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Abstract—It is well established that heat transfer and convection characteristics can substantially affect
the light quality as well as life expectancy of a discharge lamp. However, the present level of understanding
of these processes is not adequate to guide engineering design due to the combined physical and geometrical
complexities involved. Efforts have been made both experimentally and theoretically in the present work
to identify the roles of different heat transfer mechanisms between the arctube and the jacket of a modern
discharge lamp. By solving the three-dimensional Navier-Stokes equations and a simplified radiation
model in curvilinear coordinates, good agreement between measurements and predictions in terms of the
wall temperature profiles have been obtained. Both convection and radiation modes are found important
in overall heat transfer. Interplays between temperature gradients and geometrical variations around the
arctube, and their impact on the structure of the convection field inside the jacket have also been revealed
in a detailed manner by the theoretical model.

1. INTRODUCTION

THE DISCHARGE lamp is an important light source
for general illumination [1, 2]. It usually utilizes two
electrodes, contained in a small quartz tube which is,
in turn, embedded in a much larger glass jacket. The
quartz tube is filled with mercury and often with metal
halide additives as the major and minor species.
Within the tube, the electric discharge vaporizes these
species to form an arc of high temperature, up to 7000
K, and high pressure, of several atmospheres. Figure
1 illustrates a modern design which depicts a curved
arctube contained in an outer jacket filled with nitro-
gen. Due to its technical and commercial importance,
and the intrinsic physical and chemical complexities,
considerable research has been conducted into various
areas relevant to the design of the discharge lamp.
Among many important issues, natural convection
has received increasing emphasis since a critical
requirement for designing a high quality discharge
lamp is to distribute its wall temperature as evenly
as possible in order to maximize metal halide vapor
pressure, which is largely determined by the tem-
perature of the coldest region of the arctube. The
degree of uniformity of temperature distribution, both
within the arctube and on its solid wall, can greatly
affect the light quality as well as life expectancy of the
lamp.

Kenty [3] conducted the first experimental research
into natural convection inside a discharge arctube.
Zollweg [4] and Lowke [5] were the first to conduct
the analytical and computational studies of natural
convection in high pressure mercury arcs. In their
works, the fluid flow and energy equations in an

axisymmetric domain were solved. Dakin and Shyy
[6] developed a more comprehensive and detailed
model to study the vertical metal halide discharge by
including two-dimensional transport of the convec-
tion, the electric field, demixing of different species,
and radiation.

More recently, progress has been made in three-
dimensional computation modeling of thermofluid
flow processes in the discharge [7-10] with a capability
of handling the complex geometry of the arctube,
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F1G. 1. (a) Jacket geometry. (b) Arctube geometry.
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including the curved surface and electrode insertion.
The model advanced in refs. [7-10}] solves the com-
bined momentum, mass continuity, energy, and elec-
tric field equations, based on the fundamental con-
servation laws, and a simplified radiation heat transfer
model. A finite volume algorithm based on general
non-orthogonal curvilinear coordinates has been
adopted in numerical computation. Good agreement
between experimental measurements and theoretical
prediction has been obtained in terms of mounting
angle, curvature effect, and the wall temperature dis-
tribution. Results presented in refs. [7-10] appear to
be the first successful theoretical modeling of the very
complicated three-dimensional transport phenomena
in a discharge arctube. Much new insight has been
gained from these studies. It is noted that the model
used in refs. [7-10] considered that the arctube was
contained in a vacuum jacket, and the convection
process between jacket and arctube was excluded.

In the present work, advancement has been made
toward modeling and predicting the heat transfer and
associated fluid flow characteristics between the
arctube and the jacket. For this problem, the electric
field does not appear since there is no current flow
through the outer jacket gas. However, the geometry
is complicated and contains curved surfaces for both
the outer boundary, i.e. the jacket, and inner obstacle,
i.e. the arctube. Tt poses a challenge to the com-
putational techniques to faithfully incorporate these
geometric characteristics into a fundamental model
based on first principles.

For the present work both experimental and theor-
etical information has been collected to study the heat
transfer and associated fluid flow characteristics.
Experimentally, wall temperature distributions of
both arctube and jacket have been obtained, cither
with a nitrogen filled jacket or with a vacuum jacket.
On the theoretical side, a three-dimensional model has
been developed including treatment of the Navier—
Stokes equations to account for the convection and
conduction effects between the arctube and the jacket
surfaces, the conduction equation to account for the
heat transfer across the jacket wall, and a simplified
radiation model to account for wall to wall radiation
heat transfer between the arctube and the jacket. The
relative contributions between convection and radi-
ation to the overall arctube-to-jacket heat transfer
have been identified. Good agreement between theory
and data has been obtained. and therefore a detailed
assessment of the physical mechanisms responsible
for the observations can be given.

2. LAMP GEOMETRY AND PROBLEM
FORMULATION

The geometrical definition of a particular modern
discharge lamp, including both the arctube and jacket,
is given in Fig. 1 and Table 1. In this design, the
arctube is bowed to accommodate the upward biased
temperature profiles caused by natural convection [7].
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Table 1. Arctube geometry

Symbol Geometric deqlgn pdmmetgr%

4()0 W ddt‘l
d arctube diameter (mm) 15 I
i arctube length (mm) 59.3
¢ electrode insertion length (mm) 9.3
n offset electrode distance (mm) 2.3
y radius of bend (mm) 254
b angle of bend (deg) 40.0
! wall thickness (mm) 1.2

Accordingly, the mounting orientation of a lamp has
a definite impact on its performance and life expec-
tancy [8]. The lamp shown in Fig. ! is specially
designed for horizontal mounting and is often used in
turnpike, street or billboard lighting. The outer jacket
approximates an ellipsoid, with a cylindrical neck
region. Between the arctube and the jacket, there are
wiring and supporting structures to position the
arctube as well as to supply electric power. Since these
auxiliary structures are of negligible physical dimen-
sions in comparison to the arctube and outer jacket,
their presence is not accounted for in the present
model. A three-dimensional illustration of the grid
system generated and utilized in our computations is
shown in Fig. 2, where 31 x 19 x 19and 17 x 5 x 5 grid
points are employed to represent the jacket and the
arctube, respectively.

Conduction, convection, and radiation effects are
inctuded in regions where these effects are important.
For the general fluid flow field, the Navier-Stokes
equations are adopted. The governing equations arc
first written in the strong conservation law form in
Cartesian coordinates for the general dependent vari-
able ¢

<pu¢>>+(.‘ <;>z¢)+(f, (pwp) = ( ((‘f)

+ 0 <F(g>+;;(F;%)%—R(x,y.:). (1

Here, T is the effective diffusion coefficient and R
the source term, including the gravitational force and
pressure gradients in the momentum equation. Equa-
tion (1) can represent the continuity, momentum, and

-

Mesh of jacket —~ 31 X 19X 19
Mesh of arctube — 17 X5 X5

FI1G. 2. Computer generated geometry and mesh (in three-
dimensional perspective).
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energy equations. When new independent variables ¢,
1, and y are introduced, equation (1) changes accord-
ing to the general transformation ¢ = {(x,y,2),
n=n(x,y,z), v=9(x,y 2). The result of this coor-
dinate transformation is to transform the arbitrarily
shaped physical domain into a rectangular par-
allelepiped.

To resolve the geometrical complexities of the
arctube and jacket, the coupled set of transport equa-
tions are solved by an algorithm using general non-
orthogonal curvilinear coordinates [I1-13], and a
finite volume formulation has been employed for all
first-order derivatives including convection and press-
ure terms. In the present formulation, the gas tem-
perature between the arctube and the jacket is around
several hundred Kelvin, and the gaseous radiative
heat transfer is negligible. The radiation heat transfer
between the arctube wall, made of quartz, and the
jacket wall, made of borosilicate glass, however, is
important and must be accounted for. Even though
computational methods are available to account for
the radiation heat transfer in more detailed manners
[14, 18], in view of the geometrical complexities stud-
ied here, it would be computationally prohibitive to
adopt them. Instead, a much simplified model has
been adopted. The arctube is considered to be a point
source radiating energy toward the jacket wall. Each
mesh area on the solid surface of the jacket is assumed
to receive the radiant energy from the arctube; the
amount of energy absorption among those meshes is
determined according to the following procedure:

(i) The energy emitted from the arctube wall, Q., is
first computed as follows:

Qe = 68[( Two):rctubc - (Twi )j:\ckel]Aarclube (2)

where ¢ is the Stefan-Boltzmann constant, £ the
quartz emissivity, (Tyo)uraube the outer wall tem-
perature of the arctube, (7). the inner wall tem-
perature of the jacket, and A4, the arctube outer
wall surface area.

(i) The radiative heat flux, ¢;, into each com-
putational mesh of the inner wall of the jacket is then
determined by the following formulas:

Q.= CQ. )

wi = Aifrf 4)
w;

5= Qg [ 4 )

where Q, is the net energy absorbed by the jacket wall
through radiation, C the fraction of arctube radiated
energy absorbed by the jacket wall, which is taken
here as 0.9, £ the summation over all the meshes on
the inner wall of the jacket, w; the weighting factor of
each mesh, A, the mesh area / on the inner wall of
the jacket, « a constant to be determined, and r; the
distance between the point source representing the
arctube and the center of mesh i. The exact loca-
tion of the point source is also to be determined. Tt
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F1G. 3. Radiation model.

should be noted that the arctube is not geometrically
centered.

A schematic illustration of the present simplified radi-
ation model is given in Fig. 3. If the outer jacket is of
a spherical shape, then « = 2. Otherwise, an effective
value of a and the location of the point source need
to be determined to account for the geometrical
irregularity. This issue will be addressed later. Heat
transfer across the jacket wall has also been accounted
for in our model. The temperature distribution on
both the inner and outer walls of the jacket can be
determined by balancing the energy transfer as fol-
lows :

(i) Inner wall temperature of the jacket, (T )jacker 1
computed by balancing (a) energy transmitted to the
wall by nitrogen contained inside the jacket, (b) radi-
ant energy absorbed by the inner wall of the jacket,
and (c) heat conduction across the jacket wall, i.e.

(Twi )jacket - TP

- kgas o S + q; =

(Two)jackel - (Twi )jackﬁ

t ®)

-kjacket
where kg, and k.. are, respectively, the thermal
conductivities of the nitrogen gas contained in the
jacket and the borosilicate glass of the jacket, both
are functions of temperature, (T)iacker A0d (T )jncker
are, respectively, the inner and outer wall tem-
peratures of the jacket, 7, the temperature at the
center of the fluid control volume in the gas phase
next to the inner wall of the jacket, § the normal
distance from the center of the fluid control volume
to the inner wall of the jacket, and g, the radiative
heat flux defined by equation (5).

(ii) Outer wall temperature of the jacket, (Tyo)jackers
is computed by balancing (a) heat conduction to the
outer jacket wall from the inner wall, and (b) energy
radiated and convected to the atmosphere, i.e.

( Two )jacket - ( Twi )jacﬂ

t T:ink]

—kjackel = 08[(Two)j‘:\cket -

+ h[(Two)jacket - Tsink] (7)

where T, is the room temperature and /4 the heat
transfer coefficient. Physical properties of the nitrogen
gas and borosilicate glass are taken from refs. [16, 17],
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respectively. Based on an order of magnitude analysis,
it is sufficient for the present application to consider
only one-dimensional heat conduction across the
jacket wall.

With regard to other necessary boundary con-
ditions, the standard no-slip condition is enforced
for velocity variables along both the outer wall of the
arctube and the inner wall of the jacket. The outer wall
temperature of the arctube is prescribed according
to experimental information. Due to the nature of
the staggered grid arrangement adopted in the
computational algorithm. therc is no need to supply
any artificial boundary conditions to the continuity
(i.e. pressure-correction) equation. Extrapolation is
adopted for the necessary pressure gradient terms in
the boundary trecatment portion of the momentum
equations. For all the derivatives in the transport
equations, convection included, the second-order
central differencing schemes arc employed for
discretization. A multigrid method is utilized for
solving the resulting difference equations. Various
aspects of the numerical techniques can be found in
refs. [11-13].

3. RESULT AND DISCUSSION

We first present some experimental information on
the measured wall temperatures of lamps specially
made to aid our present effort. Two types of 400 W
lamps were manufactured, one with a standard jacket,
i.e. a nitrogen filled one, and the other with an evacu-
ated jacket. For the nitrogen filled lamp, the pressure
inside the jacketl at room temperature, i.e. without
turning on the power, was 380 Torr. In both types,
the arctube was curved and filled with mercury only,
as in refs. [7-10]. Temperature measurements of both
the outer jacket wall and the outer arctube wall were
made. Hence the relative impact of radiative and con-
vective heat transfer between arctube and jacket can
be unequivocally separated.

The outer wall temperature of the jacket was mea-
sured using a thermocouple. Figure 5(a) shows where
the measurements were made. The outer wall tem-
perature of the arctube was measured using an Ircon
radiation pyrometer, an optical device which can
quantitatively measure the radiance of a blackbody
or other radiant object. Aquadag is applied on the
locations where the temperature measurements are
desired. Each aquadag spot is about 2 mm in size and
is opaque. To take measurements, a frontal surface
mirror 18 used to sight the aquadag spots. Then
the radiant measurements obtained from the radi-
ation pyrometer are converted to temperature by
calibration.

The particular lamp studicd in the current work is
of 400 W power input. Figure 4 shows the measured
outer wall temperature profiles of the arctube within
the vacuum and nitrogen filled jackets. The maximum
temperture is around 920°C. It is reported in ref. [8]
that inside the arctube, the peak gas temperature is
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around 6700 K and the pressure is around 3 atm.
Figure 5(b) shows the direct comparison of the top
and bottom outer wall temperatures of the jacket for
both nitrogen filled and vacuum conditions inside the
jacket. The position of peak temperature corresponds
to the center of the arctube, which indicates the effect
of arctube curvature on the jacket wall temperature
distribution. It is noted that the jacket itself is axisym-
metric but the arctube is not.

For the vacuum jacket (dotted lines), the differences
between top and bottom wall temperatures are caused
by location and geometry of the arctube. The vari-
ations in geometry and view angle also cause the non-
uniform temperature distribution in the axial direc-
tion on both top and bottom jacket walls. For the
nitrogen filled jacket, natural convection makes a sub-
stantial impact on the jacket wall temperature dis-
tribution. The average wall temperature of the arctube
is much higher than the jacket wall temperature.
Consequently, natural convection induced by the tem-
perature nonuniformity hcats up the top wall and
cools down the bottom wall of the jacket. Details of
the natural convection process cannot be deduced
simply from the wall temperature measurements and
will be investigated later based on the theoretical com-
putation.

The theoretical model presented in the previous
section does not need any artificially adjusted par-
ameters except for the exponent « in equation (4) and
the location of the point source. A series of numerical
computations has been conducted for the vacuum
jacket which includes radiation between arctube and
jacket walls, and conduction across the jacket wall,
but excludes convection. The values of ¢ and A,
in cquation (2) are 0.5 and 35.5 cm”, respectively.
Based on cquation (2) and the measured data, the
cnergy emitted from the arctube wall, Q.. 1s 155 W
for the vacuum jacket case and 138 W for the nitrogen
filled jacket case.

The value of % in equation (4) and the point source
position could then be decided by finding the best
match between predicted and measured outer jacket
wall temperature distributions. As demonstrated in
Fig. 6(a), it is found that the combination of x = 2.8
and the point source location being 4.53 mm above
the jacket axis (as shown in Fig. 3) gives very good
agreement between theoretical model prediction and
experimental measurement for both top and bottom
wall temperature profiles: in fact, they agreec within
the experimental uncertainties. Figure 6(b) illustrates
the sensitivity of predicted jacket wall temperatures
with respect to the variation of « in equation (4), from
o = 2.0 to 3.5. Substantial differences are observed
between the two predictions. Nevertheless, it is clearly
demonstrated here that even though the present point
source model is extremely simple, it does a surprisingly
good job to represent the distribution and the effect
of radiation heat transfer. It is concluded that this
approach is a good compromise between representing
the physics and optimizing the computational require-
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F16. 4. Measured outer wall temperature of arctube with vacuumed and nitrogen filled jacket conditions.
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F1G. 5(b). Measured outer wall temperatures of jacket between vacuum and nitrogen filled conditions.

1815



1816

®IJC @ IOV 3Ot

P. Y. CHANG and W. SHyy

OQUTER JACKET WALL TEMPERATURE IN °C
(measured and predicted)

3007
predicted
« B measured

250'{- top wall

2001

bottom wal!
150+
100 T T + Y T + v T + T T —~+—— T + -
0.00 0.03 0.06 0.09 0.12 0.15

x coordinates in meter

F1G. 6(a). Comparison of predicted and measured outer wall temperature of vacuumed jacket with

O VCc®TITOOI O

optimized « in equation (4).

OUTER JACKET WALL TEMPERATURE IN °C
{(measured and predicted)

3007 a=20
—-—a=35
« B measured
asoy top wall ¢
®
20071
L]
] bottom wall
1501
\\
100 — v e ————+ r - —— T -+ v
0.00 0.03 0.06 0.09 0.12 0.15

x coordinates in meter

FiG. 6(b). Sensitivity of wall temperature prediction of vacuumed jacket to o in equation (4).

OIC 0 IOO30ct

OQUTER JACKET WALL TEMPERATURE IN °C
(measured and predicted)

3007 ——--760 torrs
. 800 torrs
N | 500 torrs
2501 o - « @ measured data
200 ™
N Ry
1504 bottom wa -
n
10018
0.00 0.03 0.06 0.09 0.12 0.15

X coordinates

Fi1G. 7. Comparison of predicted and measured outer jacket wall temperatures at different operating

pressures.



Three-dimensional heat transfer and fluid flow in the modern discharge lamp
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F1G. 8(a). Temperature contours in middle side-view plane

corresponding to three operating pressures inside the jacket :

(i) 500 Torr; (ii) 600 Torr; (iii) 760 Torr (contour intervals
=25K).

ments. In all the following discussions, the value of «
is fixed at 2.8 and also the point source location is
fixed as shown in Fig. 3.

By adequately representing the radiation part of
heat transfer, the effect of convection can then be
predicted and appraised against the experimental
information, Detailed assessments can also be made
of the interplay between different heat transfer modes
as well as its impact on natural convection. For the
cases presented below, gravity is perpendicular to the
axisymmetric axis of the jacket configuration, i.e. the
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FiG. 8(b). Temperature contours in middle cross-view plane
corresponding to three operating pressures inside the jacket :
(i) 500 Torr; (ii) 600 Torr; (iii) 760 Torr.

lamp is positioned horizontally. The outer wall tem-
perature profiles of the arctube adopted in the cal-
culations were based on the measurements shown in
Fig. 4. Nitrogen is filled into the jacket at 380 Torr
under cold conditions, i.e. room temperature. Here a
parametric variation of operaring (not cold fill) press-
ure has been conducted in the theoretical model to
study its effect on overall heat transfer. Steady-state
solutions could be obtained for operating pressures
up to 680 Torr, above which the model predicts that
oscillatory solution characteristics start to appear.
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The unsteadiness increases with increasing operating
pressure. In terms of jacket wall temperature, the
unsteadiness of the flow field does not show noticeable
impact up to the highest pressure, 1000 Torr, con-
sidered here. The detailed nature of the oscillations is
not our focal point here. Suffice it to note that the
growing unsteadiness in solution with increasing press-
ure is expected simply from the viewpoint that the
Rayleigh number increases with pressure.

Figure 7 compares the predicted and measured top
and bottom outer jacket wall temperatures where the
predictions were made based on three operating press-
ures inside the jacket, namely, 500, 600, and 760 Torr.
It is clear that as the pressure increases the strength
of natural convection increases. With increasing
pressure, convection causes the gas temperature to be
more uniformly distributed inside the jacket as shown
by Figs. 8(a) and (b). Consequently, in the region
directly above the arctube the wall temperature
decreases as pressure increases, while the region close
to the end zone, the wall temperature increases with
increasing pressure. For the bottom wall temperature,
on the other hand, increasing jacket pressure causes
it to increase monotonically, but only to a modest
extent. Figure 8(b) also shows that in the cross-view
planes, the temperature distribution is symmetric at
500 and 600 Torr, but becomes asymmetric at 760
Torr. Tt is noted that at 760 Torr, no convergent steady
state solution could be obtained ; the isotherms shown
in Fig. 8 are representative but they are not from a
convergent solution.

Figures 9 and 10 depict selected plots of the velocity
field on several side- and cross-view planes to illustrate
more detailed information regarding the convection
field induced by the temperature nonuniformities. A
pair of contrarotating convection cells above the

arctube can be clearly identified in the middle side-
view plane. Figure 9 shows that, in the side-view plane
of symmetry and above the middle of the arctube,
high temperature combined with upward curving of
the tube wall creates a thermal plume type of flow
which moves to the top surface of the jacket, then
turns to opposite directions to form two large scale
recirculating eddies. The downward entrainment in
regions close to the two ends of the arctube induced
by the afore-mentioned contrarotating cells are large
enough to have the fluid penetrate into the domain
around and beneath the arctube, where multiple recir-
culating eddies are also present.

Figure 10 shows a series of velocity vector plots in
cross-view planes, from Plane No. 5 to Plane No. 27.
Itis noted that Plane No. 17 is the one cutting through
the cross-view plane of symmetry of the arctube. The
flow structures are obviously three-dimensional and
complicated. The top wall temperature of the arctube
which is around 800°C, is consistently much higher
than the top wall temperature of the jacket, which is
around 200°C. Furthermore, according to Figs. 4 and
5, their difference is higher than those along the top
wall of the arctube. However, as far as convection
is concerned, the flow development in the side-view
planes seems to dominate that in the cross-view
planes.

For example, despite the fact that all the gas par-
ticles above the arctube are heated from below, they
do not always move upward. Figure 10 shows that the
gas particles above the arctube but close to the end
regions of the arctube, as in cross-view Planes No. 9,
11, and 25, actually move downward. On the other
hand, the gas particles above the middle of the arc-
tube, as in cross-view Planes No. 15, 17, and 19, move
upward. This phenomenon is apparently caused by
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middle and increases toward the end regions. Conse-

the eddy structure developed in the side-view plane

as already illustrated in Fig. 9. Due to the bending quently, the vertical temperature gradient is the high-

curvature of the arctube, the gap between the top
walls of the arctube and jacket is minimum at the

est in the middle region, and a thermal plume type

of flow appears there. This structure dictates flow



(a) Vacuum  jacket

Fie. 11, Comparison of predicted outer wall temperature
distributions between vacuum and nitrogen filled jackets.

devclopment in other regions. In summary, the top
wall temperature differences between the arctube and
the jacket. combined with the variation of distance
between them, are responsible for the overall con-
vection structure depicted in Figs. 9 and 10. The other
notable feature observable in Fig. 10 is that in all
cross-view planes, two eddies appear in the two lower
corner regions.

Finally, Fig. 11 shows a direct comparison of the
overall outer wall temperature distributions between
the vacuum and the nitrogen filled jackets based on
the computations. With a vacuumed environment,
as shown in Fig. 11(a), thc wall temperature varies
predominantly along the axial direction, as evidenced
by the ring-like stripes of the isotherms. The exception
is the top wall region above the middlc of the arctube,
where the arctube curvature creates a hot spot through
radiation transfer. With a nitrogen filled jacket, as
shown in Fig. 11(h), the wall temperaturc distribution
is less regular. Since hot gas moves upward and cold
gas moves downward, the bulk of the lower half jacket
wall now appears cooler while the hot spot on the top
wall becomes hotter. Compared to the case of the
vacuum jacket, convection has produced a larger tem-
perature variation along the circumferential direction
and smaller temperature variation along the axial
direction.

P. Y. CHaNG and W. Suyy

4. SUMMARY AND CONCLUSION

Both theoretical and experimental information has
been presented regarding the heat transfer and fluid
flow characteristics inside a discharge lamp. The fol-
lowing are the conclusions reached in the present
study.

(1) Both convection and radiation contribute sub-
stantially to heat transfer between the arctube and
the jacket. Their effects can be separated by studying
evacuated and nitrogen filled jackets.

{2) The curvature of the arctube, originally designed
to accommodate the thermal characteristics within the
arctube, strongly affects both convection and radi-
ation characteristics outside the arctube.

(3) A simple model comprising a radiating point
sourcc can be successfully utilized to represent the
overall radiation heat transfer behavior between the
arctube and the jacket. In the present configuration,
experimental evidence suggests that the radiation flux
inversely proportional to r*® is a very good approxi-
mation for the present configuration.

{(4) Convection within the jacket heats up the top
wall while cooling down the bottom wall of the jacket.
Increasing operating pressure distributes tempera-
tures more uniformly inside the jacket as well as those
on the jacket wall.

(5) The top wall temperature differences between
the arctube and the jacket, combined with the vari-
ation of distance between them, are responsible for
the observed overall convection structure.

The information presented here represents the first
successful attempt at bringing together theoretical and
experimental results to study the very complicated
three-dimensional  heat transfer and convection
charcteristics within a modern discharge lamp. The
theory/data validation provides confidence that the
theoretical model employed here is correct. With
improved knowledge of the physical processes
involved in the lamp, design optimization can be per-
formed for, c.g. different fill pressures and lamp sizes.
Furthermore, different configurations can be designed
according to changes of operaling condition, such
as in microgravity environments [10, 18], where the
gravity induced convection hcat transfer is unim-
portant relative to radiation effects.
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TRANSFERT THERMIQUE ET ECOULEMENT FLUIDE TRIDIMENSIONNELS DANS
LES LAMPES A DECHARGE MODERNES

Résume—I1 est bien connu que les caractéristiques de convection et de transfert thermique peuvent affecter
fortement la qualité de la lumiére ainsi que la durée de vie d’une lampe & décharge. Néanmoins le niveau
actuel de connaissance des mécanismes n’est pas suffisant pour guider les ingénieurs a cause des complexités
physiques et géométriques. On a fait ici un effort expérimental et théorique pour identifier les roles des
différents mécanismes de transfert de chaleur entre le tube d’arc et 'enveloppe d’une lampe & décharge
moderne. En résolvant les équations tridimensionnelles de Navier-Stokes et en simplifiant la modélisation
du rayonnement en coordonnées curvilignes, on obtient un bon accord entre les mesures et les prédictions
en ce qui concerne les profils de température de paroi. On a trouvé que les modes convectifs et radiatifs
sont importants dans le transfert global de chaleur. Le modéle théorique montre en détail les relations
entre les gradients de température et les variations géométriques autour du tube d’arc et leur impact sur la
structure du champ de convection.

DREIDIMENSIONALE VORGANGE VON WARMEUBERGANG UND STROMUNG IN
EINER MODERNEN ENTLADUNGSLAMPE

Zusammenfassung—Es ist hinreichend bekannt, daB Wirmeitbergang und Konvektion die Qualitit des
Lichtes ebenso beeinflussen wie die Lebensdauer einer Entladungslampe. Der heutige Wissensstand {iber
diese Vorginge ist aufgrund der physikalischen und geometrischen Komplexitit noch nicht dazu geeignet,
Auslegungsregeln anzugeben. In der vorliegenden Arbeit werden sowohl experimentelle als auch theo-
retische Anstrengungen unternommen, die Einfliisse der verschiedenen Wirmeilbertragungsmechanismen
in einer modernen Entladungslampe anzugeben. Durch Lésen der dreidimensionalen Navier-Stokes-
Gleichungen und durch Verwendung eines vereinfachten Strahlungsmodells mit gekriimmten Koordinaten
wird eine gute Ubereinstimmung zwischen gemessenen und berechneten Wandtemperaturverteilungen
erzielt. Sowohl Konvektion als auch Strahlung spielen beim Gesamtwirmeiibergang eine wichtige Rolle.
Das Zusammenwirken zwischen Temperaturgradienten und geometrischer Anordnung der Umgebung des
Lichtbogens sowie ihr EinfluB auf die Struktur des Stromungsfeldes in der Entladungslampe werden von
dem theoretischen Modell ebenfalls detailliert beschrieben.
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TPEXMEPHBIA TEIIJIONIEPEHOC U TEUEHHUE TA3A B COBPEMEHHOHN
TA30PA3PAIHON JTAMIIE

Ausorams—Kax u3BeCTHO, XapaKTEepUCTHKH TENJIONEPEHOCa M KOHBEKIMH MOTYT OKa3biBaThb CYILECT-
BEHHOC BIMSHHE HAa SPKOCTb CBEYCHHS, a TAKXKE HA NpPeanojiaraeMblii CPOK CIyxObl razopaspsaHoi
namnsl. OQHAKO COBPEMEHHBIH YPOBCHb MOHMMAHMS JTHX TPOLECCOB HE ABAACTCA OOCTATOYHBIM [IS
HH)KEHEPHOH Pa3paboTKH B CHIIy HMeIOLMXCS GH3MYECKHX M T€OMETPHYECKMX CJIoxHocTel. B Hactos-
IIEM HCCIIeOBaHNM CHeTaHbl HONMBITKA SKCAEPUMEHTAILHOTO H TEOPETHYECKOrO ONpPEeAE/ICHNs PO pa3-
JIMYHBIX MEXaHU3MOB TETUIOHEPEHOCA MEXAY paspAAHON TPyOKOH M KOXYXOM ra3sopa3psAHOil JaMIIbL
[Ipy pellennn B KpHBOJMHEHHBIX KOODAHMHATAX TPEXMepHbIX ypasHeHuit HaBbre-CToKCca ¢ HCONB30Ba-
HHEM YIPOILEHHOH MOMENH M3JIYYCHHA NOJYYEHO XOPOLIEE COTJIaCHe MEXAY JKCHEPHMEHTA/IbHBIMU H
TEOPETHYECKUMH Pe3yJIbTATAMH [UIS TEMINEPATYPHBIX npoduneit crenky. HajineHo, 4To Kak KOHBEKIHS,
T4K K M3JIyYeHHE ABJIAOTCS BAXHBIMU GaKTOpaMH CyMMapHOro remtoneperoca. [Ipn noMonu Teopern-
YeCKO# MOJIEIM BBISIBJIEHA B3aHMOCBA3b MEXIY TEMNEPATYPHbIMH IDAAHEHTAMH W H3MEHEHHAMH reo-
METPHYCCKHX IaPaMETPOB CHCTEMBI.



