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Abstract: The extreme conditions of halogen lamps (high pressure and temperature) make 

their analysis difficult as important operating conditions (pressure, temperature distribution) 

are hard to measure. However, these operating conditions can be determined by using the 

Finite Element Method, a computer-based simulation method. The main purpose of the 

project was the thermal and mechanical analysis of a specific halogen lamp. The results of 

the most detailed 2D thermal analysis show good agreement with the measurements. The 

mechanical analysis where the effect of defects were analysed show that flaws considerably 

reduce the safety of bulbs, while bulb thinning has lower effect. 
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1. INTRODUCTION 
Halogen lamps are improved versions of the generally used incandescent lamps, where 

the luminous efficiency (efficacy), life and wall blackening can be affected on a favorable 

way by using a special fill gas containing compounds of one or more type of halogens. 

Temperature and pressure inside halogen lamps are considerably higher than inside normal 

incandescent lamps, hence the applied materials (glass and metal parts) are exposed to higher 

thermal and mechanical stresses. 

One of the most considerable physical process in halogen incandescent lamps is heat 

generation. This process determines the state of stress and strain and it determines the 

direction and speed of chemical and transport processes inside the bulb. Based on the 

information obtained from these processes the failure of the halogen lamps can be analysed 

and solutions can be made to increase burning hours while satisfying safety requirements. 

The most important information that is the base of all further analysis is the temperature 

distribution of the entire halogen lamp (filament, fill gas and bulb) in different positioning 

(horizontal or standing and vertical or lying position). Although certain data (e.g. filament and 

outer bulb surface temperature distribution) can easily be measured, the entire distribution can 

only be determined by numerical computation. 

 

2. THE PURPOSE OF THE PROJECT 
The purpose of the present project is to develop a thermal finite element (FE) model 

based on a specified halogen lamp capable of modelling heat generation and temperature 

distribution along the bulb in case of different design and operational parameters considering 

thermal radiation, conduction and convection. 

The accuracy of the FE model is acceptable if the difference between measured and 

calculated temperatures of the outer surface of the bulb is less than 20 K. 

The final goal of the project is to analyse thermal stresses and failure processes. 

The results of these analyses are important bases of further research, i.e. chemical and 

transport processes inside the bulb and failures of the filament and the bulb. 
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3. SOLUTION AND RESULTS 

 

3.1. The analysed halogen lamps 
The primary goal was to analyse a specific type of 240V G9 halogen lamp. These 

incandescent lamps have complex geometry. They are hard to analyse due to the double 

coiled filament and the bulb with double dimpling. To make the development of the first FE 

models easier and to obtain results faster, another type of halogen lamp was modelled. The 

12V GY6.35 has a simpler geometry: it has no dimpling and it has simple coiled axial 

filament. For this lamp a 2D axisymmetric model may be used. Another problem was the fill 

gas that cannot be modelled without considering the flow. In the first models the fill gas is 

neglected and the measurements were made on lamps without fill gas.  

After the evaluation of the 2D results the development of the 3D models were started. 

At first the thermal state then the mechanical stresses of the GY6.25 halogen lamp were 

analysed. Finally the G9 halogen lamp was analysed. 

 

3.2. Methods of examination 
The temperature and stress distribution of the bulb was determined by finite element 

analyses (FEA). The temperature of the filament was an important boundary condition of the 

thermal model and it was calculated from the measured voltages. Later it was measured by 

digital pyrometer. The temperature of the outer surface of the bulb was measured by 

thermocouple thermometer and thermo camera to verify the FE thermal results. 

 

3.3. About the applied FEA software 
The 2D FE models and calculations were made by the COSMOS/M system which is a 

general purpose FE program. 

The 3D models were made in the SolidWorks CAD system. The thermal calculations 

were made by Cosmos FloWorks, which is a Computational Fluid Dynamics (CFD) 

application, while the mechanical calculations were made by Cosmos Works. 

 

3.4. Numeric calculations 
With the base parameters of the incandescent lamp (length and diameter of the filament, 

filament coil and bulb, type and pressure of the fill gas if any, mandrel and pitch ratio, bulb 

thickness and filament temperature) the average bulb temperature, losses and thermal 

radiation can be calculated. 

To help the calculation process a computer program has been developed that is capable 

of determining the values of the parameters mentioned above. Both the vacuum lamp and the 

halogen lamp can be analysed but they must be single coiled. 

The base of the algorithm is the bulb temperature and gas loss calculating algorithm 

developed by Vukcevich [1] that calculates the bulb temperature from the equilibrium of heat 

transfer from filament to bulb and heat transfer from bulb to ambient. This algorithm has been 

further developed to include the effect of heat radiation. The new algorithm calculates with 

the following thermal equilibriums [2]: 

 

For vacuum lamp: 

Lf,cBA,cBiA,rBA,rFB,r QQQQQ +++=  (1)

 

For halogen lamp: 

Lf,cBA,cBiA,rBA,rFB,cFB,r QQQQQQ +++=+  (2)
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where Qr,FB is the radiated heat from the filament to the bulb, Qr,BA is the radiated heat 

from (the outer surface of) the bulb to the ambient, Qr,BiA is the radiated heat from the inner 

surface of the bulb to the ambient, Qc,BA is the conducted (or convectional) heat from the bulb 

to the ambient trough the Langmuir sheath, Qc,Lf is the transferred heat from the lamp 

flattening to the ambient by convection and Qc,FB is the conducted heat from the filament to 

the bulb trough the Langmuir sheath. 

The main problem was to calculate the radiative heat transfer between the filament and 

the bulb. The bulb is made of quartz that lets trough more than 90% of the electromagnetic 

radiation in the wavelength range of about 0.4 - 3.5 µm. Thus, it absorbs much less energy 

than it would if it was opaque and equations based on opaque solids cannot be used here. 

It is assumed that the spectral transmittance of quartz does not depend on its 

temperature, i.e. it does not change in the temperature region of 300 – 800 K, it depends only 

on the wavelength of the incident radiation. As the results will show this assumption is 

adequate.  

To calculate the transmitted radiation the spectral transmission graph of the quartz was 

approximated by a simpler graph having 11 wavelength regions where the transmittance is 

constant. Then in each region the spectrum was integrated with respect to the wavelength λ 

and multiplied with the spectral transmittance τλ. The sum of these values divided by the 

integral of the entire spectrum gives the total transmittance τ in function of temperature T: 
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where τ(T) is the temperature dependent total transmittance, n is the number of the 

wavelength regions, λj-1 - λj is the wavelength region where the transmittance is constant 

starting with λ0 = 0 µm, τλ is the spectral transmittance, iλ
(0)

(λ,T) is the temperature dependent 

spectral emittance of the black body, λ is the wavelength, σ0 is the Stefan-Boltzmann constant 

and T is the temperature. 

The obtained value shows that how much of the radiation, emitted by a black body with 

temperature T, is transmitted by a transparent material - in the current case the bulb - if the 

temperature dependence of the transmittance of the transparent material is negligible, thus not 

considered. 

The heat transfer between the filament and the bulb can be obtained by the following 

equation [2]: 

 

( ) ( )4
B

4
FFF0FB,r TTF1Q −−= δτεσ&

 (4)

 

where index F relates to filament and B relates to bulb, εF is the emissivity of the 

filament, τ is the total transmittance obtained from Eq. 3., δ is the coiling factor [3], FF is the 

surface of the filament (not the coil) and T is the temperature. 

 

3.5. Results of numeric calculations 
The results of the calculation of the average bulb temperature for the halogen lamps are 

presented in Fig. 1. 
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Fig. 1. Measured and calculated average 

 bulb temperatures of the halogen lamp. 

 

The average difference between the measured and calculated average bulb temperatures 

is 4.6 K (1.0 %). The results show good correspondence with the measurements and the 

calculated values are increasing exponentially in function of the filament temperature 

similarly as the measured values do. 

 Although the calculations produce good results for the halogen lamps, the measured and 

calculated average bulb temperatures differ in a high degree in case of the vacuum lamp. 

Without fill gas and halogen cycle the inner bulb surface is darkened from the deposited 

tungsten that evaporated from the incandescent coil. This reduces the transmission of visible 

light and thermal radiation, it reduces the transmittance and increases the absorption (and 

emittance) of the bulb. The degree of wall blackening is a function of time and tungsten 

evaporation rate, which strongly depends on the filament temperature. 

It can be stated that the cause of the considerable difference between the measured and 

calculated average bulb temperature of the vacuum lamp is the increasing amount of 

deposited tungsten.  

 

3.5. Radiation heat exchange between opaque and semi-transparent materials. 
In many of the general FE systems, as in the currently used one, that are capable of 

calculating both surface-to-surface and surface-to-ambient thermal radiation no transmissivity 

can be set for the radiative solid surfaces. Also, these radiative surfaces are assumed ideal 

gray-body, i.e. having a continuous emissive power spectrum similar to the blackbody one, so 

their monochromatic emissivity is independent of the emission wavelength. The total 

radiation integrated over all wavelengths is considered only. Heat radiation from the solid 

surfaces is assumed diffuse, i.e. obeying the Lambert law, according to which the radiation 

intensity per unit area and per unit solid angle is the same in all directions. 

As semi-transparent materials cannot be defined in the analysis it was necessary to find 

a way to model it as an opaque body. 

The radiation heat exchange between two surface elements of two opaque bodies (o, o) can be 

calculated as follows: 

 

( ) 2,11
4

2
4

1210
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2,1 FTT'Q ϕεεσ −=&

 (5)

 

where σ0 is the Stefan-Boltzmann constant, ε is the emissivity, T is the temperature, F is 

the radiating surface and ϕ is the view factor. Index 1 refers to the warmer and index 2 refers 
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to the colder surface, consequently index 1 refers to the filament and index 2 refers to the bulb 

as bodies do not radiate to themselves in the FE analysis. 

In case of an opaque and a semi-transparent body (o, st) Eq. 5. will be as follows: 
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where τ is the transmittance from Eq. 3. 

As the FE application calculates the net heat flow based on Eq. 5. the thermal state of 

the bulb may approximately be modelled by multiplying the emissivity of the filament by 

(1-τ). With this, the portion of the transmitted filament radiation that does not effect the bulb 

temperature, therefore does not play role in the analysis, can be neglected. However, this 

approximation will always underestimate the net heat flow and the lower the emissivity of the 

second body the greater the error will be. 

 It can be stated that modelling the net heat flow between an opaque and semi-

transparent material can be approximated well by the technic described above. This is true if 

the opaque body does not radiate on itself and in case the enveloping body is the semi-

transparent body. However, it is obvious that the filament radiates on itself and this cannot be 

neglected. This effect was considered by the coiling factor δ (see Eq. 4.) wherewith the 

radiating surface was calculated. 

 

3.6. The 2D thermal FEA 
It is hardly possible to create the perfect model of a complex problem at one push. As a 

general rule it is advisable to start from a coarse FE model and refine it through several steps 

by regarding the results of the preceding calculations. The refinement generally refers to the 

construction of a more detailed element mesh or geometry but the circle of physical processes 

considered may also be extended or described more detailed (e.g. taking account of  the heat 

radiation of other surfaces). If the task is design optimization then at least several FE models 

will be created with smaller changes applied. 

The first task, i.e. thermal modelling of the halogen lamp, is quite a complex problem. 

For a complete description of the model the thermal radiation of every surface (both surface-

to-surface and surface-to-ambient radiation), the heat conduction in and between each 

component, the convective heat transfer of the fill gas and surrounding air (i.e. the flow and 

heat transfer of fluids), the semi-transparency of the whole lamp, the effect of the Langmuir 

sheath around the filament and the bulb, the heat loss through the base and the nonlinearity of 

material properties must be considered in the thermal FE model. Some of these, like the 

convection, are time-consuming to model even by itself. 

The first lamp analysed was the type GY6.35 with no fill gas. Analysing a vacuum lamp 

was an important simplification as the inner and outer flow of the fluids could be neglected. 

This resulted in a significantly quicker calculation process thus the development of the FE 

model was also faster. 

The geometry of the first FE model was a coarse approximation of the real vacuum 

lamp (Fig. 2-a). It was a simple axisymmetric model where the filament was modelled by a 

tube and the lower part of the flattening and the metal plates inside the flattening were 

neglected.  
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Fig. 2. The first (a) and the improved (b) geometry and the  

meshed 2D FE model with boundary conditions applied (c) 

 

Fig. 2-c represents the applied boundary conditions: temperature of the filament (1), 

temperature of the bottom of the lamp model (2), surface-to-surface radiation between 

filament and bulb (3), surface-to-ambient radiation between bulb and environment (4), heat 

convection between bulb and environment (5). 

A series of calculations were made with this FE model to determine the effect of various  

parameters of the lamp on the bulb temperature. During the calculations only the value of a 

certain parameter was changed upwards and downwards from its base value in 10% steps. 

The parameters are as follows: length of the filament coil, diameter of the bulb, filament 

temperature, emissivity of tungsten, emissivity of quartz glass, thermal conductivity of quartz 

glass, average heat transfer coefficient. 

The results of the analysis (see Fig. 4.) showed that the geometric parameters have 

significantly stronger effect on the bulb temperature while some material parameters had no 

notable effect. 

This was followed by the analyses of average temperature and temperature distribution 

of the bulb in case of different filament temperatures. According to the results the calculated 

and measured average bulb temperatures show good agreement, however this simple FE 

model was not capable of representing the real temperature distribution of the bulb  

(see Fig. 5-a). 
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Fig. 4. Average bulb temperatures in different cases. The patterned  

columns represent temperatures calculated with base values. 
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Fig. 5. Calculated temperature distributions (C.Tx) compared to the measured values (M.Tx) 

in different cases of filament temperatures at the first (a) and improved (b) model. 

 

The cause of these differences can be explained by the filament and flattening model. 

The filament is modelled as a tube, thus the surface normal of any of its surface element 

is normal to the inner surface of the bulb, thereby the direction of the maximum of radiation 

intensity is also normal to the inner surface of the bulb. This causes the radiation view factor 

to be low in the top and bottom direction making the radiation heat exchange lower between 

those places and the filament than it is in the real lamp wherein the single coiled filament has 

significantly different radiation characteristics.  

The metal plates which are neglected from the flattening model have high thermal 

conductivity and transfer heat more easily than the quartz glass. By neglecting the plates heat 

from the bottom of the bulb is not transferred to the flattening and distributed there causing 

the bottom of the bulb to have higher temperature than the measurements show. 

As the results show the effect of filament coiling and metal plates have to be considered 

to have the FE model better represent the thermal state of vacuum lamp. 

The ensuing analyses were done with an improved FE model where the geometry of the 

filament was changed from the simple cylindrical tube to a tube with sawtooth contour and 

the effect of the metal plates at the flattening was considered (Fig. 2-b). To better represent 

the heat convection between bulb and environment the heat transfer coefficient was 

determined along the bulb surface in each case with a Computational Fluid Dynamics (CFD) 

software. 

With the improved FE model the results of the analyses show good agreement with the 

measured average bulb temperature and also with the axial temperature distribution of the 

bulb (see Fig. 5-b). The series of calculations where the effect of various parameters of the 

lamp were analysed were also completed with the new FE model but there were no notable 

differences in the results compared to the first series. 

 

3.6. The 3D thermal FEA 
The geometry model of the 3D thermal analysis was the actual geometry of the GY6.35 

type halogen lamp (Fig. 6-a). The fill gas and the surrounding air was considered in the 

analysis, thus the flow and heat transport of the fluids were also calculated.  

 

filament filament 

(a) (b) 

flattening flattening 
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Fig. 6. The geometries of the 3D thermal FEA: 

the GY6.35 (a) and the G9 (b). 

 

Due to the complexity of the problem the analysis was performed in two steps. At first 

the heat transfer coefficient between the bulb and air was calculated by an external flow 

analysis (Fig. 7.) then the thermal state and flow characteristics were determined by a quasi 

internal flow analysis. 
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Fig. 7. The heat transfer coefficient (a) and the calculated temperature distribution compared 

to the measured values (b) along the front and side of the bulb. 

 

A number of analysis preceded the presented internal flow analysis to study the effect of 

various settings, e.g. the required mesh detail of different parts and locations, the view factor 

resolution level, solution-adaptive mesh refinement etc. The parameters were adjusted in such 

a manner as to find an optimum between accuracy and calculation time. 

Although the temperature results considerably improved compared to the initial 3D 

analysis, the difference is still higher than acceptable (Fig. 7-b). The highest value of the 

difference of measured and calculated bulb temperatures is about 70 K. 

The shape of the frontal distribution curve is similar but the peak of the calculated 

values is right at the height of the middle of the filament, unlike the measured values, which 

are shifted towards the top of the bulb. A possible cause of this can be the low thermal 

conductivity of quartz and if the resolution level of the rays at the filament-bulb radiation heat 

exchange calculation is too low, then the radiation heat is not spread uniformly enough 

causing a similar effect as in the case of the first thermal finite element model of the vacuum 

lamp, i.e. in the bulb the heat concentrates around the region of the filament. 

 

(a) (b) 

(a) (b) filament flattening 
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Fig. 8. Two of the different kind of flaws that were applied to the bulb. 

 

3.7. Mechanical analysis 
The aim of the mechanical analysis was to study the stress distribution of the bulb when 

it contains defects like thinner wall than prescribed or flaws at certain places which can lead 

to the explosion of the bulb due to the high inside pressure that can reach 15-20 bar during the 

operation. 

Mechanical properties of fused quartz are much the same as those of other glasses. The 

material is extremely strong in compression, with design compressive strength of better than 

1.1 GPa. However, surface flaws can drastically reduce the inherent strength of any glass, so 

tensile properties are greatly influenced by these defects. The theoretical value of a glass 

tube’s fracture strength is approximately 690 MPa. The design tensile strength for fused 

quartz with good surface quality is in excess of 48 MPa [4]. 

Both types of lamps (see Fig. 6.) were studied during the mechanical analysis where 

different geometric models were used. Each of the models were made according to the real 

bulb geometry with only slight simplification and with different kind of defects applied. The 

greater part of the flattening was neglected, as it does not take role in the analysis and only the 

quarter of the geometry was modelled, as the lamps have two symmetry planes. The holes of 

the electrodes, metal plates and filament tails were removed. 

The analyses were performed with two different internal pressures, namely 10 and 15 

bar. The effect of the pressure of surrounding air was considered by applying pressure load of 

1 bar to the outer surface.  

For reference, the stress distribution of the bulb was also determined when no defects 

were applied. The maximum stress was 12.9 MPa and 11 MPa at internal pressure of 10 bar 

and 20.1 MPa and 18.2 MPa at 15 bar for the GY6.35 and G9, respectively. In case of the 

GY6.35 the maximums are located at the bottom within the bulb and in case of the G9 at 

around the dimplings. 

Several types of flaw geometries were created. The characteristic dimensions were 

1 mm in length, 0.04 mm in width and 0.2 mm in depth (see Fig. 8).  

 

      
Fig. 9. Reduced wall thickness modelling improper bulb closing. 

Thickness was reduced by 50%. 
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Fig. 10. The mesh of the G9 halogen lamp model (a), the stress distribution of the flawless 

body (b) and when dimplings have no contact (c). Internal pressure is 10 bar. 

 

As the second type of defect the wall thickness of the bulb in the upper region was 

reduced to model an improper bulb closing (Fig. 9.). Furthermore, improper bonding of the 

dimplings of the G9 halogen lamp was also analysed (Fig. 10.). 

The results showed that flaws, considerably weaken the bulb that can break even 

without mechanical impact, while wall thinning, has lower effect on the strength of the bulb. 

The results also show that flaws on the inner surface produce the highest stress, as the 

surface of the flaws is loaded by the inside pressure. Furthermore, the inner surface the 

flawless bulb has about 43% higher stress than at the outer surface (for the GY6.35 at internal 

pressure of 10 bar). 

As the results of the mechanical analysis of the G9 lamp body show, any defect other 

than not bonded dimplings cause stresses higher than the design tensile strength of fused 

quartz and would certainly lead to breaking of the bulb, unlike in the case of the GY6.35 lamp 

where every defect causes lower stress than the design strength allows. This can be explained 

by the average value of the lamp body stress distribution, which is about 21% higher in case 

of the G9 lamp body due to the larger diameter and the dimplings. 

If the dimplings are not bonded the stress distribution considerably changes with a slight 

increase in its maximum value. The stress around the dimplings at the outer surface is 

significantly higher than in the normal case, as Fig. 10 shows.  

Reducing the wall thickness of the upper part of the bulb causes moderate increase of 

the maximum stress (Fig. 9). Even at 50% of the original thickness the maximum value is 

18.8 MPa, which is lower than in most of the other cases. 

A larger number of analyses must be made where the exact geometry and the residual 

stress at least at room temperature is known and thermal stress is considered to get a broad 

overview of the stress distribution of flawless lamp bodies under operating conditions. With 

this, a more detailed and exact analysis can be made about the effect of flaws, as the location 

of the defect, i.e. whether it is in a lower or higher stress region, is vital. 

 

4. CONCLUSION 
 A significant problem was the modelling of the quartz bulb that lets through more than 

90% of the electromagnetic radiation in the wavelength range of about 0.4 - 3.5 µm and it 

absorbs much less energy than it would if it was opaque. It was found that the heat transfer 

between the filament and the bulb can very well be approximated if the emissivity of the 

filament is modified by a factor, which represents the portion of the electromagnetic radiation 

(a) (b) (c) 
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emitted by the filament at temperature T and fully absorbed by the bulb, while the emissivity 

of the bulb is unchanged. 

 It can be stated that the thermal state of a vacuum lamp can be modelled well by 

methods presented in this project. The complexity of a high pressure halogen lamp, however, 

exceeds the capabilities of the most, general purpose FE applications. To successfully model a 

halogen lamp it is recommended to choose a more advanced FE application (e.g. contains 

different governing equations, capable of using user defined elements) or to use a developing 

environment as in [5]. 

 The results of the mechanical analysis showed that flaws, considerably weaken the bulb 

that can break even without mechanical impact, while wall thinning, has lower effect on the 

strength of the bulb. 

 Further work is needed to better determine the thermal state of the halogen lamp when 

fill gas is considered and it is recommended to perform further mechanical analyses when the 

stress distribution of flawless lamp bodies are known more accurately under operating 

conditions. 
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