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ANNULAR SUPERHEATING ELEMENT FOR FIRETUBE BOILERS

CROSS-REFERENCE TO RELATED APPLICATION

{0001} This mternational application claims prionty on U.S. Patent Apphcation no.

15/281,682 filed December 16, 2016.
STATEMENT REGARDING FEDERALLY SPONSORED RESEARCH

[0002] The mvention described herem was not made pursuant to a govermment
agency grant or contract. Mo government funds were utdized 1 the descrbed

MVention.
FIELD OF THE INVENTION

[0003] The present mvention relates to superheaters for firetube- style steam boders.
More specifically, the subject mvention describes an annular superheating element
capable of producing superheated steam more efficiently than currently avaidable

superheating boders.
BACKGROUND OF THE INVENTION

(0004} Freetubes are tubes vsed 1 some steam boders to convey heated gases from
one tube sheet to an opposite tube sheet of a boder. Heated gases traverse the
firetube, conductmg heat through the firetube’ s wall and transferring heat energy to
the water that surrounds the fiwetube. Gases exit the opposite tube sheet at a

significantly lower temperature.

{0005} Stearmn boders capable of producmg superheated steam comprise superheater
elements having steam flowmg withm the element tube, and with hot gases within

firetubes flowing oo the outside of the superheater elements.
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(0006} A superheater element consists of a superheater tube that conducts the flow
of steam tmto and out of a firctube m order to wapart heat encrey trom the high
temperatare gases m the firetubes to the saturated steam mside the superheater
elements, causing the steam to exat the superheater eletnent with more useful energy

per unit volume of steam than if the steam were not superheated.

(0007} Currently, most commercial steam boters 55 are either of the scotch wet-
back horzouotal firetube type, lustrated by example 1 FIG. 1A, or the scotch dry-
back horwontal fiwetube type, dlustrated by example m FIG. IB. In these steam
boilers, a bumer source 3 burns fuel m a relatively large furnace tube and heats the
gas therem. The high temperature gases exit the furnace tube, execute a 180 degree
turn, and flow through relatively small diameter firetubes sirerched between two
tube sheets. Tube sheets are plates that secure the pressure boundaries of the
firetubes and hold the firetubes m place. The scotch wet-back borzontal firetube
boiler dlustrated n FIG. 1A has three tube sheets, whereas the scotch dry- back

horzontal firetube boder dlustrated o FIG. 1B has two tube sheets.

[0008] The current bodler art uses one turnace tube of approprate dameter to
promote the most etficient combustion for the design steammng capacity and as maqy
small diameter tubes as possible to create large surface area to accommodate etfscient
convective heat transter rates across the tube walls from the heated furnace gases.
In the case of horzontal tiretube boders, ilustrated m FIGS. 1A and 1B, the furnace

tube and the many small diameter gas firctubes are surrounded by water m a steel

cyhinder boder designed to withhold the design boider pressure. As the high

temperature gases flow through the one large diameter furnace tube and multple
smaller daameter firetubes, the high temperature gases give up heat to boil water 11
mstde the pressure boundarses of the boder. The saturated steam of the bothng water
11 collects m the steam space at the top portion of the boiler and exits through a

valve at the top wall of the boder.
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0009} Some boders are designed to circulate the heated furnace gases several tumes
back and forth through different banks of tubes, called "passes,” 1 order to extract
as much heat as possible before exhausting the gases out the smokestack 50 to the

atmosphere.

Botlers of the locomotive type combust the fuel 1 a firebox and exhaust the gases
after only one pass through the firetubes. The scotch wet-back horizontal firetube
stearn boder shown m FIG. 1A has three passes and the scotch dey-back honzontal

firetube steam boiler shown m FIG. IB has two passes.

{0010} The stearn generating capacity of a grven botler 1s dictated by the size of the
space the boiler can occupy. The botlers are typically cylindrical, bemg the strongest
practical shape to contamn pressurized fluids. Greater steam generating capacity 1s
achieved by maling the bosder shells larger in drameter and mereasmg the distance

)

between the tube sheets.

{0011} Efficiency of the boder 18 mereased by dwerting the gases through several
passes to merease the tube surface area the gases are exposed to before exhaustng

the heated gases through smokestack 50.

10012} The Jaws of physics regarding heat transfer and gas tlow dictate the cross-
transter. Furetubes with smaller diameters have less volume for the high temperature
gases to tlow through but have greater surface area to volume ratios which means
more surface area to absorb heat. Optumal firetube efficiency s achieved by
balancmg the amount of hot gases flowing m a given perted of time verses the overall
surface area for heat transfer. {0013} Superheated steam at a given pressure has a
higher temperature thao the temperature at which water boils at that same pressure.
For example, at 14.7 pounds per square mch (1 bar) (sea level), superheated steam
would have a temperature higher than 212°F (100° C), which s the temperature of

regular saturated steam from boiling water at that pressure; or at 150 pounds per
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square mch (10 bar), which 1 approxmmately ten tmes sea level atmospheric
pressure, superheated steam will have a temperature higher than 366°F (186° ),
which 1s the temperature of regular saturated steam from bodmg water at that
pressure. To superheat stearn, 1t must be collected from the boder and subjected to

addstional heat wnput from either an external heat source or the furnace gases.

aY

[0014] The advantage of superheated steam s the ability to transter more thermal
enerey from the boder source to the destmation at a given pressure with less boded
water. This allows more energy to be transmitted with the same amount of steam

without mcreasmg pressure or the mnfrastructure of the piping system.

{0015} Superheating steam m fwetube boilers s well known m the art. Typcal prior
art emnbodmments comprise addmg sigmificantly latger firetubes m the boder, with a
small diameter superheater tube filled with steam passing down withm a single
freetube from one end and a small radius u-bend m the superheater tube to send the
steam back out the same firetube m the opposite dwection. The superheater tubes
reverse dwection mside the laree dummeter tubes at least once, and m some
embodmments twice. FIG. 2ZA depicts an example of a one-directional flow firetube
superheater with multple u-turns or passes. A portion on the left of the one

directional flow firetube superheater tube 18 cut out to dlustrate the mside structure

ot one of the u-tura bends m the superheater tube.

{0016} Among the disadvantages of these prior art one-directional flow superheater

tubes with one or more u-turn bends are:

« They require large diameter firctubes, lowering the total number of firetubes that
can be utilized m a given dameter bosler for a specific sized boiler shell. The total
heatmg surface for water to cause steam generation s thereby reduced, reducmg the

botler steam generating capacity.

* As the steam flows through the superheater element making multiple passes
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through the firetube, with each pass bemg from the low temperature end to the lugh
temperature cod of the firctube and then back to the low temperature end, the
temperatare of the furnace gases drop exponentaally. The steam i the outbound
superheater tube, berog heated to a high degree m the lugh temperature end of the
tiretube, has a higher temperature than the gases m the low temperature end of the
freetube. Ata certamn pomt along the firetube, the steam m the outbound supetheater
tube will have a higher temperature than the conunually coolmg adjacent turnace
gases. At this pomt, the superheatmg process becomes counterproductive as the
superheater tube s now giving up heat to the furnace gases that are exitmg the
freetube, possibly to the exhaust of the boder. This thermodynamic cftect s
dhustrated mn the prior art fwetube bosler schematic of FIG. 2B, and explammed m

more detail m below.

10017} An object of this subject mvention 1s to provide a superheater element that

overcomes the disadvantages of the currently available superheater elements.

[0018] A turther object of the current mvention 8 to superheat steam without
requirmg an additional external heat source to heat the saturated steam wnto

superheated steam.

0019] A turther object of the current uvenpon 18 to superheat stearm usmag the

furnace gases used to heat the boiler water mto saturated steam.

[0020] A further object of the current mvention 1s to provide a supetheater element
that produces superheated steam more efficiently than currently avadable

superheater clements,

(0021} A turther object of the subject mvention 18 to provide a superheater clement
wherein the superheated steam circulatmg withm the firetube does not lose any heat

enerey to the firetube gases.
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(0022} A turther object of the subject mventon s to provide a superheater element

that uses fuel more cthciently than currently available superheater boders.

{0023} A further object of the subject smvention s to provide a superheated boder
that can produce more superheated steam with less fuel, produce superheated steam
at a higher teraperature with the same amount of fuel, or produce superheated steam

having the potential to do more work with the same amount of fuel

[0024] A fturther object of the subject mvention 1s to provide an mnproved
superheater clement that can be easdy and mexpenswely retrofitted 1o

conventional firetube boilers.

SUMMARY OF THE INVENTION

(0025} These objects are accomphished n the present mveation.

According to an aspect of the present mvention there 13 provided a superheater
clement for conducting superheated steam withm a firetube of a firetube boder

according to clamm 1.

Accordmg to a further aspect of the present mvention there 13 provided a method
for superheatrag steam using a superheater clement inserted into the fivetube of a

firetube bosler accordmg to clanm 12.

Accordmg to a yet further aspect of the present invention there s provided a method

for retrofitting firetube boilers to superheat steam accordmg to clamm 13.

The annular superheater element re-circulates superheated steam 1 a manner to
merease the efficiency of the heating provided by the bodler fwetube. The present
mvention solves the problems identified 1 the poor art. The mproved annular
superheating  element of the present mvention produces temperatures of
superheated steam havimng a matersally higher temperature usmng the same energy

mput, superheated steam at the same temperature with considerably less encrgy

<
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mput, and superheating steam capable of domg more work relative to currently
avatlable firctube boilers usmyg the same amount of tuel The anoular superheater
element of the subject wvention conserves energy and the expense of fuel
producmg superheated steam that can do more work with greater cthiciency for a

given amount of fuel

[0026] 'The superheater element of the subject nvention comprises the two
concentric tubes - the outer tube and the mner tube - and the return end cap. The
return end cap causes the superheated steam flowimng within the annular channel
bounded by the outer and mner tube to be diwected and returned through the maer

tube.

(0027} The annular superheater element of the present mvention s matersally
different from annular saperheater elements described n the prior art 1w a number
of maportant respects mchadmg, without lumutation, the muproved superheater
element’s ability to efficiently absorb thermal energy m the first steam pass between
the mner and outer tubes, and a specally designed return end cap that etficiently and
relably redirects the superheated steam from the first pass channel mto the mnner
tube. As used herem, first pass channel means the annular stcam path bounded by
the outer tube and the mner tube, which resides concentrically about a secondary

mner tube (detming the second pass chanoel) of smaller dramcter.

[0028] The superheater clement of the subject nvention can be mserted w a frretube
of a conventional firetube-style bosler. The saturated steam withm the element 1s
conducted through the first pass channoel to the return end cap which redirects the

flow through the second pass channel.

[0029] The anmular contiguration of the superheater element functions such that the
external temperature of the superheater element, the firetube, and the saturated

steam, are all at the same temperature at the tube sheet end where the furnace gases
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exit. As such, steam m the superheater element does not lose any heat to the

surroundmg furnace gases.

{0030} The steam terperature withi the superheater element first pass channel
mcreases as the steam flows toward the high temperature (furnace gas entrance) end
ot the fwembe. The highest steam temperature 18 achieved at the end of the
superheater element where the return end cap reverses the steam flow to cause the
steam to flow mto the mner tube. As the steam 1s diverted and flows through the
second pass channel, the higher temperature steam wmmparts heat to the lower
temperature incoming steam traveling m the oppostte direction m the first pass
channel. The mcommg saturated steam travehng within the first pass channel 1s
heated both by the heat of the furnace gases bemg absorbed through the outside
wall of the outer tube and the heat of the hugher temnperature superheated steam m
the second pass chanoel that 18 bemg absorbed through the wall of the nner tube.
This configuration, where the highest didterence m temperatures exists across the

heating surfaces, 158 the most ethicient configuration possible for heat transfer.

{0031} The final superheat, that 1s, the temperature of the superheated steam exsting
the superheater clement, will be determmed by the steam flow rate together with the
temperatare and How rate of the furnace gases at the high temperature end of the
firetube. The tmal superheated steam tHows out through a nozzle tormed withm the
saturated steam mtake manstold, connecting the superheated steam to the

superheated steam output mamfold.

10032} Among the advantages of the annular superheatng element configuration of

the mstant mvention are:
» This configuration of tubmg and steam tlow contarmed m a boder firetube
provides the most efficient heat transfer of hot furnace gases to superheat stearm.

» A plarahity of mdividual superheater elements can be connected together to
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provide uniform temperature saperheated steam up to the design steamung capacity

of a boiler.

* The superheater clements of the subject mvention can be msialled (retrofitied) m

extsting boders or utihized m boilers of new construction.

{0033] The foregomg and other objects, features and advantages of the mvention
will be apparent from the following more particular description of preferred

embodiments of the invention, as lhustrated m the accompanying drawings.
BRIEF DESCRIPTION OF DRAWINGS

[0034] FIGS. 1A and IB dlustrate w schematic fashion the furnace gas and steam
flow of two embodiments of conventional horizontal type firetube boders. FIG. 1A
s an example of a scotch wet-back horzontal freetube boder and FIG. IB 5 an

example of a scotch dry-back horizontal firetube boder.

[0035] FIG. 2 A depicts a traditional one-directional tlow firctube superheater with

multiple u-turns or passes.

[0036] FIG. 2B 15 a schematic ilustrating the thermodynamic effect of the
superheated steam upon the exhaust gases w the context of the single tube of the

traditional one- directional tlow fwetube superheater depicted m FIG. 2A.

(00371 FIG. 3A 15 a longitudmal cross-sectional view showmg in schematic torm a
preferred embodiment of an annular superheater element of the subject mventon

within a horizontal-type firetube boder.

[0038] FIG. 3B 1s a transverse sectional view of the annular superheater element ot

the subject mventon taken along Line 3B shown m FIG. 3A.

[0039] FI1G. 3C 15 a longitudinal cross-sectional view of the annular supetheater

element of the subject tnvention taken along Lane 3C shown m FIG. 3A.
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[0040] FIG. 3D s a transverse sectional view of the tube sheet, frretube, and choke

thumnble taken along Lane 3D m FIG. 3 A,

0041} FIG. 4A s Jarger-scale view showmg the return end cap and portions of the

mner and outer tubes of the annular superheater element of the subject mvention

[0042] FIGS. 4B-4D are perspective views of the specially designed return end cap
of the subject mvention. FIG. 4B 15 a return end cap with an mner surface w the
shape of half a horn torus. FIG. 4C 1s a return end cap with an mmer surface mn the
shape of half of a hyperbolic curve rotated around a center axis. FIG. 4D 1s a return
with an muoer surface with the shape of a parabolic curve rotated around a center

AXIS.

{0043} FIG. 5 s a schematic view showimg a further embodmment of the annular
superheater clement of the subject mvention compnsed of multple annular

superheater elements.

[0044] FIG. 6 15 a chart showmg the temperature of the furnace gases m degrees
Fahrenhest within the firetube as a function of the dwstance from the tube sheet on

the high temperature side ot the firetube.
DETAILED DESCRIPTION OF PREFERRED EMBODIMENTS

[0045) Oune preferred embodment of the superheater element of the subject
mvention 1s dhustrated m FIG. 3A, a longitudinal cross-sectional view, FIG. 3B, a
transverse sectional view on Line 3B m FIG. 3A, and F1G. 3C, a longitudinal cross-
sectional view taken on Line 3C m FIG. 3A. As shown 1o FIGS 3A through 3C, an
mproved annular superheater clement 10 18 comprised of a saturated steam mlet
manifold 12, an outer tube 14, a specially designed return bend end cap 16, an mmer

i
7
i

tube 18, and a superheated stearn outlet wanifold 20. The first pass channel 17 1s the
annular steam path bounded by outer tube 14 and mner tube 18 and a second pass

channel 21 13 the steam path bouaded by mner tube 18.
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(0046} F1G. 3A shows a scotch dry-back horizontal firetube steam boider 55 with
two passes through the water 11 held m cyhindncal boder 100, The fust pass
comprses of a portion of furnace tube 110 and the second pass comprising of two
firetubes 22 and 23, which are bounded by tube sheets 34a and 34b. Superheater
element 10 of the subject mvention has been mserted mto fwetube 22, whereas

freetube 23 has been left cmpty.

(0047} Fuel 1s burned at the burner source 3, which 1s located on one side of the
furnace tube 110. The burnmg of the fuel m burner source 3 heats the aw withm
furnace tube 110, The hugh temperature pases, represented by arcows, flow through
furnace tube 110, makmg a first pass through water 11. On the first pass, heat from
the hugh temperature gases 1s absorbed through the walls of furnace tube 110 1nto

water 11,

[0048] On the second pass through water 11, the high temperature gases traverse
through frwetubes 22 and 23. On the second pass, heat from the high temperature
gases 18 absorbed through the walls of the firetubes 22 and 23, The heat absorbed
by the water during the fwst and second passes causes water 11 to bod and make
saturated stearn. The saturated stearn created by the bodmg water rises to the top of
botler 100 and 1s channelled mto saturated steam mlet mansfold 12 mrto superheater

~

element 10

[0049] As dlustrated m FIG. 3A, superheater clement 10 extends mto cybndrcal
boiler 100, with a portion of tubes 14 and 18, and all of return end cap 16, mnside
firetube 22 which 1s bounded by tube sheets 34a and 34b. While superheater element
10 could be mserted mto firetube 22 at etther side, in the preferred embodiment ot
the subject mventon, superheater element 10 1s mserted mto the side of firetube 22
bounded by tube sheet 34b, whach 1s the side that the furnace gases exit firetube 22,
Accordmgly, the furpace gases are hottest at return end cap 16 side of superheater

element 10 and cooler at the side with wmlet mandold 12.
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[0050] The saturated steam, also represented by arrows, enters steam manifold 12,
flows through mantold 12 mto outer tube 14 of superheater element 10. The
saturated steam flows toward the side of firetube 22 bounded by tube sheet 34a
through first pass channel 17, which 1s the annular steam path bounded by outer
tube 14 and nner tube 18, untd 1t reaches return end cap 16. Return end cap 16,
which 1s more fully described below, causes the steam tlow to change direction 180
degrees diverting the steam flow mto mner tube 18 of superheater element 10.
Thereafter, the stearmn n mner tube 18 flows away from tube sheet 34a mn the same
direction as the furnace gases, towards superheater outlet manifold 20. Inner tube

18 passes through a nozzle 5 formed within saturated steam mlet manifold 12,

{0051} The saturated stearmn within outer tube 14 begins to absorb heat from the
furnace gases through the wall 15 of tube 14 startmg from where element 10 enters
firetube 22. As the steam absorbs heat, the temperature of the steam withen fiest pass
channel 17 mcreases until 1t reaches return end cap 10. Thus, as the furnace gases
flow through firetube 22, heat 15 transferred from the gases to both water 11
surrcundimng firetube 22 and to the saturated steam 1o fwst pass channel 17 through
wall 15 of outer tube 14, Wheu the superheated steam reaches return end cap 16,

1s sigmficantly hotter than the desired output temperature.

[0052] The steam 1s the hottest as 1t passes through return end cap 16. Return end
cap 16 reverses the direction of the flow and directs the flow mto second pass
channel 21, which 1s the steam path bounded by moner tube 18. As the steatn traverses
second pass channel 21 from return end cap 16 towards the superheater outlet
mantfold 20, heat 1s transferred across wall 19 of muoer tube 18 to the steam Howing
withm first pass channel 17. Accordmgly, the steam m trst pass channel 17 15 heated
by both the high temperature gases flowing through firetube 22 and the superheated

steam flowing through second pass channel 21.

[0053] Outer tube 14, mmer tube 18, and return end cap 16 can be constructed of a

variety of matersals capable of withstandmg high pressure and temperatures and
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havmg good thermal conduction characteristics. Accordingly, cast and wrought wwon,
a material predotmately used m prior art superheater elements but which transfers
heat meffictently and has low strength, 1s not a good choice of materal for the
concentric tubes of wnproved superheater clement 10, Accordng to preferred
embodiments, outer tube 14 and mner tube 18 would be made from one or more of
the following matersals: hugh quakty carbon steel, stamless steel, and steel with

chrommum, molybdenum, and/or manganese alloys.
] J 2 (&) J

[0054] Smndarly, 1t 1s mmportant that there 13 no space or other obstruction or
msulation materials between concentric tubes 14 and 18, as efficient transfer of heat
between tubes 14 and 18 through wall 19 of mner tube 18 15 essential to the proper

functioning of superheater element 10.

[0055] Superheater element 10 can be mserted mto firetubes of conventional firetube
bodlers, the subject wvention not being lronted to any particular embodiment or style

of firetabe boder.

[0056] The drameter and length of tubes 14 and 18 and the length of superheated
element 10 extendrog mto the firetube 22 can be vaned to change the teroperature
and steam flow rate 10 pounds per mmute of the superheated steam output. Of the
heat energy absorbed from the furnace gases, about two-thurds 15 absorbed to bod
water 11 to make steam and zbout one- third 15 absorbed to superheat the steam.
The number of superheater elements m the boder and the length of the superheated
element extendmg mto the fretube will determine, together with other parameters,

the tmal superheated steam temperature.

00571 A choke thimble 24 can be mserted into one or more firetabes. Choke thimble
24 18 mserted mto the side of the twetube where the high temperature gases enter
the firetube. The purpose of choke thimble 24 15 to provide even furnace gas flow
volumes between tretubes with and without superheater elements. Choke thimble

24 wncreases gas velocity and mduces turbulent gas flow which mcreases heat transfer
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rate. Use of choke thimble 24 m those firetubes without superheater elements alzo
prevents furnace gases from taking the path of least resistance through the empty
firetubes without superheater elements, which would rob the heat energy from the

superheater clements,

{0058} In the preferred embodiment dhustrated 1 FIG. 3A, both firetubes 22 and 23
have choke thumbles 24, In another prefetred embodment iltustrated m FIG. 5, two
firetubes have choke thmmbles while oue firetube containing a superheater element
does not. Choke thimbles are made with heat resistant materials, such as ceramic.

Metal choke thimbles have a short service life due to exposure to high temaperatures.

[0059] FI1G. 3B 18 a transverse sectional view of superheater element 10 taken along
Line 3B m FIG. 3A and dlustrates the concentric structure of the superheated
element of the mstant mvention. The outermost ring 18 frretube 22, Inside the wall
of frre tube 22 15 outer tube 14. Tnside wall 15 of outer tube 14 15 mner tube 18, High
temperature gases How between the annular channel created between the wall ot fire
tube 22 and outer tube 14. Fust pass channel 17 15 the chanuel bounded by outer

tube 14 and mner tube 18 and second pass channel 21 1s bounded by mner tube 18.

(0060} Reterrmg to FIG. 3B, heat energy from the lugh temperature gases flowing
between the anmular channel created between the wall of fire tube 22 and outer tube
14 1s absorbed through wall 15 of cuter tube 14 heating the steam Howmg through
first pass chanuoel 17, Stmilarly, heat coerey from the higher temperature steam
flowing between second pass channel 21 1s absorbed through wall 19 of mner tube

7

18 heatng the steam flowrag through first pass channel 17.

{0061} FEG. 3C 18 a longatudinal cross-sectional view of superheater element 10 taken
along Line 3C shown m FIG, 3A showmg wall 15 of outer tube 14, first pass channel
17, wall 19 of mmner twbe 18, second pass channel 21, and nozzle 5. FIG. 3C also
shows an mner surface 42 and a center 44 of return end cap 16, which are more fully

described below.
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0062} FIG. 3D s a transverse sectional view taken along Line 3D m FIG. 3A
showing choke thimble 24 fire tube 22, and a portions of tube sheet 34a. Choke
thimble 24 reduces the flow of high temperature gases that enter fwetabe 22 by
forcing the high temperature gases through a smaller diameter hole 1n tts center. The
hole m the center of the choke thimbles can vary m size. A larger hole would allow
the gases through at a faster rate, whereas a smaller hole would allow the gases

through at a slower rate.

[0003] FIG. 4A 1s larger-scale sectional view taken along Lme 4A in FIG. 3C showmg
the return end cap and portons of the wmner and outer tubes of the annular
superheater element of the subject invention. The purpose of return end cap 16 1s
to veverse the steam flow. The flow direction of stearn m furst pass channel 17 x5
changed 180 degrees and dwrected mnto second pass channel 21, Anytime steam s
required to change diection, a force 18 exerted on the pipe wall or other surface
causmyg the steam to change m dwection. The mpact of the steam Howmg essentially
mto a dead end creates tremendous forces and severe turbulence. This force s
proportional to the mass How rate of the steam and 15 termed the veloeity pressure.
At nomioal steam flow rates typical with steam pypmg external to the boder, thus
force can exceed eleven times the force produced by the nomunal pressure of the
steam 1 the boder and the superheater element components not subject to ths
velocity pressure. Fatlure to properly design and construct the return end cap to deal
with the velocity pressure aspect of the steam flow reversal will result 1o signuficant
erosion of the metal m the return end cap and unacceptable service life of the

superheater element.

[0064] Return end cap 106 of the present mventon 1s specially designed to prevent
the serrous turbulence and eddy currents descnbed above that would otherwise
produce eroson to return end cap 16 and the walls of tubes 14 and 18. Return end
cap 16 acts ke 2 vane of an unpulse turbme to efticiently reverse and redirect the

steam flow.
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[0065] Return end cap 16 1s rotationally symmetric at all angles of rotation along an
axis shown as Lme 4A m FIG, 3C. Return end cap 16 has mner surface 42 that has
center 44, which extends towards mmner tube 18, Inner surface 42 15 a concave,
stnooth and contiuous surtace. In the preferred embodmment shown m FIG. 48,
the profile of mner surtace 42 takes the shape of one halt of a horn torus, which 1s
the surface generated by revolving a circle about an axis of revolution that 1s tangent
to the circle. Accordmg to alternanve embodiments, mner surface 42 can also take
the shape of a hyperbohic curve rotated about an axs of revolution, as dhustrated mn
FIG. 4C or the shape of a parabolic curve rotated about an axis of revelution, as

tlastrated m FIG. 41D,

0066} In a preferred embodmment, return end cap 16 can be made from turbioe
blade matenial such as a bigh carbon alloy steels that require spectal heat treatment
to achseve a very hard surface ressstant to erosion from the high pressure, hugh
velocity steam tlow. Because botler codes do not allow the metallurgical elements
required for high carbon alloy steels to be used 10 pressure boundarnes, retura end
cap 16 may be fabricated from high carbon alloy steel encased m code comphant

steel.

{0067} The metticiencies of tradional one diwectional flow firetube superheaters of
the type dlustrated w0 FIG. 2A 15 shown m FIG. 2B. FIG. 2A shows 2 traditional one
directional flow firetube superheater 30 1s comprised of a smgle tube 32 having three
180 degrec bends. FIG. 2B shows conventional superheater 30 m schematic,
showing the temperature of the firetube gases at various distances away from the
stde of firetube where the high temperature gases enter and the temperature of the

superheated steam at various pomts along tube 32.

[0068] As can be seen m FIG. 2B, the superheated steam m tube 32 demonstrates
temperatures greater than the surrounding firetube gases on the side of the firetube
closest to where the high temperature gases enter the firetube, the furnace side, and

temperatures lower than the surrounding firetube gases on the side of the firetube



11 08 21

17

turther away from where the high temperature gases enter the firetube. As such, after
the first and third passes (bends), the superheated steam withun tube 32 oo the side
away trom the furnace loses heat through tube 32 to the gases within the firetube.
This loss of heat encrgy, from the superheated steam to the furnace gases, results m
output steam of a lower temperature and makes the process of heatmg superheated

steam less efficient.

0069} FIG. 5 18 an dlustration showmng a further embodument of the anoular
superheater clement of the subject mventton comprised of multiple annular
superheater elements and the thermodynamuc effect of the superbeated steam upon
the lugh temperature gases. The temperature of the furnace gases m degrees
Fahrenhest within the firetube as a function of the dwstance from the tube sheet on

the high temperature stde of the firetube 5 dlustrated m the graph shown m FIG. 6.

{0070} Efficiency and rate of heat transfer 15 exponentally proportional to the
difference m the heat temperatares. As such, about two-thirds of the avadable heat
1s grven up to the boder m the tust one-theed of the tiretube length from the furnace

end.

[0071] In the prior art example shown m FIG. 2B, the superheater tube traverses the
firetube four times attempting to absoth heat from the furnace gases. For
approximately 30% of the superheater tube length, those areas where temperatures
are mdicated 1n bold ttalic font 1 FIG. 2B, the temperature of the superheated steam

m the tube exceeds the temperature of the furnace gases i the firetube.

(0072} Referrmg to FIG. 5, saturated steamn enters superheater element 10 through
miet mamifold 12 at 185.556 degrees Celsis (3667 F) at 1034.21kPa (150 ps1). As the
stearn travels m furst steam pass chanael 17, towards the retura end cap 16, heat 1s
transferred through outer tube 14 from the hotter fumace gases flowimng withm
firetube 22, heatmg, m this example, the saturated steam from 185556 degrees

Celstus (366°F) to 510 degrees Celsus (950°F) at 1034.21kPa (150 pst). At the side
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of superheater element 10 closest to where the high temperature gases enter firetube

the temperature of the superheated steam in outer tube 14 s the same as the

temperature of the superheated steam m mner tube 18,

{0073} Stll referrmog to FIG. 5, as the superheated steam flows down second steam
pass channel 21 m mner tube 18 from the side of element 10 closest to where the
high temperature gases enter firerube 22 to the miet/outlet side of element 10, the
temperature of the superheated stecam drops from, m thus example, 510 degrees
Celstus (950°F) to 343.333 degrees Celsms (650°F) at 1034.21kPa (150 psy), the
temperature and pressure at which #t exits from outlet manstold 20. Durimng the latter
portion of ths flow, the temperature of the superheated stearn withm the steam
second pass m the mner tube 18 15 hugher than the temperature of the superheated
steam within first pass channel 17 between the outer tube 14 and the woer tube 18
and heat 15 transterred from the superheated steam within mner tube 18 to the
superheated steam within outer tube 14, through mner tube 18, rendermg the
process of superheatmg steam more cfficcent This 15 m contrast with the
thermodynamcs sllustrated for traditional firetube element 30 w FIGS. 2A and 2B
wherein, durmg the transit of superheated steam from the return end cap side of the
element to the exhaust side of the element, the superheated steam loses heat energy
to the furnace gases that eventually are exhausted, rather than to the superheated

steam that s the deswed product of the process.

{0074} Shown m FIG. 5, again by way of a schematic, 18 an alternative embodiment
annular superheater clement wheremn a plurality of mterconnected annular
superheater elements 10 are used. As with the smgle annular element embodument
described m FIG. 3A, saturated steam enters mlet mamifold 12. From there,
however, the steam flows through one of two outer tubes 14, towards the side of
the firetube bounded by tubesheet 34a, 1s returned by return end cap 16, tlows back

towards the side of the firetubes bounded by tubesheet 34b through mner tube 18,
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which passes through nozzle 5 tormed withan saturated steamn mlet manifold 12 and

then exits together through cutlet manifold 20.

{0075} Conventional freetube boders can be easdy and mexpensively retrofitted with
superheater element 10 to produce superheated steam capable of domg substantally
more work with less fuel than the firetube boiler before conversion. To retrofit a
conventional firetube boder, superheater elements 10 are mserted mto one or more
of the esistmng firetubes. Elements 10 are mserted through tube sheets and
positioned withm firetubes so that the mtake saturated steam mamfeld side of
element 1015 on the side of the firetube m which the high temperature gases Howing
withm exit the firetube. In this configuration, the saturated steam withm first pass
channel 17 wall flow towards the hotter furnace gases, while the samrated steam

within second pass channel 21 will low away from the hotter furnace gases.

[0076] When retrofitting conventional firctube boilers, superheater element 10 s
sized m length and diameter to be compatible with the dmmeter and length of the
firetubes within the boier to be retrofitted. Choke thimbles 24 are mserted or

removed as appropmate to the firetube pattern.

[0077] Although the embodiment of the improved annular superheater element
tustrated m FIG. 5 15 comprised of only two elemnents 10, the improved supecheater
element of the subject mvention can be used m sets of three or 1 any number
appropriate to the size and other structural parameters of the firetube boder mn
question. Several multiple mdividual superheater elements may be connected to a
common mandfold creating a bank of superheater elements. Multiple banks of
superheater unsts may be connected to a larger mamfold for delvery of the

superheated steam to the boder outlet.

{0078} Further, each of the multiple elements can have its own mnlet and outlet
manifold, or some of the elements can share a manifold whereas others may not. In

addstion, although superheater elements 10 m FIG. 5 are wserted mto mdividual
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tiretubes 22, more than one superheater element 10 can be mserted 1mto a single

freetube without departing from the mtention and scope of the mstant mavention.
SUMMARY AND SCOPHE

{0079} As descrbed above and dlustrated m the accompanymng figures, the mmproved
production of superheated steam using conventional firetube-type boders. The
mnproved element can produce more superheated steam of a given volume and
temperature with less fuel, can produce the same volume of superheated steam of a
higher temperature usmg the same amount of fuel, and can produce superheated
steam that s capable of doing more work relative to prior art firetube bodlers usmg

conventional superheater clements,

[0080] The improved annular superheater elements of subject mvention can be used
to retrofit exasting firetube botders or can be used m boders of new construction.
Given that a report prepared by the Energy and Environmental Analysis, Inc. dated
May 2005 for the United States government estunates that there are approximately
120,000 commercal frretube style boders currently 1 use 1 the Unsted States alone
(see table below), the potential for mereased work and energy and fuel savings that

can be realized by convertng exwsting freetube boders 18 considerable.

Commercial Boiler Inventory

Buiddmg Type No. of Boders Botler Capacity Average Stze
(MM Btu/hr) (MMBtu/hr)

Oftice 28,030 297,090 10.6

Warehouse 5,365 72,385 13.5

Retail 5,585 47,230 8.5

Education 35,895 128,790 3.6
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Public Assembly | 7,280 55,205 7.6
Lodgmng 10,545 144,830 13.4
Health 15,190 317,110 20.9
Other 11,900 88,970 7.5
Total 119790 1147610 9.6

[0081] Unless otherwise mdicated, all numbers, dimensions, matersals and so torth
used i the specttication and claims are to be understood as being examples and not
hmtations, and m any event, notas an attempt to hmit the application of the doctrme

of equivalents to the scope of the claims.

(0082} The terms "a," "an,” "the," and simdar references used m the context of
describing the mvention (especially n the context of the followmg claims) are to be
construed to cover both the singular and the plural, unless otherwise mdicated herem
or clearly contradicted by context. All methods described herem can be performed
m any suitable order unless otherwise mdicated herein or otherwise clearly
contradicted by context. The use of any and all examples, or exemplary language
(e.g., "such as") provided herem 15 mtended merely to better dhummate the mnvention
and does not pose a lmsaton on the scope of any clamm. No language m the

spectfication should be construed as mdiwcatmg any non-clammed element essential to

the practice of the mvention

(0083} Certam embodmments are described herein, mcluding the best mode known
to the mventor for carrymng out the mvention. Of course, vamations on these
described embodiments will become apparent to those of ordinary skdl m the art
upon readmg the foregomge descrption. The mventor expects skilled artisans to
employ such variations as appropriate, and the mventors mtend for the mvention to

be practiced otherwise than specttically descrbed herem.
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(0084} Accordmgly, the clamms mclude all moddications and equivalents of the
subject matter recited m the clamms as permitted by appheable law. Motcover, any
combination of the above-described elements m all possible vanations thereof s

conterplated unless otherwise tndicated herern or otherwise clearly contradicted by

context.

aY

[0085] By way of example, and not hmitation, the temperatures and pressures
described 1 the specthication and figures and given as examples. A varety of
temperatures and pressures for superheated steam within and produced by fetube
boilers are koown i the art, and all such teraperatures and pressures may be
practiced 1 the mstant mvention. Further, while the mmproved annular superheater
element of the subject mvenoon has been descnbed and clarmed w the context of
traditional horzontal-type firetube boilers, the mproved superheater element can

be used m other types of firetube boders as well as ma boders without firetubes.

(0086} In closmg, 1t 15 to be understood that the embodunents disclosed heren are
tustratrve of the principles of the clamms. Other modifications that may be employed
are withm the scope of the clamms. Thus, by way of example, but not of lutation,

alternative embodmments may be utihized m accordance with the teachmgs herem.

Accordmgly, the claims are not hmited to embodiments precisely as shown and

L

described.



11 08 21

23

CLAIMS

1. A superheater element for conducting superheated steam within a firetube of a

firetube boiler comprising:

an outer tube concentric about an mner tube;

a return connectmg said outer and mner tubes at one end;

an mlet manifold connected to a the non-return end of said outer tube; and

wherem the mterior face of said return is rotationally symmetric at all angles of
rotation about the central axis shared by said outer and mner tubes, the pomt of said
mterior fact that mtersects said central axis 1s raised towards said mner tube along
said central axis, and said interior face 1s described as the surface of revolution
generated by revolving a curved line segment with an endpomt on said central axis

m three-dimensional space about said central axis.

2. A superheater element of clarm 1 wherein said mterior face of said return 1s
described as the bottom-half of the surface of a horn torus wherein the axis of
rotational symmetry of said horn torus 1s the central axis shared by said outer and

mnner tubes.

3. A superheater element of claim 1 whereimn said mterior face of said return has a
surface described by a portion of the surface of revolution generated by revolving a
parabola 1 a three-dimensional space about an axis of rotation that mtersects with
said parabola and 1s parallel with the axis of symmetry of said parabola wherein said

axts of rotation 1s the central axis shared by said outer and mner tubes.

4. A superheater element of claim 1 wherein said mterior face of said return has a
surface described by a portion of the surface of revolution generated by revolving
one branch of a hyperbola i a three-dimensional space about an axis that mtersects
with satd hyperbola branch and s parallel with the axis of symmetry of said
hyperbola branch, wherem said axis of rotation 1s the central axis shared by said

outer an dmner tubes.
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5. The superheater element of claim 1 wherein said boiler has a burner end opposite
an exhaust end and said superheater element extendmg within said boiler from the

burner end to the exhaust end.

6. The superheater element of claim 1 wherem the wall of the mner tube 1s shaped
and sized to maxmize the thermal conductivity between the mner and outer tubes,
giving consideration to the tube matersal, and the pressure and temperature of the

superheated steam flowimng through said mner and outer tubes.

7. 'The superheater element of clatm 1 wheremn said mner and outer tubes are

fabricated from material with high thermal conductivity characteristics.

8. 'The superheater element of claim 1 wherein said mner and outer tubes are
fabricated from material selected from a group consisting of carbon steel, stainless

steel, and stell comprismg chromium, molybdenum, and manganese alloys.

9. The superheater element of claim 1 wherem said return 1s fabricated from a very

hard erosion resistant material.

10. The superheater element of claim 9 wherem said return 1s fabricated from turbine

blade materal.

11. 'The superheater element of claim 1, wherem saturated steam mtroduced into
said mlet manifold gams heat energy while traveling along the outer tube towards
the burner end of said element, 1s directed mto said mner tube by said return, and
then loses heat energy to the saturated steam within said outer tube while traveling
within said mner tube towards the exhaust end of said element before existing the

outlet manifold.

12. A method for superheating steam using a superheater element mserted mnto the
firetube of a firetube boiler, said boiler having a burner end opposite an exhaust end,

comprismg the steps of:

providing a superheater element having an outer tube concentric about an mner tube

that extends within said boiler from the burner end to the exhaust end;

a return connecting said outer and mmner tubes at the burner of said elements,

wherem the mtenior face of said return 1s rotationally symmetric at all angles of
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rotation about the central axis shared by said outer and mner tubes, the pomt of said
mterior face that mntersects said central axss 1s raised towards said mner tube along
said central axis, and said interior face 1s described as the surface of revolution
generated by revolving a curved line segment with an endpomt on said central axis

mn three-dimensional space about said central axis;

an mlet manifold connected to the exhaust end of said outer tube; and an outlet

manifold connected to the exhaust end of said inner tube;

mtroducmg saturated steam mto said inlet manifold of said element; causing said
steam to travel within the outer tube towards the burner end of said element while
absorbimg heat energy from heated firetube gasses through the wall of the outer tube;
directing satd now superheated stem mto said mner tube by means of said return;
causing said superheated stem to travel withm the mner tube towards the exhaust
end of said element while losimg heat energy to said saturated steam m said outer
tube through the wall of said inner tube;

and causing said superheated stem to exit said outlet manifold.

13. A method for retrofitting firetube boilers to superheat steam comprising the

steps of:

(a) providing one or more superheater elements comprising an outer tube
concentric about an mner tube; a return connecting said outer and mner tubes
at one end, wherein the mterior face of said return 1s rotationally symmetric
at all angles of rotation about the central axis shared by said outer and mnner
tubes, the poimnt of said mterior face that mtersects said central axis 1s rased
towards said inner tube along said central axss, and said mterior face 1s
described as the surface of revolution generated by revolving a curved line
segment with an endpomt on said central axis in three-dimensional space
about said central ax1s; an mlet manifold connected to the exhaust end of said
outer tube; and an outlet manifold connected to the exhaust end of said inner
tube;

(b) providing an existing firetube boiler; and

(c) mserting said superheater elements into one or more firetubes of the existing
firetube boiler.
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