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EFFECT OF A MAGNETIC FIELD AND THE TEMPERATURE
OF A HEATED HOLLOW MAGNETIZABLE CYLINDER ON
MASS AND HEAT TRANSFER DURING COOLING OF THE
CYLINDER IN A MAGNETIC FLUID

V. V. Gogosov} M. Yu. Klimenko, ?
and A. Ya. Simonovskif

Experiments on the cooling of a hollow magnetizable cylinder in a magnetic fluid are described. The effects
of the magnitude and direction of the magnetic field and of the initial temperature of the heated cylinder on
the rate at which various points on the outer and inner surfaces are cooled and on the boiling regime for the
magnetic fluid inside and outside the cylinder are studied.

Introduction. Experiments on the cooling of a hollow magnetizable cylinder in a magnetic fluid are described. Tt
effects of the magnitude and direction of the magnetic field and of the initial temperature of the heated cylinder oatthe ra
which various points on the outer and inner surfaces are cooled and on the boiling regime for the magnetic fluid inside anc
side the cylinder are studied.

The concepts of “cylinder poles” and “lateral cylinder surface” are introduced. “Cylinder poles” are the points on t
generatrices of the outer surface of the cylinder for which the 8rimgveen the radius vector and the direction of the applied
magnetic fieldH far from the cylinder equal zero or 180°. The “lateral generatrices” of the cylinder are its generators for whi
the angled = +90°, while the “lateral surfaces” of the cylinder are the regions on the outer surface which lie in the neighb
hoods of its “lateral generatrices.”

It is found that initially, without a magnetic field, the inner surface of a hollow cylinder heated to a temperature
800°C is cooled substantially more rapidly than the outer surface. This is because of explosive boiling of the maghetic fluid
enters the cylinder cavity as it is immersed in the fluid and the formation of a powerful vapor-liquid flow in the inner hollc
which emerges from the upper opening of the hollow. New unheated fluid which replaces the escaping flow through the I
opening of the hollow cools the inner wall of the cylinder, boiling as it comes into contact with the wall: new bubbles dre forn
and push the foam outward, etc. The inner wall of the cylinder is more rapidly cooled than the outer wall because it is co
ually washed by new, unheated fluid entering the hollow from the bottom end of the cylinder. The outer surface is cot
sequentially through film, transition, and nucleate boiling, whose character can be evaluated from the structure of the pre
tate of stratified magnetic fluid on the cylinder surface. Without a magnetic field, the boiling process and the ratg@reoolin
independent of the angteat all points on the inner and outer surfaces.

In a magnetic field, the rate at which a hollow cylinder is cooled in a magnetic fluid is not only different at the inn
and outer surfaces, but also depends strongly on the @uagl¢he outer surface is cooled. As the magnetic field is increased,
this dependence becomes stronger. The initial tempefgjfethe heated cylinder, at which cooling begins, has a controlling
effect on the time dependence of the cooling rate in a magnetic field.

WhenT, exceeds the Curie temperatigeof the cylinder material, the cylinder is in a paramagnetic state in the mag-
netic field and will distort a uniform applied magnetic figlg slightly. Cooling of the cylinder at the initial time also takes
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Fig. 1. A sketch of the &pelimental ppartus. Explanfons
are gven in the tgt.

place as in the case aém magnetic feld. As the tempaiture falls belav T, the glinder wall maerial becomesdiromag-
netic The gplied unibrm magnetic feld is stongly distoted in the neighborhood of thglimder. The esulting mgnetic
forces dedrm the \apor layer surounding the outer swa€e of the glinder in diferent ways. The thikness of this lger, as well
as the coolingate for different points on the outer sadg depends sngly on8. Of cousg magnetic brces aise onyy when
the glinder undegoes a tansbrmaion from a paamajnetic to a émromagnetic stée as it cools and the/linder bains to dis
tort the gplied unibrm magnetic feld. It is found thathis kind of tansition taks place tatempeatures vell belov the Cuie
tempeesture of the glinder wall maerial.

It is shavn tha after the tansition,most Bpid cooling occus & those points on the outer saré of the glinder which
lie in the neighborhoods of its polegher the mgnetic brces pess thelfiid onto the sudce of the glinder. The thikness
of the \apor layer between the glinder and theltiid deceases and the Hesxchange increases. Lesspid cooling taks place
at the egions of the outer keral surkice of the glinder in the neighborhood &f= +90°, where the apor layer becomes thic
er as aesult of the mgnetic brces. Hetiremoval takes place ¥en moe slavly a the inner sudce of the glinder. This ha-
pens because the greetic brces inhibit the penadtion of the magnetic fuid into the hollev of the glinder and push it out of
the hollaw if it has enteed thee & the time the yinder was inseted into the luid. Thus,the inner sudce is cooledycon
tact with \apor or with a @porliquid flow, which also lavers the cooling ate.

The cooling of a hollw feromegnetic glinder in a magnetic feld from an initial tempeture T, below the Cuie tem
petature T is substantiayl different from cooling br T, > T.. Beginning with the irst fractions of a seconaooling of the
inner surfce of the glinder tales place taa much lower rate than &points on its outer swate as opposed to cooling without
a manetic feld or in a mgnetic feld whenTy > T. To within the meas@ment eror, the cooling ate is the sametall points
on the inteior surface of a hollr cylinder. This hapens because thiifl is forced out of theinder hollonv by the manet
ic forces. The inner sudce is cooledypcontact with the apor. The rate of cooling of the outer sate of the glinder dgpends
strongly on the angl®. Most ipid cooling taks place in the neighborhood of the polelsere the mgnetic brces pess the
fluid toward the glinder surice squeezing theapor layer out. Cooling is mch slover & the lderal surfice of the glinder,
wher the mgnetic brces epel the fuid from the sutdice and theapor layer is thidker.

The cooling of continous mgnetizdle cylinders in magnetic fuids has been studiedgeiously [1-4]. The cooling
of plates in mgnetic fuids has been studied in [5The efect of m@netic felds and of the mpeties of manetic fuids on the
cooling of mgnetizdle sphees in mgnetic fuids has been discussed in [6—-11].

1. Expetimental Apparatus (Fig. 1). A hollow feromagnetic glinder 1 with an outer diameter of 25 mman inner
diameter of 15 mnmand a height of 40 mm (togment hoizontal displacements)ag mounted in a holononmanetic shafp.
The shaft could me freely along guide8. The glinder was heted in a l&oratory electical pipe funace4.

After heding to a cetain tempegture and being épt in the funace ér 2—3 mimtes in oder to equilibate the tempex
ture over the vall thicknessthe glinder was epidly submeged into a wlume of mgnetic fuid which filled a nonmagnetic glin-
drical containe mounted beteen the poles of an eleatnagnet6. In all these xgpeiments the xtemal gplied manetic feld,
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Fig. 2. lllusteting the loctéion of the themocouple junctions on the
outer and inner suates of the holle cylinder: a) side viav, b) middle
trans\erse coss section of theytinder.

undistoted ty the glinder, was unibrm and pegpendicular to the eneetrix of the g/linder. The diameter of the containeass
100 mm and its heightag 170 mm.With a pole piece end diameter of 100 mm and a distance®etthem of 110 mnthe
inhomayeneity in the mgnetic feld within the gp of the elecbmagnet vas less than 7%The eror in measung the mgnet
ic field was less than 3%. Gimel-alumel thenocouples with diametgiof less than 0.5 mme#se mounted tavarious points on
the outer and inner saides of theydinder to measu the tempeture thee. The themocouple junctions are welded to sur
face of the glinder with the aid of a copper eleatie using a shbac pulse The arangement of the thenocouple junctions on
the outer and inner sades of the holle cylinder in one quadmt of its midlle trans\erse coss section is sk in Fg. 2.
Figure 2a shawvs a font view of the glinder and kg. 2b, a top viev of the midlle tans\erse coss section indi¢eng the points
where the themocouples & mounted in this oss section.The diection of the unifrm gpplied extemal manetic feld H is
indicaed with an alow. The points 1-4 and 5-7 indteathe locdons of the theanocouple junctions on the outer and inner sur
faces of theydinder, respectrely. Themocouples wre mounted on the outer sack ety 30°, so the angle® between the
direction of the gtemal manetic feld and theadius \ectos of points 1-4respectiely, are 0,30,60,and 90. The angle$ for
points 5—7 a 90,45,and 0. This choice of positionsdr the themocouples s based on the symmetf the ppblem reldive
to planes dwvn along the diametsrof the glinder pagllel and pgpendicular to the@plied manetic feld H,. In order to ise
late themthe themocouple electrdes vere passed tliugh diannels of caamic spghetti installed along the inner paf the hol
low nonmanetic shaft used to hold the samplée themocouple outputs &re recoded on an osciligraph 7.

Preliminary expetiments shwed tha cooling is substantiallslowver in a mgnetic fuid than in vater, so the inetia of
the themocouples as testedycooling the sample inater. The measwments shwed tha all sezen themocouples a& capa
ble of detecting tempature changes & rates of & least 400C/s. The test measaments shwed tha if deviations in the ead
outs fom the themocouples & obseved duing cooling of diferent points on the swate of the glinder & rates less than
400°C/s,then these deations ae not causedybthe diferent inetias of the thenocouples empiged in the gpeliments. The
error in the tempeature measwements in thesexpeliments vas less thawa5°C. The conifdence inteval was detemined flom
five-seren measwements to a coifence leel of 0.9. In oder to enswe constang of the initial magnetic stée of the glinder
before the starof eah cooling @ent,the sample &s placed in aarable magnetic feld to demgnetiz it.

The manetic fuid used in thexgeliment was obtainedydiluting water-based mgnetic fuid with a s#&uration mag-
netizaion of 20.4 kA/m,densityp = 1.21-16 kg/m3, kinemaic viscosityv = 3.99-10° m%/s, and dsolute mgnetic peme-
ability p, = (2.5+ 0.3)-106 H/m to half in water without intoducing a stailizer. Dilution reduced the density of thkid to
1.106-168 kg/m3 and the kinemtic viscosity to 1.68-T0 m?/s. The initial tempeature of the mgnetic tuid in this and the
subsequent@eliments vas 24C.

2. Cooling of a Hollav Cylinder in a Magnetic Fluid without a Magnetic Held. Figure 3 shavs plots of the tem
perature as a function of cooling timerfdifferent points on the outer and inner swds of the hollw cylinder obtained ¥ cool
ing the glinder from an initial sample tempature of T, = 80C°C in the manetic fuid without tuning on the manetic feld.
In Fig. 3 and in all thedllowing graphs the bscissa is the cooling tintefor different points on the swa€e of the holle cylin-
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Fig. 3. The tempeature T of different points on the outer and inner sgds of the hollw
cylinder as a function of cooling timeduring cooling flom an initial tempeture of 800C
in the ma@netic fuid without a magnetic feld. Cuwes | and |l vere obtained ¥ averaging
the eadouts fom the themocouples mounted on the outer and inneasad respectiely, of
the hollaw cylinder.

der and the alinae is the tempeture T measued tky the themocouples mounted on the inner and outerased of the Wdin-

der The readouts of all theour themocouples mounted on the outer aad of the glinder and of the thee on its inner sur
face vere averaged and plotted as cees | and llyespectiely. The slight &petimentally obseved diferences in the temper
ture plots adifferent points on the outer and inner sgds of theydinder were caused Y naural fluctuaions in the suece
tempesture oving to the epid formaion and destrction of the @por film encircling the glinder & high tempeatures, the

growth and detaement of wapor kubbles,and the esulting turlilent fows of the fuid.

It is evident tha cooling is nuch mote rapid in the glinder hollov than on the outer sade & eaty times. Hee and
in the bllowing the cooling &te is talen to mean the slope of the tangjto the cooling cue. The standat references on tem
peting cooling [12,13] do not discussxpeiiments with hollav cylinders. Bebre ofering a possile explandion of the obsared
phenomenon let usiefly anal/ze the boiling egimes br magnetic fuid on the inner and outer sades of a holl cylinder &
different cooling times in accdance with the cwes in kg. 3.

In the themal ptysics of odinary fluids, the boiling egimes ae usualy anal/zed ty means of &ious optical teb-
nigues [14]. The ma@netic fuid is opaqueso its boiling cannot be aryakd ty the taditional optical methods. It hasowev-
er, been obseed [1,2] tha, when it comes into contact with a ied metal sugce magnetic fuid leares behind aasidue of
stratified paticles and sugce-actte mderial. The method deeloped in [1,2, 8, 9] males it possile to stug the boiling
regimes of mgnetic fuids within one or another tempture intewval in tems of the bamacter of the esidue of sttified may-
netic uids on cooled suakces.

The fllowing expeliments vere done in aler to darify the naure of boiling on the suaces of a holl cylinder
cooled in a mgnetic fuid in tems of the esidue ptiem. The hollav cylinder was heted to 800C and immesed br cooling
in a manetic fuid contained in a celgs shwn in Hg. 1, without tuning on the mgnetic feld. After a cetain timg cooling
was interupted ly rapidly removing the glinder from the fuid.

Photayraph a (Fig. 4) shavs the glinder with cooling intetupted after 3 sThe hulk of the glinder’s surbce is fee
of ary residue of sttified fluid, and a denseesidue of sttified fluid can be seen onbn the ends of theylinder (the upper
and laver pats of the pictue). The dgosits on the ends of thglinder ma be elaed to the special conditions undehigh
they are coolede.g., more rapidly than athe laeral surice In fact,the lover and upper ends of thelioder ae not ony cooled
at the inner and outer saides of thedinder, but also &its end coss sectionsThe thikness of the end ass section of the
cylinder wall is compaable to the height of the gesit d the ends of its outer sade This mg also be vay a residue is deosit
ed on the ends of theglnder.
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Fig. 4. Photgraphs of a hollav cylinder cooled in a ngnetic fuid from an initial tempesture of 800C
without a ma@netic feld. Cooling vas interupted 3 §), 17 (), and 35 sd) after the onset of cooling

The dsence of aasidue on the outer sade of the sample after 3 s of cooling canXy@aéned ly film boiling of the
fluid duiing high tempeature cooling Here the mgnetic fuid is completef separted from the hebtranser surbce ly a layer
of vapor. HIm boiling was obsered on the outer swa€e of the glinder until the irst break in cuve | of FHg. 3, which corre-
sponds to 7-8 s of cooling’hen a witch from film to transition boiling taks place

Picture b (Fig. 4) shavs the suidice of the holle cylinder after cooling s interupted @17 s. The outer sudce is
clealy covered nominiformly and endomy with a deposit of stetified magnetic fuid. This distibution of the dposit indicaes
that at the time the @inder was emoved from the wlume of magnetic fuid, transition boiling of thel@iid was taking placeta
its surfice Transition boiling is bamacterzed [14] ly gaps in the apor film and contact beteen thelfiid and the hdarans
fer surbce Portions of gps in the apor film are distibuted andomy over the surdce

Picture c (Fig. 4) shaevs the surdce of the holle cylinder after cooling \as interupted 435 s. Cledy, the sample is
uniformly covered with a dense gesit of stetified manetic fuid. The surfce of the deosit is mottled with oaties from
vapor hubbles. The obsered datacter of the deosit indicdes tha a the time the yinder was emoved from the wlume of
fluid, nudeae boiling was taking place on its outer sacé

This is the vay the outer sudce of the glinder cools. An extremel thin deposit of stetified manetic fuid was
obseved on its inner suate duing all these time pards,so it was impossile to ezaluge the succession of boilinggimes br
the fluid, despite thedct tha a succession undoubtgdloes occur The fluid comes into contact with the hot sagé In the
cavity hollow, however, rapid flows of vaporliquid mixture develop which prevent frm stikking of the pecipitae of stetified
magnetic fuid on the inner suaice of the sample

The stée of the fee surlice of the mgnetic fuid in the glinder hollov and outside theytinder can be obseed con
veniently by immeising the glinder, heded to 800C, half way into the fuid. At the initial time the free surdce of thelfiid is
calm, both inside the ®ume of the hollev and outside it.Then,the free surfice bgins to tubble within the glinder hollow.
After a shot time, an intensgfoaming vapor-liquid mixture thd increases with time lgins to escpe from the opening in the
cylinder and cay large doplets of mgnetic fuid out of the glinder. FHgure 5 shavs photgraphs of the esqang vaporlig-
uid flow and bam flom the upper opening of thglinder a different times after cooling star The free surhce of thelfiid
remains calmtathe outer suefce of the glinder duing this peiod and aftenard. The diferences in the gmsits of statified
magnetic fuid on the inner and outer sades could be obsexd by interrupting the cooling of theytinder. The dgosit is dis
tributed unibrmly on the outer suatce while the inner sudce is fee of a dposit. Appaently, the ipid vapor-liquid flow in
the caity of the g/linder washes its inner swfe and fes it of the daosit of statified fluid.

The following explanaion is poposed ér these phenomen&Vhen the tempetures of the hearanser surbices on
the outer and inner sades of the yinder ae high,the fuid boils eplosively [15]. After a shot time the liquid is sea
rated from the valls of the glinder by a layer of vapor [14]. Bulbles of vapor gow and detals from the surdice of the spor
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Fig. 5. Pictues illusteting the epid removal of vaporliquid mixture and 6am fiom the upper
hole in a glinder heéed to 800C a different times éllowing the onset of coolind) Cell with
the manetic fuid, 2) the glinder undegoing cooling 3) shaft,4) emeging vapor-liquid flow.

layer, thereby making the liquid supunding the glinder turlulent. This process of high-tempaiure he& and mass éns

fer & the heted wall is different @ the inner and outer sades of theyinder. On the outside swate boiling taks place
in a layer near the wail within a lage wlume of fuid tha is far from he&ed to its sturation tempeature. Vapor kubbles
which detat from the surdice of the spor film on the outside of theytinder enter the @ume of cold fuid and collgpse as
a result of condengen.

Boiling &t the inner vall of the glinder tales place within a limitedolume of fuid in the glinder hollov. Pobably
the liquid in the hollw is heded apidly owing to intense tundent mixing Vapor hubbles tha detad from the \apor film do
not collgpse as theenter the inteor of the heted fuid. Perhas,because of the psence of a lge amount of sudce actie
substances in théuid, the vapor kubbles ae &le to form conglomegtes,i.e., aggregates of lubbles,and theeby creae some
thing like a bam. Acted on ly the etruding forces assoctad with the diference in densities of thepor and liquidthe con
glomestes of lubbles ae pushed out of theyinder hollov and cgture adjacent ®umes of luid, therby creding the intense
flows of vapor-liquid mixture which emege from the inner holle of the glinder and a& shavn in Hg. 5.

The emeging flow is replaced ly new pottions of unheted fluid which enter though the laver opening of theydin-
der and boil upon contact with thealv New bubbles ae formed which push thedam out,and so on.Thus,the moe rapid
cooling of the inneryinder wall compaed to the outer all takes place as a&sult of its being wshed i newv portions of fuid
which enter the holl from the bottom opening of thglmder. Note tha a water-based mgnetic fuid was used in all the
expeliments,although in odinary water this kind of drmaion and meement of a sporliquid flow does not occur in the inner
hollow of the sameydinder as it cools.

These emaks can be gnealized ty sa/ing tha the moe rapid cooling & points on the inner swate of the glinder
compaed to the outer pointstven thee is no mgnetic feld is causedyintense bws of vaporliquid mixture within the wl-
ume of the holler and ly the dsence of deosits of statified maynetic fuid on the inner suaice which, since it is frable and
flaky, enhances the theal resistance of the outerall and inhibits heatranser between it and theldid.

When the initial tempeture of the glinder is educedthe r|tes of hearemoval to its outer and inner safes pproac
one anotherand moe rapid cooling of the outer swate can be obsexd Hgure 6 shavs plots of the tempature \variation
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Fig. 6. The tempeature T as a function of the cooling timefor different points on the
outer and inner suates of the hollw cylinder in the mgnetic fuid without a mgnetic
field for initial cylinder tempeatures of 500 4) and 300C (b). Cuwes | and Il vere
obtained ly averaging the eadings fom the themocouples on the outer and inner aoes,
respectiely, of the hollav cylinder.

with time duing cooling of the outer and inner saces of a ylinder cooled in a ngnetic fuid from initial tempeatures
T, =500 @) and 300C (b) without a manetic feld. The cooling of theydinder was interupted after 3 s in thes&mgeiments,
as well as in the gpeiiments shan in Fgs. 9 and 10.The cuwes to not hang laer in time to within the x@etimental eror.

Curves | and Il vere obtained ¥ averaging the eadouts of the therocouples on the outer and inner aaés of the hollw cylin-

der, respectrely. Hgure 6a shws thd in the frst fractions of a second after coolinggbes from a tempeture of 500C, the
rates of hearemoval ae essentiajl the sametahe inner and outeralls of the glinder. Ower the frst 0.25 sthe tempesture

of both walls falls signifcantly, reating 350C. At these tempetures br the outer and inneradl surfacesfilm boiling of the
magnetic fuid is obseved This is conirmed ly obsevations of the st of the dposit of stetified maynetic fuid on the sam
ple surfice when cooling is inteupted atimes up to 0.8 s after the onset of coaliAgarge fraction of the suefce of the sam
ple emoved from the mgnetic fuid is free of dgosits.

The tansition fom film to nudeae boiling on both the outer and inner sgds sets intaimes of 0.9 to 1.2 s after the
onset of cooling (ig. 6a). A shap drop in tempesture to dout 200C is obseved on both sudces. Then the tempeture of
both suréces of the holle cylinder incleases someéha with time awing to the arival of hea from the inner lgers of the glin-
der wall; stble nudeae boiling is obsered on the inner and outer sacés. This is conirmed ly obsevations of the st of
the deposits of statified magnetic fuid on the suices of theyinder when cooling is inteupted after 2 sThe entie outer
surface is cwered with a unibrmly distibuted deosit of stetified maynetic fuid which is mottled with caities from vapor
bubbles. With time, there is a dop in the bam poduction in the holle of the glinder and in theate & which the \apor-lig-

213



600 |

4 g e Bxts £ SVIRVER s
SW-X=R D -
400 .I - e
X

T, sec

Fig. 7. The tempeature T of different points on the outer and inner sgds of the hollw
cylinder as a function of cooling timewhen it is cooled fsm an initial tempeture of
800°C in the mgnetic fuid in a manetic feld of 105 KA/m.

uid mixture is emoved from the hollev. When the initial sample tempature is educedther is less sttification of the mag-
netic fuid and less m@cipitaion on the outer suate

When the glinder is cooled in the ngmetic fuid from an initial tempeture of 300C without a mgnetic feld
(Fig. 6b), no signifcant tempeature oscilldgions associed with dhanges in the boilingagimes br the coolant can be seen in
the cooling cures. Obsesations of the st of the dposits of statified magnetic fuid shav tha nudeae boiling of the liquid
develops on the inner and outer auads of the holle cylinder & these tempetures. When the glinder is withdewn from the
liquid volume a ary time, a thin layer of pecipitae thad is mottled with ceities from the apor kubbles can be obseed on
both suréces.

3. Cooling of a Hollav Magnetizable Cylinder in a Magnetic Fluid in a Magnetic Feld for Initial Cylinder
Temperatur es dove the Curie Temperature. Cooling poceeds quite diérently at different points on the swates of a hel
low cylinder in a mgnetic feld. The cooling ate & different times dpends not ol on the angl® between the adius ec
tor of the point and the rgaetic feld direction,but also on vether the initial tempature of the glinder is geaer or less
than the Cue tempeature. In this section w desdbe expeliments on cooling aytinder when its initial tempeture T, is
800°C and &ceeds the Cig tempeature T, which is 768C for the romagnetic steel [16] used talfricate the hollav
cylindrical sample

Figure 7 shavs plots of the tempature as a function of timeof cooling of a heted glinder in a manetic feld of
105kA/m. Her and in all thedllowing graphs the nmbes on the cures corespond to theumbes of the points Wwere ther
mocouple junctions arlocded on the outer (1-4) and inner (5-7) aoels of the holle cylinder as indicted in Fgs. 2 and 7.
At point 1,the angled between the diction of the mgnetic feld and the outard nomal to the sudce is 2ro, and & point 4,
0 =90°. The igure shavs thd the cooling ate for the diferent points on the inner and outer swds of theydinder for tem
peratures of 800—65TC are the same to within the limits ofrer of the meas@ments. Br tempeatures belev 650°C, the cool
ing rate for points 5-7 is substantialhigher than thiafor points 1-4.The slope of the cooling cugs Pr the inner suece of
the g/linder is steper d these times. Merrapid cooling & points 5—7 compad to points 1-4 is obsexd until 46 s after cool
ing stats. The tempeature of the points on the inner sack of the glinder falls to an aerage of 200C over this time At later
times the tempeture of the points on the inner sack ises slavly owing to the atival of hea from the inner Igers of the
cylinder wall until the time vinen the cooling rcess is cut 6fin these gpeiiments,i.e., until 40 s. By this time the temgzer
ture of the points on the inner saick of the ylinder has isen &ove thad of the points on its outer sade

According to Hg. 7,the cooling ates br points 1-4 & the same to within thegelimental eror until ebout 13 s after
cooling stafs. After 13 s of coolinga shap drop in the tempeture from on the ader of 400 to 25TC is noticedle in cuves
1-3. The tempesture & point 4 undegoes no shar changs and B the time cooling has ended it is higher than the teanper
tures of the other points on the outer aad
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In order to eplain the wariation in the time dpendences of the temjiire & different points on the inner and outer-sur
faces of theydinder in Rg. 7,it is necessarto calculde the distibution of forces acting on the rgaetic fuid in the neighbor
hood of the mgnetizdle cylinder. A cylinder in a Bromagnetic stée distots a unibrm gpplied manetic feld. The force act
ing on the mgnetic fuid is popottional to the gadient of the mgnitude of theiéld. Appropriate calculéions of the distbu-
tion of the feld and brce digrams in the neighborhood of animifely long hollav cylinder have been donebut ae not pe-
sented in this pger It was shavn tha in the hollav of a eromagnetic glinder the mgnetic feld is lover and outside theylin-
der the ield is higher than thexeemal goplied feld, and tha it depends stoingly on©. The situdion is similar in the neighber
hood of aihite gylinder: the feld is lower in the hollav than outsideand the érce acting on the ngmetic fuid is propotional
to the gadient of the mgnetic feld. Thus,during the tansition fom a paamaynetic to a éromagnetic stée in the neighber
hood of the ends of a hollocylinder, including in the hollay, magnetic brces bgin to act on the ngmnetic fuid which inhibit
the penettion of the fuid into the glinder hollov when it is immesed in a container ofuid and atrude the mgnetic fuid and
vapor-liquid mixture out of the glinder hollawv if any liquid should enter itThus,by 4—6 s after the onset of cooliriged removal
from the inner &l essentiall ceases.The manetic fuid tha has not beenbte to boil of is extruded fom the glinder hollav
and its inner suafte is cooled to 20C through contact with sbngly superhegd \apor, i.e., very slowvly. Because heds trans
ferred from the inner Igers of the glinder massthe tempeature of its inner sudce inceases with time and/R10 s,it exceeds
tha of the outer sudice This efect can also be seen in ees5-7 of Fig. 7, beginning 5 s after the onset of cooling

The nomniform distibution of the coolingate over different points on the outer sade of the glinder, which has
been obsered in the gpeliment and is illustted by cuves1-4 of Fig. 7 after dout 13 swhen the glinder has akad/
acquied feromaynetic popeties,can also bexplained in tems of the disibution of pondesmotive forces acting on the
magnetic fuid near diferent points on the outer sade Plots of the distbution of manetic brces (see [12, 9], as well)
shaw that in the neighborhood of point 1 antdthe point diametcally opposite itin the neighborhood of the polébe may-
netic forces pess thelfiid toward the suréce of the glinder. The \apor layer is squeezd out and hdaxchang is enhanced
entirely consistentl with the behaior of cuves1-3. Near point 4 and its diamatly opposite pointpn the side suate
the manetic feld is pessed way from the surdice the \apor layer thidkens and hearanskr is educedas implied ly the
behaior of cuve 4.

Of cousse the forces acting on the rgaetic fuid in the neighborhood of aylinder develop ony when the glinder
maerial undegoes a tansition fom a paamaynetic to a éromagnetic stée as it coolstherby distoting the unibrm gpplied
magnetic feld. It seems thathis transition should tak place l the time the yinder has cooled to the Gartempesature
Tc =768C [16]. In the gpeiment,on the other handhe glinder cools the sameay as without aiéld or as if the glinder
were in a paamanetic stée, all the way dowvn to tempeatures of 200-30TC.

We popose thedllowing possilte explandion of the cooling pcesses. Since the initial tematere of the glinder,
Ty = 800°C, exceeds the Cig tempeature T, the cooled ylinder is in a paamagnetic stée. A tempegture of 800C for the
steel of vhich the sample as made is higher than the austeniting teaipes; the tempeature & which the Eromagnetic
a-phase of the steel undees a tansition to the pamagneticy-phase The distotions poduced in thexemal gplied ma-
netic feld by a hollov cylinder in a paamaynetic stée ae naligible. The manetic feld in the neighborhood of thelmder
differs little from the unibrm extemal field. The manetic brces acting on the rgaetic fuid near diferent points on the inner
and outer sudces of a pamaynetic hollav cylinder ae small. In adition, an equilibium transition of the steeldm a paa-
magnetic to aéromagnetic stée, which usualy takes place athe Cute tempesture, may set in & substantiall lower temper
atures in the case ofpid cooling because of a dglin the gpeaance of the dromagnetic phase (pelte or matensite)
[16,17]. Note thathe tempeatures of diferent layers in the vall of the hollav cylinder ae quite diferent duimg cooling The
rates of cooling of thediromagnetic lgyers were also diferent. Thus,the tiansition fom the paaimagnetic to the édromagnet
ic stae (gppeannce of thedromagnetic phase)talifferent points in the ume of the wall of the glinder mgy take place &
different times. Br this easonijt is difficult to specify the xact times ger which the glinder wall will undeigo a tansition
from a paamaynetic to a éromagnetic stée.

This deld in the tansition of the coolingyinder from a paamaynetic to a éromagnetic stée probadly also afect
ed the gpelimentally obseved (Hg. 7) distibution of the coolingate & different points on the outer and inner sgds of the
hollow cylinder duing the initial cooling peod. Her, as in the ield-free epeliments,the cooling &the outer suece of the
hollow cylinder is ind@endentto within the &petimental eror, of 8 until timest on the oder of 13 s.The inner sudce of the
cylinder is cooled dung this time in a &y similar to the ield-free &peliments,i.e., the inner sudce is cooled merrapidly
than the outer suate Cuwe Il of Hg. 3 and cures5-7 of Fig. 7 reveal iapid cooling of the inner suate davn to tempes:
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Fig. 8. Photgraphs of a holla cylinder cooled in mgnetic fuid for 3 @)
and 10 slf) from an initial tempeture of 800C in an @plied manetic feld
of 105 KA/m.

tures on the ater of 200C. Hek, however, it should be noted thhaven when the glinder is in a paamagnetic stée the ma-
netic feld can affect the sthility of the vapormagnetic fuid interface In adlition, this influence will dgend on the anglé
between the mgnetic feld and the boundgrof the \apor—magnetic fuid interface Here heaand mass émser with and with
out a manetic feld will proceed diferently, even whenT, < T. This mg explain the diferent behgior of the cooling cures
5-7in Fg. 7,especialy duting the initial cooling péod, up to 15 s.Without a feld the cooling ates & points 5-7 a the same
to within the &pelimental eror.

With increased cooling time and thamsition of the glinder mderial from a paamaynetic to a éromagnetic stée,
the way the inner and outer sades of theydinder cool becomes sigigantly different fom the feld-free case At the outer
wall, after 13-15 s the tempture contirues to &ll, with the cooling ate dgoending stongly on6. The tempeature of the inner
wall beggins to incease after 7 s ang/ 40 s it &ceeds thaof the outer all.

We nav present someesults fom expetiments on the sta of the dposit of statified magnetic fuid on the outer sur
face of the hollev cylinder & different cooling times in a ngaetic feld; these d@& yield a qualithve explanaion of the meh-
anism br the edistibution of the cooling mdwanism &adifferent points on the outer sade in accatance with a plot of the
distiibution of forces acting on the rgaetic fuid in the neighborhood of the/linder.

The epeliment involved heéing the hollav cylindrical sample to 80 and then cooling it in ngmetic fuid with an
applied manetic feld of 105 kA/m. The cooling of the sampleas interupted gpidly at different times. Kure 8 shas a
photayraph @) of the outer side swa€e of the holler cylinder after 3 s cooling in the maetic fuid from an initial temper
ture of 800C with an @plied manetic feld of 105 kA/m. It is eident tha there is a unibrmly distibuted (aver the peme-
ter of the glinder) dense deosit of stetified maynetic fuid on the ends of theytinder, its upper and ler pats (Fg. 8a). The
bulk of the outer sudce of the sample ide@n,without a d@osit of stetified maynetic fuid, in a cuwilinear patem which unk
formly encircles the outer suate of the glinder aound its pameter A similar distibution of the dposit on the glinder sur
face vas obsered for cooling without a mgnetic feld (phot@raph ain Fig. 4). Thus,cooling of a glinder in a paamagnetic
stae in a mgnetic fuid when a mgnetic feld is pesent is essentiglthe same as without a greetic feld. This cooling egime
contirues until tempetures substantiallbelon the equilibium point or the @peaance of the ngnetic phase in the steel used
to male the sampld.e., belav T = 768°C.

Unlike the stte of the sample swate without a mgnetic feld shavn in Hg. 4a, the pictue in Hg. 8a shavs a lav
density deosit of statified maynetic fuid in the upper paof the side of theydinder. This is consistent with thebave remaks
to the efect tha, within this peiod of time the side sudce of the sample ind: 8a was unibrmly surounded ly a \apor film.
The deosit on the sudce mg be causedbdiffusive transpot of paticles of statified maynetic fuid by Brownian motion
through the apor layer and onto theywtinder surfice as well as to the dect contact of ngnetic fuid with the glinder surfice
and to statification of the fuid and its pecipitaion into a deosit. In adition, although the same samplasvused in these
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expeliments and it \as demgnetizd and its sudte vas dgreased and cefully cleaned beadre eab cooling @ent,it is diffi-
cult to guaantee thathe stées of the sample sade bebre eat cooling @ent were completef identical. Fom one measaer
ment to the nd, the adhesion or adgaiion propeties of the sample sate mightjn geneal, have changd

Thete is yet another dference in the stas of the dposits of statified magnetic fuid on the sample swates subjeet
ed to cooling without a ngmetic feld (Fg. 4a) and with a mgnetic feld (Fg. 8a). In the ldter caseflakes of statified may-
netic fuid can be seen on the left anght hand sides of theylinder in the shpe of thin fims with an iregular ggometic out
line. The planes of thestake-films lie in the plane of the phaiaph and ae oiented along thex¢emal gplied manetic feld.
It is possilke tha the manetic fuid stratifies in the wlume of the boiling mgnetic fuid, as vell as athe hot glinder surhice
Stratified paticles whose shell of suaice-actie mderial has been deslyed by the manetic brces brm flaky conglomestes.
These conglometes ae caried tovard the glinder surfce ly the turlulent flows of \epor-liquid mixture tha wash the glin-
der and settle on the sace ly adhesion or adsption, orienting themseles along the daction of the pplied manetic feld.

Figure & is a photgraph of the lgeral outer surdice of the holle cylinder obtained ¥ cooling it in a mgnetic fuid
from an initial tempeture of 800C in an @plied manetic feld of 105 kA/m with apid removal from the coolant after 10 s.
After 10 s of coolingthe entie outer sudce of the ylinder is cosed with a dense gesit of stetified manetic fuid. The den
sity of this d@osit, however, is different a different pats of the sudice Thus,near the poles of theylinder the dposit is
denser These ar the pats of the glinder surfice ying in the left andight regions near the polesig: 8b). In the cental por
tion of the outer leeral surbice along its gneetrix, there is a dak band vhich becomes namwer in the diection of the accel
eration of gavity and is coted with a less denseqmipitae of stetified manetic fuid. This shavs tha within this time pear
od the glindrical sample has aad/ acquied ferromaynetic popeties and has signifantly distoted the gtemal gplied feld.
In the neighborhood of theegestrix of the glinder tha passes tlmugh point 1 on its suate the manetic brces pess the
magnetic fuid to the surdice The fuid stratifies and stiks in a thik layer onto the left andght hand sides of the sardfe of
the g/linder, in the neighborhood of the polesdF8b). The cooling ates br different points (1-4) on the outside o how-
ever, are still the same to within thexgeiimental eror after 10 s of cooling {§. 7). A significant diference deelops in the
cooling iates & points 1 and 4 soménd later, when nomniform precipitaion has bgun,roughly 13 s after cooling has gen,
as can be seenofin the behéor of cuves1-3in Fg. 7.

Of coursg it should be kpt in mind tha& the fiable deposit of statified maynetic fuid on the suidice of the glinder
can thang the ate of the hettranser piocessphbviously reducing it. Thus,hed exchang & point 1 mg take place ta some
wha lower rate than &point 2,although this dfierence lies within thexg@elimental eror.

In the neighborhood of thesgestrix passing though point 4 of theyinder surfice the manetic fuid is repelled
from the surdice In this egion the \apor layer is thiker aving to the masses oBpor moved to thee after being pushed out
of the egions adjacent points 1-3 on the sied As a lesult,hed exchang between the liquid and the sade is educedin
full accod with the behaor of cuve 4 in the laver plot of Rg. 7. A thin layer of pecipitae develops on this paiof the glin-
der suréce and is visille in FHg. 8b, as a esult of difusive plocesses— &mspot of magnetic paticles of stetified manetic
fluid by turbulent fows of vapor-liquid mixture and the ainspot of magnetic paticles aving to their bownian motion. Btticles
of stratified magnetic fuid attach to the side paions of the outer suate of the glinder aving to adhesion or adgution.

4. Cooling of a Hollav Magnetizable Cylinder in a Magnetic Fluid in Magnetic FHelds ofVarious Strengths br
Initial Cylinder Temperatur es belav the Curie Temperature. The cooling of a holl feromagnetic ¢linder in a mgnet
ic fluid from an initial tempeature Ty < T is qualitaively different from cooling wienT, > Tc.

Figure 9 shaws the time ariation in the tempeture & different points on the inner and outer swds of a holl
cylinder as it cools in a ngmetic fuid from an initial tempeture Ty = 500°C, i.e., Ty < T, in a manetic feld of 31 kA/m.
Even within the if st fractions of a secon@oints 5—7which lie on the inner suate of the glinder, cool less apidly than points
1-4 on its outer suate To within the &perimental eror, the cooling ate is the sametall points on the inner sate of the
cylinder. This result is easjl explained asdllows: at 500°C the hollav cylinder is in a @romagnetic stée and when it entes
the extemal maynetic feld between the poles of the elestnagnet,it magnetizs essentiallinstantaneougl When the holla
cylinder is |pidly immersed in the container of rgaetic fuid, small potions of fuid may enter the hollw of the hot glinder,
despite the countiig efect of the mgnetic brces vhich a@tempt to push the liquid out of the halloand the luid is vapor-
ized essentiaflinstantaneougl Thus,the inner vall of the glinder is cooled tlough contact with theapor or with a @por-lig-
uid medium. The iate of cooling in this case isWoand is indpendent of the angke

The cooling ate & the points on the outer sade is the samé¢o within the gpelimental eror, until T = 0.5 s after
the onset of coolingAt later times,some eduction in theemoval of hed from point 1 which is & a pole of the @inder, can
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Fig. 9. The tempeature T at different points on the outer and inner sgds of the holl@
cylinder as a function of cooling tinreduring cooling fom an initial tempeture of 500C
in magnetic felds of 31 ), 83 (b), and 105 KA/m ).

be seen.A possille explanaion for this is the éllowing: the forces vhich push the mgnetic fuid from the outer suace of
the sample near points on théekal surface of the glinder (point 4 and the point diamellly opposite it) a& weak in the la
extemal gplied manetic feld Hy = 31 kA/m. The forces vhich press the mgnetic fuid toward those points on the sade
which lie near the poles of thglmder (point 1 and the point diamally opposite it) a& also veak. Because the maetic
forces acting on the rgaetic fuid in the neighborhood of dérent points on the outer sade of the hollev cylinder ae weak,
these points coolt@ssentiall the sameate to within the measament eror. The slight dop in the coolingate on the outer
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surface near the poles of thgliader mgy be causedybdeposits of fiable precipitae of stetified magnetic fuid at these sites
owing to the veak manetic brces vhich push the mgnetic fuid and mgnetic paticles in the sttified maynetic fuid toward
the poles of theyinder.

As the pplied manetic feld is inceaseda substantialadistibution of the coolingate over the outer suaice of the
cylinder can be seen.igure % shavs some plots of the temature as a function of cooling timeff different points on the
outer and inner suates of the holle cylinder as it cools in the ngaetic fuid from 500C in a manetic feld of 83 kA/m.

Figure 9 shaws thd the cooling ate & points 57 on the inner sade of the holle cylinder is laver than ér the same
points in the lver maynetic feld, 31 kA/m, of Fig. 9a. This pobaly hgopens becausas the mgnetic feld is mised ther is
an incease in the ngmetic brces tending to push thkiid out of the glinder hollov and peventing penettion of the fuid
into the hollav. As a lesult,the iates of cooling and heéaemoval from the inner sudtce of the glinder wall, which is mainy
in contact with the apor, decease substantigll

Hea exchange & the outer lgeral surbices of theydinder also is substantigldifferent in a mgnetic feld of 83 kA/m
compaed to aield of 31 kA/m. kgure % shaws thad within the frst fractions of a second thete of hearemoval & point 4
is much lower than apoints 1-3.This also caresponds to the didhution of forces acting on the rgaetic fuid. In the neigh
borhood of the poles and in the neighborhood of ttezalapotions of the glinder surfice thesedrces push thddid toward
the surce andcoresponding), push it flom the suidice Henceat the poles theapor layer becomes thinner and hég@ns
fer incieaseswhile a the laeral surfice the spor layer thikens,so heatransgr is educed This is confrmed ly obsevations
of the stée of the dposits of statified magnetic fuid on the outer suatce of the glinder.

The plots of k. % shaw tha a point 1,which lies & a pole of the @inder, the cooling ate is somaha lower than
at the points 2 and 3 adjacent to the pditis can bexplained ly the geaer thikness of the fable deposit of statified may-
netic fuid in the neighborhood of the poleghich reduces hdaaranser and deelops as aasult of mgnetic brces vhich press
the conglomeate of stetified maynetic paticles onto this parof the glinder surfce

Further inceases in the stngth of the pplied manetic feld cause ¥en moe rapid cooling of points 1-4 on the outer
surface of the hollw cylinder duing the initial cooling p&od than or cooling in aield of 83 kA/m. This efect can be seen
in Fg. 9, which shavs plots of the tempeture & different points on the outer and inner sids of theydinder as a function
of time duing cooling in the mgnetic fuid from an initial sample tempeature of 500C in a manetic feld of 105 kKA/m. Itis
evident tha the cooling ate for points 5—7 on the inner sade of the glinder is essentiaflunchangd from thd with a feld of
83 kA/m. Cuves1-3 also &ll much moie rapidly within the frst fractions of a second after the onset of cooling than with a
field of 83 kA/m. The cooling ate of the léeral surfice of the glinder, in the neighborhood of point 4Jso inceases in the
first 0.2 s compad to cooling with aiéld of 83 kA/m. This mg be &plained ly the fact tha hed is removed from point 4 in
the azinuthal dilection,as vwell as mdially, because of theapid tempeature diop & the adjacent point 3. oF timest > 0.3 s,
the cooling ate & point 4 ajain falls belav tha at points 1-3 which lie doser to the pole of theytinder. Cooling in this sk
ion & various points on the outer sade of the holle cylinder is explained ly the inceased mgnetic brces acting on the rga
netic fuid surounding the glinder as the mgnetic feld is raised which, as noted love, either enhance oeduce the thic
ness of the apor layer betveen the glinder and theltid.

When the initial tempeture of the sample iduced to 30, there is not nuch change in the vay the diferent points
on the outer and inner sades of the hollw cylinder cool compaed to cooling fom an initial tempeture of 500C. FHgure 1
shavs plots of the tempature as a function of cooling time different points on the outer and inner sids of the dinder
obtained dung cooling in the mgnetic fuid from an initial tempesture of 300C in a ma@netic feld of 31 kA/m. These cwres
shaw tha the cooling ate & points 5—7 on the inner sade of the holle cylinder is slighty lower than thaat points 1-4 on
the outer sudce The diference in the ariation of the cooling cures br points 5—7 lies within the limits okpelimental eror.
The same is tre of the diferences in the cooling cues br points 1-4.

It is probable tha in low magnetic felds the coolingliiid is ale to penetate into the glinder hollov and causeather
rapid cooling of the inner suate This ma be elaed to a mmber of fictos which detemine the cooling mrcess. Bnetation
of the ma@netic fuid into the glinder cavity is inhibited ly the ma@netic brces tending to push it ouan. However, in a lov
extemal gplied feld these drces ae not stong enough toéep some of the ngmetic fuid from enteing the glinder hollov
as the sample ispidly lowered into the container of rgaetic fuid. In adlition, during cooling of the glinder from 300C the
magnetic fuid stats to boil on coming into contact with the ke metal sudce A vapor-liquid mixture with reduced mg
netic popeties is brmed and this alsotéeruates the dict of the gtruding manetic brces. At the same timdow magnetic
fields do not dect the ate of heairemoval & different points on the outer sade of the ylinder. Appaently, the combin&on
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Fig. 10. The tempeature T as a function of cooling timeat different points on the
outer and inner suates of the holle cylinder as it is cooled in the mgaetic fuid
from an initial tempeature of 300C in manetic felds of 31 &) and 83 kA/m If).

of these &ctoss ensues thathe fuid can penette the hollev of the glinder, creae conditions ér hea removal from the inner
surface and ensur thd the diference betwen the coolingates 4 the inner and outer sades of theydinder is small.

When the glinder is heted to 300C and then cooled in a mpaetic feld of 83 kA/m,the manetic brces tending to
push the mgnetic fuid out of the glinder hollov become substantiallhey are also substantial in the neighborhood of the outer
surface Thus,as the measaments shw, the cooling ates Dr points locted on the inner swate of the glinder ae substantiajl
lower (Fg. 1(b) than thosedr a ma@netic feld of 31 kA/m (Fg. 10a). According to Kg. 1(b, the cooling ate for points lock
ed on the outertinder surfice adifferent angle® are substantiayl different,as also hapens dung cooling of the glinder in
the sameiéld from an initial tempeture of 500C. Cooling is mostapid & points 2 and 3 on the outer agé At point 1,
which lies @ a pole of the ylinder, the cooling ate for timest close to 0.5 s is somda lower than &points 2 and 3which can
appaently be eplained ly the pesence of a gsit of stetified magnetic fuid a point 1 thaimpedes haaemoval. The cool
ing rate & point 4,which lies on the leeral surfaice of the ginder, is alread/ noticedly lower than thafor the other points on
the outer sudce ly 0.25 s. This result can bexplained with the aid ofxg@eliments br obseving the distibution of the dposit
of stratified manetic fuid over the outer suaice of the glinder by interupting the cooling mcess adifferent times.
Photaraphs of the outer suate sho tha a deosit of stetified maynetic fuid, which is mottled with @por hubble cavities,
develops on the left andght sides of theydinder in the neighborhood of its poles. Coolinghe poles of thewtinder tales
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place though rudeate boiling i.e., the surfice is cooledapidly in the neighborhood of the poles. gy cooling the laeral sur
face of the glinder is sparated from the fuid by a \apor layer; a tace of the &por layer is visibe on the side suate of the gin-
der as a hight stip in the cental potion of the glinder surfice vhich is free of dposits of sttified maynetic fuid. Because of
the iapid cooling of the I&eral potion of the outeryinder surfice the cooling ates near the poleseasubstantiajl lower.

Because the ngmetic brces vhich push the ngnetic fuid out of the glinder hollav are rather lage for an gplied

field of 83 kA/m,the fuid is no longr @le to penette into the glinder hollav, and the lav cooling &te for the inner sudce
is explained ly hed transkr thiough the epor. As the &peiiments shwed these dects ae enhancedybincreasing the gplied
magnetic feld.
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