Ini. J. Heat Mass Transfer.
Printed in Great Britain

Vol. 33. No. 3, pp. 483-493. 1990

0017-9310,90 $3.00+0.00
€ 1990 Pergamon Press plc

A study of three-dimensional natural convection
in high-pressure mercury lamps—I|. Parametric
variations with horizontal mounting

P. Y. CHANG,t W. SHYY? and J. T. DAKINt

tAdvanced Technology Department, G.E. Lighting, Cleveland, OH 44112, US.A.
tDepartment of Aerospace Engineering, Mechanics and Engineering Science, University of Florida,
Gainesville, FL. 32611, U.S.A.

(Received 9 January 1989 and in final form 30 May 1989)

Abstract—A three-dimensional numerical model utilizing curvilinear coordinates and an efficient solution
method has been used to investigate natural convection in horizontal, high-pressure mercury-vapor
arctubes. For horizontal arcs, convection velocities are predominantly transverse to the arc axis. The
associated upward bowing of the arc column results in non-uniform heating of the quartz wall which can
substantially degrade the performance of the modern horizontal metal halide lamp. This investigation
shows how the design parameters of the arctube, such as the mercury pressure, the curvature of the curved
arctube, the offset electrode distance, and the electrode insertion length affect the temperature distribution
in the arctube. Qualitatively, a downward curved arctube can move the hot arc core downward, and offset
electrodes can improve temperatures near the ends of the arctube. The evolution of the design improvement
of a 400 W high-pressure mercury lamp with the aim of centering the arc and having isotherms conform
1o the wall is achieved through better quantitative understanding of the transport characteristics.

1. INTRODUCTION

NATURAL convection plays a significant role in the
physics of the high-pressure mercury discharge. Con-
vection influences the stability and location of the
discharge, and transports energy away from the dis-
charge. As is evidenced in refs. [1-4], little detailed
knowledge has been accumulated in understanding
the flow pattern occurring in a horizontal discharge,
despite pronounced progress that has been made in
other areas, such as chemical aspects.

In this investigation, we are interested in horizontal
arcs where convection velocities are predominantly
transverse to the arc axis. The associated upward bow-
ing of the arc column results in non-uniform heating
of the confining quartz wall. The excess heating at the
top may soften and bulge out the quartz; the bottom
wall temperatures may be too low to provide adequate
metal halide vapor pressure for mercury arcs with
metal halide additives. Two methods have been con-
sidered to avoid this problem. One is to apply trans-
verse magnetic fields [4] and the other is to bend the
arctube. The latter is the approach adopted in this
investigation.

Since life and performance of high-pressure dis-
charge lamps are determined by their temperature
profiles, understanding the effect of design parameters
of the arctube (such as the mercury pressure, the
curvature of the curved arctube, the electrode offset,
and the like) on the temperature distribution within
the discharge volume, is critical. By understanding
the characteristics associated with each of these
parameters, the hot arc core may be centered, with
isotherms conforming to the quartz wall. Conse-
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quently, the temperature difference between the top
and bottom wall can be minimized.

Here we report a study of a three-dimensional
natural convection process by numerically solving
the coupled momentum, mass continuity, energy, state,
and electric field equations on the curvilinear coor-
dinate system. The numerical model has been applied
to study the effects of the various design parameters
on the convection and temperature distributions
inside the arctube. The results will be appraised
against the experimental observations. The objectives
of this investigation are: to help interpret and under-
stand observed experimental phenomena; to guide
the design improvement of hardware experiments;
and to help establish the influence and sensitivity of
individual design parameters on the lamp perform-
ance. Among the various design parameters, it will be
demonstrated that curving the arctube and offsetting
the electrodes are the most important factors in
obtaining a desirable temperature distribution within
the arctube. By presenting a large number of carefully
assembled results, a good assessment can be made in
terms of the capability of the present computational
model. Quantitative information obtained from this
model has greatly improved our understanding and

- design of the modern horizontal metal halide dis-

charge lamp.

2, NUMERICAL ALGORITHM AND
BOUNDARY CONDITIONS

The model provides a solution to the coupled dis-
charge equations—the energy, mass continuity, and
momentum equations for the discharge fluid, a sim-
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plified treatment of radiation, and the electric field
equations. These equations are solved using finite vol-
ume techniques and the method of successive approxi-
mations. The discharge medium is assumed to exhibit
local thermodynamic equilibrium, and to be steady in
time. Inputs to the model include the arctube
geometry, the orientation of the arctube relative to
gravity, and the electrical power input. The self-con-
sistent solution includes the fluid temperature and
velocity, the electrostatic potential, and the electric
current density, all of which are determined at each
node in the staggered three-dimensional grid. The
temperature-dependent fluid properties are taken
from Zollweg [3] 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.

Figures 1(a) and (b) show a typical 400 W com-
mercial mercury lamp and its arctube, respectively.
The computational model geometry and grid dis-
tribution of a straight arctube appear in Figs. 1(c) and
(d). The fused quartz arctube is characterized by a
cylindrical center section of constant bore, which is
capped by bowl shaped end chambers. The electrodes
protrude into the arctube by a distance called the
insertion length and offset electrode positions can be
specified. The calculations are mainly carried out for
a 400 W mercury discharge.

To resolve the geometrical complexities of the
arctube and electrodes, the transport equations are
solved by an algorithm developed for solving Navier—
Stokes flows using general non-orthogonal curvilinear
coordinates [5-7]. The volumetric source terms driv-
ing the flow are ohmic heating and radiation cooling,
which enter the energy equation, and gravitation,
which enters the momentum equations.

The governing equations are first written in the
strong conservation law form in Cartesian coor-
dinates for the dependent variable ¢
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Here, T is the effective diffusion coefficient and R the
source term, including the gravitational force. Equa-
tion (1) can represent the continuity, momentum.
energy and electric field equations (equation (2)).
. When new independent variables £, 5, and 7y are
introduced, equation (1) changes according to the
general transformation ¢ = &(x,y,2), n =n(x,y,2),
y = p(x,y,2). The result of this coordinate trans-
formation is to transform the arbitrarily shaped physi-
cal domain into a rectangular parallelepiped.
The electric field equations can be expressed in
terms of electrostatic potential, which takes the form
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Fi1G. 1. Schematic drawing of a 400 W mercury lamp,
geometry, and grid system: (a) schematic drawing of a
400 W mercury lamp ; (b) schematic drawing of a 400 W mer-
cury arctube ; (c) side-view (central plane) of arctube, grid
(29 % 13); (d) grid (13 x 13) in the bowl-end surface.
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Here, ¢ is the electrical conductivity, and @ the elec-
trostatic potential. It should be noted that the strong
temperature dependence of the electrical conductivity
[3] produces a strong coupling between the electric
field equations and the fluid equations. This is especi-
ally true near the electrode tips, where this coupling
is responsible for attaching the arc to the electrode
tips. The full treatment of gas to gas radiation is very
complex and is not practical for three-dimensional
problems because the necessary computations would
consume enormous computer time. The simplified
treatment is given by

radiant heat 10ss = 4,,,¢ +1.425x 10~ " exp [C/T}
3)

where C = —8.0661 x 10%; T is the temperature ; and
A,..q & constant which represents the energy (per unit
volume) absorbed in the cold gas region.

Boundary conditions are imposed at the quartz wall
of the arctube and surfaces of the electrodes. For the
fluid flow calculation, conventional no-slip boundary
conditions are applied on the entire boundary for the
velocity components, an isotherm is specified at the
quartz wall for temperature, and a linear temperature
profile is specified along the electrodes. For electric
field calculations, the electrodes have surfaces of uni-
form electrostatic potential, and the normal com-
ponent of the current density is zero at the wall. The
convective flow in the discharge is assumed to be
purely laminar ; this assumption is supported by both
the experimental evidence and the calculated Grashof
number. For all the derivatives in the transport equa-
tions, convection terms included, the second-order
central differencing scheme is employed for dis-

Table 1. Model inputs and outputs

Straight
Parameters arctube
Model inputs:
mercury pressure {atm) 3
input power (W) 400
arctube diameter (mm) 14.78
arctube length (mm) 55.61
electrode insertion length (mm) 7.64
offset electrode distance (mm) 0
radius of bend (mm) infinite
angle of bend (deg) 0
Model outputs:
core displacement from axis 2.1 mm
maximum temperature in mid-section 6328K
maximum velocity in mid-section 103 cms™!

Note. Mercury pressure and input power are considered
as lamp operating parameters. The rest of the input data are
all related to arctube geometry. Core displacement, defined
as the distance between the center of the hot core and the
center of the mid-section, is positive if the core is above the
axis, and is negative if it is below the axis. Offset electrode
distance is defined as the distance between the axis of the
arctube and the axis of the electrode.
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(d) convection pattern in mid-section.
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cretization. A multigrid method [8] is employed for
solving the resulting difference equations.

To handle the imposed geometrical constraints and
to maintain a flexible grid distribution, a three-dimen-
sional grid generation code has been developed for
the arctube. The algorithms use a zonal approach to
account for the various geometrical components in
the arctube, e.g. electrodes. middle section, and bowl-
end sections. These various components are then
patched together by solving a system of elliptic par-
tial differential equations with multiple outer and
inner boundaries. Representative views of the grid for
the 400 W arctube are shown in Fig. 1. A three-
dimensional model is essential to capture the physical
phenomena in the geometries considered in this inves-
tigation. In the present work, a series of calculations
has been conducted with different number of nodes,
ranging from 29 x13x 13 to 29x29x29, the solu-
tions were found to be within 0.1% difference in the
predicted gas temperature field.

3. SPECIFICATION AND FLOW FIELD OF
BASE GEOMETRY

Table 1 shows the base geometry and input data
for the arctubes used in this investigation. The input
power and mercury pressure are 400 W and 3 atm,
respectively. The base geometry is a straight arctube.
Figure 1 shows the side-view and end surface of the
arctube. For horizontal operation, there are two sym-
metrical planes. One is identified as the central plane
(Fig. 1(c)), and the other is identified as the mid-
section. Temperature contours and velocity vectors
are shown in these two planes. Table 1 also contains
some key outputs from the model.

Figures 2{a) and (b) show temperature contours
in the central plane and in the mid-section with a
maximum temperature of 6328 K. It is noted that the
hot arc column bows upward, the arc core lies closer
to the top wall, the isotherms do not conform to
the bottom wall, and the temperature gradient is not
uniform. Figures 2(c) and (d) show the convection
velocity patterns. The length of the arrows is pro-
portional to the velocity, with a maximum velocity of
10.3 cm s~ '. Both the temperature contour and the
flow pattern in the mid-section are generally consistent
with those computed for a 2.89 atm mercury arc with
no transverse magnetic field in ref. [4].

4. PARAMETRIC STUDY OF HORIZONTAL
ARCTUBES

The following parametric study of a horizontal
arctube is carried out primarily to understand the
trends in temperature distributions as a result of vary-
ing design parameters, such as mercury pressure
{density), input power, and so on. It also reveals
sensitivities to these design parameters. Parameters
studied here are varied with respect to the model input
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data in Table 1. Some representative cases are high-
lighted here.

4.1. Straight arctube

Figure 3 shows the effects of gas pressure on the
natural convection pattern as well as on temperature.
Several observations can be made. The hot core moves
upward and the maximum temperature in the mid-
section increases with increasing mercury pressure.
Consequently. the temperature patterns are more
nonuniform with higher mercury pressure ; this results
in degradation of the quality of light as well as the
expected life of the lamp. This phenomenon is mainly
due to the fact that the Grashof number is higher with
higher mercury pressure {(and hence higher density).
which creates stronger natural convection. This trend
is similar to the experimental observations made on
horizontal metal-halide lamps.

Figure 4 shows the effects of arctube diameter on
the temperature patterns. The hot core appears to
move upward continuously with increasing arctube
diameter. This phenomenon is also due to the change
of the Grashof number, which is proportional to the
characternistic length (arctube diameter) to the third
power. The arc core also becomes constricted with
increasing arctube diameter. Thus, reducing arctube
diameter would improve the isotherm distribution,
and improve temperature uniformity in the wall
region.

4.2. Curved arctube

Next, the case of a curved arctube is investigated.
The specification of the base condition here is identical
to that shown in Table 1, except that the radius of
bend is 25.4 mm and the angle of bend is 40°. Figure
S shows both the side view and grid distribution as
well as the calculated velocity and temperature fields.
Compared to the straight arctube (Fig. 2), the hot arc
column now lies more along the axis, the arc core lies
more at the center of the mid-section, the isotherms
conform more to the wall except near the ends of the
arctube, and the temperature gradient is much more
uniform.

Parametric studies have also been conducted for
the curved arctube. Similar results are obtained. For
example, by varying the mercury pressure, it is found
that the hot core continuously moves upward with
increasing mercury pressure for both straight and
curved arctubes, although the amount of core dis-
placement is much larger with the straight arctube
than with the curved arctube. Figure 6 shows the
isotherm plots for the curved case. The maximum
temperature also increases with increasing mercury
pressure for the curved arctube, but the rate of increas-
ing temperature is much larger with the straight
arctube than with the curved arctube. Overall, the
isotherms move upward with increasing mercury pres-
sure, hence the isotherms do not conform to the lower
portion of the curved arctube as the mercury pressure
ncreases.
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Hg pressure = 2 atm

P. Y. CHANG et al.

Hg pressure =4 atm

F1G. 6. Effects of varying mercury pressures: temperature contours in central plane and mid-section.

4.3. Important observations and experimental veri-
Sfication

Based on a series of computations, it is found that
the design parameters can be ranked in order of their
influence.

(1) Curvature of the arctube {defined by radius of
bend and angle of bend).

(2) Offset electrode distance.

{3) Arctube diameter.

{4) Electrode insertion length,

With understanding the characteristics associated
with each of these factors, a case is presented to show
that it is theoretically possible to achieve an optimal
geometry under a prespecified operating condition. In

this investigation, an optimal geometry is defined by
producing a centered arc with isotherms conforming
to the arctube wall. Based on the straight arctube
as the initial design, modifications have been made
according to the above prioritized items of design
parameters. A qualitative assessment is made in Figs.
7 and 8, where the temperature characteristics
obtained from the photographs and numerical com-
putations are shown for both the initial straight and
the subsequently optimized curved arctubes. The
upward bowing of the high-temperature core in the
horizontal arctube and the greatly improved uni-
formity of temperature distribution resulting from the
downward bending of the arctube are consistently
contrasted by both the theoretical predictions and
experimental observations.
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INITIAL DESIGN

FINAL DESIGN
Fi1G. 7. Temperature distribution in both the initial and final designs of arctube.

FIG. 8. Photographs of a straight and a curved arctube.
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5. SUMMARY AND CONCLUDING REMARKS

A series of three-dimensional calculations has been
performed for the natural convection processes in a
horizontal high-pressure mercury lamp. To improve
the quality of light and the life span of discharge
lamps, it is very desirable to center the discharge on
the arctube axis and have a uniform temperature dis-
tribution in the wall region. Many parametric vari-
ations are conducted to identify the important design
parameters. The major findings are summarized here.

(1) Computer results show the upward arc bowing
within a straight horizontal arctube.

(2) The temperature and convection patterns of a
straight arctube agree with those in ref. {4], in which
a two-dimensional computer model was employed.

(3) Curved arctubes have much more evenly dis-
tributed temperature patterns than the straight tube.
The hot core of the arc moves downward with down-
ward body curvature of the arctube.

(4) A good combination of curving the arctube and
offsetting the electrodes can effectively improve the
temperature distribution within the arctube and con-
sequently improve the performance of the lamp.

(5) The hot arc locations predicted by the present
model are consistent with experimental observations.

This investigation has emphasized the influence of
geometry as well as operating conditions on the tem-
perature distribution. The example of a 400 W high-
pressure mercury arc is used to demonstrate the use-
fulness of the findings. A prioritized list of parameters
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has been identified to develop an optimized design.
The advanced computational capabilities offered
by the present numerical mode! have made drastic
improvement resulting from the parameteric opti-
mization and better understanding of transport mech-
anisms occurring in the present lamp possible.
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ETUDE DE LA CONVECTION NATURELLE TRIDIMENSIONNELLE DANS LES
LAMPES A MERCURE A HAUTE PRESSION—I. VARIATIONS PARAMETRIQUES
AVEC MONTAGE HORIZONTAL

Résumé—Un modéle numérique tridimensionnel utilisant des coordonnées curvilignes et une méthode efficace
de résolution traite la convection naturelle dans les tubes a arc horizontaux avec vapeur de mercure a haute
pression. Pour les arcs horizontaux, les vitesses convectives sont principalement transversales 4 I'axe de
T'arc. La courbure vers le haut de I'arc, conduisant au chauffage non uniforme de la paroi de quartz, peut
dégrader les performances des lampes halogénes modernes horizontales. Cette étude montre comment les
paramétres du tube d'arc, tels, que la pression du mercure, la courbure du tube d’arc. la distance de
I'électrode et la longeur d'insertion de I'électrode, affectent la distribution de température dans le tube
d’arc. La conception d’une lampe de 400 W 4 mercure a haute pression, avec centrage de I'arc et avec des
isothermes correctes a la paroi, permet une meilleure compréhension quantitative des caractéristiques du
transfert thermique.
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UNTERSUCHUNG DER DREIDIMENSIONALEN NATURLICHEN KONVEKTION IN
HOCHDRUCK-QUECKSILBERDAMPFLAMPEN—I. PARAMETERUNTERSUCHUNGEN BEI
WAAGERECHTER MONTAGE

Zusammenfassung—Ein dreidimensionales numerisches Modell wird verwendet, um die natiirliche Kon-
vektion in waagerechten Hochdruck-Quecksilberdampflampen zu untersuchen. Das Modell benutzt
gekriimmte Koordinaten und eine effiziente Losungsmethode. Bei waagerechtem Lichtbogen verlduft die
Konvektion vorherrschend quer zur Lichtbogenachse. Damit verbunden ist eine Aufwirtskriimmung
der Lichtbogensiule, die zu einer ungleichmiBigen Beheizung der Quarzwand fiihrt : dadurch kann die
Leistungsféhigkeit der modernen waagerechten Metallhalogenlampen leiden. Die Untersuchung zeigt.
wie die Konstruktionsparameter der Bogenrohre wie Quecksilberdruck, Kriimmung der Bogenrdhre,
Elektrodenabstand und Eintauchtiefe der Elektroden die Temperaturverteilung in der Bogenrdhre beein-
flussen. Qualitativ 148t sich sagen, daB bei einer nach unten gekriimmten Bogenrdhre der heiBe Kern des
Lichtbogens nach unten wandert und daB abgesetzte Elektroden die Temperaturen an den Enden der
Rohre giinstiger gestalten. Die Verbesserung der Konstruktion fiir eine 400 W Hochdruck-Queck-
sitberdampflampe wird durch besseres quantitatives Verstindnis der Transportvorginge erméglicht, wobei
das Ziel die prizise Positionierung des Lichtbogens in der Mitte der Rohre ist. so daB die Isothermen
parallel zur Wand verlaufen.

UCCJIEJJOBAHHE TPEXMEPHONA ECTECTBEHHON KOHBEKLMM B PTYTHBIX
JIAMITIAX BbICOKOI'O ODABJIEHWA—I1. IAPAMETPUYECKHME U3SMEHEHHS TTPH
TOPU30HTAJIBHOM PACITOJIOKEHHUHU

Amoranns—/[J15 MCCNCIOBAHHA E€CTECTBEHHOM KOHBEKIHM B [OPH3OHTAJILHBIX NapPOPTYTHBIX AYTOBBIX
JlaMNax BHICOKOTO JABJICHHS TOCTPOCHA TPEXMCPHAf WHCJICHHAA MO B KPHBOJHHERHLIX KOOpAMHA-
Tax n npenioxeH 3pdexTusHbii MeTon pacuera. IIpu ropH30HTaNBHOM PAacnioJIOXEHHH NYTH CKOPOCTh
KOHBCKIME HAMpPABJICHA NPEHMMYIISCTBEHHO MoNepek OCH Ayrd. Bosrmkatommif marw6 palpsaHoro
croi6a BBEpXy IPHBOOMT K HCPaBHOMCPHOMY HArpeBy KBaphuepoli CTCHKH, KOTODMil MOXeT cyiuect-
BEHHO yXYMUHTL paGoude XapaKTEpDHCTHKH COBPEMCHHOH TODH3OHTAILHON METa/LUIOraOrcHHIHON
naMnsl. B pe3ynpTaTe NpoBencHAOro ACCICAOBAHHR YCTRHOBJICHO BIIHNHEC PAAA KOHCTPYKTHBHBIX Napa-
METPOB (DABJICHHS NMAapOB PTYTH, XPHBHIHBI H3OTHYTOH Ayroboit JaMInbl, PacCTOSHHS MEXIY CMEILEeRn-
HBIMH 5/IEKTPOAAME, MJIMHK BBCACHHS 3JICKTPOJIOB) HA TEMICPATYPHOC DACTIpCIC/iCHAE B AYroBoi
namne. C xauecTBeHHON TOYKH 3PEHHA BEPTHKANLHOC PACTIONIOXCHHC HIOTHYTOR AYTroBo# Jamiki MOXET
BLI3BATDH [EPEMEILCHUC rOPAYCro KAPa AYTH CHA3Y, a CMCLICHHBIE JICXTPORL MOTYT NPHBECTH K NOBh-
IEHAIO TeMnepaTyp BOAM3M KOHLOB Xyropod namnul. Jlns nanbHeiilero yny$INCHHS KOHCTDYKLHH
PTYTHOH J1aMIbl BRICOKOTO AABJICHHS MOIIHOCTBIO 400 BT nocpencTBOM NEHTPHPOBaKHMS AYTH H GopMa-
POBAHHR H30TEPM, COTJIACYIOIIBXCH C NPOGHICM CTCHKH, HCOGXOMHMMO HMETE KO/THYECTBCHHBIC XapaKTe-
PHCTHKH IIPOLIECCOB NEPEHOCA.
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