponds to a velocity of 77 m/s
which agrees with observed category 5 hurricanegimman wind. The heat received during
process 2-3 is 8490 J/kg; the work done in prodegss 2984 J/kg for an efficiency (n) of 35%.
The efficiency () is approximately equal to the Carnot efficienéyeg by: n=1-T4/ T3, where
T3 and T, are the temperatures at the bottom and at theotofne vertical tube in Kelvin.
The efficiency is higher than the atmospheric ayeraf 12% because the convection extends up to
the top of the troposphere.

Case 3 and 4 show that work can be produced wilty deat instead of a wet heat. In Case 3
sensible heat is supplied downstream of the turin€ase 4 sensible heat is supplied upstream of
the turbine. The conditions in cases 3 and 4 welected to produce approximately the same work
as in case 2. The bottom item of the table shawttie heat source temperature is 26 °C in case 2,
36 °C in case 3, and 40 °C in case 4. The alityse low temperature heat sources is valuable
since they are widely available. Approximately 3%%the heat received is converted to work
during the convection process regardless of whetieheat is received as sensible or latent heat.
The work is proportional to the heat received; dimgpbthe heat doubles the work.

Fig. 6 shows the effect of state 3 temperatureratative humidity on state 3 pressure. For an
ambient pressure at state 1 of 101.1 kPa, a stpiessure of 98 kPa corresponds to a work of
2700 J/kg and to a velocity of 73 m/s; a state &gure of 90 kPa corresponds to a work of
10,000 J/kg and a velocity of 140 m/s. Increasimg Wwork of convection by 1000 J/kg requires
either increasing the temperature of the surfacbkyaB °C or increasing the mixing ratio of the air
by 1.2 g/kg corresponding to an increase the waatumidity of approximately 7%. The natural
heat content of oceanic tropical surface air isallgwsufficient to produce work of between 1000
and 2000 J/kg without any additional hearting. Sedace temperatures of 26 °C are sufficient to
sustain a hurricane; tropical sea surface tempesittan be as high as 31 °C. The temperature of
power plant waste heat can be higher than 45 °C.

Heat Exchange.Heating process 2-3 is a constant enthalpy miximggss wherein the enthalpy
gain of the air is equal to the enthalpy loss efwrater [10]. The final temperature of the di)(is
slightly lower than the water temperature. Prodgc4.5 °C air at 97% relative humidity with
26 °C water requires a water to air mass mixingraf 0.5 to 2; air temperature increases with
mixing ratio. In hurricanes the air is repeatedtyayed with water; the quantity of water sprayed
per unit mass of air is unknown but could well beuad one kilogram of water per kilogram of air;
the water spray called spume can be quite heavy.

The energy of hurricanes is the result of upwaovfin the eyewall [9]. There can be a weak
downward flow on the axis of the vortex but the doward flow in the eye is small compared to the
upward mass flux in the eyewall. The lower endhef eyewall acts like the rotor of a centrifugal
pump and entrains the air in the eye downwardsa Aesult the pressure at the eye of a hurricane is
smaller than the pressure at the eyewall.

Heat Source.The temperature difference between the risinguad the surrounding ambient air in

the 200 m high Manzanares solar chimney was 20 6Croduce the same power with same flow,
a 1000 m high solar chimney would require a tempeegadifference of only 4 °C and a 10 km high

chimney would require a temperature difference iy @.4 °C. The higher the chimney is, the

lower the required temperature difference is. Atewrcan extend much higher than a physical
chimney and therefore can make use of lower temyrerdeat sources, thereby eliminating the
need for the solar collector. Thus an AVE in tlapics could be powered by warm seawater.
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The temperature of saturated air decreases legflyrag it rises than the temperature of dry air
because the heat of condensation reduces the gaatie of the rising air. The heat source in arsola
chimney, which cannot extend high enough to rehelcbndensation level, has to be sensible heat.
The heat source in a vortex engine, where the xad® extend well past the condensation level,
can be either latent heat or sensible heat. Thedmirce in an AVE can have a lower temperature
than the heat source in a solar chimney since titertemperature only has to be slightly higher
than the wet bulb temperature of the air. Reducesdsure at the base of the vortex further enhances
the heat transfer from water to air thereby indrepghe enthalpy of the air and the power
production.

The rotation of the rising air inhibits mixing amedduces turbulence and friction losses. This
happens because when rotating air is forced inwartangential velocity increases to conserve
angular momentum, resulting in an increase in degal force which in turn pushes the air back
outward as evidenced by the smooth appearancesbfiduils, waterspouts, and tornadoes. Friction
losses in large diameter conduits can be very low iahibiting turbulence with centrifugal force
can further reduce these losses.



Capacity. Based on a specific work of 10 kJ/kg of air, a BO vortex engine could have a heat
input of 1,000 MW with air and water flows of 20 Kdg and 40 Mg/s respectively. In a vortex
engine with 20 sectors the work and heat duty petos will be 10 MW and 50 MW respectively.
Each sector will have a single 10 MW turbine witiameter of 5 to 10 m. Based on a precipitation
rate of 12 grams of water per kilogram of air tiheggpitation would be 240 kg/s or 20,000 Mg/day.
The precipitation produced by an AVE would be smalpared to that produced in natural storms.
The 20,000 Mg/day of precipitation produced by & BON vortex power station will produce
rainfall rates of less than 2 mm/day when spread am area of 10 kin

Safety. To address concerns about safety, the AVE wilhtmvided with numerous safety features.

Redundant air dampers and quench systems willdtelied to enable rapid shutdown. The air flow

and the diameter of the vortex would ultimatelyliogited by the size of the tangential air entries

even if there were no air dampers. Natural vort@esrare in spite of the fact that natural heat
sources are ubiquitous. Humid air at 40 °C is raigrous unless given a spin. Testing of large
prototypes would be restricted to remote locatiansl stable atmospheric conditions until the
ability to control the vortex including startingdstopping at will is demonstrated. An AVE may

reduce the likelihood of natural storms in its mity by reducing the heat content of surface air.

Fig, 7 — Thermal powdant and AVE combination

Location. Tropical maritime locations have the advantagarmfabundant supply of warm water.
Cold climates would be attractive because a givessgure is found at lower elevation in high
latitudes. Warm dry locations would benefit frone threcipitation produced by the vortex. Waste
heat from power plants is the low hanging fruitfasas heat sources are concerned; the heat is
already concentrated and utilities already payebrgl of it. Fig. 7 shows how an AVE could be



combined with at thermal power plant. Existing bosvaste heat disposal systems could be
replaced with power producing AVE's.

Future Outlook

Potential and Cost. The AVE has potential to produce large quantiiéscarbon free energy
because the atmosphere is heated from the bottosolay radiation and cooled from the top by
infrared radiation. There is a potential of convertand capturing 12% of the heat carried upward
by convection to work. Fig. 8 shows that convertir®ys of the 102 W/fmof heat carried upward
by convection in the atmosphere could produce 30f@s the present world electrical energy
production. Fig. 9 shows that the energy producpotential of the energy already stored in the
oceans exceeds the potential of either fossil otean fuel. The energy production potential of the
AVE is far greater and cost is far less than thalseonventional solar power plants because the
solar collector is the earth’s surface in its natunaltered state. The cost of power will be tbss
$0.03 per kWh; there is no fuel cost.

Providing the energy need of a city with convendilosolar power plants would require an area
50 to 500 times that of the city and would makearesa unavailable for other uses such as farming.
An AVE power plant does not require a solar hedkector and would have approximately the
same area as a thermal power plant of equivalgrdotty. The work of convection is produced
where warm air rises and not where the heat isivede The AVE has the potential of
concentrating the work produced from heat receiveer a long period of time and over a large
area in a small location. Mechanical energy pradads concentrated in a small location as it is fo
hydraulic energy resulting in a high intensity eyyesource. Power production can be uninterrupted
like in a hydraulic power station; there is no néadenergy storage media, as the heat is already
stored in the seas and in the warm humid air abttom of the atmosphere.

Fig. 8 - Energy production potehof the atmospheric vortex engine
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Fig. 9 — A comparisontiod Earth’s stored energy resources

Tornadoes, water-spouts, and dust-devils demoadtiat low intensity solar heat can produce
vortices that can concentrate mechanical energy small volumes. The mechanical energy
produced by a tornado can be as much as that prdduca large thermal power plant. The AVE
produces a controlled flow of rising air and captuits energy. The AVE has the potential of
capturing the energy content of low temperaturd¢ bearces such as warm sea water. In addition to
producing energy, the AVE process could be usedlleviate global warming, to produce
precipitation, to enhance the performance of cgolowers, or to clean or elevate polluted surface
air.

Process DevelopmentAn appropriate way of developing larger scale @ngies of the AVE
would be to build and test prototypes at existimgrmnal power plants. The plant’s waste heat could
gradually be transferred to the vortex engine fypi® means would be provided to regulate heat
input and air flow. The development process wowddshfe since initial testing could take place at
low heat input and low air flow. A gas fired powdant in a non urban location with dry cooling
tower considering adding cooling capacity wouldabgood candidate site for an AVE prototype;
the reduced pressure at the gas turbine outletts®yf iwould enhance power production. The
technology could be developed without risk to emgstplant operation. The prototype would be
designed per normal engineering practice by a teshuding: a utility, an engineering design
contractor and specialized equipment suppliers. eOmartex control has been demonstrated,
turbines could be added or the prototype couldepéaced with a large AVE capable of handling
the complete plant cooling load while also prodgcpower. The technology could be developed
rapidly since it is akin to that widely used in tt@oling tower and power industry.



Fig. 10. Louis Michaud with 1.1 m model

AVEtec Research to Date A number of indoor models with diameters of wp1 m were
developed and tested by the inventor prior to ipomation of AVEtec in 2006. Since then, a 1.1 m
model (Fig. 10) was constructed and tested and asethe basis for a Computational Fluid
Dynamics (CFD) computer modeling study conductethatAlan G. Davenport Boundary Layer
Wind Tunnel at the University of Western Ontaridiwiinancial support from Ontario Centres of
Excellence. Following successful completion ofttséudy in 2008, a 4 m diameter outdoor
prototype was constructed and tested in Petrolim@n(See Fig. 3). It produced a 0.3 m diameter
vortex with a height of approximately 20 m.

Current Research Activities AVEtec is currently negotiating financial bacgiand government
support for a research project planned for 201342&t an Ontario academic institution that has
expertise in wind tunnels, instrumentation and @etalysis. The prototype will have a diameter of
8 m, a 0.5 m diameter turbine and instrumentatiomnected to a data acquisition system which
also has inputs from an existing meteorologicaiamta

Planned Development and CommercializationThe second proposed development project is a 25
m diameter prototype using the exhaust of a 10 NMvpke cycle gas turbine as the heat source. It
will demonstrate that a vortex chimney can incregssver production by reducing exhaust
pressure. The third development project is for a38iameter version using a 50 MW gas turbine
as the heat source. It will demonstrate the abititproduce additional power from a 5 MW AVE
turbine. The fourth development project will beaager scale (60 m diameter) version and will be
the first demonstration of an AVE as an adjund &ieam power plant. A 200 MW thermal power
plant will discharge sufficient waste heat to drid® MW of AVE turbines. The plan for
commercialization anticipates one more iterationttid prototype to a 100 m diameter with a
capacity of 200 megawatts.

Economics Our analysis indicates that commercial viabiktjth small rates of return can be
achieved with AVEs having diameters as small asmB@nd generating as little as 5 MW of
electricity. As size is increased, rates of refagrease dramatically. Our financial models indicat



that a 200 MW AVE costing about 200 million dollavél generate electricity at a cost of less than
three cents per kilowatt hour.
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