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'The Atmospheric Vortex Engine'

Abstract: An atmospheric vortex engine (AVE) uses an arificially created anchored tornadolike

vortex to capture the mechanical energy produced when heat is carried upward by convection in the
atmosphere. The vortex is created by admitting warm or hurnid air tangentially at the base of a circular
wall. The heat source can be waste industrial heat, warm sea water or simply warm humid air. This
mechanical energy is produced in peripheral turbines.

The focus of the seminar will be on thermodynamics. Several different thermodynamic methods
of analysis are shown to give consistent results. The mechanisms whereby mechanical energy is
dissipated is one of the least well understood and controversial subject in atmospheric science. There
is a wide range of opinions on how the entropy required to balance the Earth's entropy budget
produced. Ideal cycles are used to show that the primary dissipation mechanism is unrestrained
expansion rather than mixing or thermodynamic disequilibrium. The thermodynamic approach is able
fo unequivocally answer questions that have eluded the traditional atmospheric science methods.

The energy production potential of the atmospheric vortex engine is far greater than that to other
solar energy technologies because the solar collector is the earth’s surface in its unaltered state; there
is no need for a huge solar collector. A vortex engine increases the efficiency of thermal power plants
by reducing cold source temperature. The AVE alleviates global warming by reducing the quantity of
fuel required fo meet energy needs. The AVE remediate global warming by lifting heat above

greenhouse gases so that the heat can more easily radiate back to space.

Friday, January 18, 2008
3 p.m., Room 312 Physics
Refreshments served at 2:30 p.m.
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Atmospheric Vortex Engine

Louis Michaud, P. Eng.
AVEtec Energy Corporation
1269 Andrew Ct.

Sarnia, Ontario, N7V 4H4
Email: Imichaud@vortexengine.ca

For more information visit:
http://vortexengine.ca
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Wet cooling tower AVE — Side view
Capacity approximately 200 MW
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Electricity from Atmospheric Convection

Manzanares Solar Chimney EnviroMission Solar Chimney
200 m high, 10 m diameter 1 km high, 130 m diameter
Collector 0.04 sqg. km Collector 40 sg. km

50 kW, 130 J/kg, 1 Mg/s 200 MW, 800 J/kg, 300 Mg/s
Efficiency 0.2% Efficiency 1.5%

Spain 1982 to 1989 Australia, 2008+

» The AVE eliminates the physical chimney by using a vortex.

» The AVE eliminates the solar collector by using waste heat or
natural low temperature heat sources.
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Cooling Towers

= —

Mechanical Draft: $15 million 40 m tall

mechanical draft tower uses 1% to 4%
of power output to drive fans. (uses

energy)
/“‘*ex Natural Draft: doesn't need
’ fans but is 150 m tall and
Starting e costs $60 million. (saves
Source wall ener‘gY)
Sub-atmospheric Deflector Res_;_rrigr.or
Heater or Turbine
(cooling *°We'">\‘|_\ \_|/ Vortex Cooling Tower: $15 million 40 m
' ' tall o function like a natural draft
Vortex Engine tower. (produces energy!)
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Typical Vortex Engine Size

 Circular wall diameter 50 to 200 m

» Circular wall height 30 to 80 m

* Vortex base diameter 20 to 50 m

* Vortex height 1 to 20 km

* Heat input 1000 MW. 20, 50 MW cooling cells

* Electrical output 200 MW. 20, 10 MW turbines
» Specific work 1000 to 20000 J/kg

* Air flow 20 to 100 Mg/s
« Water flow 40 to 200 Mg/s
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Vortex in 1 meter diameter physical model
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1 meter diameter physical model — side view
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1 meter diameter physical model — top view
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CFD Results

 Ontario Centre of Excellence (OCE) and the University of

Western Ontario (UWO) Boundary Layer Wind Tunnel Laboratory
(BLWTL) recently completed a Computational Fluid Dynamics

(CFD) study of the AVE

* Results for a 1 m diameter model simulation with a domain
height of 2 m are shown below
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Proposed 10 m prototype
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Proposed 10 m diameter prototype
transparent wall view

t
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Airflow in a Vortex at Altitude

Centrifugal force

High pressure Rotation

Diagram adapted from
Divine Wind by:
Kerry Emanuel

At altitude, the pressure gradient force (inwards) exactly equals the centrifugal
force (outwards). The air rotates without a significant radial component
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Airflow in a Vortex at Ground
Level

Pressure gradient force Centrifugal force
TN
High pressure Low pressur Rotation
Diagram adapted from: friction

Divine Wind by:
Kerry Emanuel

Near the ground, friction acts to reduce the rotational velocity and hence
the centrifugal force. The air spirals towards the centre.
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Waterspout

Tornado
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Hurricane
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Fire whirls

Accidental

Deliberate l

Source: Nate Smith
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Entropy
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Earth Energy Budget

Incoming solar
radiation
342 W m-2

Qutgoing longwave
radiation
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Earth’s Entropy Budget

41, 4 / REVIEWS OF GEOPHYSICS Sun
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Figure 5. Energy and entropy budgets for the Earth. (a)
Global-mean (surface-area mean) energy flux components
(i.e., shortwave radiation, longwave radiation, vertical turbu-
lent heat transport), in W m™2 (b) Corresponding rates of Source: Ozawa, H. et. al. 2003.

entropy production in the whole system (universe) due to the The second law of thermodynamics and the global climate system:

irreversible processes (absorption of radiation, turbulent con- A review of the maximum entropy production principle.
vection, etc.) in the climate system. The total rate of entropy Reviews of Geophysics 41, 4/1018-2003.
production is 0.90 (W K™' m™).
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Energy and Entropy for
Atmospheric convection

Infrared emission
102W/im?2 @ 255K
Sep =400 m‘uf‘wh"(Km2 )

T HEAT GIVEN UP

ATMOSPHERE

Irreversibly Internally
generated Entropy

Si =46mW/(Km2)

N -

T HEAT RECEIVED

Heat received from earth surface
102W/im? @ 288 K
S.i=354 mW/(Km? )

Louis Michaud Presented at Wayne State University Winter 2008 Nuclear Physics Seminar

Fig. 2

25



Louis Michaud

Energy and Entropy
Heat is carried by a Carnot engine followed by
dissipation of the work at cold source temperature.

Cir =102 mW /S m2 @ 255 K

Qo =903 W/m2 @ 255K Qo=11.7W/m2@ 255K
Seo = 354 MW /(K m2) = IR

Dis sipation
Carnot @ 255 K
engine ——=>| Si=46 mW/ (km2)
n#115% W= 117w /im2

Q=102 fm2 @ 268 K

Engine Dissipation
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Se.g = = 10475

W, = 62850

Q /= -26682

Z=6413m
oz = 62840

W.,=- 62950
Riser
5=C
Expander
Turbine
s=C
= Heater l"'# =
1 T 2 3
Qin =30140 R—
s, . =S

a-1

State P (kPad Tik 5 (k- Rify

hoidikes Dty (ke

1 100 273 -0.85 -140
30140
2 100 03 10420 294985
-3443
3 96,08 2996 10420 26531
-62840
4 4232 237 104.20 -3B3Y
J6168
T, =288 K T, =255 K Efficiency = 11.47%

Gravity power ovcle - Reversible - Pure Air

Bas ed on: Michaud, L.
Upward Heat C onwe cti

2000: Thermodynamic Cyele of Atmospheric
on. Meteorol, Atmos. Phys. 72, 29-46
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5 SR
e-0
W, = 62850

Q4= -30140

Z=6413m
oz = 623450

W, =- 62850
Riser
s5=C
Restriction
h=C
' =2 Heater —T }—==
1 2 3
T 5, =145
Gl iy, /= 30140
g, =10475

State P (kPa) Tikd s{Ckey  hdlkay Doty (ko)

1 100 273 -0.55 -140

20140
2 100 ana 104.20 29989
2 95.07 ana 118.70 29989

-G2850
4 4232 2404 11870 -32903

3azvin
T, = 288K T, =2867TK Efficiency =0 %

Sravity power oycle - lrreversible - Pure Air

Based on: Michaud, L. 2000: Thermodynamic Cyele of Atmospheric
Upward Heat C onvection. Meteorol. Atmos. Phys . 72, 28-45
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in: Kleidon, A. and Lorenz, R. D. (eds.) Non-equilibrium thermodynamics and the

production of entropy: life, Earth, and beyond. Springer Verlag, in press.
© 2004 Springer Verlag, Heidelberg. ISBN: 3-540-22495-5

1 Entropy Production by Earth System Processes 5
8 Incoming solar flux outgoing terrestrial flux
@ 238 W mr2 @ 5760K 238Wm2 @ 255K
% Fo=41 mwW m-2 K-1 FG:Qim\W m-2 k-1
: - m
N solar absorption
M 68 W m< @ 252K
g =258 mW m2 K-
o L latent heating
T ST T Towm2 @ 266K /
= o g =23 mW m2 K-1
o P
(7] D frictional heating I
g | 1.9Wm?2 @ 280Kk ———u
= - a=7mWm2K-1
(1] |
; ! sensible heating terrestrial absorption
. 20.4Wm2 @ 280K 476 W m?2 @ 252K
o ag=21mWm2K1 g =24 mW m=2 K-1
1 1
b
i 1 ‘
1 |
1 1

solar flux to surface latent heat flux sensible heat flux terrestrial radlatlon flux
170 W m2 @ 5760K 79W m2 @ 288K 20.4 Wm?Z @ 288K 68 WmZ @ 288K
F-:r = -30 mW m-2 K-1 F-:s = 274mW m-2 K-1 Fo =71 mW m-2 K-1 F-:r = 236 mW m-=2 K-1

solar absorption

170 W m-2 @ 288K
= 561 mW rm-2 K-1

Fig. 1.2. Global budget of entropy production by diabatic Earth systemn processes.
Based on Peixoto et al. (1991). Note that the latent heat flux has been corrected
from Peixoto et al.’s estimate
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Source: Nate Smith




Louis Michaud

Thermodynamics
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Brayton - one turbine

t o

4 3
< _ooler 2
P=iE % W
Y}] net
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Compressar i \T/
S:Cp Wn:nmp Tngt:bjme
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¥ — Heater —
1 2

n=1-T. /T,

W =Qin 'Qnut
- - R/Cp
-1-'IjHT1 -1-[P3:‘F"j_]

W ="Qir'|

net

Brayton gas-turhine power ¢vcle

One turbine
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Brayton - two turbines

' o

4 3
2 _ooler s
F=C
Y}CDmDrBSSDr W Turbine
c=C comp s 2b
Turbine
P=C 5=
¥ — Heater
1 2

Mo

Wnet = IQin -Q out

in

n=1-T, /T,
W._ =nQ,

net

Brayton gas-turbine power cycle

Two turbines
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Gravity cycle - Case 1 reversible

T Q,,; = -6343 Jikg

4 3
Cooler
F=C
Diowncormer Hi_a?:r
Z=10959 m s=C -
Turbine
P=C =G
Heater i
1 T 2 2b
n=W/,Q,; = 36.9% Q g 10047 J'kg W= 3703 J'kg
State | P kPay | T k) s K ko) | b (ko) gz (k) h+oz (k)
1 100 280 5014 16929 o 169249
2 100 200 H4.20 264974 0 269745
2b Y4577 29631 H4.20 23272 o 23372
3 20 189.42 49420 -84126 107398 23372
4 20 18310 G0.14 -H0467 107398 169249

Gravity cyele - Case 1

Coaling at constant pressare, dry air, reversible.
Height hased on lapse rate of 9.75 K fkm
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Brayton - Case 1

T Q.= -6343 Jikg

Coaler ¥ _
Compressor F=C Tuil:nne
s=0C t}] \_7 s=0C
W, = 107398 Jkg 5
2b
Tutbine '\ F—=
s=0 Wnet =
F=C 3703 J'kg
Heater
1 2
? Qi =10047 J/Kg
W, =0_ -0 =10047 -6343 = 3703 J'kg
n=1-T,/T, =1-183.1/280.0 =369 %
W = nQ;,= 036910047 = 3703 J’Kg
State P (kPa) T (K) 5 [0/ K k) h (k)

1 100 290 G014 16929

2 100 300 89420 265975

2h 9577 29631 8420 23272

20 189.42 8420 84126

20 183.10 5014 80467

Brayton gas-turbine power cycle
Case 1 process conditions
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Gravity cycle - Case 1 irreversible

T Q,, =-10047Jkg

4
Coaler 3

P=cC

Fiser
Downcarmer
§ =i

Z=10959 m 5=C

P=C Restriction
h=0C
Heater —={ | =
1 2 2b

0, =10047 Jikg

State | P (kPa) T (k) S K kY | h (ko) gz (ko) h+az (Jika)
1 100 290 K014 16929 o 16929
p 100 200 §4.20 26974 0 26975
2h 43.48 a0a 113.96 26975 a 26975
3 20 19310 113.56 -80424 107398 2649745
4 20 183.10 60.14 -40467 107398 16929

Gravity Cycle - Case 1 - lireversible

Constant pressure cooling, Fure air
Height based on lapse rate of 8.75 K /km
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Altitude (km)

16

14

12

10

A hurricane viewed as a Carnot cycle

20 40 60 80 100 120 140 160 180 200

Distance from center (km)

Efficiency =1 —-Tc/ Th =33%

Source Divine Wind by Kerry Emanuel
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Gravity cycle - Case 3

4a 2
db P=C
Q=10
Downcomer ”
Coaler ==1
1—|:=- w, = 1444 J'K
o L i 9 =C 7= 11775 m
Q = Hydraulic
3;:“] i Turhine Air
4 Turhi
Ob . urbirne
F=0 =0
. Heater ol
0a 1 2 2b
h=C ?
h= [Wb +Wp ) Q i 9.57% Q i = 42573 J/kyg Wb = 2628 J/kg
state | P (kP& T (k) Flofked | s 0P KRG ke | oz (k) h+oz (ko)
1 100 27412 1285 4304 11278 1] 11278
2 100 295 1255 192,95 | 53351 1] f3251
2h 96,99 292 44 1255 192,95 1222 1] 1227
3 20 213.46 12545 192,95 | -GAE22 116544 1222
43 20 213,46 003 214.69 | -59334 1153499 8515
0a 100 2490 n.o3 F0.A5 17017 1] 17017
4h 20 213 46 1252 -21.74 -5738 1444 -4284
Ok 100 213 46 12452 -21.74 -5738 n -h738

CGravity Cycle- Case 3Ja

Downcomer cooling, moist air
Height based on lapse rate of 6.5 K km
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Inside of tube acts
as upflow conduit

Cutside of tube acts

as downflow conduit 'P /

@ Restriction Turbine
/ =

P W=m (w2
v 0 —_— R

Single tube gravity cycle.

The inside ofthe tube acts as the upflow conduit

The outside of the tube acts as the downfiow conduit.

The cross sectional area of the condult has no effect on ideal
cycles because the velocity 15 assumed to approach zero except
at the turbine.
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Stage 2: Atmospheric Vortex Engine

=-23°C
(250 K)

1c

Cold Source — upper troposphere

Carnct Efficiency
nce=1-TyTu=1-250K f 323K = 23%

Typical Efficiency (Estimated)
n =20 %

AWVE - Atmospheric
Vartex Engine

=4
;

Overall Efficiency
[Thermal Power Plant + a&tmaspheric

ANE heat source

EQUALS Vortex Engine combined)
w= = waste heat rejected from ™ - ; o I ; —
thermal power plant at NTomaL = 323 + 133 = 720 MW

congenser temperature

n=1(325 + 155) 7 1500 = 4 8%

Wour

325 MW >

Thermal power plant {Coal)

=
e Stage 1: Thermal Power Plant (Coal)
D =

- Carnot Efficiency

ne=1-TyTu=1- 323K [ 813K = al%
= Tu= 540 °C
Hot Source - superheated steam (813 K Typical Efficiency (Real-weorld)

n = 33-38%
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Work Production In
the Atmosphere

Presented at Wayne State University Winter 2008 Nuclear Physics Seminar
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Margules re-arrangement of large air masses

initially on top of one another.

Fiston \

Cylinder

Louis Michaud

=290 K

\ H =907 MJ

0= 300 K
H=1152 MJ

Inital Conditon

(high entropy
on bottorm

H = 2059 MJ

P, =20 kPa
P, =60 kPa
P, =100 kPa
AH=T7115 1kl

W =Ah = 872 Jfkg

0= 300 K
H =438 M

0=290 K
H=1113mMJ

Final condition

(high entropy
an top)

H=2032 MJ

The work comesponds to a velocity of 42 m/s

Mofes:

m=(F - Py )ig= 8163 kg

Closed piston covered isolated thermodynamics system
Wass hased on column area of one sguare meter

Presented at Wayne State University Winter 2008 Nuclear Physics Seminar
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Thin Layer

YWork production when athin layer is raised

T Qg = - 6343 J

F'istu:m\i

p= 2kPa  — |EOE000O B EeTeTeTeTe|
T a=T0K | a=30K
T=1832 K T=189.4
Z="10859 m

B=T0K =20 B=20L%
= 00KkEs -« LO=TOE Ji—— =z | 630K
T = 200 K LIFTING

STATE1 ETATE 2 ETATE 3

Qy, = 10050 J

The wark per unit mass can be calculated using five methods diving the same result.

1. Heat received minus heat given up
Wi=0p + @, =37034

2. Heat received multiplied by the Carnot efficiency based on the temperatures
at wehic b the heat isreceiwed and given up.

W= Q0 (1 - Ty Ty 7 = 10050 {1 - 183.2/280) = 10050 * 0.368 = 3703 J

Correspondsto avelocity of 86 mr's.

3. Previous M argules' equation for the enthalpy of large air mass.

4 Tatal enerdgy equation: W= Ah - AQZ

8. Standard metearological Convective Available Potential Enegy (CAPE) equatian.
W=Zg(p-pliz W=Z20 [(Ty-TadiTylaz

The work per unit mass raised is approximately four times higher than in the
Margules mass on top of one other case hecause the airis raised approximately
twice as high and because the work is allocated to the raised air onby.

The wark is related to the heat received and to the termperature at which hest is
received by the Carnot efficiency, which iz not evident when using large air masses.
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Transfer System

Reversible or Irreversible Transfer Cylinder

el
¥
\L =
e
5
<[
g =
a § Latch =
= =
e o / =
Qr
55 |~ . 52
£3 &S
Walve Walve
#1 #2
v s
B B4
Ease pressure Cylinder ggsk?jli*ressure
100 kP and Fiston 4

Reversible transfer procedure:

1. Open valve #1,

2. Automat raises piston to let 1 kg of air at 100 kPa in cylinder

3 Close valve #1,

4 Automat raises piston until cylinder pressure decreases to 95 kPa,
5. Openvalve #2,

5. Automat pushes air out of cylinder.

Mote: air temperature decreases and world is produced.

Irreversible transfer procedure;

As above except after step #3 set a latch at position that will
allowr pressure to drop to 95 kPa.

4. Automat lets go of the piston, it snaps against the latch
without doing any work.

Mote: Airtemperature does not drop, nowork is produced.
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Rising Cylinder

Reversible Expansion and the Automat

Rising
Cylinder
Cylinder  piston
\\
\ Automat
P1 o P2
AN
Latch

Rising Horizontal cylinder

Air rises in a weightless cylinder with a latched piston.

When the latch is let go, the work required to push away the ambient air
is less than the work that could be produced by isentropic expansion,
therefore the excess work becomes heat.

Capturing the work requires that the expansion take place in mechanical
equilibrium.

Without the automat to capture the work any work beyond the work
required to push the ambient air away is lost.
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Rising cylinder expansion
can be of three kinds

Expansion of pure air initially at 100 kPa and 30 C to 95 kPa.

A. Isentropic expansion: T2=25.6 C, W=4431 J/kg
B. Unlatch against 95 kPa: T2=26.63 C, W=3384, Wloss=1047 J/kg
C. Unlatch against 0 kPa: T2=30 C, W=0, Wloss=4431 J/kg

B 1s equivalent to popping a balloon. No organized velocity is produced; the POP
sound provides indication of the work dissipation.

B is what happens to a rising air mass. If there is no mean for capturing the work
while the air expands, the work reverts to heat.

Approximately 20% of the work that would produced with isentropic expansion
is lost irrespective of the change in pressure.

I.e. 20% of the work would be lost if the pressure change had been from 100 to
99.9 kPa.
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Energy dissipation when
the balloon is punctured
- Poption?

ZS

\/

—

.

POP
What happens to the kinetic energy of the jet which could be
captured by the turbine if the balloon is punctured?
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Annular Tube

l N
I T T l l \ Dry air
T T descended
from above
//
Boundar
I T T y \\\ Moist
Expander Centrifugal l l ----------- - surface
~ pump rotor ~J__ ‘I /'f ar
<=Q=>
Circular Annular Circular Dual tubes
upflow outer inner outer upflow
tube upflow downflow inner static
tube tube

A vortex as a dual annular tube
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Three types of continuous lifting

A 3

1 . 2

USUAL

Isenthalpic Lifting
hi=h2-gz
&3 - s1

Irrespective of where
dissipation ocours.
Irrespective of whether
of whether dissipation
izdueto resistance to
flowy or unrestrained
expansion.

A 3

work

APPROCHABLE

Isentropic Lifting
5} =52==1
w=h1l-h?

Requiresan

iz=ntropic expander.

Fequiresa shat to
get the work out of
the =vstem .

A 3

2
1—%*

IMPOSSIBLE

Isentropic Lifting
53} = 82 = =1
w=10

lzentropic expansion
withiout desice for taking
work out ofthe system iz
impossible except in
one case [(we=0].

It iz the basiz of most
atimosphernc models.
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Calculations
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Thermodynamic Ideal Cycle Equivalent

s4 = s3
@ %
VORTEX
SOLAR
CHIMNEY
q34=0
w34 =0
h3 - h4 = gz4
Warm
water inlet
T=SST
p3 = p2
Nozzles Rotor T3-SST-A
U3=100-B
z3=0
COOLING
TURBINE TOWER
w12 =nh1-h2 q23=h3-h2
q12=0 w23 =0

Cooled water
return

Presented at Wayne State University Winter 2008 Nuclear Physics Seminar

52



94299
10

20

30

50

70

100 =

Pressure
(hPa) 200

250
300

400

500

700

850
925
1000

-90 -80 -70 -60 -50 -40 -30 -20 -10 0 10 20 30 40
00Z 17 Jan 1999

Louis Michaud

150 <4

Willis Island Sounding

Willis Island

oA EEE TT /A /

Temperature (C)
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SLAT -16.3
SLON 149.9
SELV 9.00
SHOW -0.12
LIFT  -457
LFTV =510
SWET 281.0
KIMNGG 3550

BRCV 170.5
LCLT 2958
LCLP 8308
MLTH 302.0
MLMR 19.15
THCK 5805
PWAT 62.26
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D T 1 T | T | T 1 I == . L
I Case 2 i

Updraft i‘,}
20 E | / Temperature % _

Sounding o
- Temperature E -

| o

4™ [iM]
al 40 Constant Entropy g -

= Expansion in Updrafts 2
o i Case 0 § "
= 50 b Updraft ;‘% i

% Temperature o

o 1]
ol | - o v -

Humidification
80 |- Turbine Outlet Pressure = 83.5 kPa 3 -
- Constant Entropy
Base Pessure = 100.3 kPa Expansion in Turbine ™\
100
[ ] I 1 I 1 I [ I [ I [ ] I 1
-100 -80 -60 -40 -20 0 20
Temperature (C)
Fig. 3 Willis Island sounding and updraft temperatures
Louis Michaud Presented at Wayne State University Winter 2008 Nuclear Physics Seminar

40

Ambient
Temperature

Case 0 -
Temperature of
rising surface air

Case 2 -
Temperature of air
approaching
equilibrium with
SST. Temp = SST-
1, RH = 90%

SST = Sea
Surface
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Typical Energy Calculations - SST 30.4 C

Vortex solar chimney energy calculations for a range of temperature and humidity approach to sea surface
temperature (SST). Ambient surface air conditions: P; = 100.3 kPa, T; = 29.4 °C, U; = 77.5%, ry = ro = 20.50
gkg', s1=5=287.0J kg’ K", h; = 81920 J kg . Heights based on 17 January 1999, 0000Z Willis Island
sounding. Approach based on SST = 30.4 °C.

Properties Case 0 Case 1 Case 2 Case 3 Case 4
g=0 A=3. B=10 A=1. B=10 A=1, B=5 A=0, B=0
P.= P; (kPa) 95.80 91.38 83.42 81.02 74.62
P: - P> (kPa) 4 .50 8.92 16.88 19.28 25.68
T (°C) 25.47 23.10 19.99 18.99 16.14
Us (%) 94 103 115 119 131
ho (J kg'1) 77820 73670 65720 63200 56150
T, =SST-A (°C) 25.47 27.4 29.4 29.4 30.4
Us =100-B (%) 94 a0 90 95 100
rs=rs (g kg') 20.50 23.25 28.87 31.43 38.35
hs (J kg'1) 77820 86840 103320 109840 128590
ss=ss (JK kg')  287.0 331.3 413.5 4441 531.1
P, (kPa) 10 10.0 7.0 7.0 5.0
T2 (°C) -77.39 -68.01 -69.91 -63.21 -62.77
z (M) 16570 16570 18580 18580 20560
hs (J kg™) -87890 -79330 -84020 -77970 -80630
ha+gz4(1+14) 77820 86840 103320 109840 128590
Qo3 = hs-ha (J kgv 0 13170 37590 46650 72440
Wiz = hi-ho (J k@) 4090 8250 16190 18720 25770
v (ms’) 90 128 180 193 227
Awio/ATs n/a 4050 base n/a n/a
Awio/AUs3 n/a n/a base 512 n/a
Awio/Ars n/a n/a base 1000 n/a
Awyo/AQes n/a 32.8% base 28.1% 28.2%
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Hurricane Isabel Dropwindsonde Soundings

a) Tangential Win b) Radial Wind c) Temperature
2000 [( ) : ge tia - d e ,_.,v,.,_,x{ww,i 2000 J) - g 2000 ( & HPPAH ”»
; % 1 { | === Ambient (300 - 1000 km)
| | i o o v
‘ | =g
1500 - - 1500} - 1500+
g | i
£ 1000 +{ 1000 - 4 1000 -
=] 1 r
[
%
500 + 500 3 500 -
P i . i : _/ O‘l N\ : 5 5 ) . : 5
0 10 20 30 40 50 60 70 80 -30 25 -20 -15 -10 -5 0 10 167118 N0 NS0 24 " Fog " 2B
Wind Velocity (m s°1) Wind Velocity (m s°T) Degrees C
d) Relative Humidi (e) Virtual Potential Temperature (6,)  (f) Equivalent Potential Temperature (6g)
2000;! gl W Y 2000~ / 3 | 2000 ———1 T
: Outer Core
“ (150 < r < 250 km)
1500 - + 1500 ¢ 1 15001 Eye
é i {r<15km)
E 1000 + 1000 + 1000 -
.6 i
Sk Eyewall
1 ] F(:o<yr<5a |
500 500 1 500} — .
r 1 Ambient § 1
/ // (300 < r < 1000 km) \
G 1 I { i " L i i i 0" [ i \ i
50 60 . 70 80 90 100 305 310 315 320 330 340 350 360 370 380
Percent Kelvin Kelvin

Fic. 4. Low-level (0-2 km) mean soundings from dropwindsonde observations for the eye (0-15-km radius, red),
nominal eyewall (40-50-km radius, orange), outer core (~200 km radius, green), and ambient environment
(300-1000-km radius, blue) during 1600-2300 UTC I3 Sep. (a) Tangential wind (m s™'), (b) radial wind (m s';
inflow/outflow transition indicated by dashed line), (c) temperature (°C), (d) RH (%), (e) 8, (K), and (f) 6, (K).
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Table 1. Hurrizane Isabel Maximum Potential Intensity (TEE-MPI). Distant surface air progerties: Py= 1011
Bl |

kPa, '=272°C.Lh=80. n=r=1006gkg", hi=TE572 Jkg" 51 = 5 = 2668 J K'kg".
Eyewall humidity approach 8= 3%, U =100 - 8=087%.

Temperaturs approach 4 = 1°C

Eyewall 55T ("C) 25.0 25.5 26.0 26.5
Eising air properties:

P =P, (k7a) 99.14 57.72 96.01 94.36
T:17C) 28.12 24.80 23.41 22.72
s (%) B .5 2.2 5.3 101.75
b (kg™ 74830 73557 720085 70400
T:17C) 24 24.5 250 255
s [36) o7 o7 a7 a7
ri=ralgkg") 12,88 1957 20,55 2157

M by =ha+ (141 71658 T4434 Tr458 BO5S0
Hurricane Isabel ol L

iy

InTenSITy Ps (kPa) 15.0 10.0 10.0 10.0

T, 1°C) -81.45 -a0.62 TTT2 7442
SST 25 .|. 26 5 C T iC) -85.23z -84 80 -81.85 -78.81
0 . T (7€) 620 801 -80.1 -80.1
z4(m) 14220 18570 18570 18570
hy (kg™ 0275 -81130 -85284 -85709
Base Pressure Reduction (kFa)
Temperature approach 1C e i - -

RelaTive humldl'l'y 97% AP, nia base 171 338

Work (J kg

W=y - 1742 3015 4567 G081
AW ni'a base 1562 3086
Velocity {m 5'1]

v= (2wt 59.0 776 95.6 110.3
A (9] n'a base 18.0 327

Sensitivity

AP AT: = 3.28 kFa/k
AWIAT: = 2078 J kg K )
Ay ATy =327 m s ¥, versus 2 m s /K for E-MPI method.,

Heat Supplied (J kg™

Gz -3144 77 5454 10100
Gz 4825 -2138 Bav 401z
Al n'a Dase 4577 B223

Incremental Efficiency
n (%) = Al At n'a base
ni%l=1-Te¢Ts 23.8 35.4

(R ]
[
oo
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Map showing
the maximum
wind speed in
MPH achievable
by tropical
cyclones over
the course of an
average year
according to
Carnot’s theory
of heat engines.

Source: Divine Wind by

Kerry Emanuel

Louis Michaud

The Carnot Potential Wind Speed

60°E 120°E 180°W 120°W ! -Eﬂ“w
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Cooling Tower Cell

(water cooler & air heater/humidifier)

Arena
circular

WarT wiater
weall

distributor tray
mub-atmospheric

WWarm water coaling bay
inlet enclosure
i, . \

Orrift
elirminator

:

Annular roof

Tangential
air entry duct

Turhine + +
=} =}
Generatn\ Fill inlet - x/ Arena
louwers
] J
J
T &
Lh filﬁIwer " Tangential
—- it W AT glr
arena inlet
\ R - >
¥ N
-— Arana
tloor

Amhbient air Cold water

inlet Cold water outlet seal

outlet
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Pro IT Simulation

S o N
~| |gls

CALCULATOR
Wk _MNET = EXZ_WWIK - M3*g*z

CONTROLLER
Vary P2 until Whk_NET =0

Stream Mame 51 52 53 54 =h =18
Fhase “apor Mixed Yapor Mixed Liguid Liguid
Fressure kPA 100.30 7547 7547 a.00 100.00 7547
Temperature i 30.00 16.66 3114 -6 63 33.00 24 63
Total Ep. Enthalpy G 47528 23118 85437 -106.050 122777 an.842
Total Sp. Entropy kG- 6.507 6507 §.718 6718 5106 4,984
Total Mass Rate RIGISEC 1020500 1020.500 1039928 1039.928 2000.000 1980572
Total Enthalpy MSAATT 485802 23.694 99,247 -110.284 245,555 170.015

Calculator Mame CAT

Ex1WORK (MW) 24 .81

EX2 WORK (MW) 20853

Heat Duty (M) 7554

Height (rn) 20560
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Simulation Highlights

Water Temperature (€) Power (MW)

25 0
26 30
33 250
40 400

Note: based on an air flow of 10 tonnes/s (12 times Manzanares flow

-Large change in elevation are required to achieve significant efficiency.
‘Manzanares 200m  0.6%
*SolarMission 1000 m 3%
Vortex Engine 18000 m  25%
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Subsidence and Entrainment
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p1 T1 P / Dry Adiabatic

11 /T=T1(P/P1)k
‘1’ M ‘1’ f 9.8 C/km
Environment
® Temperature N\ //—@
P, T, p L T=TeR)
2 6.5 C/km /N T Q
d
1.5 C/day
(a)
o) T, T, T,

Fig. 2 Without cooling the temperature of the subsiding layer
would exceed the temperature of the environment.
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Trade latitude
Mn<0.5 kPa/d
Ms=4 kPa/d

w=500 m/d

ITCZ

Mn=10 kPa/d
Ms=4 kPa/d
w=500/m/d

Polar region Pole

Mn=0 kPa/d .
Ms=2 kPa/d /S “Lgs'g'r”g
w=200 md —=> | y
7 ' “~_Earth's
surface

Mid latitude
Mn=4 kPa/d
Ms=4 kPa/d
w=500 m/d

Y

1/

Equator

Fig. 7 Subsiding Layer General Circulation Model.

The drafts are redistributed by meridional flow as required

to compensate for radiative cooling. The layers which are penetrated
by drafts subside at roughly unform velocity. The mass fluxes apply
to layers at mid troposphere level.
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Entrainment

u
N /]
$=C
m Amg
—— h=c N
E TV oy
AN Amgy
$=c
m
a3 h=c -—
v, Am g P>Pe
- TV
m e
P<Pe

@ (b)

Fig. 1 Entrainment-Detrainment Model
(a) Tube model, (b) Sphere model
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m L2 1 1 ¥ I 1 n_ ¥
70 |- -
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I Before Entrainment
. LNB Entrainment =0
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z | /
L h]
S I & ‘
@ " After | Isenthalpic
o = Entrainment h =r;9
] af0‘1 Isentropic
80 b b=05 Expansion .
s §=C
i LCL
1w 3 y } -1 1 I
-1 0 1 2 3

Virtual Temperature Excess (K)

Fig.2  Virtual temperature excess base case, a=0.1, b=0.5.
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Pressure (kPa)

. : I ' - r '
LNB=44 kP LNB=24 kPla
a=0.05 | a=002 a=0
70 - =
L a=0.1" ]
80 |- -
a=0.2
o0 | i
b=0.5 '
for all
100 " 1 J £ ] 1 1 1
-1 0 1 2 3 4

Virtual Temperature Excess (K)

Fig. 3 Effect of entrainment factor, b=0.5.
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Pressure (kPa)

- b - 1 -
70 I -
l b=05 .
b=0
80 -
[ a=0.1 '
for all
90 -
100 L L
-1 0 1 2 3 4

Virtual Temperature Excess (K)

Fig. 4 Effect of entrainment exponent, a=0.1
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Pressure (kPa)

70

100

¥ ¥
a=0
i U=95% J
at P<80 kPa
U=80
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U =50%
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U=50% Y -
at P<93 kPa
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i =0.5
for all
N | 1 l l &
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Virtual Temperature Excess (K)

Fig. 5 Effect of environmental relative humidity, a=0.1, b=0.5.
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