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Fluid Flow Modeling in a Gas-Filled Optical Cell
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Abstract: This paper presents a modelling investigatiohef recirculating nitrogen gas flows present inoatical cell
containing an incandescent filament. The free cotive fluid flows are driven by the hot filamentkted centrally in the
cylindrical cell; gas temperatures range from 38 Kvall regions to 2700 K at the filament. Theidlphysical properties
are temperature dependent. The model equationentinaity, Navier-Stokes and energy are numericatiived with a
finite volume method. The obtained results show tie thermal and velocity fields have three-dinemasl flow
characters. Strong convective effects are obseavednd the filament ends, where the highest tempergradients are
found. The study demonstrates the end effects@tetihperature distribution and fluid flow.
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1. Introduction In the present paper we consider a numerical stddy
convection in a cylindrical cell subjected to a parature
Early models of the flow within gas filled incandest gradient. Gas temperatures range from 380 K in wall
light sources hypothesized a thin stagnant conduoctiregions to 2700 K at the filament; gas temperature
dominated layer surrounding the filament, withinieththe gradients of over 500 K mifmexist near the filament. The
transition from filament to wall temperature oceutil1, 2]. flow is driven by the thermal buoyancy. This worlasv
These models provide reasonable estimates of dreass carried out using the general purpose fluid dynamic
transfer for power balance -calculations [3], bute arcomputer code, Fluent [8]. Fluent is a state ofaiteCFD
insensitive to orientation and geometry. Most intpotly, (Computational Fluid Dynamics) computer package for
they do not account for convective flows in the Gimg.  modelling fluid flow and heat transfer problemsiomplex
The complete flow field is obtained through solatiaf the geometries. This program originates from work désc
Navier-Stokes equations which describe the consierva by Patankar [9].
of energy, momentum and mass. Fisher and Fitzg¢4ald
solved the conservation equations in two dimensiamd .
successfully predicted the flow patterns and tuegst 2. Problem definition
transport in horizontal cylindrical lamps. The cd#ted ) ] o ] ]
temperature profiles showed good agreement witlsetho ~ 1he subject of the investigations is a high temiueea
obtained from a double exposure holographic tecreigg  C€ll- The optical cell is assumed to be a longneigr with
was also demonstrated that lower gas filling pressu @0 axial tungsten filament having no velocity or
reduced the magnitude of convective effects. Cofida t€mperature gradients along the cylinder axis. The
calculated the fluid flow and heat transfer instdagsten cYlindrical shape of the cell will allow for symmpt
halogen lamps using an advanced curvilinear botgdfi S|mpI|f|cat|_ons in the theoret|cal_ m_odelmg. The llce
calculation grid. Flow patterns were simulated fofnvelope is defined to be 75 mm in diameter and ra0
vertically and horizontally orientated lamps contag an I length. The filament is modeled as a solid @ginwith
inert gas at high pressure. Recently, Makai et[8]. ad|a_rr)eter of 1.58 mm and a length of 23.5 mm. Bam
developed a computer model to evaluate the opgratifonditions are set equal to 2700 K for the filamemd 380
conditions in tungsten halogen lamps based on the for the lamp envelop. A cold filling pressure G2
substantial partial differential equations of theeef Pascal) is used to maintain significant buoyandyedr gas
convection problem. The free convection was sinedaty flows in the cell whilst preventing wall blackenirigy
the convection—conduction equation and thg._lngsten depQS|t|on. The physical system _v_ve_conssje
incompressible Navier—Stokes equation. They detezcni Nitrogen gas in local thermodynamic equilibrium &k
the temperature distribution, the velocity fielddathe Points in the flows. Nitrogen gas filling is recedr because
pressure in these lamps. The pressure dependence |Fohas favorable thermal conductivity propertied dms
dimensionless characteristic numbers was evaluatedfle tendency to arc.
Different least square estimation methods for aeiteation ~  Physical constants relevant to the case under study
of distribution temperature and their applicabilitith ~include the operating pressure, density, heat @gpand
regard to uncertainties of the spectral irradiadeéa of transport properties of the fluid. The transporoparties

incandescent lamps were discussed by Rosenkraz[@. ~(viscosity and thermal conductivity) and the heapacity
are specified as temperature dependent polynomials.
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In the present investigation, the data of Svehj [&

The velocity field exhibits recirculation patterofsfree

used to generate the best fit polynomials. Tranisparonvection around a heated cylinder in an encloglLtg

property polynomials for pure nitrogen are usedaih
calculations.

We have, firstly, used a two dimensional model (2Dhe side of the filament,

for the investigation of the interior of the opficzll and
then extended the model to include a full threeedtisional
simulation (3D).

3. Numerical procedure

The flow and heat transfer phenomena to b
investigated here are basically described by theatémns
of continuity, Navier-Stokes and energy. The flug
regarded as Newtonian and incompressible; the flow
laminar in steady regime. Radiation heat transfer
negligible.

For this work a non-uniform grid consisting of
tetrahedral elements is used. Once the grid has dreated,

the flow shows the buoyant plume. The maximum gas
velocity is equal to 0.275 m/s and occurs at aldoain to
indicating that signifita
convective currents do occur within the gas fillingery
steep temperature gradients are seen to exise ifiléiment
region particularly below the filament where the
temperature field is somewhat compressed by the flo
pattern. The temperature contours are distortedthay
convective flows from the purely radial dependefaiend
for the case where the heat transfer is based only
€onduction, indicated by a series of concentricles. The
mixing of cooler gas into the hot filament regioccaunts
for the generally lower temperatures which implgsle
viscous flows and somewhat higher velocities.

| Between the heated filament and the upper sidbeof t
lamp the thermal stratification is instable: thdatieely
cold fluid near the upper envelope is denser tlnhot
fluid next to the filament. This instable thermal

the governing equations of conservation of Mas§ asification induces an upward fluid motion frothe

momentum and energy are solved in each cell. Bsglts
in a set of simultaneous algebraic equations faglaments,
which is solved through a finite volume method. &eend
order upwind discretisation is used to calculat flthxes
in the discretised equations. The resulting of lalge
equations has been solved using the iterative Hirbre
method associated with the tri-diagonal matrix atpom
(TDMA). This starts from a set of arbitrary initial
conditions (except for at the boundaries) and cayes to
the correct solution after a number of iteratio@supled
velocity-pressure calculations have been preformsidg
the SIMPLE algorithm. Convergence is consideredéo
reached when the normalized residuals have faledovwb
10“. An exception to this general value is that taf@rthe
enthalpy residual, for which a value of 0s more
appropriate. Velocity and temperature fields argioied.

4. Results and Discussion
4.1. A two dimensional model

Initial model is based upon a 2D model of the lakp.
semi-circular (exploiting the vertical symmetry péaof the
lamp) and a non-uniform grid, where a greater nundje
cells are concentrated in the regions expectedotdamn
steep gradients of flow variables, is constructétti 0000
nodal points on the basis of many tests. This caatjounal
grid is illustrated in Fig.1.

Using the temperature distribution in the vertjgiane,
a grid sensitivity study has been conducted. Fiwaerical
grids have been used to estimate the effect ofgtink
resolution on the results (Fig. 2). It is foundtthize grids
with 27528 nodes and 20000 nodes give similar tesuid
so the latter mesh is used throughout this study.

The problem case described above is then submitted 0.

for computation and a converged solution is obthiafter
performing 3000 iterations. Fig. 3 shows the caltad
velocity and temperature fields when the optical &
viewed along the longitudinal axis of the filament.
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filament towards the lamp upper surface. This flawv
therefore induced by the buoyancy effect. Oncefline
reaches the upper envelope, it is diverted by #mapl
surface, and follows a circular motion towards lizgtom
part of the lamp. At this location, the flow is ungkd
upward towards the filament. This fluid motion geates
two counter rotating vortices, separated by theticadr

plane of symmetry

t

Figure 1. 2D computational grid

" 27528 nodes
20000 nodes
8736 nodes
4522 nodes

2000 nodes

3000+

2500+ v

2000+
1500
1000

500+

T T T T T T T T T
-0,04 -0,03 -0,02 -0,01 0,00 0,01 0,02 0,03 0,04
Vertical displacement (m)

Figure 2. Sensitivity to mesh density
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Figure 3. Temperature contours and velocity vectors
4.2. A three dimensional model exhibit similar features, however the temperature

distribution is more compressed in the 3D model
Clearly the length of the filament is not equathat of

the lamp envelope, this, results in a fairly lavgdume of o
cooler gas at the lamp sides which lead to a lawean 30001 e
temperature in the system. Furthermore, the teryrera
along the filament is not constant but decreases fits
centre to its extremities. The 2D investigationbising

2500

refined and extended to account for 3D effects. f 2000

The lamp geometry in three dimensions is defined % 1500
exploiting the symmetry of the device. Two vertical g

symmetry planes, one containing the filament arid the £ 1000+
'_

other perpendicular to the filament and passingugh its
centre, are encountered. This reduces the compuiéti 500+
domain to the quarter of the total lamp volume. énn
uniform grid (Fig. 4) is used with the highest gddnsity

in the regions where the steepest physical property
gradients are envisaged. There are in the filamegion in

the axial direction, and close both to the filamamd to the Figure 5. Temperature fields for the 2D and 3D niwde
lamp envelope in the radial direction.
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Features of the 3D results for the velocity and
temperature fields are presented in Figures 6d78an

The principal feature of the velocity has, as in 2D
investigation, a vortex structure in planes perpandr to
the filament axis. The magnitudes of the velociégrease
on moving from the filament's mid-point to the lasngnd
wall. The axial components of the velocity causaizing
of cooler gas from the lamp end into the hot filate
region. This cooling effect accounts for generdtdyer
temperatures being predicted than in the 2D casereL
%Z temperatures mean a correspondingly less viscosteray

and hence higher average velocities. The maximum

velocity is predicted to be in the plane perpendicto the
filament mid-position with magnitude equal to 01®is as

Fig. 5 shows a comparison of the temperature field ©PPOsed to a value of 0.275 m/s in the correspgnd

the plane perpendicular to the filament mid-pont fioth ~ case. Furthermore, in the plane perpendicular ® th
the 2D and 3D cases. It can be seen that both modfigments mid-point, the recirculation pattern feore

Figure 4. 3D computational grid

73



Chem. Bull. " POLITEHNICA" Univ. (Timisoara)

Volume 56(70), 2, 2011

compact than in the 2D case and the maximum vgligit from the filament centre toward the lamp's end wall
no longer observed to the side of the filament Isut convection effects become less important until Bnoat

situated now about 0.5 cm above the filament. Thia

consequence to the lower mean temperature whiclitses

stagnant gas region at the lamp's end wall is exhch
Fig. 8 shows the distribution of the temperatur¢hie

in a higher Rayleigh number and thus to strongefertical plane containing the filament axis. lislown that

convection effects.
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Figure 6. Velocity vectors in the vertical planentaoning the filament
axis
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Figure 7. Temperature distribution in planes pedi@nar to the filament
axis
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Figure 8. Temperature distribution in the vertiglne containing the
filament axis

Fig. 7 shows temperature distribution
perpendicular to the filament axis. It can be sdéemt
convection effects are more important than
corresponding 2D case due to the increase of tlyteigh

in the filament mid-point region, contours nearbrallel to
the filament are observed, meaning that, in thgiorg
axial temperature gradients are close to zero.

These figures clearly show the strongly three
dimensional nature of the flow patterns. Earlier
experimental studies of such lamps [12, 13] fourat the
highest wall deposition rates occurred around ilaenént
ends, this would be expected from the flow patterns
predicted here as the increased gas flows in sasitigns
cause an enhanced tungsten transport in thesensegio

The numerical results of our study are in good
agreement with those of an experimental and thieafet
work done with the same geometric, dynamic andntiaér
parameters [13].

5. Conclusions

The study presented here has shown that the 2D
investigation gives generally a good account of the
magnitude and spatial distribution of the temperatnd
the velocity. 3D effects however are found to léadnore
compressed features in both the temperature and the
velocity due to the higher Rayleigh number. Thehbij
flow velocities occur around the filament ends, rehthe
highest temperature gradients are found.

The present results are of relevance to spectrascop
measurements of temperature based ofy iNcluding
coherent anti-Stokes Raman scattering thermometry.
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