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Abstract—Nucleate boiling from the restricted geometry between two cylinders in line contact is studied.

The pool boiling experiment is conducted using water and two small-diameter tubes brought together

through either twisting or tying. It is found that nucleate boiling is significantly enhanced in the restricted

regions between the two tubes, particularly in those regions with openings facing upward. This enhancement

is due to a favorable thermal environment in terms of the liquid temperature profile inside the restricted

geometry. This phenomenon is explained based on the well accepted nucleate boiling theory. The difference
among data of different tube orientations is also discussed.

1. INTRODUCTION

ENHANCEMENT techniques of nucleate boiling heat
transfer have been extensively searched due to the
need of upgrading various types of industrial evap-
orative devices. In their 1978 patent, Schmittle and
Starner [1] proposed to enhance nucleate boiling by
wrapping a plain tube with a fibrous or stranded
material. as shown in Fig. 1. A plain copper tube
wrapped with stranded nylon was reported to provide
a heat transfer coefficient up to 3.7 times as high as
the plain tube. However, a plain tube wrapped with
solid copper wire demonstrated a decrease in heat
transfer performance compared with that without
wrapping. It is suspected that the strands in line con-
tact with cach other played an important role in
enhancing the nucleate boiling heat transfer in the
former case. In this work, nucleate boiling was studied
using a test heater composed of two pieces of small-
diameter tube in line contact through either twisting
(Fig. 2(a)) or binding together with wires (Fig. 2(b)).
The tubes were directly heated by d.c. electricity, and
the temperature was measured by thermocouples
placed inside the tubes. Pool boiling tests were con-
ducted using pure water at atmospheric pressure.
Attention was paid to nucleate boiling activity within
the restricted regions between the two tubes, as indi-
cated in Fig. 3. The objectives of this study are to
understand the mechanism of enhanced nucleate boil-
ing by two cylinders in line contact, and to identify
the factors which are important to the boiling
performance.

2. EXPERIMENT

Testing was conducted by boiling pure water at
atmospheric pressure using a facility as shown in Fig.
4. The facility included a Lexan test vessel (305
mm x 305 mm x 254 mm), a test heater, and auxiliary
heaters. The test heaters employed were (a) two tubes

twisted together with a pitch of 3 mm (Fig. 2(a)), (b)
two parallel tubes tied together at several locations
along the length using pieces of wire (Fig. 2(b)), and
{c) a single tube. All the tubes were of stainless steel
and of the same dimensions, i.e. 1.59 mm (1/16 in.)
o.d. and 0.79 mm (1/32 in.) i.d. The tubes were all
from the same manufacturer and were found to yield
the same boiling heat transfer performance when each
was tested as a single tube heater. All three test heaters
were 350 mm long. Special attention was given to the
double-tube heaters to ensure good contact between
the tubes. Thermocouples (gage 30) were inserted into
the tubes to monitor the temperatures at half of the
heater length. In the case of parallel tubes tied
together, the tic wires were located at a sufficient dis-
tance from the thermocouples to avoid any influence
on the temperature readings due to a change of the
boiling surface condition. The test heater was directly
heated by d.c. electricity and was held at 80 mm above
the bottom of the test vessel simply by the power
cables soldered to its ends.

Four auxiliary immersion heaters were employed
for initial heating and maintaining the pool tem-
perature at saturation. The disturbance induced by
boiling from the auxiliary heaters was shielded from
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FiG. 1. A tube with wire wrapping.
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NOMENCLATURE

Bi Biot number as in equation (1) Greek symbols

[dimensionless] J gap width between two tubes as defined
Iy latent heat of vaporization in Fig. 8(b) [m]

Pkg ' 3 orieniation angle of the two tubes in
k thermal conductivity [Wm 'K '] contact as defined in Fig. 7 {rad or deg]
q" heat flux [W m™ ) P density [kgm ]
q” heat generation rate per unit volume a surface tension [N'm '],

Wm
R non-dimensional radius as in cquation Subscripts

(hH c cavity
r radius [m] i inside wall
T temperature [ C] 1 liquid
AT wall superheat, 7, - T, [K] 0 outside wall
r coordinate normal to hecated wall S saturation

[m]. v vapor

5~ mainstream condition.

the test heater by (wo pieces of Lexan sheet located
on both sides and 70 mm away from the test heater,
as shown in Fig. 4. Liquid exchange was allowed
over the top of the shield and through the interstices
between the shicld and the wall of the vessel. This
arrangement also effectively maintained the liquid

FiG. 2. Two tubes in line contact : (a) twisted ; (b) parallel.
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temperaturc within the shield at saturation without
using heavy insulation prohibiting visual observation.

Tests were also conducted with aforc-mentioned
test heaters placed vertically, using a tall test vessel
{450 mm x 254 mm x 254 mm) as shown in Fig. 5,
which included four auxiliary heaters separated from
the test heater located at the center by a four-walled
shield (400 mm x 150 mm x 150 mm).
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Fi1G. 4. Test facility for horizontal test heaters.
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FiG. 5. Test facility for vertical test heaters.

The electricity to the test heater was provided by a
d.c. power supply and was monitored by a voltmeter
and an ammeter. All thermocouples were of chromel-
constantan (E-type) and were monitored by a digital
voltmeter. The auxiliary heaters were controlled by a
powerstat. A barometer measured the atmospheric
pressure in order to determine the saturation tem-
perature.

The test heater was cleaned with acetone prior to
each test. Water was first brought to boiling by both
the test heater and the auxiliary heaters for at least 3
h to drive away the air content in the system. Boiling
water heated and degassed in a beaker was provided
periodically to replenish the loss of water since the
water vapor generated was not recovered. The vari-
ation in the hydrostatic pressure due to change of
pool level was taken into account in determining the
saturation temperature. The pool temperature moni-
tored by thermocouples placed randomly in the vessel
was always within 0.2°C of the calculated saturation
temperature based on barometric reading and liquid
level.

Data taken during a test were heating power, tem-
perature of the test heater, atmospheric pressure, and
height of the water level above the test heater. Heat
flux was calculated by heating power divided by the
surface area of the test heater. The wall temperature
of the heater was determined based upon the tem-
perature measured by the thermocouple inserted into
the tube, and the calculated temperature drop across
the tube wall. This temperature drop was calculated by
considering heat conduction in a hollow infinite cyl-
inder with convective boundary condition on the out-
side surface and ¢ volumetric heat generation in the
solid. The solution of the temperature distribution is
given as [1]

(T-T. )k _1]2 \ s
73 5 (1= R)+1-R+2R In R

"

(n
with R =r/r, and Bi = (hr,)/k. The temperature
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difference between the inside and outside surfaces can
thus be readily determined as

w2
_qn

4k

T, —-T, [RI—-RI+2R In (r/r))]. (2
The wall superheat, AT, was then calculated as the
difference between T, and the saturation temperature.
The temperature drop calculated using the above
equation was always within 4% of the measured
superheat data in the present test range. The satu-
ration temperature was determined based on the press-
ure at the level of the horizontal test heater, including
atmospheric pressure and hydrostatic pressure. In the
case of the vertical test, the saturation temperature
was based on the pressure at the center of the test
heater where the thermocouple was located. The error
associated with the heat flux data presented in this
work was estimated to be within +30 W m™?, and
that with temperature data was within +0.2°C. Most
of the tests presented in this work were repeated, and
the data were found to be always reproducible within
+0.4°C.

3. EXPERIMENTAL RESULTS

Pool boiling tests were conducted using three test
heaters under seven different conditions as shown in
Fig. 6. Each test heater was tested both horizontally
and vertically. The horizontal parallel tubes par-
ticularly were tested under two conditions: two tubes
placed with one above the other {Case I), and two
tubes placed side by side (Case IT). The parallel tubes
were also tested vertically (Case V). The twisted-tube
test heater was tested both horizontally (Case I11}, and
vertically (Case VI). For the purpose of comparison, a
single tube was also tested both horizontally (Case
IV) and vertically (Case VIII). No boiling crisis was
observed in any of the tests presented in Fig. 6.

It was observed in the present tests that a pair of
horizontal tubes in line contact, whether twisted,
placed side by side, or stacked, start nucleate boiling
at a lower superheat, and the fully developed heat
transfer coefficient is significantly higher than a single
tube. With reference to the data of Case Il in Fig. 6,
the twisted tubes started generating bubbles at a heat
flux as low as 360 W m~? and a superheat of 0.24°C.
An interesting phenomenon observed at this point was
that the bubbles were generated only at the locations
where the two tubes were both on a horizontal plane.
This situation can be better explained by considering
Fig. 7, in which y is defined as the angle between the
line passing through the centers of the two tubes and
the direction of gravity. For two tubes twisted
together, the angle y varies between 0 and 7 with
respect to a coordinate system moving along the axis,
namely, the z-direction. During incipient boiling,
bubbles were first observed only at the axial locations
where y was n/2 and from the restricted region having
an opening facing upward, as indicated in Fig. 7. In
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Fi1G. 7. Bubble formation from twisted tubes at a low heat
flux.

fact, at 360 W m~ 2, bubbles observed were only sitting
at thesc locations without motion. Bubbles started
moving at ¢" = 1.87x10° W m" *. At this point.
nucleate boiling was observed all over the heated sur-
face; however, bubbles in larger sizes and quantity
were generated from the restricied region between the
two tubes than elsewhere. The nucleate boiling heat
transfer coefficient of the horizontal twisted tubes was
always higher than that of the single horizontal tube
throughout the test range. Based upon a fixed heat
flux. the heat transfer coefficient of the twisted tubes
could be as much as about ten times that of the single
tube. This figure has, of course, already taken into
account the doubled heat transfer surface area of the
twisted tubes. The improvement in heat transfer is
mainly due to the enhanced nucleate boiling in the
restricted region between two tubes in contact, an

interesting phenomenon to be further discussed later.

Since bubbles were observed to form first at the
locations of ¥ = 7/2 in the twisted tube test, it was of
interest to conduct a test with two tubes placed side
by side so that y was #/2 throughout the length. In
this test (Case I, Fig. 6), it was observed that stagnant
bubbles were formed in the restricted region facing
upward at a low heat flux of 356 Wm  * and superheat
of 0.20' C. They were similar to those observed on
twisted tubes cxcept that they were distributed along
the cntire contact line. At 1.326 x16° W m -~ heat
flux and 0.26"C superheat. many bubbles started to
depart from the restricted regions between the two
tubes. Even though nucleate boiling was observed
from the entire surface of the heated tubes beyond
this point, significantly morc bubbles were generated
{from the restricted region facing upward. and the
bubbles were larger in size than elsewhere.

In the test with one tube above the other (3 = 0).
stationary bubbles were observed sitting in the re-
stricted regions, which were facing sideward in this
case, at a heat flux of 805 W m * and a superheat of
0.20 C. Bubbles were departing from the surface at
P8Ix 10" Wm 2 At 1.O3x 10" W m 7, there was
nucleate boiling all over the wall of heated tubes : how-
cver, the bubbles were generated at faster rates and
in larger sizes from the restricted regions. This phenom-
enon persisted throughout the test.

In comparison, two stacked tubes demonstrated the
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highest heat transfer coefficient in the medium heat
flux range, which could be as high as four times that
of the single tube based on a fixed heat flux. Two tubes
placed side by side provided heat transfer coefficients
slightly lower; however, the coefficients were still
higher than that of twisted tubes. The three double-
tube curves converged to one at a high heat flux level.
Tests were also conducted with vertical test heaters,
including single tube, two tubes twisted, and two
straight tubes placed side by side in contact. First of
all, as shown in Fig. 6, data of the horizontal single
tube test (Case IV) were close to that of the vertical
single tube (Case VII). It was also found that there
was no significant difference in the test data between
the parallel tubes (Case V) and the twisted tubes (Case
VI). These double-tube data demonstrated slightly
higher heat transfer coefficients than the single tube
only in the high heat flux range, and significantly
lower coefficients than the double-tube horizontal
test data. The enhanced nucleate boiling from the re-
stricted regions between two horizontal tubes in
contact was not observed in the vertical tests.

4. DISCUSSION

4.1. Enhanced nucleate boiling in the restricted region

The present test results show that two horizontal
tubes in contact demonstrate better boiling heat trans-
fer performance than the single tube in terms of heat
flux and wall superheat required for incipient boiling,
and boiling heat transfer coefficient. Visual obser-
vation revealed that bubbles start to form at a very low
wall superheat between two tubes, and more bubbles
continue to be generated from the restricted region
than from elsewhere throughout the test. Apparently,
the improvement in the boiling heat transfer per-
formance is due to the enhanced nucleate boiling in
the restricted region between two tubes. It is thus of
interest to study the mechanism of such enhancement.

A number of incipient nucleate boiling models,
which describe the condition required for the gen-
eration of bubbles, have been proposed [2-6]. Among
these models, the one by Bergles and Rohsenow [2]
has been most widely accepted. According to their
model, on an open surface, a bubble is generated when
the liquid temperature profile is tangent to the bubble
equilibrium curve. The bubble equilibrium curve is
determined based on (a) the mechanical equilibrium
of a vapor bubble, i.e. the vapor pressure higher than
the surrounding liquid in order to balance surface
tension, and (b) the Clausius—Clapeyron relation
between the pressure difference and the temperature
difference. The result is [7]

27,
19 3)

T\ - T} = .
hy,por,

Nucleate boiling will thus take place when the liquid
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FIG. 8. Nucleate boiling in a restricted region formed by two
cylinders in line contact.

temperature profile I in Fig. 8(a) is reached. Bubbles
will be generated from cavities of radius r,, provided
the residual vapor phase is available to function as
nuclei in these cavities.

On the other hand, in a restricted region between
two heated walls, the liquid temperature profile is
quite different from that near an open surface. Con-
sider the narrow space between two cylinders, as
depicted in Fig. 8(b). Even though no attempt was
made in this study to measure the liquid temperature
profile within the narrow space, at a location where
the width of the space is J, typical liquid temperature
profiles are shown by profiles II and III in Fig. 8(a),
which are symmetric with respect to the centerline of
the restricted space, since both tubes are generating
the same heat flux. The temperature of the liquid can
increase indefinitely no matter how small the wall heat
flux is, provided heat transfer in the direction of the
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centerline is negligible. During the heating process,
the liquid temperature profile would first intersect the
bubble cquilibrium requirement curve at 3 = 6 when
profile 11 is reached. This 1s different from the tangent
condition for incipient boiling on an open surface [2].
Liquid temperaturc meeting the bubble equilibrium
requirement at y = J, however. does not necessarily
guarantee incipient boiling. Consider the liquid super-
heat requirement during the process of growth of a
bubble from a cavity of radius J. During growth. the
bubble needs to be exposed to liquid of a temperature
profilc which meets the bubble equilibrium require-
ment at all stages. This bubble growth temperature
requirement can be determined based on the bubble
cquilibrium temperature requirement as given by
cquation (3), and the curvature radii of the bubble at
different heights during growth. For a cavity of size
re. and 1 < s this radius—height relation is

o=+ 4)

where #, is the bubble radius, and y the height of the
bubble. The bubble growth temperature requircment
is obtained by combining equations (3) and (4)

4T oy

T,—T, = A
I p P4 97)

\ (5)

The above equation is qualitatively plotted in Fig.
8(a). To cnsure continuous growth of the bubble,
the surrounding liquid temperature at the top of the
bubble must be always no lower than thc bubble’s
interior temperature; otherwisc the growth of the
bubble will be limited by condensation at the top.
However, the liquid temperature profile Il in Fig.
8(a) does not meet this bubble growth requirement,
although 1t meets the cquilibrium requirement at
¥ = ¢d. Formation of a bubble from a cavity of radius
o requires that the liquid be further heated to profile
[T, which is tangent to the growth temperature
requirement of the bubble. This condition of incipient
boiling is unique for a thermal environment with a
liquid temperature increasing with y. such as a re-
stricted region between two heated walls. Vapor
phase could be generated from cavities of sizes larger
than ¢ before temperature profile 111 is recached. How-
cver, the growth and departurc of the vapor bubbles
could be restricted by the geometry.

After all, nucleate boiling in the restricted region
between two heated cylinders can take place at a lower
wall superheat than on an open surface. This phenom-
cnon is qualitatively explained by comparing the
liquid temperature profiles I and III. The slopes of the
two profiles at y = 0 are the same; therefore. the two
profiles represent the same wall heat flux. The fact
that AT, i1s smaller than A7, indicates that at the
same wall heat flux, nucleate boiling can take placc at
a lower superheat in the restricted region than on an
open surface. This implics both a lower wall superheat
for incipient boiling and a higher heat transfer
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coeflicient of fully developed nucleate boiling. It is
also clear that for the same wall superheat level. a
wider size range of cavities would be activated in the
restricted region than on an open surface. This can
be demonstrated by comparing liquid temperature
profile T for an open surface, and profile 1V for a
restricted region, which has the same wall superheat
as profile I and intersects the bubble equilibrium curve
at y = r,. Under profile 1V, cavities of sizes in the
range r, <r<J can gencrate bubbles, provided
vapor nuclei are available, whilc only one size of
cavity, r,, can be active under profile 1. This explains
why more bubbles were observed to emerge from the
restricted region between the two tubes than from
clsewhere, and why two tubes in contact demonstrated
higher boiling heat transfer coefficients than a single
tube in the present tests.

Even though bubble formation is facilitated in the
restricted region, the departure of a bubble is con-
tingeni upon the thermal environment to which the
growing bubble is exposed. The growth of a bubble
can be limited by the cold liquid outside the restricted
region, and the bubble maintains a metastable state
sitting on the heated wall without either further
growth or diminution. A balance of energy is reached
between evaporation at the basc of the bubble and
condensation at the top. This phenomenon was
observed at very low heat flux levels for all three cuses
of tubes in contact in the present experiment. In order
to predict visible incipient nucleate boiling as the
result of first bubble departure, it is therefore necess-
ary to know the liquid temperature distribution
within and in the vicinity of the restricted region. The
liquid temperature distribution was neither measured
nor calculated for the above qualitative analysis for
the following rcason. In the present natural convee-
tive boiling experiment, the liquid temperature dis-
tribution in the vicinity of a restricted region depends
on the orientation of the restricted region with respect
to the direction of gravity. In a heat transfer tubc as
shown in Fig. 1, the liquid temperature distribution
will be further dependent upon geometrical factors
such as the dimensions of the wire wrapping and pitch
of wrapping on the tube. Therefore, only qualitative
liquid temperature profiles were considered in the above
analysis to study how nuclcate boiling can be enhanced
in the restricted region, and no attempt was made
to quantitatively predict incipient nucleate boiling.

4.2. Comparison among different cases of tubes in
contact

The three cases of horizontal tubes in contact dem-
onstrated close heat transfer performances in the high
heat flux range. However, the difference in heat trans-
fer coefficient can be as large as 100% in the lower
heat flux range (cf. Cases | and III, Fig. 6). In fact.
the enhanced nucleate boiling of all three cases is
attributed to the same restricted geometry formed by
two tubes in contact. What makes the difference in
heat transfer coefficient in the low heat flux range is
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the orientation of the restricted geometry. When two
tubes are in line contact, two restricted regions sep-
arated by the contact line are formed. The twisted
tubes have the orientation angle y varying from zero
to m for each of the two restricted regions, while two
tubes placed side by side have one restricted region
facing upward and the other facing downward, and
two stacked tubes have both restricted regions facing
sideward. Boiling heat transfer is affected by the orien-
tation of the restricted region because the thermal
environment within the restricted region at a different
orientation is subjected to a different degree of dis-
turbance by the convective flow. Based on the pre-
vious analysis with reference to Fig. 8, a greater dis-
turbance by the convective flow makes the liquid
temperature profile more difficult to be tangent with
the bubble equilibrium curve. The thermal environ-
ment is therefore less favorable to nucleate boiling.

1t was observed in the present twisted tube test that
bubbles are first generated in the restricted regions
with openings facing upward. This indicates that the
thermal environment within the restricted region fac-
ing upward is most favorable to nucleate boiling. This
favorable thermal environment, characterized by a
special temperature profile of liquid, is provided by
the combination of the restricted geometry between
two cylinders in line contact and the small temperature
gradient at the top of a horizontal tubular heater
subjected to an upward buoyancy flow. A downward-
facing restricted region is open to the upward buoy-
ancy flow which disturbs the favorable liquid tem-
perature profile inside the region. The superheat
required for incipient boiling was therefore higher in
such a restricted region.

In the tests with two horizontal tubes placed side
by side, nucleate boiling was also observed to be
prominently more active in the restricted region facing
upward. Since, in this case, there is a continuous
upward-facing restricted region all the way along the
length of the test heater, the boiling heat transfer
coefficient is naturally higher than that of twisted
tubes (Fig. 6), which have upward-facing restricted
regions only at one location in every pitch.

In the case of two horizontal tubes with one above
the other, it was observed that nucleate boiling is
enhanced in the restricted regions facing sideward.
The heat transfer coeflicients of this case (Case I) are
better than that of two tubes placed side by side (Case
11} in the medium heat flux range, because the former
has two restricted regions equally fostering nucleate
boiling, while in the latter case, only the restricted
region facing upward significantly enhances boiling.

With regard to the vertical test heaters, the re-
stricted geometry formed by two tubes in contact,
either twisted or parallel, was observed not to signifi-
cantly enhance nucleate boiling as it did in the hori-
zontal tests. This is because the buoyancy flow in the
direction of the contact line of the test heater can
destroy the favorable thermal environment within the
restricted region.
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4.3. General discussion

The present test results reveal the importance of
the hydrodynamic effect on nucleate boiling. Nucleate
boiling can be significantly enhanced by a favorable
thermal environment characterized by a special liquid
temperature profile near the heated wall. This environ-
ment can be achieved by the combination of a re-
stricted geometry and the right orientation with respect
to the direction of convective flow. The restricted
geometry studied in this work is formed by two cyl-
inders in line contact. This geometry is unique in that
the liquid deep inside the restricted region can easily
be heated to a substantial superheat. This geometry
was found to foster nucleate boiling particularly if its
opening faces in the same direction as the convective
liquid motion so that the restricted geometry is not
subjected to the disturbance of the convective flow
and is exposed to a small temperature gradient on the
lee side. In the present study, the restricted geometry
with the opening facing upward in a gravity-induced
natural convective flow was found to enhance nucleate
boiling most remarkably. This information is impor-
tant to the design of a boiling-enhancing structured
surface featuring small cylinders in line contact.

5. CONCLUSION

A study was conducted for nucleate boiling heat
transfer from test heaters prepared using two tubes
brought together by either twisting or tying. It was
found that nucleate boiling is significantly enhanced
in the restricted regions formed by two cylindersin line
contact, particularly in those regions with openings
facing upward. This enhancement is attributed to a
favorable thermal environment provided by the com-
bination of the restricted geometry between the two
cylinders and a small local temperature gradient on
the lee side of the test heater subjected to a gravity-
induced natural convective flow. A restricted region
facing sideward demonstrated a moderate enhance-
ment, while that facing downward demonstrated little
enhancement, because the thermal environment inside
the region is disturbed by the convective flow, and the
region is exposed to a large local temperature gradient.
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EBULLITION NUCLEEE SUR DEUX CYLINDRES EN CONTACT EN LIGNE

Résumé—On étudie Iébullition nucléée dans la géométrie limitée entre deux cylindres en contact en ligne.

L’ébullition en réservoir est expérimentée avec de ’eau et deux tubes de petit diamétre maintenus ensemble

soit enroulés, soit attachés. On trouve que I’ébullition nucléce est significativement augmentée dans les

régions resserrées entre les deux tubes, particuliérement dans ces régions qui sont tournées vers le haut.

Cet accroissement est di a un environnement favorable en terme de profil de température du liquide dans

cette géométrie restreinte. Ce phénomene est expliqué a partir de la théorie bien acceptée de ’ébutlition.
La différence entre les données relatives a différentes orientations des tubes est aussi discutée.

BLASENSIEDEN AN ZWEI ZYLINDERN MIT LINIENKONTAKT

Zusammenfassung—Es wird das Blasensieden unter den rdumlich beengten Bedingungen zweier Zylinder
mit Linienkontakt untersucht. Die Siedeversuche werden mit Wasser an zwei Rohren mit kleinem Durch-
messer durchgefiihrt, wobei ein Rohr das andere umwickelt oder umschniirt. Dabei ergibt sich, daB
das Blasensieden in dem eingeengten Gebiet zwischen den beiden Rohren wesentlich verbessert wird—
insbesondere in solchen Regionen, in denen eine Offnung nach oben besteht. Diese Verbesserung ist auf
den giinstigen Verlauf des Temperaturprofils in der Fliissigkeit im beengten Bereich zuriickzufiihren. Das
Phidnomen wird auf der Grundlage der allgemein anerkannten Theorie fiir das Blasensieden erklért. Die
Unterschiede zwischen den Daten bei verschiedenen Rohrorientierungen werden ebenfalls diskutiert.

MMY3bIPLKOBOE KMITEHUE HA JBVX KOHTAKTHUPYIOIINX IUJINHAPAX

Amnoramus—HccneyeTcss ny3bipbKOBO¢ KHICHHE B MPOCTPAHCTBE MEXY OBYMA KOHTaKTHPYIOIUMMM
UMIMHAPaMHE. B akcniepamenTax MO KMIIEHHIO B 06BbeMe MCIOJb3YIOTCS BOJA M [BE NEPEKPYYEHHbIE HIIK
CKpeIUIeHHBIE TPYOBI ¢ ManbiM auameTpoM. HailineHo, YTo Ny3nIphKOBOE KHIIEHHE 3aMETHO YCHIIMBAETCA
B 06J1aCTAX, OTpaHMuEHHRIX 06eMMH Tpybamu, B OCOOGCHHOCTH Ha YUCTKax ¢ oOpauleHHRIME BBEPX
oTeepcTHsME, UHTeHCHOHKALINA KHIIEHAS IPOMCXOOMT 3a CYeT ONaronpHATHBIX YCIOBHH, CO3aBaeMbIX
npoduaeM TeMnepaTyp XHAKOCTH. DTO ABJCHHE OOBACHACTCS HAa OCHOBAaHHM TEOPHH NY3BIPEKOBOTO
kunenus. O6cyxnaercs pasiuuue KCNEPUMEHTABHLIX JaHHBIX, TIOJYYEHHBIX APH Pa3HbIX OPHEHTALAAX

TpYO.



