US007987677B2

a2 United States Patent 10) Patent No.: US 7,987,677 B2
McCutchen 45) Date of Patent: Aug. 2, 2011
(54) RADIAL COUNTERFLOW STEAM STRIPPER 3,902,876 A 9/1975 Moen et al.
3,922,871 A 12/1975 Bolesta
. . : 3,982,378 A 9/1976 Sohre
(75) Inventor: VIV;Slmot H. McCutchen, Orinda, CA 31999400 A 12/1976 Gray
Us) 4,037.414 A 7/1977 Nicodemus
(73) Assignee: MecCutchen Co., Portland, OR (US) (Continued)
(*) Notice: Subject to any disclaimer, the term of this FOREIGN PATENT DOCUMENTS
patent is extended or adjusted under 35 EP 0319699 6/1989
U.S.C. 154(b) by 312 days. OTHER PUBLICATIONS
(21) Appl. No.: 12/345,324 Bergles, A. (May 2001). “The Implications and Challenges of
. Enhanced Heat Transfer for the Chemical Process Industries”. Insti-
(22) Filed: Dec. 29, 2008 tution of Chemical Engineers, Trans IChemE, vol. 79, Part A, pp.
(65) Prior Publication Data 437-444.
US 2009/0241545 A1 Oct. 1, 2009 (Continued)
Related U.S. Application Data Primary Examiner — Thomas E. Denion
o o Assistant Examiner — Christopher Jetton
(60) Provisional application No. 61/041,110, filed on Mar. (74) Attorney, Agent, or Firm — Marger Johnson &
31, 2008.
McCollom PC
(51) Imt.CL
FOIB 31/16 (2006.01) 67 ABSTRACT
FO01B 31730 (2006.01) Turbine exhaust steam, axially fed between counter-rotating
FOIK 23/06 (2006.01) radial flow disk turbines, separates into: (1) a radially inward
FOIK 17/00 (2006.01) flow of low enthalpy dry steam, and (2) a radially outward
BO1ID 46/18 (2006.01) flow of high enthalpy steam, noncondensibles, and conden-
BO1D 19/00 (2006.01) sate. The radially inward flow goes to a conventional con-
(52) US.Cl ..., 60/694; 60/648; 60/670; 55/406;  denser. The radially outward flow loses enthalpy turning the
05/253 disk turbines as it passes in the boundary layers against the
(58) Field of Classification Search .................... 60/645,  disks, thus becoming low enthalpy dry steam, and the
60/670, 685-697; 55/406-409, DIG. 23; counter-rotation of the disks by impinging mass flow of con-
95/270, 272 densate, high enthalpy steam, and noncondensibles sustains a
See application file for complete search history. cascade of dynamic vortex tubes in the shear layer between
the boundary layers. The low enthalpy dry steam resulting
(56) References Cited from work being done flows into the condenser through the
vortex cores of fractal turbulence. Condensate exits the
U.S. PATENT DOCUMENTS periphery of the workspace, ready to be pumped back into the
1952281 A 3/1934 Ranque Rankine cycle.
3,566,610 A 3/1971 Fiore
3,603,062 A 9/1971 Robbins et al. 20 Claims, 9 Drawing Sheets

12
\

Iﬁl——_’
[ ||_|1—3

S
N

19

drive wheel

g

/" cool steam
1




US 7,987,677 B2
Page 2

4,333,017
4,362,020
4,479,354
5,137,681
5,275,006
5,441,102
5,476,537
5,534,118
5,611,214
5,688,377
6,145,296
6,208,512
6,484,503
6,494,935
6,516,617
6,550,531
6,751,940
6,856,037
6,894,899
6,943,461
6,945,314
7,002,800
7,035,104
7,055,581
7,062,900
7,121,906
7,169,305
7,174,715
7,263,836
7,310,232
7,352,580
7,757,866
2004/0261417
2006/0010871
2009/0013867
2009/0045150

U.S. PATENT DOCUMENTS

6/1982
12/1982
10/1984

8/1992

1/1994

8/1995
12/1995

7/1996

3/1997

*11/1997
11/2000

3/2001
11/2002
12/2002

2/2003

4/2003

6/2004

2/2005

5/2005

9/2005

9/2005

2/2006

4/2006

6/2006

6/2006
10/2006

1/2007

2/2007

9/2007
12/2007

4/2008

*7/2010
12/2004

1/2006

1/2009

2/2009

O’Connell
Meacher et al.
Cosby
Dougherty
McCutchen
Burward-Hoy
Yi et al.
McCutchen
Wegeng et al.
McCutchen
Rakhmailov
Goldowsky et al.
Raz

Cho et al.
Schwieger

Searls et al.

Paul

Yazawa et al.

Wu et al.

Kaploun

Farrow et al.

Elias et al.

Meyer

Roy

Brun

Sundel

Gomez

Armitage et al.
Gunawardana et al.
Touzov
Tsai
McCutchen
Yamashita et al.
Frechette et al.
McCutchen
McCutchen

.... 202/205

210/512.3

OTHER PUBLICATIONS

Chen, J. et al. (May 2007). “Fractal-like tree networks increasing the
permeability”. Physical Review E 75, 056301, pp. 056301-1-
056301-8.

Feeley, T. et al. (Jul. 2005). “Department of Energy/Office of Fossil
Energy’s Power Plant Water Management R&D Program”. DOE/
FE’s Power Plant Water Management R&D Program Summary, pp.
1-14.

Gao, C. (2005). “Experimental Study on The Ranque-Hilsch Vortex
Tube”. CIP-Data Library Technische Universiteit Findhoven, pp.
1-148.

Hellyar, K. (1979). “Gas Liquefaction Using a Ranque-Hilsch Vortex
Teube: Design Criteria and Bibliography”. Massachusetts Institute of
Technology, pp. 1-68.

Promvonge, P. et al. (2005). “Investigation on the Vortex Thermal
Separation in a Vortex Tube Refrigerator”. ScienceAsia 31, pp. 215-
223.

Shtern, V. et al. (1999). “Collapse, Symmetry Breaking, and Hyster-
esis in Swirling Flows”. Annu. Rev. Fluid Mech. 31, pp. 537-566.
UOP LLC (2003). “FCC Vortex Separation Technology: The VDS
Design and VSS Design”. Process Technology and Equipment (4
pages).

Zandergen, P. et al. (1987). “Von Karman Swirling Flows”. Ann. Rev.
Fluid Mech. 19, pp. 465-491.

U.S. Appl. No. 12/004,308, filed Dec. 20, 2007 entitled “Rotary
Annular Crossflow Filter, Degasser, and Sludge Thickener.”

U.S. Appl. No. 12/167,771, filed Jul. 3, 2008 entitled “Radial
Counterflow Shear Electrolysis.”

U.S. Appl. No. 12/178,441, filed Jul. 23, 2008 entitled “Vapor Vortex
Heat Sink.”

U.S. Appl. No. 12/234,541, filed Sep. 19, 2008 entitled
“Electrohydraulic and Shear Cavitation Radial Counterlow Liquid
Processor.”

U.S. Appl. No. 12/368,236, filed Feb. 9, 2009 entitled “Shear Reactor
for Vortex Synthesis of Nanotubes.”

* cited by examiner



U.S. Patent Aug. 2, 2011 Sheet 1 of 9 US 7,987,677 B2

foed  PRIORART VORTEXTUBE ot stream

2

4
szzz%zz : 3
{ cold sfream < 5

M’” eleebiotetebotototrinte

6 1 cold stream

AN |

AN
<

hot stream

Fig. 2a
PRIOR ART

i Tl T e i e

7ee:<>
@ stream
feed >

[ LI LT LA L A P A L L L g

Fig. 2b
PRIOR ART




U.S. Patent Aug. 2, 2011 Sheet 2 of 9 US 7,987,677 B2
> 12
/7 YA1L// /1YY 777, 7, 7 77 T
N

/
\\' y
—
— -
SIS S A SA IS, 7/ / /// L
+ 11 |
noncondensibles

a

’ 23
N k
] \

: Y, PSS SIS, A T A

1

! exhaust steamfeed>

I

| ¢

]

b ___l___}___ ~ low enthalpy saturated vapor b

]

I

| 4

| eXhaust steamfeed> f

: s /AP SY. /A ASL SIS, A, 4SS, /7]
" / 4

a ] 11

Flg- 2d condensate



U.S. Patent Aug. 2, 2011 Sheet 3 of 9 US 7,987,677 B2

Rankine Cycle (Prior Art)

8 10 | heat out

A
N

heat in

Fig. 3

i T 1 :I\ Stage 3

low enthalpy saturated vapor 11
condensate

Fig. 4



U.S. Patent Aug. 2, 2011 Sheet 4 of 9 US 7,987,677 B2

I_______,,____ _____T
<
~.N

drive wheel

19

4
O
%,
O
O
O
0
O
%
%,

',
%
%,

TG OO - o BT PSS IE I TOSID VIS OO T TITI TSI TIY

2 S




U.S. Patent Aug. 2, 2011 Sheet 5 of 9 US 7,987,677 B2




U.S. Patent Aug. 2, 2011 Sheet 6 of 9 US 7,987,677 B2

radial vortex > 12
L f7//////////////////////////,{f///////// (L A A
---}---:-—-"9: ------------------- by A ey il i

” \ 7 ld ~ I"'l'" P -~
.~ ey ™ fme-scale ! @ W \,
1 YO Votees (O \
] - ”
l .~<ff.) (), 5 |
\ | o S AnE\ 9 / " 1
\ t? A A I }V
‘ 4 @) B A UL
*~ Ao ! -_— s ot R
~o P S ’ S\ Ty
__<..___:S ______ T S < _____ (—--.(.:_—_faz__.._<..._
L e A A A P A 7
‘
boundary layer 11 Fi g 7

23

F—R——R—R—R——®

N

the vortex-wall interaction F ig. 8



U.S. Patent Aug. 2, 2011 Sheet 7 of 9 US 7,987,677 B2

T 16 §
I ,,
i K \‘\\\
1 \\\\\“'
; 19 11 '
i
<+
14
cooling water
drive wheel

%
%)

prrrrrrtrrrld

\J‘

22

TrLTLLBRLLRVRRRN RGN

24

—

Fig. 9



U.S. Patent Aug. 2, 2011 Sheet 8 of 9 US 7,987,677 B2




U.S. Patent Aug. 2, 2011 Sheet 9 of 9

Cool Steam >
27

31
noncondensibles ﬁl_l

US 7,987,677 B2

Fig. 11a

18

Fig. 11b

Cool Steam > 28
27

NN

12

condensate

iz

30 32




US 7,987,677 B2

1
RADIAL COUNTERFLOW STEAM STRIPPER

APPLICATION HISTORY

Applicant claims priority based on U.S. Provisional Patent
Application No. 61/041,110, filed Mar. 31, 2008, which is
incorporated herein by reference.

FIELD OF THE INVENTION

This invention applies to exhaust steam handling means, to
means for evaporative cooling, to vacuum distillation, and to
means for energy and water conservation at power plants.

BACKGROUND OF THE INVENTION

Water and Energy Waste at Thermal Power Plants

The thermal efficiency of a modern steam power plant is
only ~35%. Most of the energy in its fuel is wasted. Ineffi-
ciency is principally due to heat rejection in the cooling tower,
where waste heat from the steam turbine exhaust is dumped
into the atmosphere as latent heat in vapor of cooling water.

The vapor out of the cooling tower is wasted water as well
as wasted energy. Fresh water used for thermal power plant
cooling water is becoming a precious commodity, forcing a
choice between water for power and water for people. The
amount of water wasted by conventional thermal power
plants is enormous. The United States Geological Survey
(USGS) estimates that thermoelectric power generation
requires 3.6x10'° cubic meters (m?), or 136 billion gallons, of
fresh water per day. In the year 2000, that was 39% of fresh-
water withdrawals in the United States, slightly less than
agricultural irrigation (40%), and much more than other
industrial and residential use.

A need exists for improved means for condensing exhaust
steam, avoiding the water and energy waste of cooling towers
and conventional steam condensing. An object of the present
invention is to fill that need.

Turbine Exhaust Steam

Power plant turbine exhaust steam is wet, i.e. it has a high
weight percentage of condensate. Turbine blade erosion con-
cerns place a lower limit on quality (weight percent of vapor)
ot 0.88, with most turbines operating in the 0.90-0.95 range.
Exhaust steam still has high energy content, or enthalpy (kJ/
kg), even after doing work in the turbine, but its energy is
principally in latent heat of condensation (h,). The latent heat
must be extracted so that the water can condense and be
pumped back into the boiler to be re-used in the Rankine
cycle.

Mass flow through a steam turbine is pushed by the high
pressure of the boiler and simultaneously pulled by the low
pressure of a steam condenser. Condensation of vapor in the
steam condenser creates a vacuum (typically 0.03-0.4 bar)
which pulls more steam through the turbine.

The conventional steam condenser (surface condenser)
comprises a shell and tubes disposed within the shell. The
tubes are part of a cooling water circuit. Turbine exhaust
steam is injected into the shell, and cooling water circulating
through the tubes bears off the waste heat to the cooling tower.
The condensate drips into a hotwell and is pumped back into
the boiler. The cooling water is sprayed into a cooling tower,
where evaporative cooling rejects the turbine exhaust waste
heat into the atmosphere. Vapor out of the cooling tower is
wasted water. The water volume in the cooling water circuit
must be replenished by make-up water, which must be care-
fully pre-treated to prevent scaling and biofouling within the
tubes.
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Re-use of the cooling water and its continuous evaporation
concentrates the dissolved solids, so periodically some blow-
down is discharged to purge the system. Evaporation builds
up a high concentration of limestone (calcium carbonate,
CaCO0,), sulfates, and other scale-forming compounds in the
cooling water. Scale is a tough and insulating crust which is
precipitated by heat on the interior walls of the tubes. The
blow-down has a high percentage oftotal dissolved solids and
is a water pollution problem as well as a waste of a precious
resource.

A steam ejector communicating with the shell purges any
noncondensible gases and also helps to maintain a very low
pressure in the shell. Low pressure in the condenser is key to
optimal Rankine cycle efficiency.

Cooling Towers

The waste heat absorbed by the cooling water of the shell
and tube surface condenser could be discharged immediately
by dumping the cooling water into the environment (the once-
through process), but this option is not favored because ther-
mal pollution of the environment is usually not acceptable.
Air cooling is another option, but for large power plants it is
not satisfactory because of the low heat flux between fins and
ambient air, even when the air is blown. When the heat load is
large and the ambient air is hot, such as on a hot summer day
when many air conditioners are running, air cooling may fail.

The preferred method for reliable heat rejection is to
extract the heat load by evaporative cooling in order that the
cooling water can be recycled through the tubes. The conven-
tional evaporative cooling method involves a cooling tower.
Within the cooling tower, an updraft of air meets a spray of hot
cooling water, and evaporation cools the spray. Typically
3-6% of cooling water sprayed in is lost by evaporation in the
cooling tower, a large waste of water as well as energy. In a
typical 700 MW coal-fired power plant, having a circulation
rate of 71,600 m>/hr, the water waste is 3,600 cubic meters an
hour.

Nuclear and gas plants also waste water in heat rejection
from their steam turbine exhaust, no less than coal plants. A
major siting constraint on nuclear plants is the scarcity of
fresh water. Of course, seawater or alkaline water won’t work
for a cooling water circuit because it contains scale-forming
dissolved solids which precipitate at high temperatures and
would quickly clog the tubes.

Petroleum refineries have very large cooling water sys-
tems. A typical large refinery processing 40,000 metric tons
of crude oil per day (~300,000 barrels per day) circulates
about 80,000 cubic meters of water per hour through its
cooling tower system, evaporating and wasting a prodigious
amount of precious fresh water. Dumping vapor in the atmo-
sphere is not a sustainable practice, and a need exists for an
alternative method for heat rejection which does not waste
water.

Another reason, besides water waste, to eliminate cooling
towers is the danger they pose to public health. The warm,
moist environment in a cooling tower provides a favorable
habitat for the Legionella bacteria that cause Legionellosis, a
type of pneumonia commonly known as Legionnaire’s dis-
ease. Studies have shown that 40 to 60% of cooling towers are
infected with Legionella. Entrained infected mist droplets in
the drift out of the stack provide transportation for these
bacteria to contact with humans kilometers away. Each year
in the United States, 8,000-18,000 people are infected. There-
fore biocideal treatment is necessary, and there is strict regu-
latory scrutiny.

Infected steam billowing from cooling towers is a visible
threat to the health of the community. Public acceptance of
the presence of power plants is an important consideration in
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siting. Cooling towers, whose profile is associated with the
nuclear disaster at Three Mile Island, and which emit huge
volumes of what looks like smoke, are not good for public
relations. They are a prominent and objectionable feature of
any power plant. Now that fresh water has become a scarce
resource, coal, gas, and nuclear power plants have a need for
an alternative to cooling towers, and the present invention is
intended to fill that need.

The Ranque-Hilsch Vortex Tube

The vortex tube is an axial counterflow device having no
moving parts, wherein feed pressure drives thermal separa-
tioninto a cold stream and a hot stream. See Ranque, U.S. Pat.
No. 1,952,281 (1934). Length of a vortex tube is typically
between 30-50 tube diameters. How thermal separation
occurs in a vortex tube has not been settled, and interesting
speculation abounds. See Chengming Gao, Experimental
Study on the Ranque-Hilsch Vortex Tube (Eindhoven 2005)
http://alexandriatue.nl/extra2/200513271 .pdf.

In operation, a tangential feed nozzle at a cold end of the
vortex tube jets in a pressurized gas feed which swirls along
the tube to a conical impedance partially blocking the oppo-
site end, the hot end. The conical impedance is a valve point-
ing toward the cold end, and there is a passage around the
conical impedance where the hot stream exits at a higher
temperature and lower pressure than the feed. A cold stream
rebounds from the conical impedance in an axial jet inside the
feed vortex and exits the cold end at a lower temperature and
lower pressure than the feed. Thus a hot stream and a cold
stream are separated from a feed stream, both at lower pres-
sure. Feed pressure drives thermal separation in a very simple
and easily scalable device. Commercial applications of the
vortex tube include spot cooling for welding and machining
operations.

Cascading of vortex tubes has the problem of reduced feed
pressure at each successive stage of the cascade, with conse-
quent loss of separation, unless there is some boosting of feed
pressure between stages. The present invention provides
means for inter-stage boosting in multiscale cascades of vor-
tex tubes.

Some investigation of application of the vortex tube to
steam condensers has been done. Schwieger U.S. Pat. No.
6,516,617 (2003) discloses a system which uses a cascade of
static vortex tubes to separate exhaust steam, each stage of the
cascade producing a hot stream and a cold stream. In the
Schwieger system, the cold stream carries off condensate. At
each stage, condensate in the cold stream is pressurized by a
pump and then is heated by the hot stream, becoming feed for
a secondary steam turbine. However, in field testing of natural
gas separation, condensate was found in the hot stream, and
not the cold stream. K. Hellyar “Gas Liquefaction using a
Ranque-Hilsch Vortex Tube: Design Criteria and Bibliogra-
phy” (MIT 1979) http://dspace.mit.edu/bitstream/handle/
1721.1/16105/07771761.pdf at p. 16. This experimental
result makes sense because condensate is much denser than
the gas, so it will be centrifugated out in the vortex and will be
extracted from the vortex tube along with the hot stream. The
present invention, in accord with this experimental result,
teaches away from the cold stream advection of condensate
disclosed in Schweiger.

Nicodemus, U.S. Pat. No. 4,037,414 (1977) also uses a
vortex tube in a Rankine cycle device wherein the hot stream
powers an injector upstream of the boiler, which receives the
cold stream and mixes it with the hot stream. Cosby, U.S. Pat.
No. 4,479,354 (1984) teaches a vortex tube for scavenging
energy in the exhaust steam in order to improve thermal
efficiency of a turbine. See also Promvonge, et al., Science
Asia 31: 215-223 (2005).
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4
SUMMARY OF THE INVENTION

Counter-rotating spaced-apart radial flow disk turbines,
fed at their common axis of rotation by turbine exhaust steam,
produce a multiscale cascade of dynamic vortex tubes in the
shear layer between them. In the vortex tube cascade, which
is fractal turbulence, two streams are continuously separated
out of the feed: (1) a stream of low enthalpy saturated vapor,
which goes to a steam condenser, and (2) a stream comprising
high enthalpy saturated vapor, condensate, and nonconden-
sible gases. The high enthalpy vapor loses enthalpy doing
useful work and condenses apart from the steam condenser.
The steam condenser only has to extract the latent heat from
a reduced mass flow of cool vapor, and is not burdened by
noncondensibles and condensate. The cooling water is not
burdened by the energy in the high enthalpy steam.

The cascade of dynamic vortex tubes link in a vascular
network for axially extracting the low enthalpy saturated
vapor (the first stream). The low enthalpy vapor flows radially
inward from the fine-scale vortices into the larger scale vor-
tices and eventually into the steam condenser, drawn along
low pressure gradients established by the shear of the disk
turbines and the suction of the condenser.

The second stream (high enthalpy vapor, noncondensibles,
and condensate) pushes the disk turbines as it flows radially
outward to the periphery of the space between them, where it
emerges as condensate and noncondensibles. The work done
by the high enthalpy vapor reduces its enthalpy, and the low
enthalpy steam resulting from this work falls into the vortex
cores and is axially extracted.

The conventional approach is to dump both the high energy
molecules and the low energy molecules into the condenser,
along with the condensate and noncondensibles. The present
invention strips out the low energy molecules and passes only
those to the condenser, leaving the high energy molecules,
condensate, and noncondensibles out of the condenser and
doing useful work sustaining a radial counterflow forcing
regime and even turning a generator.

The steam stripper works on the turbine exhaust energy
which otherwise would be totally wasted up the cooling
tower. A generator may be run by connecting a peripheral
drive wheel between the disks, thereby increasing the effi-
ciency of the power plant. By pushing the disks, the high
enthalpy vapor loses enthalpy and condenses, thereby reduc-
ing the load on the condenser and allowing for a more intel-
ligent system of cooling water cooling.

The present invention also offers means for recycling the
cooling water without cooling towers. Thermal separation, to
chill the cooling water and reject the waste heat from the
condenser, occurs in fractal turbulence driven by a radial
counterflow forcing regime. The tree-like radial arrays of low
pressure gradients between axially-fed counter-rotating
impellers provide a dynamic vascular network for extracting
the waste heat from the cooling water in high turbulence and
transporting the vapor to a condenser, where pure water is
recovered. Water is not wasted by dumping vapor into the
atmosphere.

In a shear layer between the disks is an array of radial
vortex trees which are fractal turbulence. Cores of fine-scale
vortices communicate with the cores of larger-scale radial
vortices, and so on to the axial exhaust port at the axis of
rotation of the disks. In each vortex, centrifugal separation of
cool water from hot water occurs due to the density differ-
ence. The cool fraction goes to a boundary layer against the
disks, and the warm fraction remains in the shear layer.
Momentum transfer from the disks goes preferentially into
the cool water, which is advected radially outward to collec-






























