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ABSTRACT

There is still great interest in studying high in-
tensity discharge (HID) lamps despite the great de-
velopment of other light sources like light emitting
diodes (LEDs). Basic equations and numerical for-
mulations allow calculating important terms such
as the net emission coefficient (NEC) that plays an
important role in understanding the radiation be-
haviour of these lamps. These lamps are consid-
ered to be at high pressure and the produced plasma
was found to be at local thermodynamic equilibri-
um (LTE). The volume of the lamp is meshed into
small cells and the total number of cells represents
a compromise between correct results and calcula-
tion time. Each cell has its own local absorption and
emission coefficient that applies to its position in the
discharge. Line profile is calculated by two profiles
convolution: one is Lorentz’s and the second one is
a quasi-static profile. Ray tracing technique is used
to resolve the radiation transport for the visible and
ultra violet (UV) spectrum. The NEC is thus calcu-
lated and compared with other models for a pure
mercury discharge. In addition, additional photo-
metric properties of the lamp are obtained.

Keywords: high intensity discharge (HID), radi-
ation transport, ray tracing, net emission coeflicient
(NEC), line broadening, local thermodynamic equi-
librium (LTE), intensity, flux, luminous flux, lumi-
nous efficacy, correlated colour temperature (CCT)

1. INTRODUCTION

High intensity discharge (HID) lamps are com-
pact gas discharges ((1-100) mm or more in length)
that operate at pressures of order 1 atm or greater.
These lamps are of great interest due to their dif-
ferent applications like projectors and television
projection systems [1]. These lamps are excellent
sources of different radiations and over time cannot
be replaced by another type of light sources, like
light emitting diodes (LEDs), for example.

Radiation is one of the three mechanisms of en-
ergy transfer and it can be considered as the product
of several emission and absorption processes in a
high pressure discharge in relation with the contin-
uous and discontinuous spectrum. The characteris-
tics of this spectrum depend on the state of the elec-
trical discharge like the size, temperature, pressure,
or composition. The knowledge of radiative prop-
erties is a key factor in achieving quantification of
the energy exchanges. In simulation these radiative
exchanges are often quantified by the divergence of
the radiative flux, which characterizes the energy
transfer by radiation everywhere in the plasma, and
which can be easily estimated using the “Net Emis-
sion Coefficient (NEC)”, a quantity that can also be
used in the prediction of energy balance [2].

Computer modelling is an accurate and inexpen-
sive way to determine the NEC in high-pressure gas
discharge lamps. However, it is not possible to find



an exact analytical solution to highly nonlinear in-
teger-differential radiative transfer equation [3].
During several decades, a well-known phenomenon
was working on generating radiation-using formal-
ism to describe them [4].

Leibermann and Lowke calculated the NEC us-
ing these methods and the results obtained from
the calculations, and Sevastyanenko determined
the partial characteristics [5, 6]. Moreover, Lowke
and Capriotti determined the diffusion approxima-
tion [7].

Other methods calculated the NEC using
semi-empirical formula [8, 9]. Also BouAoun et
al. calculated the NEC using the discrete ordinate
method, where this method has been applied to nu-
merous radiative problems with significant accura-
cy, and it is an analogous to the finite volume dis-
cretization in directional space. In this paper, we
have used another method to calculate this index
based on ray tracing and, to our knowledge, there is
no direct calculation on the NEC has been done us-
ing this technique [10].

For this purpose, we have focused in our work
on the calculation of the power radiated by these
lamps using ray tracing technique for pure mercu-
ry Hg as a vehicle of study given that Hg has well
known characteristics.

In these calculations, we have considered that
the discharge has a cylindrical symmetry and we
assumed that the plasma is at local thermodynamic
equilibrium (LTE). The only knowledge of the tem-
perature profile and pressure is sufficient to calcu-
late the chemical composition (local emission and
absorption coefficient) of plasma and to the mecha-
nisms to increase of spectral lines. In this technique,
the discharge is divided into elementary cells re-
sponsible for launching rays in all directions, and
the radiative transfer equation (RTE) is resolved
for each ray. If there is no absorption exists in each
mesh of the discharge then the NEC equals to lo-
cal emission coefficient £. However, as absorption
exists, the NEC and ¢ have different values, which
show the importance of this study. Therefore, the
net emission coefficient and the photometric prop-
erties of the lamp are deduced.

2. RADIATION TRANSPORT

As radiation is transported in the plasma, it con-
tributes to the energy balance of the discharge. The
equation of radiative transfer describes the change

of spectral intensity /; [W'm=" sr!] along a path x.
When the medium emits and absorbs radiation with-
out scattering this equation is written:

dl, =£,(A,x)—Kk(A,0)], (1)
dx

where ¢€;(4,x) is the local spectral emissivity
[W'm4sr!] and k [m!] is the local spectral absorp-
tion index. For a spectral line corresponding to a
transition between atomic levels u and [, ¢; is first-
ly calculated from plasma composition by using the
following equation:
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where P(4) is the normalized spectral line profile.
In HID lamps, as the pressure is relatively high,
the LTE assumption is considered valid. Therefore,
K is calculated by using B; (the Planck function) by:
£,(A.T)

B,(T)

B, (1)=2< {exp[ he )—1} . 4)
A

AKT

(2)

K(AT)= (3)

where

Without knowing the plasma composition, the
resolution of the radiative transfer equation is im-
possible. In the case of a HID lamp, this compo-
sition is calculated assuming that local thermody-
namic equilibrium (LTE) exists, and that pressure
is uniform in the discharge. Pressure and local tem-
perature are determined from spectroscopic mea-
surements. Following equation corresponds to the
temperature profile across the discharge:

B
(=T~ —T,..)(’—] . (5)
R
where T is the central temperature, 7,, is the wall
temperature, 5 is the parameter that describes the
radial distribution of the discharge, and R is the dis-
charge radius.

Applying the equations of state for ideal gas
(Boltzmann and Saha laws), we are able to calcu-
late the plasma composition of the discharge. On the
other hand, for the spectral line profile only pressure
broadening is taken into account (Doppler broaden-
ing is considered negligible). Pressure broadening
is due to the collisions of emitting atoms with other
atoms (neutral Van der Waals or resonance broaden-
ing) or charged particles (Stark broadening). In the



impact approximation, pressure broadening is de-
scribed by a Lorentz’s profile:

P(A) = Z ,
() T (A=A, —-AY +(Ad,)

(6)

where
A/ll . =C,N M] s =CN,, A =0.8?M] 5

Al =C,N.A, =036A1
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The resulting total line profile is obtained by the
convolution of the Lorentz (6) and quasi-static (7)
profiles. Atomic and broadening constants for the
mercury spectral lines are taken from Stromberg

8],

1 [ Ay,
2\ (A= 4)
P (A)= Ad.
R R e A N
0 if A<4,
where
Ay =Co*N*.

To resolve the radiation transport that takes place
inside the lamp, it volume is meshed into small
cuboid elements. A set of the N isotropic rays is
launched in each element. Each ray will cross each
volume element until it escapes from the mesh. The
index of each traversed element volume travelled by
rays, and the distance within each of them are calcu-
lated and stored.

Each ray contributes to the output radiation flux.
The radiant flux that emerges from the emitting ele-
ment volume of each ray is calculated by:

D =1-AA-cosO-AQ, (8)
where AA is the surface crossed by the ray, AQ is
the solid angle, 6 is the angle between the ray and
the normal to the surface, and 7 is the output intensi-
ty of the emitting element volume (Fig. 1).

In a mesh, the output intensity 7 is derived from
the integral solution of radiative transfer equation
(9). Taking into account that each finite volume ““i”
is considered as homogeneous, the radiant intensi-
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Fig. 1. Output radiant flux of the emitting cell

ty 7 in the direction of the ray at a boundary point P
takes the following form:
1,(A.x,)=1,(A.x)exp(—=Kk(A.i)Ax, +
£,(A0)

+m(l—€xp(—f((}».f)ﬁl'r)), (9)

where Ax; is the length crossed in each finite vol-
ume “7”.

The ray will cross all cells in the mesh along its
path. The output radiant flux @, (8) of the emit-
ting mesh represents the input radiant flux ®@;, for
the next crossed mesh. This flux will be absorbed
before leaving the mesh. Therefore, the radiant flux
@, that goes out from the next crossed mesh is:

O, =0, -exp(—k-Ax),

ot

(10)

where Ax is the distance crossed and « is the absorp-
tion index of the crossed mesh.

Therefore, the absorbed radiant flux @ ;5.4 IN
the mesh crossed is calculated by:

=@

absorbed i

-D . (11)

The quantity of @, in (10) represents ®,, for the
next crossed mesh. Therefore, we continue calculat-
ing @, as in (10) and Dpeq as in (11) in every
mesh crossed until the ray leaves the lamp. At this
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Fig. 2. Rays depose energy in a cell
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moment, @, 1s stored and it represents the contri-
bution of the ray in the radiant flux calculation. An-
other ray is selected and the calculation is repeated
until all rays are launched from all cells. As a result,
different rays cross whole mesh and each ray depos-
es certain radiant flux @, . . in the mesh (Fig. 2).

So, the net emission coefficient is calculated by:

£, :é.‘_w.

. 12)
. 47 AV (

where ¢ is the local emissivity of the mesh and AV
is the mesh volume.

The total radiant flux @ escaping from the lamp
18:

N nb. nb, b,

0,-355 %0,

n=l k=1 j=1 i=l

(13)

where nb, nb, nb.are the number of cells along
x-axis, y-axis and z-axis respectively, and N is the
total number of rays emitted from each cell.

So, the luminous flux is:

O, =K,[V(HD,(A)dA. (14)

0.4 0.6
Reduced Radius

0.8 1

where V(1) is the spectral luminous efficiency of the
average eye for photopic vision and K,,=683 lm/W.
Then the luminous efficacy is:

n=_ (15)
tectric
where P, represents the electric power applied
to the lamp. Based on the radiant flux of each line
and using the colour-matching functions we can cal-
culate CCT and chromaticity coordinates.

3. RESULTS AND DISCUSSION

In this work, pure mercury HID lamp has
been studied. The lamp is represented by a cylin-
drical discharge where cylinder has been divided
(or meshed) into small cells. We have divided our
work into three parts. In the first part, we have cho-
sen to mesh the cylinder into 35 cells on the radial
direction surface and 13 cells along the axial direc-
tion. While Galvez [12] has launched 100 rays from
each cell, we have previously found that launch-
ing 62 rays are enough [13]. This represents a good
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Fig. 5. Comparison of total NEC using ray tracing
and DOM method for all spectral lines

compromise between Galvez calculation and time
consumption. At the end of this part, the crossed
distance in the emitting and crossed cells, the sol-
id angles as well as the areas crossed with the corre-
sponding angles are saved in a separate file.

In the second part, we assigned for each cell its
temperature. Therefore, cells on the axial direction
will have same temperature while the temperature
of cells on the radial direction will be a parabolic
distribution as in equation (5) according to their po-
sition. Once cell’s temperature is known, local ab-
sorption index and emissivity are calculated.

In the third part, we resolve the radiation trans-
port equation and start to get results by using equa-
tions (8—15). This way of calculation provides the
model by ability to produce results more quickly
compared to other methods. For example, if chem-
ical composition changes, then we change part two
without doing any change in part one while in oth-
er methods you should start again from scratch all
your calculations.

In our calculations, we will study a discharge
known as SC (standard conditions) discharge. This
discharge is typical for a high-pressure mercury
lamp used as a light source. In Table 1, we summa-
rize the parameters of the SC discharge.

The NEC represents the difference between the
emitted and the absorbed energy in each cell. There-
fore, it is important to compare in each cell the NEC
with the energy due to the local emissivity to make
sure that absorption is taking place in each cell and
the method is working reasonably which means
comparing the value of equation (2) with the re-
sults of equation (12). Fig. 3 shows the results for
the spectral line 435 nm and 577 nm. Although the
spectral line are not absorbed in a constant ratio, but
the influence of absorption can be easily deduced

Table 1. Parameters of the Studied Discharge

Tc(K) | Tw(X) | R(cm) B Pressure

6000 1000 0.78 2.2 3
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Fig. 6. Normalised distribution intensity curves
on the horizontal and vertical surfaces

for these spectral lines. Same behaviour was seen
for other spectral lines.

Bouaoun et al. [10] have also calculated the to-
tal NEC using DOM method by summing the NEC
of each spectral line that exists in the discharge.
His results were compared with Stomberg’s formu-
la. Both results were comparable and it is sufficient
in this work to compare with one of these models.
The NEC for each spectral line was calculated for
the same SC discharge (Table 1) and compared with
the results of Bouaoun ef al. [10] who used the same
discharge. The good agreement between both re-
sults is clear, as it is shown in Fig. 4.

The total NEC index is calculated for all spec-
tral lines that exist in the discharge, which are tabu-
lated in Stromberg [8]. The good agreement for the
total NEC is seen with Bouaoun er al.[10] and it is
shown in Fig. 5.

Our main objective in this research is to calcu-
late the NEC and compare it with other models in
order to provide a new tool to calculate this term in
future applications. However, the technique used
produces not only the NEC, but also the spectral re-
sults, which are the bases of calculation of the pho-
tometric properties of any lamp as it is shown in
[11,13]. For example, for the studied SC discharge,
the radiant flux is first calculated from each spectral
line in the discharge using (13). Then, the luminous
flux of each spectral line is obtained by using (14).
The luminous efficacy calculated from equation
(15) was equal 80 Im/W. This efficacy is compara-
ble with the experimental results of a pure Hg lamp.



The CCT for the discharge was received to be 4355
K. This CCT is in accordance to the impression of
white-blue colour known for pure Hg HID lamps.
The photometric curve on the horizontal and verti-
cal surface of the lamp is shown in Fig. 6.
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