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HID Lamps

 High Intensity Discharge (HID) lamp

– Mercury vapor

– High-pressure sodium (HPS)

– Metal halide (MH)

 Lighting applications

– Streets

– Stadiums

– Shops

– Car headlights

– …



 Bulb, supports, base

 Arc tube

– Wall: Quartz or ceramics

– Filling: Mercury, additives (metal halides etc)

– Pressure: Atmospheric or above

 Electrodes

– Tungsten

– Aluminum

 Discharge arc

– Light source

– Temperature 5,000 – 6,000 K
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Metal Halide Lamp



 Advantages

– Avoids demixing of filling

– Less electrode erosion

– Cost and energy efficiency (ideal ca. 300 kHz)

 Acoustic resonance (AR) problem

– Periodic heating excites acoustic resonances

– Light flicker

– Reduction of lamp‘s lifetime

– Lamp destruction
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AC Operation

//localhost/Users/BB/Desktop/Dokumente/Forschung/HID-Lamp/Vortraege/ComsolConf2014/Videos/4p0times.wmv
//localhost/Users/BB/Desktop/Dokumente/Forschung/HID-Lamp/Vortraege/ComsolConf2014/Videos/4p0times.wmv


Acoustic Streaming (AS)

 Mystery: Link of high frequency acoustic resonance
(ca 300 kHz) to low frequency light flicker (ca 10 Hz)

 Afshar 2008: AS links acoustic resonances and flicker

 Fluid flow generates noise

 Noise generates fluid flow (AS effect)

 Objective: Stationary 3D FE model for AS

 Aim: Improvement of understandig of light flicker

 Test case: Philips 35 W 930 Elite
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Temperature and Heat Source Distribution
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Physical parameters feature complicated temperature dependencies
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Inhomogeneous Helmholtz Equation

Heat source distribution

Ideal gas law

Acoustic pressure
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Eigenmode

Eigenfrequency: 47.4 kHz 



Acoustic Streaming

 Navier-Stokes equation with external force density
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Buoyancy

Time average
Sound particle velocity



Flow Pattern
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Kundt‘s tube

HID lamp



Nonlinear Dynamical System
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explained.

It is well known that in nonlinear dynamical systems,

like the one under investigation here, symmetry breaking

can occur [15]. FamousexamplesaretheTaylor vortexes,

which can appear in the gap between rotating cylinders

(Taylor-Couettesystem) and theRayleigh-Bénard system.

In these systems asymmetry gets lost onceacertain con-

trol parameter rises above a critical value. One can spec-

ulate that this happens here.

In the Taylor-Couette and the Rayleigh-Bénard system

the loss of symmetry is due to the exertion of opposing

forces on the fluid elements. Taylor vortexes form, once

thecentrifugal forceprevailsover theviscousforce. In the

Rayleigh-Bénard system certain structures emerge once

thermal diffusion and viscous force are no more able to

balance the buoyancy force. In both cases a highly sym-

metrical state of the fluid becomes unstable and a phase

transition of the second kind to a new state of less sym-

metry occurs.

In the case of the HID lamp we observe a similar sit-

uation. In the center of the arc tube the fluid elements

experience the buoyancy force in upward direction. The

streaming forcealso points in upward direction in theup-

per part of thearc tube. In thecenter of the lower part the

streaming force tends to move the fluid elements down-

ward (see Figures 11 and 8). In the case of the Taylor-

Couette and the Rayleigh-Bénard system the phase tran-

sition leads to astate with less translational symmetry. In

HID lamps the transition leads from a mirror symmetric

state to astate which doesnot possess mirror symmetry.

To test this symmetry breaking hypotheses, we calcu-

lated aseries of streaming fieldswith the force term

f l = S
@⇢vk vl

@xk

− δl 3⇢g,

where 0 < S 1 is used as a control parameter. Experi-

mentally, onecould shift theAC-frequency away from the

resonance frequency or lower the modulation depth (see

[16]), which should have the same effect, namely the re-

duction of the streaming force. In Figure 9 the vertical

component of thefluid velocity uz at variouspoints in the

center of the lower part of the arc tube as a function of

the control parameter S is displayed. As expected from

thereasoning above, thevelocity uz ispositiveat low val-

ues of S (dominance of buoyancy) and becomes negative

when S increases (dominance of streaming).

Figure 9: Vertical component of the streaming velocity for

small values of the control parameter at various points in the

lower part of the center of the arc tube (coordinates (0, 0, z),

valueof z is the label at thecurve).

To quantify thesymmetry breaking, an order parameter

is introduced. Wechoose

Φ :=
1

VC

Z

VC

|u − u| dV,

where the integral is over the interior of the arc tube2.

u(x, y, z) is the absolute value of the fluid velocity and

u themean valueof u and itsmirrored imageu(x, − y, z).

In the symmetric phase Φ is zero. In the phase with the

broken symmetry its value is a measure for the asymme-

try. The value of the control parameter where symmetry

breaking sets in is called critical point. The order param-

eter has been calculated for various values of S and the

result isdepicted in Figure 10. Thedata for S > 0.2 have

been fitted to a logS + b. The data near the critical point

S0 havenot been used, since for small values of theorder

parameter we expect numerical noise to become impor-

tant. The fit of the simulation results to the logarithmic

function isexcellent. From theintersection point of thefit

curvewith theabscissaweestimate thecritical point to be

S0 ⇡ 0.161. Figure10 clearly showsthat thesymmetry is

restored when the streaming force becomes weaker. This

isconfirmed by the right part of Figure 11.

4.3 Onset of Acoustic Streaming

The following picture emerges:

2Actually ... (pressure point)
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Control parameter

Order parameter:

Buoyancy (S = 0) Acoustic Streaming



Order Parameter for Additional Vortices
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?



Order Parameter for Mirror Symmetry
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Critical point

explained.

It is well known that in nonlinear dynamical systems,

like the one under investigation here, symmetry breaking

can occur [15]. FamousexamplesaretheTaylor vortexes,

which can appear in the gap between rotating cylinders

(Taylor-Couettesystem) and theRayleigh-Bénard system.

In these systems asymmetry gets lost once acertain con-

trol parameter rises above a critical value. One can spec-

ulate that this happens here.

In the Taylor-Couette and the Rayleigh-Bénard system

the loss of symmetry is due to the exertion of opposing

forces on the fluid elements. Taylor vortexes form, once

thecentrifugal forceprevailsover theviscousforce. In the

Rayleigh-Bénard system certain structures emerge once

thermal diffusion and viscous force are no more able to

balance the buoyancy force. In both cases a highly sym-

metrical state of the fluid becomes unstable and a phase

transition of the second kind to a new state of less sym-

metry occurs.

In the case of the HID lamp we observe a similar sit-

uation. In the center of the arc tube the fluid elements

experience the buoyancy force in upward direction. The

streaming force also points in upward direction in theup-

per part of thearc tube. In thecenter of the lower part the

streaming force tends to move the fluid elements down-

ward (see Figures 12 and 8). In the case of the Taylor-

Couette and the Rayleigh-Bénard system the phase tran-

sition leads to astate with less translational symmetry. In

HID lamps the transition leads from a mirror symmetric

state to astate which doesnot possess mirror symmetry.

To test this symmetry breaking hypotheses, we calcu-

lated aseries of streaming fieldswith the force term

f l = S
@⇢vk vl

@xk

− δl3⇢g,

where 0 < S 1 is used as a control parameter. Experi-

mentally, onecould shift theAC-frequency away from the

resonance frequency or lower the modulation depth (see

[16]), which should have the same effect, namely the re-

duction of the streaming force. In Figure 9 the vertical

component of thefluid velocity uz at variouspoints in the

center of the lower part of the arc tube as a function of

the control parameter S is displayed. As expected from

thereasoning above, thevelocity uz ispositiveat low val-

ues of S (dominance of buoyancy) and becomes negative

when S increases (dominance of streaming).

Figure 9: Vertical component of the streaming velocity for

small values of the control parameter at various points in the

lower part of the center of the arc tube (coordinates (0, 0, z),

value of z is the label at thecurve).

To quantify thesymmetry breaking, an order parameter

is introduced. Wechoose

Φ :=
1

VC

Z

VC

|u − u| dV,

where the integral is over the interior of the arc tube2.

u(x, y, z) is the absolute value of the fluid velocity and

u themean valueof u and itsmirrored imageu(x, − y, z).

In the symmetric phase Φ is zero. In the phase with the

broken symmetry its value is a measure for the asymme-

try. The value of the control parameter where symmetry

breaking sets in is called critical point. The order param-

eter has been calculated for various values of S and the

result isdepicted in Figure 10. Thedata for S > 0.2 have

been fitted to a logS + b. The data near the critical point

S0 havenot been used, since for small values of theorder

parameter we expect numerical noise to become impor-

tant. The fit of the simulation results to the logarithmic

function isexcellent. From theintersection point of thefit

curvewith theabscissaweestimate thecritical point to be

S0 ⇡ 0.161. Figure10 clearly showsthat thesymmetry is

restored when the streaming force becomes weaker. This

isconfirmed by the right part of Figure 12.

The following picture emerges: If the HID lamp oper-

ated far from the resonance frequency (or with low mod-

ulation depth) the fluid flow is buoyancy driven and mir-

2Actually ... (pressurepoint)
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Strategy

 Flicker: Transient process

 FE model: Stationary

 Investigate stability of stationary solutions (linear 
stability analysis)

 Flicker related to onset of instabilities

 Conjecture: Asymmetric state is unstable

 CPU-time and memory requirements orders of 
magnitude smaller than in transient model
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Conclusions

 Stationary 3D FE model for calculation of acoustical 
streaming field in arc tube of HID lamps

 Consistent results obtained for prototype lamp

 Symmetry breaking

 Recursion needed to account for feedback of AS on 
temperature field

 Arc straightening
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Thank you!

Questions?


