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Abstract—A three-dimensional computational model has been adopted to investigate the natural con-
vection transport of the high-pressure mercury arc discharge in a curved tube. The model solves the
combined momentum, continuity, energy, electric field, and simplified radiation transfer equations. The
present study investigates the degrees of uniformity of temperature distribution on the tube wall, and the
impact of tube inclination angle with respect to gravity on the transport process and the resulting tem-
perature distribution. Good agreements between the predictions and measurements have been obtained.
1t is found that the gross patterns of gas temperature distribution in mid-plane are rather insensitive to the
inclination angle. The wall temperature distribution, however, exhibits substantially greater sensitivity to
the inclination angle. This change of characteristics in wall temperature distribution has important effects
on the performance of the arctube.

1. INTRODUCTION

It HAs been well acknowledged that convection plays
a very important role in the performance of high-
pressure discharge lamps [1-3]. An important require-
ment for designing a high quality arctube is to dis-
tribute the wall temperature as evenly as possible in
order to avoid condensation and deposition in the
cold regions. The degree of uniformity of temperature
distribution, both within the arctube and on the solid
wall, can greatly affect the performance as well as the
jife expectancy of the lamp.

With regard to the transport process of momentum
and energy induced by the natural convection,
although there are abundant reported results in the
literature, both theoretically and experimentally, as
evidenced in the voluminous survey conducted by
Turner [4] and Gebhart er al. [5], very little infor-
mation is directly available to the present application.
The reasons of the sparsity of available information
are several. First, the geometry under consideration
here is more complicated than the rectangular or
annular enclosures that have received most attention
by rescarchers. The electrodes inserted on the two
end surfaces of the arctube pose substantially more
complexities in the flow field. Second, the present heat-
ing source is issued from the electrode discharge,
which is embedded in the inner domain of the tube
and hence the resulting driving mechanism is different
from the conventional problems where heat is trans-
mitted from the bottom surface., Furthermore, the
existence of electromagnetic field and radiation heat
transfer is important here since the temperature in
the arctube typically ranges from several hundred to
around several thousand Kelvin.

A three-dimensional convection and thermal com-
puter model has been developed to facilitate this type
of investigation [6, 7). For horizontal high-pressure
mercury lamps, a parametric study [7] on geometrical
parameters such as curvature and diameter of the
arctube, offset and insertion length of the electrodes,
and so on has been conducted.

In ref. [7], the focal points were placed on the inves-
tigation of the temperature distribution and associ-
ated convection pattern in the gas phase while the wall
temperature was considered as uniform. Although the
transport processes have been well identified in ref. {7},
the critical information of temperature distribution on
the arctube wall was not available. Here, we have
conducted further work on the computational model
to yield the information with regard to the wall tem-
perature. Nevertheless, it is found that the overall
convection pattern and the qualitative trend in the gas
phase established in ref. [7] are very consistent with
those found here. The other important aspect studied
here is related to the inclination angle of the arctube.
This aspect has a very relevant implication in practical
mounting of the lamp.

The model enhancements and the theory/data com-
parison ar¢ presented and discussed in the following
sections.

2. GEOMETRY OF THE ARCTUBE

Previous investigation [7] has shown that curving
the arctube and offsetting the electrodes are the most
effective factors in obtaining a desirable temperature
distribution within a horizontal high-pressure mer-
cury arctube.

The geometry of the arctube adopted in the present
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FiG. 1. (a) Arctube design with symmetrical bowl ends. (b) The corresponding computer generated
geometry and mesh. (c) Mesh of a cross-section containing the electrode. (d) Mesh of the mid-cross-section.

study is somewhat different from the one adopted in
ref. [7]. This change is a reflection of the design evol-
ution of the present lamp. Also in this study, two grid
lines have been inserted near the top and bottom walls
respectively in regard to the adopted mesh in ref.
[7]. This local grid refinement improves the numerical
accuracy of the wall temperature prediction. The
schematic drawing of the arctube as well as the grid
distributions (29 x 17 x 13) on the side-view and cross-
view planes are shown in Fig. 1. Further increasing

the number of grids to 29 x 29 x 29 with several grid
distributions shows that the maximum changes of
temperature at the top and bottom walls are less than
20 and 50 K, respectively. Figure 2 shows the mesh
and the offset electrodes in three-dimensional  per-
spectives. Table 1 shows the geometric input data for
the arctube used in this study. The input power and
mercury pressure are 400 W and 2.5 atm (unless indi-

F1G. 2(a). Half of the arctube with the front wall removed
(in three-dimensional perspective).

F1G. 2(b). Computer generated geometry and mesh (in three-
dimensional perspective).
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Table 1. Model input

400 W curved
arctube model
Symbol Geometric design parameters data
d arctube diameter (mm) 15.1
) arctube length (mm) 59.3
& electrode insertion length (mm) 9.3
n offset electrode distance (mm) 23
r radius of bend (mm) 254
o angle of bend (deg) 40
t wall thickness (mm) 1.2

cated otherwise), respectively. The temperature-
dependent fluid properties are taken from Zollweg [2]
for the case of a 3 atm discharge in mercury. For
variations in mercury pressure, the mercury density
is taken to be linearly proportional to the mercury
pressure.

For horizontal operation, there are two sym-
metrical planes. One is the side-view as shown in Fig.
1(b), the other is the mid-plane of the circular cross-
sectional view.

3. WALL TEMPERATURE CALCULATION

In ref. [7), the wall temperature was assumed to
be uniform. In the present study, the temperature
distribution of the quartz inner wall is determined
by the energy balance, equation (1), at the gas—wall
boundary, which consists of three terms : energy con-
ducted to the wall by the gas, radiant energy absorbed
by the wall, energy conducted through the arctube
wall. The temperature distribution of the quartz outer
wall is determined by the energy balance, equation
(2), at the arctube outer boundary, which consists of
two terms: energy conducted to the outer boundary
through the wall thickness and energy radiated by the
wall. The above mentioned terms are formulated as
follows:

energy (per unit area) conducted to wall by gas

T.—Tp
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radiant energy (per unit area) absorbed by wall
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where k is the thermal conductivity which is a function
of temperature, T the temperature in Kelvin, P the
center of a control volume, w the quartz inner wall, 6
the normal distance from the center of the fluid con-
trol volume to the wall, C the fraction of radiation
impinging on the wall which is absorbed, R the radi-
ation impinging on the wall per unit area, qtz stands
for quartz, Ty, the outer jacket wall temperature, ¢
the quartz wall thickness, ¢ the Stefan-Boltzmann
constant, and ¢ the quartz emissivity which is a func-
tion of temperature.

Order of magnitude analysis indicates that as far as
conduction in the wall is concerned, the radial direc-
tion is the only dominant one. Conduction along both
the longitudinal and circumferential directions of the
wall is negligible.

An accurate treatment of ‘radiant energy absorbed
by the wall’ is a difficult task due to the irregular
three-dimensional geometry and the moving hot arc
position during iterative calculation. The fraction of
radiation impinging on the wall which is absorbed is
also difficult to determine. Theoretically it depends on
wavelengths as well as on temperature. To obtain an
approximate treatment of this term, view factors from
the hot arc to the inner wall were calculated from the
software RAVFAC, documented in a NASA con-
tractor report [8]. The geometry of the curved arctube
was treated as a cylinder with flat end caps and the hot
arc considered as a much smaller concentric cylinder
between the electrode tips within the arctube as shown
in Fig. 3. This radiative absorption of the wall is
assumed to be 10% in the model calculations.

Both measurements and calculations of the outer
quartz wall temperatures were conducted with a

.

FiG. 3. Schematic drawing of arctube geometry used to cal-
culate view factors (refer to Table 1 for /, d, ).
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vacuum outer jacket so that the convection effect out-
side the arctube is not present.

4. EXPERIMENTAL MEASUREMENTS

Both direct photographs of operating arctube and
measurements of wall temperature have been made to
facilitate assessment of the predictions of the present
model. The quartz wall temperature measurements
were made with an Ircon-series-7000 radiation pyro-
meter, an optical device which can quantitatively
measure the radiance of a blackbody or other
radiating object. Several mercury arctubes of slightly
varying mercury doses with vacuum outer jackets
were measured. Aquadag was applied on the loca-
tions where the temperature measurements were
intended. Each aquadag spot was about 2 mm in size
and was opaque. To take measurements, the optical
head position was adjusted to sight on an aquadag
spot at normal incidence. Then the radiant measure-
ments obtained from the radiation pyrometer were
converted and calibrated to degrees Centigrade.

5. RESULTS AND DISCUSSIONS

Based on the computed flowfield. an estimation can
be made for the Grashof number, which is the measure
of the relative importance of the buoyancy force and
the viscous effect

_gd’Ap
=5,
where g is the gravitational acceleration, d the arctube
diameter. p the density of mercury gas, and v the
kinematic viscosity of mercury gas.

The formula adopted for computing the dynamic
viscosity of mercury gas, u. 1s

n=24789x10"°+7.64x 107 °T

Gr 3)

1.4867 x 10*
+1.039 x 10~ exp (— 4_;1__) 4)

with the unit of kg m~' s~ ', where T is the gas tem-

perature in Kelvin. It is also noted that the Prandtl
number is taken as a constant value of 0.56. As to the
equation of state under the constant pressure of 2.5
atm, the following formula is adopted :

p=A/T+B (5)
where 4 = 5.9353x 10 kg m " K and B = —0.0465

kgm~?.

5.1. Horizontal arctube

Based on the computed flowfield and temperature
contours, it is estimated that the Grashof number is
of the order of 10°, and hence the flow is in the laminar
regime but contains a substantial convective effect.

Figure 4(a) indicates the locations where the cal-
culated and measured data of the wall temperature
are compared. Figure 4(b) compares the calculated

Measured data, top wall,lamp # 2

O Calculated result, top wall, 2.6 atm

c
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F1G. 4. (a) The I locations in the central plane where the

measured and calculated data are compared. (b) Tempera-

ture profiles of the top wall in the central plane. (c) Tem-
perature profiles of the bottom wall in the central plane.

and measured top wall temperatures while Fig. 4(c)
compares the calculated and measured bottom wall
temperatures. The unsymmetric profiles of the
measurement indicate the degree of experimental inac-
curacy.

The calculated top wall temperature profile agrees
well with the measured data. It is observed that the
curving of the arctube causes the profile to show a
double peak. For the bottom wall temperature, on the
other hand, the curving causes the profile to show a
single peak at the center. These characteristics result
from the interaction of the upward buoyancy effects
of the temperature contours and the bending of the
arctube shape. It is noted that in the arctube, the
highest temperature appears in regions near the two
electrode tips. Between the electrodes, there is a cur-
rent strip along the axial direction where the tem-
perature is higher than in other regions. The curvature
of the strip is a product of the balance of the buoyancy
effect, which tends to push the higher temperature gas
upward, and the electric field effect. which tends to
minimize the length of the strip to maintain the con-
tinuity of the electric current. It is clear that. in order
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to yield the uniform wall temperature distribution, the
optimal design of an arctube with a given power input
should accommodate the wall curvature to the cur-
vature of the high temperature strip between the elec-
trodes. The curvature of the high temperature strip
results from the balance of competing effects of the
buoyancy and the electric field. With this physical
picture in mind, the results presented in Fig. 4 suggest
that in view of the double-peak temperature profile,
the curvature along the top wall of the present arctube
may be too high.

The calculated bottom wall temperature agrees well
with the measurement in the center region but there
is quite a discrepancy outside this region. The dis-
crepancy is possibly caused by the following factors.

(1) The tungsten electrodes are much hotter than
the wall; therefore, conduction from the electrodes
will heat up the end wall regions. However, this is not
taken into account at the present time.

(2) The surfaces of the tungsten electrodes are much
hotter than the inner quartz wall; therefore, the
radiant energy exchanges between these two surfaces
would increase the quartz inner wall temperature,
especially the regions around the electrodes. This
is rather difficult to account for in the context of
the simplified treatment of radiation heat transfer
adopted here.

(3) The steady-state temperature distributions show
that the bottom wall would absorb more radiant
energy from the hot arc than the upper wall. But the
approximate treatment of ‘radiant energy absorbed
by the wall’ makes no distinction of positions around
the circumferential boundary.

Each of these items would raise calculated tem-
peratures in the end wall regions, and/or the bottom
wall. These factors will be considered in a future study.

5.2. Inclination angle

Next, we turn our attention to the effect of incli-
nation angle of the arctube on the convection pattern
and temperature distribution. Three different angles,
namely, 0° (horizontal mounting), 30°, and 60° have
been studied. Here, referring to Fig. 1(a), the tube is
inclined by fixing the left end position and tilting the
tube to the designated angle. The gross pattern of
the gas temperature distribution in the mid-side-view
plane of the arctube seems rather insensitive to the
inclination angle, as evidenced in Figs. 5-7, where both
the direct photographs of the arctube and computed
gas temperature contours in the mid-plane are shown
for three different inclination angles. A favorable
comparison of the visualized temperature patterns
between predictions and photographs are demon-
strated in Figs. 5-7. It is clear from Figs. 5-7 that
the constraint imposed by the electric field equation is
dominant in determining the qualitative temperature
pattern of mercury gas. The reason of the dominance
of electric field is due to the fact that the transport
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process of heat and momentum is produced by the
externally imposed voltage drop between two elec-
trodes in the first place. Hence the buoyancy effects
can only modify the shape of the high-temperature
core in relatively mild manners. The major changes
appear to be in lifting the hotter gas in the upper
region of the tube, hence thickening the luminous zone
there.

Even though the qualitative pattern of mercury gas
temperature in the arctube is not very sensitive to the
inclination angle, the wall temperature distribution of
the arctube can still show considerable variations with
respect to the inclination angle. The change of the
relative angle between the arctube geometrical direc-
tion and gravity direction causes the characteristic
length in equation (3), and hence the Grashof number,
to change. Moreover, the effective geometry within
which the natural convection takes place also change
due to different inclination angles. Figure 8 shows the
velocity vectors in the mid-plane along the side-view
direction for the cases of 30° and 60° mounting angles.
It is clear that there are considerable changes in flow
directions as the inclination angle varies. While the
buoyancy effect causes the gas velocity to form similar
secondary flow patterns with different inclination
angles, the relative angles between the velocity vectors
and top/bottom walls change substantially. The con-
vection effect modifies the heat transfer rate to the
wall as the arctube is tilted, shifting the levels as well
as the locations of the highest and lowest wall tem-
perature. Figures 9-11 show the computed wall tem-
perature distribution, both in the two-dimensional
projection and in the three-dimensional perspective
view, of the arctube with three different inclination
angles of 0°, 30° and 60°. Substantial variations in
wall temperature distribution can be observed. With
the horizontal mounting of the arctube, the wall tem-
perature distribution is symmetric with respect to the
mid-cross-sectional plane. As already discussed pre-
viously, there are two peak values of temperature on
the top wall and one peak value on the bottom wall for
the present configuration and operating conditions.
With the 30° inclination, the temperature distribution
becomes asymmetric, and on both the top and bottom
walls there is only one peak value. The temperature
distribution becomes more asymmetric as the arctube
is inclined at 60°. It is also observed that the overall
uniformity of the wall temperature distribution
worsens with increasing inclination. The computed
highest and lowest values of wall temperature with
three differen’ inclination angles are, respectively, 904
and 363°C with 0° inclination, 943 and 331°C with
30° inclination, 1087 and 317°C with 60° inclination.
Hence the inclination angle exhibits strong influence
on the wall temperature distribution.

6. SUMMARY AND CONCLUSIONS

Based on the results presented in the present study,
the following conclusions can be made.
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FIG. 5. Visualization and temperature distribution of horizontal arctube.
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F1G. 6. Visualization and temperature distribution of arctube with 30" inclination.
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F1G. 7. Visualization and temperature distribution of arctube with 60" inclination.
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FiG. 9. Horizontal arctube, Wall temperature distribution in two-dimensional projection (left) and three-

dimensional perspective (right).
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Fig. 10. 30° inclination, Wall temperature distribution in two-dimensional projection (left) and three-

dimensional perspective (right).
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FiG. 11. 60° inclination. Wall temperature distribution in two-dimensional projection (left) and three-
dimensional perspective (right).
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30°

600

F1G. 8. Velocity vectors in middle side-view plane with two
different inclination angles.

(1) Favorable comparisons have been observed
between the experimental information and the theor-
etical prediction, for both direct visualization of gas
temperature pattern and temperature profile on the
top and bottom walls.

(2) In the present configuration with horizontal
mounting, the top wall temperature depicts a double-
peak profile and the bottom wall temperature depicts
a single-peak profile. These characteristics are caused
by the interaction of the curvature of the high-tem-
perature core between the two electrode tips and the
curvature of the arctube. The curvature of the high-
temperature core in the mercury gas field is largely
dictated by the balance between the upward buoyancy
effect and the electric field which tends to form

a straight path to conduct the current between the
electrodes.

(3) The inclination angle does not exert a large
impact on the mercury gas temperature pattern in the
mid-plane due to. again, the constraint of the electric
field.

(4) The effects of the inclination angle on the tube
wall temperature distribution are much more sub-
stantial than on the core gas temperature distribution
due to the convection effect. The wall temperature not
only shows a progressively more asymmetric dis-
tribution as the inclination angle increases, the gap
between the highest and lowest wall temperatures also
increases with the inclination angle. Hence the uni-
formity of the overall temperature field of the arctube
worsens with non-horizontal mounting of the arctube.

(5) There exist noticeable differences between the
measured and predicted lower wall temperature close
to the end regions. Both the conduction and the radi-
ation treatments of the present model, especially the
latter, can be improved.
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ETUDE DE LA CONVECTION NATURELLE TRIDIMENSIONNELLE DANS LES
LAMPES A MERCURE A HAUTE PRESSION—II. PROFILS DE TEMPERATURE
PARIETALE ET ANGLES D’INCLINAISON

Résumé—Un modéle tridimensionnel permet I"étude de la convection naturelle dans la décharge d'arc dans
une vapeur a mercure d haute pression a I'intérieur d'un tube courbe. On résout les équations simultanées
de quantité de mouvement, de continuité, d’énergie, de champ électrique et de transfert radiatif simplifié.
On ¢étudie les degrés d’uniformité de la distribution de température sur la paroi du tube, I’effet de I'angle
d’inclinaison du tube (par rapport a la gravité) sur le mécanisme de transport et sur la distribution de
température. On obtient de bons accords entre les prédictions et les mesures. On trouve que les distributions
de température dans le plan médian sont & peu prés insensibles a I'angle d’inclinaison. Néanmoins, la
distribution de température pariétale montre une sensibilité nettement plus grande a ’angle d’inclinaison.
Ce changement de comportement de la distribution de température pariétale a des effets importants sur les
performances du tube d’arc.
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UNTERSUCHUNG DER DREIDIMENSIONALEN NATURLICHEN KONVEKTION IN
HOCHDRUCK-QUECKSILBERDAMPFLAMPEN—II. WANDTEMPERATURVERLAUFE
UND NEIGUNGSWINKEL

Zusammenfassung—Ein dreidimensionales Rechenmodell wird erstellt. um den Transport von Quecksilber
durch natiirliche Konvektion bei hohem Druck in einem gekriimmten Rohr. ausgehend von ¢inem Licht-
bogen. zu untersuchen. Das Modell beinhaltet Impulssatz. Kontinuitatsgleichung, Energiesatz. die Gesetze
des elektrischen Feldes und vereinfachte Beziehungen fiir den Strahlungsaustausch. Im Rahmen dieser
Arbeit wird untersucht. inwieweit das Temperaturfeld auf der Rohrwand ausgeglichen ist und welchen
EinfluB der Neigungswinkel gegen die Vertikale auf die Transportvorginge und die daraus resultierende
Temperaturverteilung hat. Die Ubereinstimmung zwischen Modellprognose und Messungen ist gut. Es
stellt sich heraus, daB die Form des Temperaturfeldes im Gas in der Mittelebene kaum vom Neigungswinkel
beeinfluBt wird. Im Gegensatz dazu ist die Temperaturvertetlung an der Wand stiirker vom Neigungswinkel
abhiingig. Diese Anderung in der Temperaturverteilung an der Wand beeinflut die Leistungsfithigkeit der
Lichtbogenrohre erheblich.

UCCIEJOBAHHUE TPEXMEPHOM ECTECTBEHHO¥ KOHBEKLIMHM B PTYTHbIX
JIAMITAX BBICOKOIO OABJEHNSA—II. MTPODHUIIN TEMITEPATYP CTEHKHU U VIJIbl
HAKJIOHA

Amnoramus—JLJ18 MCC/IEOBAHHA €CTCCTBEHHOH KOHBEKIHH NPH IYyroBOM paspallc NapoB PTYTH BHICO-
KOTrO NaBJICHMs B H3OTHYTOH TpyOke HCOOMBL30BaHAa TPEXMEPHAA MOJCTb. 3Ta MOZENh BK/IIOYAET B3au-
MOCBA3aHHbIE YPABHEHHS HMIYJIbCA, HEPA3PHIBHOCTH, SHEPIHH, NEKTPHYECKOrO HOJS H YIPOMIEHHOE
ypapHeHHe PalMALMOHHOTO [EPEHOCA. B pesynbTaTe HMX pellieHHS MOJNYdeHbI CTENEHH OXHOPONHOCTH
TEMNEPAaTYPHOrO pacnpefelleHus Ha CTeHKe TPYOKH M YCTAHOBJICH XapakTep BJIHSHHS YTNa HaKJIOHa
TPpYOKHM OTHOCHTENBLHO BEPTHKJIH HA MPOLECCH NEPEHOCE M PE3YILTHPYIOLICE TEMNEPATYPHOE pacnpene-
nenne. OBHApYXEHO XOpolllee COTJIaCHE PACUSTHBIX JAHHBIX ¢ 3KCHepHMeHTanbHEIMH. Halnewo, uro
pe3yJILTHPYIOUIME PacHpeleNeHHs TEMIEPaTYPhl Ta3a B CPEAMEll NJIOCKOCTH AOBOJBLHO HEIHAYHTEIBHO
3aBHCAT OT yrJjla HaxnoHa. OOHAKO TEMIEPATYPHOE PACNPEeIeHHE HA CTEHKE 3aBHCHT OT HEFO ropasfo
CHAbHEe. ITO 06CTOATENLCTBO CYIUECTBEHHO BIMAET Ha paGovne XapakTepHCTHKHM DyroBON JIaMIILI.
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