
hf. J. Heaf Mass Tramfir. Vol. 35, No. 8, pp. 1857-1864, 1992 C017-9310/92 $5.00+0.00 

Printed in Great Britain 0 1992 Pergamon Press Ltd 

A study of three-dimensional natural convection 
in high-pressure mercury lamps--Ill. Arc centering 

by magnetic field 
P. Y. CHANG 

Advanced Technology Department, G.E. Lighting, Cleveland, OH 44112, U.S.A. 

and 

W. SHYY 
Department of Aerospace Engineering, Mechanics and Engineering Science, 

University of Florida, Gainesville, FL 32611-2031, U.S.A. 

(Received 11 July 1991 and injinal form 21 August 1991) 

Abstract-The present work constitutes the third part of a series of work with the goal of developing a 
three-dimensional computational model to help understand the various physical mechanisms involved in 
high-pressure discharge arcs. The effect of an externally applied magnetic field on the convection and 
temperature characteristics is studied in the present effort. The classic experiment of Kenty is first simulated. 
It is found that the magnetic field can induce a downward velocity to the hot gas core to offset the buoyancy- 
induced nonuniformity in the temperature field. Separate pairs of contra-rotating recirculating eddies 
resulting from the magnetic and buoyancy effects can be identified. Qualitative as well as quantitative 
agreements between Kenty’s experiment and the present prediction are observed. The feasibility of applying 
the magnetic control to optimize the operation of the modem discharge lamp is then investigated. The 
model reveals that convection strengthens if either the pressure inside the arc-tube or the magnitude of the 
magnetic field increases. Furthermore, with the same geometry, the required strength of the magnetic field 
to center the hot core and maintain a symmetric temperature distribution is linearly proportional to the 

arc-tube pressure. This finding yields a very useful method for optimizing the discharge lamp design. 

1. INTRODUCTION 

THE HIGH-pressure high-temperature electric arc con- 
fined in cylindrical quartz tubes is an important device 
of many practical applications, notably for the mod- 
ern high intensity lamp and laser. It has received much 
research attention due to the complexity of its intrinsic 
physics and chemistry [l-3]. To successfully develop 
a theoretical model to predict the characteristics of 
the arc, due attention must be paid to account for 
the aspects of energy balance in a detailed manner, 
including conduction, convection, radiation, ohmic 
heating, and any other energy transfer modes present. 
The highly coupled and nonlinear set of transport 
equations of mass continuity, linear momentum, and 
energy of the gas phase must be solved simultaneously 
in a geometry complicated by the existence of elec- 
trodes at both ends of the arc-tube and tube. curvature. 
Among the many important mechanisms, natural 
convection plays a pivotal role in determining the 
qualitative as well as quantitative distribution of the 
temperature field in the arc-tube. In a classic study of 
convection in high-pressure Hg arcs, Kenty [l] has 
measured the convection velocity in a horizontal arc- 
tube, where natural convection buoys the arc upward, 
and reported the conditions under which an externally 
applied magnetic field straightens the arc. 

Zollweg [4] and Lowke [5] were the first to conduct 
analytical and computational studies of natural con- 
vection in high-pressure mercury arcs. In their works, 
the fluid flow and energy equations in an axisymmetric 
domain are solved. Recently, progress has been made 
along the line of computational modeling in a three- 
dimensional domain [6-81, with the capability of 
handling the irregular and complex geometry of the 
arc-tube, including the curved tube surface and the 
electrode intrusion at the ends of the arc-tube. The 
model advanced in refs. [68] provides a solution to 
the combined momentum, mass, continuity, energy, 
and electric field equations, based on the fundamental 
conservation laws and simplified radiation treatment. 
These equations are solved using the finite volume 
algorithm in a generalized curvilinear coordinate 
system. Both straight and curved arc-tubes have been 
studied and their impact on overall performance pre- 
dicted. Good agreements have been obtained between 
theoretical prediction and experimental measurement, 
in terms of mounting angle [6, 81. curvature effect [7], 
and wall temperature distribution [8]. Those favorable 
agreements indicate that the computational model 
based on the first principles can make a truly useful 
contribution for advancing our understanding of the 
complex physics present in the system. 

As stated in Parts I and II [7, 81, the degree of 
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uniformity of temperature distribution, both within 
the arc-tube and on the tube wall, can greatly affect 
the light quality and the life expectancy of the lamp. 
Also, it has been demonstrated that the temperature 
uniformity within the arc-tube can be achieved by 
modifying the tube curvature. This concept has in fact 
been put to use for real products. However, in order 
to continually supply new ideas to product design, it 
is desirable to identify other alternatives to attain this 
same goal. Here the model is extended to explore 
another promising thought, that is, the application of 
a magnetic field to control the convection and thermal 
characteristics in the arc-tubes. The tube geometry 
and the operating condition of Kenty [l] will first be 
simulated and the model prediction will be compared 

to the data reported in ref. [l]. Then the base geometry 
and condition employed previously in Parts I and II 
of this work [7, 81 will be adopted to explore the 
feasibility of applying the magnetic field to offset the 
buoyancy effect in order to straighten the arc in the 
modern discharge lamps. It is noted that, compared 
to Kenty’s experiment, the modern discharge arc is 
confined within much smaller tubes but yields much 
higher energy intensity levels. The possible use of a 
magnetic field to control the natural convection effect 
is interesting not only from the viewpoint of basic 
scientific exploration but also the possibility of future 
technical innovation. 

2. PROBLEM FORMULATION 

A schematic illustration of the system set-up taken 
from the original work of Kenty [l] is shown in Fig. 
1. Kenty observed that without a magnetic field, an 
arc in a straight tube rests against the top wall. This 
feature is well known and has already been reported 
in detail in ref. [7]. The focus here is to model Kenty’s 
idea of using an electromagnet to straighten the arc 
and center the high temperature gas core in a hori- 
zontal arc-tube. As illustrated in Fig. 2, also taken 
from Kenty’s paper, the flow pattern in the arc evolves 
as a function of magnetic field. 

FIG. 1. Apparatus for measuring force necessary to keep 
horizontal arc in axial position (AJ. Without magnetic field 
arc rests against top wall (position AZ). Taken from Kenty 

111. 

10 x 1O-4 T 6 x lo-’ T 2 x IO-’ T 0 x lo-’ T 

FIG. 2. Schematic view of convection currents in 400 W 
lamp operating horizontally under magnetic control. Four 
different arc positions are shown corresponding to four 
different field strengths. Below, also schematically, are the 
vertical components of convection speed at the levels indi- 

cated. Taken from Kenty [I]. 

The arc is assumed to be governed by the Navier- 
Stokes equations coupled with an equation for the 
flow of electric current in the arc fluid. The coupled 
equations can all be written in the strong conservation 

law form in Cartesian coordinates as follows : 

Here x, y, z, u, v and w are the usual Cartesian 

coordinates and fluid velocity components. The gener- 
alized density, p, potential, 4, diffusion coefficient, r, 
and source term, R, are defined in Table 1 for each of 
the governing equations. In the model, these equa- 
tions are transformed to a generalized curvilinear 
coordinate system, and solved using a finite volume 
scheme. Grids included 29 x 17 x 17 nodes for Kenty’s 
tube and 29 x 21 x 23 for the modem tube are con- 
sidered. 

A note should be made regarding the Lorentz force 
(J x B) term presented in the momentum equations. 
Although the Lorentz force is applied predominantly 
to the electrons, it appears in our momentum equa- 
tions as applied to the gas as a whole. As noted by 
McLain and Zollweg [9], if the momentum exchange 

between electrons and neutrons and ions is slow, 
then there could be a directed Sow of charged particles 
carrying kinetic and potential energy away from the 
arc core that is not accounted for by the convection 
terms. However, McLain and Zollweg estimated that 
this portion of energy transfer is extremely small and 
hence can be safely neglected. 

Boundary conditions are imposed on the surfaces 
which contain the discharge fluid-the surfaces of the 
arc-tube and the electrodes. For the energy equation, 
which determines the fluid temperature, T, a tem- 
perature of 1715 K is prescribed on the tips of the 
electrodes for Kenty’s tube and 2400 K is prescribed 
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Table 1. Discharge equation terms 

Equations 

Energy 

x, y, z momentum 
Continuity 
Electrostatic potential 

k 
T 

(r(VV*VV) -z&j 
P 

G C, 
P V 

P 1 : 
-Vp+pg-JxB 

0 
0 V * 0 

Table 2. Fluid property coefficients in SI units 

Property A B c D E 

: 0.626 x lo-’ 0.122 x 1o-4 0.176x 0.56 x 10” 10’ 159000 65 200 

r&d -0.466 x lo6 0.971 x lOI 95 500 
fl 0.299 x 1O-4 0.672 x lo-’ 

0.351 x lo4 
0.116 x 10’ 

for the modern tube, respectively. The tube wall tem- 
perature is iteratively adjusted during the course of 
calculation to satisfy a heat flux balance for the quartz 
arc-tube wall. The total power consumption modeled 
for both Kenty’s and our reference cases is 400 W. 
For the three momentum equations, which determine 
the fluid velocity, v, a no-slip condition is imposed 
at the surfaces. A Laplace equation determines the 
electrostatic potential, V, where the electrical con- 
ductivity, Q, is a strong function of temperature. For 
the Laplace equation, the boundary conditions 
involve treating the electrode surfaces as conducting, 
and the quartz walls as insulating. Thus, the electric 
current, J = aVV, flows through the fluid from one 
electrode to the other. The potential difference 
between the electrodes is adjusted to hold the total 
ohmic power dissipated in the discharge fluid at a 
preset level. 

applied magnetic field. The magnetic field enters 
simply as the J x B source term in the momentum 
equations. 

Fluid properties, assumed to be functions solely of 
temperature, are required as inputs to the model. 
These properties are determined with a separate model 
which provides a detailed treatment of chemistry and 
radiation trapping for a vertical axisymmetric arc 
assumed to exhibit local thermodynamic equilibrium 
[lo]. The fluid properties from this separate model are 
fitted to a function of the form 

S(T) = A+BT+Cexp( -D/T)+E/T. (2) 

The fluid property coefficients determined for Kenty’s 
conditions are shown in SI units in Table 2. 

3. RESULTS AND DISCUSSION 

Relative to Parts I and II, the extension to the model Kenty’s experiment [l] will be first compared to 
introduced here includes the effect of an externally assess and validate the numerical prediction. Next, 

-I IVYI - 31.4 cm/s.5 -I lvvl - 13.3 cm/..= -x IVYI - 0.9 C.,S.C 

FIG. 3. Predicted convection patterns and hot core locations (in mid-section) 
corresponding to four different field strengths. 

=*x IVYI - 11.9 CI,S.E 

under magnetic control 
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FIG. 4. Predicted vertical velocity component profiles plotted along the horizontal line passing through the 
hot core (in mid-section). Each curve corresponds to a different field strength but same tube pressure. 

some design-related questions, mainiy the effect of 
the tube pressure on the interaction between natural 
convection and magnetic field, will be investigated. 

In Kenty’s study, the quartz arc-tube has an inner 
diameter of 3.33 cm, an electrode separation of 15.5 
cm, and a Hg loading of 11.5 mg cm- ‘, which results 
in a Hg pressure of about 1 atm, The power rating 
of the arc-tube is 400 W for the cases to be compared. 
Kenty also injected tracer particles of CaO and MgO 
into the arc fluid to enable direct visualization of the 
convection characteristics. A schematic view of the 
convection pattern in a 400 W straight arc-tube oper- 
ating horizontally under magnetic control observed 
by Kenty is reproduced in Fig. 2 to aid our discussion 
and model validation. Four different arc positions are 
shown corresponding to four different magnetic field 
strengths. Kenty also noted that the scale in Fig. 2 is 
such as to make the maximum speed shown about 20 
or 30cm s-‘. 

The measured magnetic forces in the four positions 
in Fig. 2 were 2.5, 1.5, 0.5 and 0 dynes cm.- ‘, cor- 
responding to magnetic strengths of, respectively, 
10x10~4,6x10~~4,2x10~4,andOT.Withnomag- 
netic control, the well-known convection pattern of a 
pair of contra-rotating cells is observed both exper- 
imentally by Kenty and nume~cal~y by the present 
model [7l. With increasing effect of the magnetic force, 
the convection field progressively exhibits more com- 
plicated characteristics. The most noticeable feature 
is that the particles in the middle of the arc-tube are 
convected along the downward direction, i.e. a rever- 
sal of convection direction results from the imposed 

magnetic field. However, as illustrated in Fig. 2, the 
original pair of contra-rotating convection cells 
induced by the buoyancy effect is still present, albeit 
at different locations and with different convection 
strengths. As the magnetic force becomes stronger, 
the overall convection field strengthens, inducing a 
higher downward velocity at the center of the arc, 
and causing the recirculating eddies created by the 
buoyancy and magnetic effects to separate more 
clearly from each other. 

The numerical solutions yielded by the present 
model with conditions corresponding to Kenty’s 
experiment are shown in Figs. 3 and 4. In Fig. 3, the 
predicted convection pattern along with the position 
of the hot gas core are shown. In Fig. 4, the vertical 
velocity component profiles along the horizontal line 
passing through the center of the hot core are 
compared. The overall agreements between Figs. 2-4 
in terms of the evolution of the convection pattern, 
the location of the hot gas core, and the velocity profile 
with respect to the strength of the magnetic force are 
good. Most importantly, it is confirmed both exper- 
imentally and theoretically that an externally imposed 
magnetic field is an effective way to straighten and 
center the arc. To understand the physics involved, it 
should first be noted that the primary impact of the 
magnetic field is to interact with the fluids carrying 
electric current. Since the hot gas core is the region 
that the electric conductivity, and hence the electric 
current, is strongest (as shown by Table 2), the down- 
ward velocity caused by the magnetic field is highest 
there. Hence, the magnetic field exerts a direct inliu- 
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ence on the fluid motion only in regions where the 

temperature is high. In regions close to the tube wall, 
natural convection dominates the transport process 
since it depends on the gradient, not the absolute level, 
of the temperatun: field. By recognizing the individual 
effect of the magnetic field and the buoyancy, one can 
devise a direct control strategy to adjust the position 
of the hot core and to improve the symmetry of the 
temperature field. It is also noted that the velocity 
magnitudes predicted by the model are in the com- 
parable quantitative range reported by Kenty. 

Next, our attention is turned to investigate the 
issues of applying the concept of magnetic control to 
the modern discharge arc-tube. The objective is to 
identify the strength of the magnetic field required for 
optimizing the temperature distribution within the 
tube. The base geometry and the operating conditions 
are identical to those given in Table 1 of Part I 171. 

Compared to Kenty’s arc-tube, the modern design 
is substantially smaller in length and diameter. How- 
ever, the tube pressure is considerably higher in the 
modern lamp, all indicating the progress made during 
the last five decades in lighting technology. Figure 3 
of Part I shows that with a tube pressure of 4 atm, a 
substantial buoyancy effect results from the intense 
heating process and, consequently, the arc is notice- 
ably lifted towards the top wall. It is found that with 
a magnetic field of 3 x 10m4 T, the hot gas core can be 
satisfactorily repositioned to the center of the arc- 
tube, producing a highly symmetric. temperature dis- 
tribution. The temperature as well as the convection 
fields of the solution under the influence of the mag- 
netic field are shown in Fig. 5. Compared to Fig. 3 
of Part I, the cross-section is now occupied by the 
recirculating eddies induced by the magnetic field, 
which is similar to Kenty’s case. The original pair of 
eddies induced by the buoyancy effect has been pushed 
toward the region very close to the side wall. 

Figure 6 shows that by varying the pressure inside 
the same arc-tube, the hot core remains centered as 
long as the magnetic strength is appropriately 
adjusted. Furthermore, it appears that there exists 
a very simple linear relationship between the tube 
pressure and the required magnetic strength. 
However, as demonstrated in Fig. 7, where the vertical 
velocity profiles along the horizontal line passing 
through the hot core, which coincides with the geo- 
metrical center region, are compared, the overall con- 
vection strength with optimized arc location increases 
monotonically as the operating pressure, and hence 
the magnetic strength, increases. On the other hand, 
the buoyancy-induced recirculating cells, now weak 
and confined to the wall region, maintain the same 
convection strengths for all cases. 

4. SUMMARY AND CONCLUSION 

Figure 8 summarizes the implications of the design 
options considered in Parts I, II and the present work. 

Originally, with a straight arc-tube placed horizon- 
tally, the buoyancy effect creates an upward bowing 
arc and a nonuniform temperature distribution. A 
pair of contra-rotating recirculating eddies is 
observed. With 4 atm tube pressure and the geo- 
metrical info~ation listed in Table 1 of Part I, the 
overall convection strength is about 15 cm s-l for the 
base design shown in Fig. 8(a). As demonstrated in 
Part II, a bow-shaped arc-tube can adjust the tem- 
perature field to create a symmetric distribution. The 
final optimized design and resulting thermal and con- 
vection characte~sti~s of the bow-shah arc-tube are 
shown in Fig. 8(b). This type of design can be viewed 
as a passive thermal control in that a symmetric tem- 
perature distribution is achieved by ‘accommodating’ 
the intrinsic buoyancy-induced transport through 

4 atm, 3 x lo-” T 

FIG. 5. Predicted temperature contours and velocity field in 
central plane and mid-section. The most inner temperature 

contours are 6000 K and contour intervals are 500 K. 
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(a) 3 atq 2.25 x lo-’ T (b) 5 atm, 3.75 x lo-’ T (c) 6 atm, 4.5 x lo-’ T 

-5.6 5 V, 5 4.7 em/set -9.1 5 V, 5 8.2 em/see -9.7 < v, < 9.9 cm/m 

FIG. 6. Predicted temperature contours and velocity fields in central plane and mid-section. The most inner 
temperature contours are 6000 K and contour intervals are 500 K. Each case corresponds to a given tube 

pressure and a magnetic field strength. 

cm/se2 

10 
t 

A- 6 atm, 4.50 X IO-‘T 
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FIG. 7. Predicted vertical velocity component profile plotted along the horizontal line passing through the 
hot core (in mid-section) which coincides with the geometrical center for these cases. Each curve corresponds 

to a given tube pressure and magnetic field strength. 
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(a) -4.5 5 V” 5 10.5 cm/see (h) -5.7 5 v, 5 8.3 cm/ret (c) -7.4 2 V, 5 6.4 cm/.cc 

FIG. 8. Implications of design options on thermal and convection characteristics. (a) Base design at 4 
atm ; (b) design optimization through geometrical modification ; (c) design optimization through external 
magnetic field of 3 x 10m4 T. The most inner temperature contours are 6000 K and contour intervals are 

500 K. 

geometry modification. Consequently, the basic con- 
vection patterns in Figs. 8(a) and (b) are the same, 
i.e. both exhibiting a pair of contra-rotating natural 
convection cells. Furthermore, although the dis- 
tributions of the velocity field are different in detail, 
the overall convection strength remains essentially the 
same. The application of an externally imposed mag- 
netic field can be viewed as an active control strategy 
since it seeks to change the intrinsic physical mech- 
anisms involved. By inducing a downward velocity to 
the fluid particles carrying electric current, i.e. those 
with high temperature levels, the position of the hot 
gas core can be adjusted according to the strength of 
the magnetic field. The convection field now responds 
to both buoyancy and magnetic fields, resulting in 
multiple pairs of cells. As shown in Fig. 8(c), with an 
applied magnetic strength of 3 x low4 T, a sym- 
metric temperature distribution can be produced. It 
is interesting to observe that even though the re- 
circulation directions of the major convection cells are 
different, the overall convection strength maintained 
in Fig. 8(c) still remains about the same. 

It is concluded that two effective means of design 
optimizations have been successfully identified for the 
high-pressure discharge arc-tube. Both methods 
should find their areas of application. 
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UNE ETUDE DE LA CONVECTION NATURELLE TRIDIMENSIONNELLE DANS LES 
LAMPES A HAUTE PRESSION DE MERCURE-III. CENTRAGE DE L’AXE PAR UN 

CHAMP MAGNE~QUE 

Rckm&--Cette etude constitue la troisieme partie dune etude dont le but est le developpement d’un modtle 
tridimensionnel de calcul pour aider la comprehension des differents mkcanismes physiques en jeu dans la 
ddcharge d’arcs a haute pression. On traite ici de l’effet d’un champ magnttique externe sur la convection 
et la temperature. L’experience classique de Kenty est simulee. On trouve que le champ magnetique peut 
induire une vitesse descendante du gaz chaud et imprimer une heterogeneite, due au flottement, dans la 
champ de temperature. On peut identifier des paires &par&es de tourbillons con~arotatifs resultant des 
effets du ma~~tisme et du flottement. On observe des accords qualitatifs et quantitat~fs entre I’expkience 
de Kenty et les calculs. On explore la faisabilitk dun contrble magnetique pour optimiser le fonctionnement 
d’une lampe moderne a d&charge. Le modele revtle que la convection se renforce si on augmente la pression 
ou l’importance du champ magnetique. Avec la m&me gbometrie, l’intensite requise du champ magnttique 
au centre du coeur chaud pour maintenir une distribution symttrique de temperature est directement 
proportionnelle a la pression du tube a arc. Ceci conduit a une maniere pratique pour optimiser le dessin 

des lampes a decharge. 

UNTERSUCHUNG DER DREIDIMENSIONALEN NATURLICHEN KONVEKTION IN 
HOCHDRUCK-QUECKSILBERLAMPEN-III. ZENTRIERUNG DES LICHTBOGENS 

DURCH EIN MAGNETFELD 

Z~f aaaung-Die vodiegende Arbeit stellt den dritten Teil einer Reihe von Arbeiten dar, deren Ziel 
die Entwickhmg eines dreidimensionalen Rechenmodells ist, welches mm Verst%dnis der verschiedenen 
physikalischen Mechanismen bei der Hochdruck-Lichtbogenentladung beitragen ~011. In diesem Teil der 
Arbeit wird der Einflul3 eines von aul3en angelegten Magnetfeldes auf die Konvektion und die Temperatur- 
KenngrijDen untersucht. Zuerst wird das klassische Experiment von Kenty simuliert. Es zeigt sich, dag 
das magnetische Feld eine Abwartsstriimung des heiBen Gaskems erzeugen kann, welche die durch 
Auftriebskrafte hervorgerufenen Ungleichfiirrnigkeiten des Temperaturfeldes kompensiert. Es wurden 
getrennte Paare von gegensinnig rotierenden Re~rk~ationswir~ln identifiziert, die durch die ma~etischen 
und die Auft~ebs~f~ vemrsacht werden. Die vorgelegten Ber~hnungen stimmen qualitativ und quan- 
titativ mit Kentys Versuchsergebnissen i&rein. AnschlieBend wurde die Anwendbarkeit der magnet&hen 
Beeinflussung fur die Optimierung modemer Bogenentladungslampen untersucht. Das Model1 ergab, daD 
die Konvektion starker wird, wenn entweder der Druck innerhalb des Bogenrohrs oder die Stiirke des 
magnetischen Feldes zunimmt. Zudem ist die Stiirke des magnetischen Feldes, die fiir eine Zentrierung des 
heiI3en Kerns und fur eine symmetrische Temperaturverteilung erforderlich ist, direkt proportional zum 

Drnck. Die vorgestellte Methode ist somit fur die Optimierung von Bogenlampen sehr niitzlich 

WCCJIEAOBAHME TPEXMEPHOI? ECTECTBEHHOR KOHBEKHMM B PTYTHbIX 
JIAMHAX C BbICOKMM JIABJIEHMEM. III. HEHTPWPOBAHME flYI-M 3A CqET 

MAI-HMTHOFO IIOJIR 

A~Ta~~annaa pa6ora ~~rutsrerc~~ ~pe~beii qacrbro u~enoBaH~, ~~nnp~~a~~ c neJn,ro paspa- 
BOTKE Tpexbiepnoii B~~Hcn~enb~o~ MoBeBH, cnoco6crayrotneii notinbramno palnmmbtx (Pir3~wcrc~x 
Mexawf3MoB AY~OBMX prupnnoe npn nbtcoroix zraeneeaax. Onpenenwrcn twwHne nHetmter0 MarHHT- 
rioro nonx Ha XapaxTepncrriKH npoUec#. B nepnyto ovepenb MoAeJnipyeTcr KnaCCwtecxnZf 3xcnepuMeHT 
KenTa. Haiineno, YTO non eosne#cTBneM MarHHTHOrO nona HeOnHOpOLtHOCTb TebfrtepaTypnoro nona 
MOmeT KOMneHCHpOBaTbCR 38 CWT CROpOCTH TeYeHHn B nanpaeneHnn K HarpeToMy nnpy ra3a. Momrio 
BbtaBnTb OTLWJibHble llapbl BpamamlHHXCB B npOTHBOnOJIOXtHbtX Han~BJteHHBX ~HHpKyJHipymHHfX 
BHXpefi, 06pa3ymmSXCJI 38 CYeT +H$eXTOB MarHHTHOrO nOBa H nOn%?MHMX CHJt. Ha6nronaeTcn RaSecT- 
BeHnoe H Xon~~~T~HH~ CornacHe Mewty 3K~nep~MeHT~b~M~ naHH~~H, nonyqeHH~~ KenTa, A 
pe3ynbTaTbiMn riacTorrmer0 nccne.rroaaHnn. PaccMaTpuaaeTcn 803bsoxrnocTb ricnonb30aann5r MarHuT- 
HOrO pefyJtHpOBaHnx Wtx OnTRM83aUIiW pa6oTbr COBpeMeHHOii pa3prUrHOfi JIaMnbI. Moxenb nOKa3bt- 
BaeT, ‘iTO KOHBeKHHB yCHJtH8aeTCa C pOCTOM naBJteHHX BHyTpU AyrOBOH Tpy6Ka mm BenA9AHM 
Marmirnoro nons. I-iaBneHo Tarcxce, qT0 npri TOR me reoMeTpnn HanpmxeriHocTb MWHHTHOTO nonn, 
HeO6XOAIiMan CVIR UeHTpnpoBaHHI warpeToro nnpa H no!JnepXaHna CHMMeTpHYHOrO pacnpeneneHnn 
TeMnepaTyp, nponOpUUOHaJtbHa AaBJteHHto B JQ’rOBOfi Tpybre. ‘faxrib+ 06pa3OM, B pa6oTe rtpe&i’tOXeH 


