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| NVENTI ONvBI2Bb7D36¥98 THE | NVENTI ON [ 0001] Thi s i nvention reCatuszonroliseat
exchangers used in refineries and petrochem cal plants. In particular, this
I nvention relates to mtigation of fouling in heat exchangers. DI SCUSSI ON
OF RELATED ART [0002] Fouling is generally defined as the accunul ati on of
unwanted nmaterials on the surfaces of priecessi ng equi prment. In petrol eum
processing, fouling is the accunul ati on of unwanted hydrocar bons-based
deposits on heat exchanger surfaces. It has been recognized as a nearly

uni versal problemig Uﬁ”fﬂ:ﬁ RSk rochem cal

processi ng systeng nnr"[\ff:o&g Cﬁ%lh&ﬁl H@S Wo ways.

First, the fouling ST Tas i joleicia) Fncreases the
resi stance to heat transfer and reduces the effectlveness of the heat
exchanger ature in the system Second, as
depositio e MalON ea i s reduced, which causes an

i ncrease in ressure dro across the apparatus and creates inefficient
pressure AELIDQF THE INVENTION: hanger. [ 0003] Heat exchanger in-tube
fouling costs pet rol eum refineries hundreds of

[0001] This invention relates to heat exchangers used in refineries and
petrochemical plants. In particular, this invention relates to mitigation of fouling

in heat exchangers.
DISCUSSION OF RELATED ART

[0002] Fouling is generally defined as the accumulation of unwanted
materials on the surfaces of processing equipment. In petroleum processing,
fouling is the accumulation of unwanted hydrocarbons-based deposits on heat
exchanger surfaces. It has been recognized as a nearly universal problem in
design and operation of refining and petrochemical processing systems, and
affects the operation of equipment in two ways. First, the fouling layer has a
low thermal conductivity. This increases the resistance to heat transfer and
reduces the effectiveness of the heat exchangers — thus increasing temperature in
the system. Second, as deposition occurs, the cross-sectional area is reduced,
which causes an increase in pressure drop across the apparatus and creates

inefficient pressure and flow in the heat exchanger.

[0003] Heat exchanger in-tube fouling costs petroleum refineries hundreds of
millions of dollars each year due to lost efficiencies, throughput, and additional
energy consumption. With the increased cost of energy, heat exchanger fouling
has a greater impact on process profitability. Petroleum refineries and
petrochemical plants also suffer high operating costs due to cleaning required as

a result of fouling that occurs during thermal processing of whole crude oils,



mllions of dollars each year due to | ost efficiencies, throughput, and
addi tional energy consunption. Wth the increased cost of energy, heat
exchangerwbawdi13geoRas a greater inpact on process profi tabiuscaogo118es r ol eum
refineries and petrochem cal plants also suffer high operating costs due to
cleaning required as a result of fouling that occurs during thermnal
processi ng of whole crude oils, - 2 - blends and fractions in heat
transfer equipment. Wiile many types of-2efinery equi pnent are affected by
fouling, cost estimtes have shown that the majority of profit |osses occur
due to the fouling of whole crude oils and blends in preheat train
exchanger i 4 S Lt i type
ctroans cAsECant R ol Her St BB SRR nd ke L FPGHY
reacti ons,equipment are affepiedi by dbulims alosblestinmatey hatesshand tHapri inafdrity
materials made jnsoluble by the tenperature difference between the fluid
and heat XCPrRSdoRiss| occugestionbeoouling o reoleRiHe pisand geds B Prarpi d
fouling, i Paaid EX it eE? the formati on of coke that occurs when crude oil
asphal t enes are overexposed to heater tube surface tenperatures. The

i quids on the other side of the exchanger are nuch hotter than the whole
crude oils and result in relatively high surface or skin tenperatures. The
asphal t end80@4Hn prEewling ip hapi srchargess |asspriatednhwiith petrelease typr sygamsces.
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to coke. Tdoerosidis; depesitaftinsdlabRmarsialsitand dupdsitofmesReiak mhée inyolitsiat
transfer efficiency |osses in the heat exchanger by preventi nglét he surface

f r om heat id¥gtheriempieratpees differenes bemyreentihe fluid angheatexehanggavaldf i nery to
nore profitable levels, the foul ed heat exchangers need to be cl eaned,
which typically requires renoval from service, as di scussed bel ow.
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| oss of heat exchange efficiency. )
skin temperatures. The asphaltenes can precipitate from the oil and adhere to
these hot surfaces. Prolonged exposure to such surface temperatures, especially
in the late-train exchanger, allows for the thermal degradation of the asphaltenes
to coke. The coke then acts as an insulator and is responsible for heat transfer
efficiency losses in the heat exchanger by preventing the surface from heating
tﬁe oil passing through the unit. To return the refinery to more profitable levels,
the fouled heat exchangers need to be cleaned, which typically requires removal

from service, as discussed below.

[0006] Heat exchanger fouling forces refineries to frequently employ costly
shutdowns for the cleaning process. Currently, most refineries practice off-line
cleaning of heat exchanger tube bundles by bringing the heat exchanger out of
service to perform chemical or mechanical cleaning. The cleaning can be based
on scheduled time or usage or on actual monitored fouling conditions. Such

conditions can be determined by evaluating the loss of heat exchange efficiency.



- 3 - However, off-line cleaning interrupts service. This can be

particul arly burdensone for small refineries because there will be periods
of non- prwdwret71Br698[ 0007] M tigating or possibly elim narcmgistaaloirsgs of heat
exchangers can result in huge cost savings in energy reduction al one.
Reduction in fouling | eads to energy savings, higher capacity, reduction in
mai nt enance, | ower cleaning expenses, and an inprovenent in overall

avai lability of the equi pnent. [0008] Att3enpts have been nade to use

vi brational forces to reduce fouling. U S. Patent No. 3,183,967 to

Mettenl eiter discloses a heat exchanger, having a plurality of heating
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resilient nmounting assenbly however and could not be easily adapted to an

exi sting heat exchanger. U. S. Patent No. 5,873,408 to Bellet et dl. also
uses Vi br gt by di.I.ect i nkimg. a gechani ¢ | br r.t duct in a
heat exchzhg@a. Ag’giu‘{%,ggtﬁ‘}*ﬁls“sgé%%‘%?/ r Sgﬁﬁl?ggs}{%?glﬁl\éﬁg a(?t} ggﬁt %6%‘1%‘?&5 §8%enb y
for the ingdsut thBlgeubétSsavings incder£) ebditgion 416a¢é. RedudtitRtin Foulshi teddse for
an existing system [0009]Thus, there is a_need to_devel op nethods for

reduci ng itA-¢NaAsBY faINgsy higher capacp), yreduetion dnyinainteranae, dgwer ileaning .

There is t L. imn f | . I, e _t he heat exchanger
equi pnent aelxg‘égge_sr %gahfﬁﬁrgv?ﬂs}eg{ 'sng()) ‘éea}%glptv ?ié% li'?y \Ié\?,ggbe ¢ U'BBEFPZ'SS fouling in
pre-heat train exchangers in a refinery. BRI EF SUMWARY OF THE | NVENTI ON

100101Aspects of enmbodi ments of the invention relate to providi ng a device
[0008) Attempts have been made to use vibrational forces to reduce fouling.

U.S. Patent No. 3,183,967 to Mettenleiter discloses a heat exchanger, having a
plurality of heating tubes, which is resiliently or flexibly mounted and vibrated
to repel solids accumulating on the heat exchanger surfaces to prevent the solids
from settling and forming a scale. This assembly requires a specialized resilient
mounting assembly however and could not be easily adapted to an existing heat
exchanger. U.S. Patent No. 5,873,408 to Bellet et al. also uses vibration by
directly linking a mechanical vibrator to a duct in a heat exchanger. Again, this
system requires a specialized mounting assembly for the individual ducts in a

heat exchanger that would not be suitable for an existing system.

[0009) Thus, there is a need to develop methods for reducing in-tube fouling,
particularly for use with existing equipment. There is a need to mitigate or
eliminate fouling while the heat exchanger equipment is on-line. There is also a

particular need to address fouling in pre-heat train exchangers in a refinery. .
BRIEF SUMMARY OF THE INVENTION
[0010] Aspects of embodiments of the invention relate to providing a device

for generating vibrational energy that produces shear waves in fluid adjacent a

heat exchange surface to mitigate fouling of the surface.



for generating vibrational energy that produces shear waves in fluid

adj acent a heat exchange surface to mtigate fouling of the surface. -4-
100111 Amwohes7/a@egect of enbodi nents of the invention recatsgowoipeovi di ng
a device that can be added and used in an existing heat exchanger while in
operation. 100121An additional aspect of enbodi nents of the invention
relates to providing a device that can be controlled to inpart an opti mal
anount of vibrational energy while maintgai ning the structural integrity of
a system [0013]This invention is directed to a device for generating
energy to induce vibration into a heat exchange systemto mtigate fouling,

conprisin ase | i | cl:..S ; i .ed to a
neat exchdffLl™®3 ARGl aRReGbs AL As B fhe VEnIRTFrIRS 8 1BV o
mount ed ondeivise $ivdti 0an | nddded Uanbrised i afit exdibting PRstt éxuiRdged jvasigatint 0
the inpactor that selectively actuates the inpactor to nove with respect to
t he i npactopstati@ite, wherein the inpactor generates vibrational energy over
a range of frequencies that is transferred through the base to the heat
exchanger. [0014]In a preferred enbodi ment the inpactor is a steel ball,

t Ihe spri nqoblt?@dEd AHPR&dikional Aspesti bf aithboditherds Coft iife aaVEMIGH refatéd to
el ectromagnet .
%roviding a device that can be controlled to impart an optimal amount of

vibrational energy while maintaining the structural integrity of a system.

[0013] This invention is directed to a device for generating energy to induce
vibration into a heat exchange system to mitigate fouling, comprising a base
including an impact surface, the base being mounted to a heat exchanger, a
spring loaded support mounted to the base, an impactor mounted on the spring
loaded support, an actuator positioned adjacent to the impactor that selectively
actuates the impactor to move with respect to the impact surface, wherein the
impactor generates vibrational energy over a range of frequencies that is

transferred through the base to the heat exchanger.

[0014) In a preferred embodiment the impactor is a steel ball, the spring

loaded support is a resilient rod, and the actuator is an electromagnet.

[0015] A controller is connected to the actuator that controls the impactor to
move based on a predetermined pattern to generate vibrations at a certain
frequency. A sensor is coupled to the heat exchanger and connected to the

controller to provide feedback relating to the vibrations induced by the impactor.

[0016] The device can be provided in combination with a heat exchanger,
wherein the base is structurally connected to heat exchanger. The heat
exchanger preferably includes a plurality of tubes that carry fluid for heat
exchange. The vibrational energy generated from the impactor is imparted to the

fluid carried by the tubes. The heat exchanger can be in situ in a refinery.



[ 0015] A controller is connected to the actuator that controls the inpactor
to nove based on a predeterm ned pattern to generate vibrations at a

certai n fwequemisye9sA sensor i s coupled to the heat exchaogarse@ndisesnnect ed
to the controller to provide feedback relating to the vibrations induced by
the inpactor. [0016] The device can be provided in conbination with a heat
exchanger, wherein the base is structurally connected to heat exchanger.
The heat exchanger preferably includes_gplurality of tubes that carry
fluid for heat exchange. The vibrational energy generated fromthe inpactor
is inparted to the fluid carried by the tubes. The heat exchanger can be in
situin arefinery. - 5 - [0017] The invention is also directed to a kit
for retrofitting a heat exchanger in a refinery with a fouling mtigation
system wheog7)t he TRainvnEA e Y sdafre@cl 96 16X FOPRUD DL A0 CRERST O
fluid flow The kit conprises a device for generating enérgy to induce

vi brat i on inra réftndrpavithye feuling mitigatide siystem, nwhergetheah¢at wxchianperahas apact

surf ace, Spri | oaded. suppor t uni e ot base, an i nmpactor. nount ed
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surface. nounting device fornms a structural connection between the device

for gener dn¢lndesadragg withl anhimpaxdtsuefachaagpringAoaded soppent meumtedrteched t o

t he actuator that. sel‘gcti vel rives the act atdor in accor dgnce wth a
pr edet er m7e% £PeHOBAEHT t'BOBéW &le ﬁPQf‘gor%ﬂ edn SHRRPTEy @ndaaR 3ffuater
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produci ng shear wavées in the uird flow. [0018] These and ot her "aspects of
t he i nventstrike whe limpact surfappar Anmavntingt dieigei fornsna wstotdtaral vdoninettien

geRZ\a}\; ll\lgg %%?\%ci:rp Heoéjev?géj £&5 é’e%%gg’tgngd Er?é’%@%%d tEeR lhltE:Et e%(Ec %ﬁlgg'r | g\l co?l:trélirg is
connected to the actuator that selectively drives the actuator in accordance with a
predetermined frequency to generate vibrational energy over a range of
frequencies that is transferred through the base to the heat exchanger for

producing shear waves in the fluid flow.

[0018] These and other aspects of the invention will become apparent when

taken in conjunction with the detailed description and appended drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

[0019] The invention will now be described in conjunction with the

accompanying drawings in which:

[0020] FIG. 1 is a side view of the device for generating vibrational energy

in a first position in accordance with this invention;

[0021] FIG. 2 is a side view of the device of FIG. 1 in a second position;



[ 0019] The invention will now be described in conjunction with the
acconpanyi ng drawi ngs in which: [0020]FIG 1 is a side view of the device
for generwODi2ngy/M36d98at i onal energy in a first position i RCaasesodantses wit h
this invention; -6- 100221 FIG 3 is a side schematic view of a heat
exchanger with the mechanically induced vibration systeml|ocated at the

t ube-sheet flange and positioned axially with respect to the tube bundl e;
[0023]FIG 4 is a side schematic view Qfg.a heat exchanger with the

mechani cal Iy induced vibration system | ocated at the tube-sheet flange and
positioned transversely with respect to the tube bundle; [0024]FIG 5 is a

si de scherfghify Vi oM@l 0088 ARk Vi&W ! BF a heat exchanger with the
mechanically induced vibration system located at the tube-sheet flange and

posiﬁoned axially with respect to the tube bundle;

[0023] FIG. 4 is a.side schematic view of a heat exchanger with the
mechanically induced vibration system located at the tube-sheet flange and

positioned transversely with respect to the tube bundle;

[0024] FIG. 5 is a side schematic view of a heat exchanger with the
mechanically induced vibration system located remotely with respect to the tube-

sheet flange;

[0025] FIG. 6 is a schematic drawing of the inside of a tube showing axial
wall vibration;
[0026] FIG. 7 is a schematic drawing of the inside of a tube showing

tangential or torsional wall vibration;

[0027] FIG. 8 is a schematic drawing showing lift, drag and shear forces

inside a vibrating tube;
[0028] FIG. 9 is a side perspective view of a shell-tube heat exchanger; and,

[0029] " FIG. 10 is a side view of a shell-tube heat exchanger with a

mechanically induced vibration system in accordance with this invention.

[0030] In the drawings, like reference numerals indicate corresponding parts

in the different figures.



mechani cal Iy induced vibration systemlocated renotely with respect to the
t ube-sheet flange; [0025]FIG 6 is a schematic drawing of the inside of a
t ube showvogoenxizedoswal | vi bration; [0026]FIG 7 is a sclrematsea7onmses ng of
the inside of a tube showi ng tangential or torsional wall vibration;
[0027]FIG 8 is a schematic drawing showing lift, drag and shear forces

i nside a vibrating tube; [0028]FIG 9 is a side perspective view of a

shel | -tube heat exchanger; and, 100291FEkG 10 is a side view of a

shel | -tube heat exchanger with a nmechanically induced vibration systemin
accordance with this invention. [0030]In the drawi ngs, |ike reference
nuneral s i ndi cate correspondi ng parts

DETAILED DESCRIPTION OF PREFERRED EMBODIMENTS

[0031) This invention is directed to a device for mitigating fouling in heat
exchangers, in general. In a preferred use, the device is applied to heat
exchangers used in refining processes, such as in refineries or petrochemical
processing plants. Such processing generally involves whole crude oils, blends
and fractions, which will be referred to collectively herein merely as crude oils
for purposes of simplicity. The invention is particularly suited for retrofitting
existing plénts so that the process may be used in existing heat exchangers,
especially while the heat exchanger is on line and in use. Of course, it is
possible to apply the invention to other processing facilities and heat exchangers,
particularly those that are susceptible to fouling in a similar manner as
experienced during refining processes and are inconvenient to take off line for

repair and cleaning.

[0032] While this invention can be used in existing systems, it is also
possible to initially manufacture a heat exchanger with the vibration inducing

device described herein in new installations.

[0033) Heat exchange with crude oil involves two important fouling
mechanisms: chemical reaction and the deposition of insoluble materials. In.
both instances, the reduction of the viscous sub-layer (or boundary layer) close
to the wall can mitigate the fouling rate. This concept is applied in the process

according to this invention.

[0034] In the case of chemical reaction, the high temperature at the surface
of the heat transfer wall activates the molecules to form precursors for the
fouling residue. If these precursors are not swept out of the relatively stagnant

wall region, they will associate together and deposit on the wall. A reduction of



in the different figures. WD 2007/ 136698PCT/1JS2007/011828 - 7 - DETAI LED
DESCRI PTI ON OF PREFERRED EMBODI MENTS [0031] This invention is directed to a
devi ce fowormnaiigedssng foul ing in heat exchangers, in geRreraiS2007/011828
preferred use, the device is applied to heat exchangers used in refining
processes, such as in refineries or petrochem cal processing plants. Such
processi ng generally involves whole crude oils, blends and fractions, which
will be referred to collectively hereingerely as crude oils for purposes
of sinplicity. The invention is particularly suited for retrofitting

exi sting plants so that the process nmay be used in existing heat
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fouling in a simlar manner as experienced during refining processes and

ar e i nconveay ¢émprevent aidbersnicelis te disupt theafilm dayeratdhaisngface 003eduite the t hi s
i nvention can be uysed i Xisting systens, it is also possjble to,injtially
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two i nportant fouling nmechanisns: chem cal reaction and the deposition of

i nsol ubl e films dayieal s. I n both instances, the reduction of the viscous

sub-1layer (or boundary | ayer) close to the wall can mtigate the fouling
rate. This concept is applied in the process according to this invention.

[0035] In the case of the deposition of insoluble materials, a reduction in the
boundary layer will increase the shear near the wall. By this, a greater force is
exerted on the insoluble particles near the wall to overcome the particles’
attractive forces to the wall. In accordance with the invention, vibration of the
wall in a direction perpendicular to the radius of the tube will produce shear
waves that propagate from the wall into the fluid. This will reduce the

probability of deposition and incorporation into the fouling residue.

[0036) Referring to the drawings, FIG. 9 shows a conventional shell-tube
type heat exchahger in which a bundle 12 of individual tubes 14 are supported
by at least one tube sheet flange 16. The bundle 12 is retained within a shell 18,
seen in FIG. 10, that has an inlet and outlet (not shown) so that one fluid flows
inside of the tubes while another fluid is forced through the shell and over the
outside of the tubes to effect a heat exchange, as is known. As described above
in the background section, the wall surfaces of the tubes, including both inside
and outside surfaces, are susceptible to fouling or the accumulation of unwanted

hydrocarbon based deposits.

[0037] It will be recognized by those of ordinary skill in the heat exchanger
art that while a shell-tube exchanger is described herein as an exemplary
embodiment, the invention can be applied to any heat exchanger surface in
various types of known heat exchanger devices. Accordingly, the invention

should not be limited to shell-type exchangers.



[0034] In the case of chem cal reaction, the high tenperature at the surface
of the heat transfer wall activates the nolecules to formprecursors for

t he foul iwQ 20ewi3dise. | f these precursors are not swept @atu/uskoozioe1s2s
relatively stagnant wall region, they will associate together and deposit
on the wall. A reduction of - 8 - the boundary layer will reduce the

t hi ckness of the stagnant region and hence reduce the anmount of precursors
available to forma fouling residue. Sog.one way to prevent adherence is to
disrupt the filmlayer at the surface to reduce the exposure tinme at the
hi gh surface tenperature. In accordance with this invention, the process

i ncludes vibrating the wall to cause a disruption in the filmlayer.
1003511 n the case of the deposition of insoluble materials, a reduction in
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i ncorporation’into the fouling residue. 10036)Referring to the draw ngs,
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also be formed as a seismic mass. The mounting device could also function as a

mechanical amplifier for the dynamic actuator device 10 if necessary.

[0039] A controller 22 is preferably in communication with the dynamic
actuator device 10 to control the forces applied to the heat exchanger. A sensor
24 céupled to the heat exchange; can be provided in. communication with the
controller 22 to provide feedback for measuring vibration and providing data to
the controller 22 to adjust the frequency and amplitude output of the dynamic
actuator device 10 to achieve shear waves in the fluid adjacent the tubes to
mitigate fouling while minimizing any negative effect of the applied force on the

structure integrity.

[0040] The controller 22 can be any known type of processor, including an
electrical microprocessor, disposed at the location or remotely, to generate a
signal to drive the dynamic actuator device 10 with any necessary amplification.
The controllef 22 can include a signal generator, signal filters and amplifiers,

and digital signal processing units.



[0037] 1t will be recognized by those of ordinary skill in the heat
exchanger art that while a shell-tube exchanger is described herein as an
exenpl ar ywerzhandisn@at , t he i nvention can be applied to amgThsato7exsh@anger
surface in various types of known heat exchanger devices. Accordingly, the
I nvention should not be [imted to shell-type exchangers. - 9 - [0038)FIG
10 shows a preferred enbodi nent of the invention in which a dynamc
actuator device 10, in accordance with_ffe invention, is added to the heat
exchanger. The dynam c actuator device 10 is a device for generating energy
to induce vibration into a heat exchange systen1 In this case, the dynam c

act uat or i 03|t|on the fl t he, exch er to
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i ncl udi ng- Ans@bEGnd 8l sprifg ABEEEFTBQI34 dhi MRS &y 9sttr6d§terés‘?ﬁé‘ﬁt' 8F fRxible
remotely, to geherate a signal to drive the dynam c actuator device 10 with

any necessaatprlahpituch catmcml orhelasm;tﬂxat vesid 1 mpllm’h the dialld 82 ains agyrupright

gener ator ., ¢1,802l of 11 9Re B (3 TRNVE bben T 2ieS LAY b 9eSS! N0

[0043) The base 26 also includes an impact surface 36 that is disposed
adjacent to the impactor 30 and is made of any hard material, for example a steel
block. The impact surface 36 can be a portion of the base 26 and integral with
the support 28, it can be connected to the support 28, or it can be proximate to
the base 26. It is important that the impact surface 36 be connected to structure
that can directly transfer vibrations to the heat exchanger structure. To
effectively transfer vibrations it is preferred that the structure is fixed in place. It
is also possible to use an existing surface on the heat exchanger that can transfer

vibrations to the tubes.

[0044) An actuator 38 is supported by the base 26 or can be disposed
proximate to the base 26 adjacent to the impactor 30 so as to cause the impactor
30 to move with respect to the impact surface 36. The actuator 38 can be any
mechanism that causes the impactor to move, especially to cause the ball 32 to

move toward and away from the impact surface 36. In a preferred embodiment,



- 10 - [0041] The dynam c actuator device 10 is designed to induce tube
vibration while maintaining structural integrity of the heat exchanger. If
desi red, w0 2007i3y698f dynami ¢ actuators 10 can be spati alPcy/use@rniises ed t o
generate the desired dynam c signal to achieve an optinmal vibrationa
frequency. [0042]FIGs. 1 and 2 show the details of the dynam c actuator
device 10 in accordance with a preferred enbodi nent of this invention. The
dynam ¢ actuator device 10 includes a bpse 26 that has a support 28 and an
i npactor 30 that is nounted to the support 28. The inpactor 30 in this
enbodi ment is a ball 32 carried on a spring |oaded rod 34. The ball 32 can

any” ot r onds BEREIITYS P4 PleEoRhdtfie oty ol chiL A SonRRNERR Por B le s,

wi || suppaerdoritfstidpatith a4nilse géndtptorght manner, yet allow the ball to nove
bet ween positions, as described bel ow. [0043] The base 26 al so includes an

| npact surface 36 that is di sposed adj acent to the inpactor 30 and is made

be o por ¢ 1095 1 1 egeraBly, GETER TG ot e Y narhi spfRFSL gecp“f 78"

connect ed tbﬁné@eassupmﬁt with thé inipactst DO, ImPactBuEfate 3 andaacudfor B8 is
I nportant that the i act surface 36 be connected to structure that can

directly ﬁuan@tfted togel alttQ)RHOWOCQSNemh@éI@tIQRcﬂﬁvhgﬁkl%ﬂtrmnéO anoexisting

o oF aoe. eat ERORREr | BY Wi Wie devics RDSAHL bE SimBfl akiEndd ty'he'desyda ' ¥

exchanger sSr&‘t@in %%Bhtzfsadlsﬁélll-u\ﬂbé)hééﬂ Ofthahget, 16 nhiﬁﬁﬁvxl{rﬁﬁéﬂdlpéh g%lﬂattﬂé 38
i s supported by t he base 26 or can be disposed proximate to the base 26

adj acent ®¥S®Ae i npactor 30 so as to cause the inpactor 30 to nove with
respect to the inpact surface 36. The actuator 38 can be any nmechani smt hat
causes the inpactor to nove, especially to cause the ball 32 to nove toward

and away fegye)t he Inropeiticnthe @8tudbor 38 réaftisahe iifpAcRIFBin® first zpdsh'ﬁ-‘on
actuator 38 is an el ectromagnet that is driven by a controller for

exanpl e aspagad fome theiimpast surfaee gbnasasesn. in FIG. 1. The actuator 38 then
selectively causes the impactor 30 to move toward the impact surface 36, thus

striking the impact surface 36 and imparting vibration through the base 26 to the
structural support of the heat exchanger. This is seen in FIG. 2 where the

impactor 30 is in a second position.

[0047] In the preferred embodiment, the electromagnet 38 is charged and
attracts the steel ball 32, as seen in FIG. 1. The spring loaded rod 34 is flexed
and stores mechanical energy. The pulse generator of the controller 22 charges
the electromagnet 38 in accordance with a predetermined frequency. On the off
cycle of the electromagnet 38, the ball 32 is released and the stored mechanical
energy in the rod 34 causes the ball 32 to swing toward and strike the impact
surface 36, as seen in FIG. 2. The force of the strike induces a pulse into the
block of the impact surface 36 that transfers to the base 26, through the flange 16
and ultimately to the tubes 14 of the heat exchanger.

[0048] Of course, any device capable of creating vibrational energy may be
used. For example, instead of a ball, the impactor could be formed as a hammer.

The rod could be replaced with another type of movable support, such as a lever,



[ 0045] Preferably, the conponents of the dynam c actuator device 10 are
formed as a unit, with the inpactor 30, inpact surface 36 and actuator 38
support edwbagetr13es9st o al | ow easy installation and effi cipemusec@roofseg t o an
exi sting heat exchanger. By this, the device 10 can be sinply attached to
the desired system such as a shell-tube heat exchanger, to inpart

vi brational energy to the system [0046]1n operation, the actuator 38
retains the inpactor 30 in a first positi2en spaced fromthe inpact surface
36, as seen in FIG 1. The actuator 38 then selectively causes the inpactor
30 to nove toward the inpact surface 36, thus striking the inpact surface

36 and i mgy, g rt of
t he heat exc{?gnger ;9 ﬁﬁ%ésp?rsws}éfe}ﬁggﬁbgﬁa a@?ﬁ?\ﬁ e&%sﬁme%gg&ﬂ#é g%ol S ?‘ﬁ a
second posoff therimgactot Ayl otltehm@mftham ad edediosthagimit, sﬁdiﬁasaheﬁimbimgmetA% is

charged and . attracts the ste bal 32, as seen in FIG 1. The spring
| oaded rods%wtbses mqtek&ana'?f‘dech >fn95wemhceH@r%vvermadp%rsBS@@n&aator

of the co e tr C
pr edet er m W%r#réenq(ﬁé%c%ém %?lsafn#e% 0 etp(?yc ?ﬁé oen%gﬁéétewﬁ%e bal |
32 is rel earegly.and the stored nechani cal energy |n the rod 34 causes the

ball 32 to swng toward and stri ke the inpact surface 36, as seen in FIG
2. The force of the strike induces a pulse into the bl ock of the irrpact

surface 3 t tr f t h r

ul timat el 3@% he ?ﬁ%e@lﬁ fg?ﬁ]t %é) ﬁf;)ta%gy){c gng@?’%i%oiéﬁ%i : ourse any
devi ce capdbtationfinaheaystegn whehahe dyahmed actaitsradeviiee US @simdunteEwathnthe,
instead of a ball, the inpactor, could be forned as a hamrer. The rod could

be repl acsgidh amilyn@rlepgﬁs’e“ﬁth kesPsst &0 $he st exshangersas sheway by the1p
mounting arrangement on flange 16 in FIGs. 1 and 2. Alternatively, vibration

may be induced in a transverse mode by mounting the base 26 perpendicular to
the hcat exchanger tubes as shown by the mounting arrangement on flange 16A
in FIGs. 1 and 2. A combination of the above mounting arrangements can also

be used.

[0050] The controller 22 will preferably be connected to the sensor 24 to
monitor the induced vibrations and control the frequency of the impacts and
resultant vibrations to optimize shear waves adjacent to the heat exchange
surfaces, in this case the tubes 14, while maintaining structural integrity of the

system, as explained below.

[0051] The dynamic actuator device 10 may be placed at various locations
on or near the heat exchanger as long as there is a mechanical link to the tubes
14. The flange 16 provides a direct mechanical link to the tubes 14. The rim of
the flange 16 is a suitable location for connecting the dynamic actuator devi‘ce
10. Other support structures coupled to the flange 16 would also be
mechanically linked to the tubes. For example, the header supporting the heat
exchanger would also be a suitable location for the dynamic actuator device 10.
Vibrations can be transferred through various structures in the system so the

actuator does not need to be directly connected to the flange 16.



swing arm plunger or rotating support. It is also possible to actuate
novenment of the inpactor by other neans than an el ectromagnet, such as a
smal | notwo.208/B86698abl e notor can be electrically or pneamats@alolys2g&lri ven
and can use a gear system and/or cam arrangenent to cause novenent that
creates vibrational energy. [0049] The pul se fromthe inpactor 30 induces a
| ongi tudi nal node of wvibration in the system when the dynam c act uat or
device 10 is nounted with the base 26 axz3ally oriented with respect to the
heat exchanger as shown by the nounting arrangenent on flange 16 in FIGs. 1
and 2. Alternatively, vibration may be induced in a transverse node by
nounti ng the base 26 perpendicular to the hcat exchanger tubes as shown by
the nounting arrangenent on flange 16A in FIGs. 1 and 2. A conbination of
the above [00§2]t i NgASréxplgiaed it veaandsé¢h Beherhaticallyd(® BIT X oONthHokbee 22
wi Il preferably be connected to the sensor 24 to nonitor the induced

vi br at i onapphigddontheodynamia actyatondevige 10 canheaetienteddnrasigusadirections

vi brati ons tim.ze ear waves agj acent,to.the heat e ange surfaces,
't hi o R RSt sB ot i 1R RS aiebRE NPing Bt el TRICIaR TP aBhe
system asx@apiorce el dpplied. dikel {ol e dangel K6 a€ithaeat dRVhA&fEet0 FRY. he
pl aced at various |ocations on or near the heat exchanger as lTong as there

i's a mechahovgl a| marsyerse horeeibEsappliedridirectlynge the flange dbe ef dhe cheat
mechani cal__link to tub 14, The.rimof 4he flange 16 is a i tgble
ocati on F3EMANRITEC 18y 1 RECUFnadelatk e, R dpried 85 " dridpuistiter
st ruct ur esopfedteddottie tittgl! PNBE tHOh¥aUddhahger. PAINGE iirnAk@ld FpplidaiRest O

the tubes. For exanple, the header supporting the heat exchanger would al so
be a suit & oncecuoudd borsuitabledandnivouldt ¢ dibradensidn thebtubésorist. can

be t f dth i t i t.h t t t.uat
does ot naatnlt SHRe S95ePH BpRlicatieny B s PPuRBe SEhESNEd o Fginfus] o
expl ai ned thd Quachiid] HaepritC BETRE Heat kXchahder ChartituParly ke boha@k 12PPTHhed by

the dynam ¢ actuator device 10 can be oriented in various directions with
respect t doragecauld be appligd continnewslyiorrintepmittentint i on. FI G 3 shows an
axial force A applied directly to the flange 16 of the heat exchanger. FIG
4 shows a transversé force T applied directly to the flange 16 of the heat

exchanger [0033F 5 Rhe® aboveBpSlidations R ABbidAfct OwithS tHil CinvealiolE TRET
connected to the flange 16 of the heat exchanger. Al of the above

appl i cat i eaBiationf of aedynamni¢ force greates cubewalbuibration ¢ eand bomxespomsling) t he

s . SRR DRI I B R SRl 6 ERE HE an
Pﬁ[ ; Ir % ult ?mﬁ ;nﬁabuﬂ Fhedd?will HRdu&Y 6&cifgtihgl shearRRVES S FANH! HUAP AL Yuld
wall, ‘but the shear waves will dampen out very quickly from the wall into the
fluid creating a very thin acoustic boundary layer and a very high dynamic shear
stress near the wall. The dampened shear waves disrupt the relative quiescent
fluid boundary layer in contact with the inside tube surface, thus preventing or
reducing fouling precursors from settling down and subsequently growing and

fouling.

[0054) The inventors have detérmined through experimentation that
mechanical vibration in accordance with this inventive concept will considerably
reduce the extent of fouling. With proper vibration frequencies, the thickness of
the oscillating fluid can be made sufficiently small so that the fluid within the
sub-laminar boundary layer, otherwise stagnant without shear waves, will be

forced to move relative to the wall surface. The concept is shown in FIG. 8.



(0053]I'n the above applications in accordance with this invention, the
actuation of a dynamc force creates tube wall vibration V and
correspomaiDrngoize@s waves SWin the fluid adjacent the watitsoE91meENn i N
FIGs. 6 and 7. Certain tube vibration nodes will induce oscillating shear
waves of fluid near the tube wall, but the shear waves wi || danpen out very
quickly fromthe wall into the fluid creating a very thin acoustic boundary
| ayer and a very high dynam c shear stre¢gs near the wall. The danpened
shear waves disrupt the relative quiescent fluid boundary | ayer in contact
with the inside tube surface, thus preventing or reducing fouling

pr ecur sor Y subseguent,| W and, f pul i nq.

[ 0054] The%%%ag%%?%s al“?/g"egg}tlﬁe}?ﬁ‘lg%% xt%f:ltr ?Jg dlé%ﬁ)ﬁ ?‘H% ' H%Fr f‘ﬁg?s ﬁﬂc‘ﬁ’gni cal
vi bration precasesy eafataid particiisSini theeiidy eTROagEdhicitdg £R06 INRESH the
reduce the extent of fouling. Wth proper vibration frequencies, the

t hi ckness Rirtieles in seotiomrelative teithe wal, peevientingshemi frpaneontagting theswallhat

e o vl s e P ok SRR B Bl s IR R A Rt o
concept i snetbssary iconfition for foulig to tHAeplaceaVAStheWaRRAtinid) Ehe Yilling faRet
both drag D and lifting L forces on the precursors or foulant par%lcles in

the flui d.L vausesythenpartinlesyte aneee pwayefom ke peall isutfase iandninto dhermilkt i ve

to the wald ... .pr.eventd ng the rom contacting the L1 _an hus_reduci ng the
pr obabi | i uigh er_e;S’é{Fﬁch%'gfci‘? cohgetiration figar F, Wal andurthes iniipiaing )
condi tion tﬁ@ffmfulfm% teidlenBy ! FHop apaticle dikeddiCadiniEd td > whiletld {Hdapevdvesce L
causes the particles to nove away fromthe wall surface and into the bul k

fluid, thadseexertiarfiepnforceSeondhe particle earingdt offhizomathe wall if the shear

mnimzin e. fouling tend . JFor a rti.cle ready adhered ta the
wal |, t heqﬂ(s)'[ﬁcg:a‘rs S\%é)\?gs%ﬁusggl : ggg%tm]grgwe S ?%4’3%55 athWetsgléabgvratvpé I“.é',ih’f’é'gfi ng
it off frepunbary\idyeri fakédeh&hiemoré @TERtive int fﬁﬂﬂirﬁ%‘%ﬁlﬂi‘ng thén thO &igRt
unst eadi ness of the shear waves within the boundar ayer nakes thenTnore

ef f ect i ve velpgitaefdestpfrtaik iflayv+ Ahe adheranicglstresgrot § pafticde to tic tablekwall ow.

The adh t haQf icle to,the tub |1 i ati.
f 1 ow woul dian SelEIioBly BB bk ThskParads mhen Bresitin SR ™) ou
Thus, t he diteetiohfibveS ok, Gle clb@fihg \6Efees of Shdiratdvesas heaily \efective.

[ 0055] Sel ection of the precise frequency wll of course be dependent on the
desi gn of the heat exchanger and type of dynam c actuator enpl oyed.

However , tio | b sed on determ ni n opti.num frequency, t hat
i mparts ei@‘%ﬁéﬁ en§e3%/étlodl §¥ g%eﬂrtecffﬁi ‘?8%’“8?{ Yﬂgofﬁﬁ'é S&ed @Wﬁ"%gnﬁﬁ?ﬂ%{h? ng
damage t o debignhsfahe teahar@fingeAtha -tyﬂ)é'Sﬁhzﬁami@ﬁctdht'dfid?ﬂplb&@g.ume\‘/@rl | be
different fromthe natural frequency of the heat exchanger part as matching

the drivi sglecHequeitba based oredleterminingi@nopptimunefreqeencyn thateimpanisinage

to the he nger. parts.. An, accept.ab range .af driving,frequency woul d
be about 2000 <R isolRELSy AN RIS bt SR Syl i ganbdt 86 oo
Hz, whi | ehawoexkiiaagthpaftes ddealy, fHeCateimey requénty WeR ibeCdiTfEteleidhi Wd ur e.

[ 005611t is advantageous to use high frequency vibration for fouling

mi ti gat i onaBeakirsguenoy of the heateexchangehpawdlas mawhing the deiving Slequéd)y t her e
is a high

to the resident mode of the device can create damage to the heat exchanger parts.
An acceptable range of driving frequency would be about 200 Hz to about 5,000
Hz, more preferably about 500 Hz to 1,000 Hz, while avoiding the resonance

frequency of the heat exchange structure.

[0056] It is advantageous to use high frequency vibration for fouling
mitigation because (1) it creates a high wall shear stress level, (2) there is a high

density of vibration modes for easy tuning of resonance conditions, (3) there is



density of vibration nodes for easy tuning of resonance conditions, (3)
there is - 15 - | ow displacenent of tube vibration to maintain the

st ruct ur avoizna7eigsdosy of the heat exchanger, and (4) thePeTits2@7/001828

of fensi ve noi se | evel. [0057] Sel ection of the precise nounting |ocation,
di rection, and nunber of the dynam c actuators 10 and control of the
frequency of the anplitude of the actuator output is based on inducing
enough tube vibration to cause sufficienps_-shear notion of the fluid near
the tube wall to reduce fouling, while keeping the displacenent of the
transverse tube vibration smal | to avoid potential tube danage. Obvi ousl y,

the additi,on of C t vice an be ac hed .b
coupting t Y QisoeERTeR o6 YkRGon B ntantin L stA%crE LRy B i peat
control ofexchangym)aftl (4 ptHedeii IGRBIGsHPRbisE shedhi | € the exchanger is in
place and on line. Since the tube-sheet flange is usually accessible,

vi bration actuators can be installed while the heat exchanger is in

servi ce. ng ¢ re ed wi.t hout di i t he hegat exchanger
changt ng (HESTH ow SPiepfiah FRE Grhise Shutiig Incaliin AiesiPhy SHERRHERF ol
nodi fi cat itgedysAmiteadt@atrd MO tdMI ESmestt bpm@ﬁquéﬁéy B?Qh@%hﬂil&udérlﬁ‘ theny

di fferent enbodi nents of the device and nethod can "be made whil e renai ni ng

W t hi n t heactysitor output Lscbqsedcﬁn induding enough tabe ddbratieah tm causs slhﬁ‘ncmmt

wi t hout departing. from,su ri d scape i nt end hat.

mat tor - contanaptian bt vt she 0 BARRG xeoboh Tobihe WEe keBbintubed as
i Il ust rat 'diﬁ)lﬁé’éxﬁeﬁﬂ%fnﬁie trAndvers& tubBOvibeaEéh smallGo- atbidt B@tennan tube

damage. Obviously, the addition of a dynamic actuator device 10 can be

accomplished by coupling the system to an existing heat exchanger, and
actuation and control of the dynamic actuator can be practiced while the
exchanger is in place and on line. Since the tube-sheet flange is usually
accessible, vibration actuators can be installed while the heat exchanger is in
service. Fouling can be reduced without modifying the heat exchanger or

changing the flow or thermal conditions of the bulk flow.

[0058] Various modiﬁcations can be made in the invention as described
herein, and many different embodiments of the device and method can be made
while remaining within the spirit and scope of the invention as defined in the
claims without departing from such spirit and scope. It is intended that all
matter contained in the accompanying specification shall be interpreted as

illustrative only and not in a limiting sense.



|. A device for generating energy to induce vibration into a heat
exchange systemto mtigate fouling, conprising: a base including an
i npact surface, the base being nounted to a heat exchanger; a
spring | oaded support nmounted to the se, wherein the spring | oaded
support is a resilient rod, wherein theresilient rod having a first
end and a second end, wherein the first end is secured to the base;
an i npgqt ofyrgounted on the second end of the spring | oaded support,
an act oator positioned adjacent to the inpactor that selectively
actuates the inpactor to nove with respect to the inpact surface,
wherein the. ippacto enerates vihrational enet hat i.s transferred
Fhrough  he PGB PG qrREnSTRIE tidh JibhSF ReRar Ay ALoG sriages Saatio
supporhﬂhgﬁ&ﬂ@ﬁﬁ&&bhﬁﬁmﬂgsition whereby the inpactor is held adjacent
t he actuator against the bias of the spring | oaded support and a
second posi #ibay glediaggn iapact sHykeedhe baspbaiag soupied thpheat exdiapgtse to
generate i - I i i i . :

3 The devi aart 1opRAnorlinkd iR bk ot o e R RP ppp T
The devwvésdenofodcivheminithe whdiest md hirenge fivaend andsa soorel endt wheraigribd first end
4. The.devicg q& glaln11, wherein the inpactor is nade of nmetal and
the i mpaEEUEalt288%°% nade of netal . 5. The device of claim1,

further conmpk impdetrandi@fdionl th€seconaRGI ek dpfink Rdarippber t hat
controls the inpactor to nove. 6. The device of claimb§,

wher ei n t he 2R 8¥E3te1 Rasitiopehedisiest Hke enagr Biet slestively Actyatpy badrpRicnied

pattern, L&o Vil j [ ibrati

fovi cesr e T ER o b e e S el PR Y vibrapgay Sperfy Bt

gener atetransferzd ittomsghethe haserte thedwatyexolianget, wherinatho siiring(0Gaded stgpok, ORI a

He. first position whereby the impactor is held adjacent the actuator against the bias of the spring
loaded support and a second position whereby the impactor contacts the impact surface to

generate impactor induced vibrations into the heat exchange system.
2. The device of claim 1, wherein the impactor is a steel ball.
3. The device of claim 1, wherein the actuator is an electromagnet.

4. The device of claim 1, wherein the impactor is made of metal and the impact surface is

made of metal.

5. The device of claim 1, further comprising a controller connected to the actuator that

controls the impactor to move.

6. The device of claim 5, wherein the controller controls the actuator based on a

predetermined pattern to generate vibrations at a certain frequency.

7. The device of claim 6, wherein the controller controls the actuator to generate

vibrations at a frequency of between about 200 Hz to 5,000 Hz.



- 17 - 8. The device of claim®6, wherein the controller
controls the actuator to generate vibrations at a frequency of

bet ween about 500 Hz and 1, 000 Hz. 9. The device of claimb5,
further conprising a sensor coupled t 7the heat exchanger and
connected to the controller to providi feedback relating to the

vi brations induced by the inpactor. 10. The device of claiml

further comprigl igid of ﬁfeﬂﬁl% GRYBh ek éo‘ﬁgﬁfgg (f'agf;&lg ﬁ%&%ﬁ:%‘?gooééﬁeﬂ'iewi de

feedback relating to t vibrations in e | npac

11. Theibd#icne et ofreqicadynofbetweenebmdiiShaHzamd W00 He. heat exchanger,
wherein the base is structurally connected to heat exchanger.

12. The device of claim1ll, wherein the heat exchanger includes a

plurality ob, Thiksidkhatlatagyfutthet cﬁni;}])ﬁfsi_nﬁ QatneX EApEao tthewhBRinget 4R
vi brational energy generated fromthe inpactor is inparted to the

fluid eapicrisd ipthecpairqligfasprovide feedhagk refpingfevhewbigtiony iadyecd by theher ei n
t he ba?ﬁ dcforconnected so that the inpactor generates a |ongitudina
node o elbration in the tubes. 14. The device of claim 12
wherein the base is connected so that the inpactor generates a

transverse of vibration in the tubes. 15., . The .devi ce of
cl aim 12, whGr Breyie Shdue TRt b HanE s serias Y i PELEG e Sinder o
gener apasidedogibhaticicliing a6 the vildmsone isRceDBede dhpatidir ati on in the

t ubes. 16. The device of claim11l, in conbination with a
refinery.

11. The device of claim 1, in combination with a heat exchanger, wherein the base is

structurally connected to heat exchanger.
12. The device of claim 11, wherein the heat exchanger includes a plurality of tubes that
carry fluid for heat exchange and wherein the vibrational energy generated from the impactor is

imparted to the fluid carried by the tubes.

13. The device of claim 12, wherein the base is connected so that the impactor generates

a longitudinal mode of vibration in the tubes.

14. The device of claim 12, wherein the base is connected so that the impactor generates

a transverse mode of vibration in the tubes.

15. The device of claim 12, wherein the base is connected so that the impactor generates

longitudinal and transverse modes of vibration in the tubes.
16. The device of claim 11, in combination with a refinery.

17. A kit for retrofitting a heat exchanger in a refinery with a fouling mitigation system,

the heat exchanger having a heat exchange surface exposed to fluid flow, the kit comprising:



17. A kit for retrofitting a heat exchanger in a refinery with a
fouling mtigation system the heat exchanger having a heat exchange
surface exposed to fluid flow, the kit conprising: - 18 - a
device for generating energy to induce_vibration in the heat
exchanger, including a base with an Frefrﬁéct surface, a spring | oaded
support nmounted to the base, wherein the spring | oaded support is a
resilient raod ' i is j d. :
econd end. uveReTsfielsl bRy Tk IRrIBH R iheheld G ShorBOE LRI o bose
nount ewvitimntipagecdng, & seingflodded spoitngounoeicte dheshnpg erliereimthd spring loaded

actuator positioned adjacent o the i ctor that selectivel :
Sot uat SuPRas b RGO SR e fEn D Bot v el St ffgvherein
SPri ng thePRGYEhASHRRAFH tH eibAGE, an Trhpator RRintcd QR NORESRYenl e tHePARE Radéd
hel d adj acent the actuator against the bias of the spring |oaded

suppor Supped, andsacasAltgdepitipend aditeend iy thepapagigrdbatoeleetdelysastuntas flee impactor
i npact . . t i 1F g i A i .

ext hand O inBad SERNRL End ERRES Bliok DAMEE CunbbiTAE gt oS Gplesy
connec theaamphetbnsdnldt ddgacaevhcaniator agangrid biago&he sgingdodetd beppoetaind a
exchanger; ,and. control |l er connectied to the actuator that .

sel ect PYeP§ B i wherRy DR coROde Hor AR S RO EENSTUR BRRACTH felyced

f r eqUeR@Mfatichs GRH EHeHedt MKechimat s@ah; energy that is transferred through
the base to the heat exchanger for producing shear waves in the fluid

f1 ow. a ppuntpgdgiiee for formipigrn strpctugi) sprieptiomhietivegsdbe devidedfongenersing
bal I . I f I , Wherein the actuator is an

el ect r%ﬁ%&ggﬁ &E%GBfﬁgﬂa%F%H 0 ¢ claim17, wherein the controller

i ncl udes a pubseligepamatted to the actuat@dthatekeclidly dfivestla avnibitr imepeiance
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18. The kit of claim 17, wherein the impactor is a steel ball.
19. The kit of claim 17, wherein the actuator is an electromagnet.
20. The kit of claim 17, wherein the controller includes a pulse generator.

21. The kit of claim 17, wherein the controller controls the actuator based on a

predetermined pattern to generate vibrations at a certain frequency.

22. The kit of claim 21, wherein the controller controls the actuator to generate vibrations

at a frequency of between about 200 Hz and 5,000 Hz.

23. The kit of claim 21, wherein the controller controls the actuator to generate vibrations

at a frequency of between about 500 Hz and 1,000 Hz.



23. The kit of claim 21, wherein the controller controls the actuator
to generate vibrations at a frequency of between about 500 Hz and
1,000 Hz. - 19 - 24. The kit of claim 17, further conprising a
sensor coupled to the heat exchanger 3 d connected to the controller
to provide feedback relating to the vibrations induced by the
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- connected to the controller to provide feedback relating to the vibrations induced by the

impactor.

25. The device of claim 1, in combination with a heat exchanger, wherein the generated

frequencies range from 200-10,000 Hz.





