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Abstract 

Silicone rubber (SiR) insulators are increasingly being used mainly because of 

their superior performance under wet polluted conditions compared to 

conventional porcelain and glass. However, in polluted environments with high 

moisture levels, electrical discharges will develop on the insulator surfaces. In the 

long term, electrical discharges cause degradation of SiR insulator in the form of 

tracking and erosion due to dry-band arcing that takes place when leakage current 

(LC) develops, and both are detrimental to the life of the insulation. 

This thesis presents an experimental study on the electric performance of aged 

high voltage outdoor silicone rubber insulators. In addition to the literature 

reviewed of the performance of silicone rubber insulators subjected to different 

climatic conditions, which is resulting in loss of their unique property named 

‘hydrophobicity’, the research is concentrated in three areas: 

(i) Study of the effect of ultraviolet (UV) irradiation on the performance of silicone 

rubber insulation systems: 11kV non-textured and 4mm Textured Shank  

insulators (TS4) (TS4 is a new insulator design using intersection of 4mm square 

texture pattern on the shank regions of the insulator) were prepared in vacuum 

casting machine. Irradiated insulators were tested under different conditions. Dry-

band formation and electrical discharges on their surfaces are dependent on the 

UV doses. Degradation of SiR insulators in a form of tracking and erosion is result 

in loss the surface hydrophobicity by UV irradiation, and decrease of the expected 

life of the insulators. Silicone rubber insulator electric performance was found to 

be affected by the experimental conditions. LC on relatively hydrophobic surfaces 

was found to exist and increase on overall insulators with increasing the exposure 

doses of UV irradiation, by increase the number of applied UV cycles. 

(ii) Development a new test set-up to determine the effectiveness of orientation 

angle on the performance of silicone rubber insulators subjected to different wet 

and pollution conditions: LC of silicone rubber insulators were increased with 

changes in the orientation angle from vertical to horizontal, where the TS4 

showed its superior performance under fog conditions in the vertical orientation. 

(iii) A new test procedure, based on the high voltage ramp test method and 

standard wet test method, named ‘high voltage rain ramp test’, is proposed to 

evaluate the flashover performance of the TS4 silicone rubber insulators under 

simulated rain conditions at different orientations. Its flashover performance was 

compared with non-textured insulators. TS4 silicone rubber insulators are less 

suitable for wet weather conditions in any orientation, due to the following 

reasons: (a) in vertical orientation a very low flashover voltage was observed due 

to the development of high magnitude electric fields in the insulator shank region, 

and (b) for the inclined and horizontal orientations, non-textured insulators 

exhibit a better flashover performance than their textured equivalents. Hence, less 

improvement is achieved, due to use an expensive and intricate insulator design. 



 

ii 
 

 

Publications 

 

Harid, N., Nekeb, A., Griffiths, H., Haddad, A., “Flashover characteristics of polluted 

silicone rubber insulators exposed to artificial UV irradiation,” IEEE Electrical 

Insulation Conference (EIC), 08-11 Jun,   Philadelphia, USA, 2014. 

 

Nekeb, A., Haddad, A., Harid, N., Griffiths, H., Waters, R., “Effects of UV irradiation 

on textured silicone rubber material,” Universities Power Engineering Conference 

(UPEC), 2012 47th International, 4-7 Sept. 2012. 

 

Nekeb, A., Harid, N., Haddad, A., “Effect of UV Irradiation on the Leakage Current of 

Polymeric Insulators,” Universities' Power Engineering Conference (UPEC), 

Proceedings of 2011 46th International, 5-8 Sept. 2011. 

 

Nekeb A., Harid N., Haddad A., “Effect of climatic conditions on polymeric 

insulators,” Fourth Universities High Voltage Network - UHVNet 2011, Colloquium 

on Technologies for Future High Voltage Infrastructure, 18-19 Jan, Winchester, 

2011. 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

iii 
 

Table of Contents 

1 Introduction ........................................................................................................................................ 1-1 

1.1 Insulation systems for high voltage................................................................................... 1-1 

1.2 Silicone rubber insulation systems: functions and problems ................................. 1-1 

1.3 Weather degradation of polymeric insulators .............................................................. 1-2 

1.4 Effect of ultraviolet (UV) and pollution ............................................................................ 1-4 

1.5 Hydrophobicity and electrical performance .................................................................. 1-4 

1.6 Objectives of the present work, and thesis organisation .......................................... 1-5 

1.7 Methodology ............................................................................................................................... 1-8 

1.8 Contributions ...........................................................................................................................1-10 

1.9 Thesis Organization ...............................................................................................................1-11 

2 Literature Review ............................................................................................................................. 2-1 

2.1 Introduction ................................................................................................................................ 2-1 

2.2 Outdoor insulation technology............................................................................................ 2-2 

2.2.1 Porcelain Insulators ……………………………………………………………………………2-2 

2.2.2 Glass insulators …………………………………………………………………………………. 2-3 

2.2.3 Polymeric insulators ………………………………………………………………………….. 2-3 

2.3 Polymeric insulation materials ........................................................................................... 2-4 

2.3.1 Polymer base …………………………………………………………………………………….. 2-4 

2.3.2 Silicone Rubber …………………………………………………………………………………. 2-5 

2.3.3 Texturing of silicone rubber insulators ………………………………………………. 2-6 

2.3.4 Silicone rubber insulators construction ……………………………………………… 2-7 

2.4 Contamination factors on silicone rubber ....................................................................2-10 

2.4.1 Contaminant accumulation ……………………………………………………………… 2-10 

2.4.2 Contamination levels on outdoor insulators ……………………………………… 2-11 

2.5 Wetting properties of polluted silicone rubber insulators ....................................2-12 

2.6 Changes in chemical composition of contaminated SiR surfaces ........................2-13 

2.6.1 Diffusion of low molecular weight silicone oligomers ………………………... 2-13 

2.6.2 Loss of surface properties of polymeric insulators ……………………………. 2-13 

2.7 Degradation of polymeric insulators ..............................................................................2-14 

2.7.1 Effect of SiR insulator surface roughness on performance …………………. 2-16 

2.7.2 Unique characteristics of silicone rubber ………………………………………… 2-16 

2.7.3 Loss of hydrophobicity ……………………………………………………………………. 2-16 



 

iv 
 

2.7.4 Hydrophobicity recovery …………………………………………………………………. 2-17 

2.8 Climatic effects on polymeric insulators performance ............................................2-17 

2.8.1 Degradation of silicone rubber by ultra-violet radiation ……………………. 2-18 

2.8.2 Silicone rubber tracking and erosion ………………………………………………… 2-18 

2.9 Role of fillers in silicone rubber insulators ..................................................................2-19 

2.9.1 Use of fillers in insulation applications ……………………………………………… 2-20 

2.10 Condition monitoring .......................................................................................................2-21 

2.10.1 Visual Inspections ……………………………………………………………………………. 2-22 

2.10.2 Measurement of hydrophobicity ………………………………………………………. 2-22 

2.10.3 Leakage current measurements ……………………………………………………….. 2-24 

2.11 Polymeric insulators test methods ..............................................................................2-25 

2.11.1 Tracking and erosion tests ……………………………………………………………….. 2-26 

2.12 Effect of insulator orientation on their performance ...........................................2-27 

2.13 Effect of dry-band arcing on the performance of SiR insulators .....................2-29 

2.14 Pollution flashover of silicone rubber insulators ..................................................2-31 

2.15 Flashover test methods ....................................................................................................2-32 

2.16 Summary................................................................................................................................2-32 

3 Experimental facilities, samples and test procedures ........................................................ 3-1 

3.1 Introduction ................................................................................................................................ 3-1 

3.2 The experimental tests ........................................................................................................... 3-2 

3.3 Textured Pattern ....................................................................................................................... 3-2 

3.4 The inclined plane tests (IPT) .............................................................................................. 3-4 

3.4.1 Rectangular silicone rubber samples ………………………………………………….. 3-4 

3.4.2 Sample preparation …………………………………………………………………………… 3-5 

3.4.3 Inclined plane test set-up …………………………………………………………………… 3-6 

3.4.4 Inclined plane test set-up facilities ……………………………………………………… 3-7 

3.4.5 The accelerated ageing unit ……………………………………………………………….. 3-8 

3.4.6 The data acquisition system …………………………………………………………….. 3-10 

3.4.6.1 Data acquisition system program …………………………………………………….. 3-10 

3.5 Fog chamber tests ..................................................................................................................3-15 

3.5.1 Test samples …………………………………………………………………………………… 3-15 

3.6 Insulator Casting .....................................................................................................................3-18 

3.7 Preparation of pollution suspension used for clean fog tests ...............................3-18 



 

v 
 

3.8 Measurement of insulator contamination level ..........................................................3-19 

3.9 Fog chamber test facilities ..................................................................................................3-20 

3.9.1 The fog chamber ……………………………………………………………………………… 3-22 

3.9.2 Leakage current measurement and its protection system …………………. 3-23 

3.9.3 The data acquisition system …………………………………………………………….. 3-24 

3.9.4 . Thermal and visual records ……………………………………………………………. 3-27 

3.9.5 Correlation of thermal records with the electrical parameters …………... 3-28 

3.10 Conclusion .............................................................................................................................3-30 

4 Assessment of silicone rubber insulators performance under  ultra-violet 

irradiation ..................................................................................................................................................... 4-1 

4.1 Introduction ................................................................................................................................ 4-1 

4.2 UV irradiation Test Details ................................................................................................... 4-2 

4.2.1 Accelerated UV weathering facility …………………………………………………….. 4-2 

4.2.2 Accelerated UV cycle ………………………………………………………………………….. 4-4 

4.3 Effects of UV irradiation on silicone rubber insulation material ........................... 4-5 

4.3.1 Test samples ……………………………………………………………………………………… 4-5 

4.4 The inclined plane test procedure ..................................................................................... 4-5 

4.5 Test results and discussion ................................................................................................... 4-7 

4.5.1 Conventional non-textured samples …………………………………………………. 4-10 

4.5.2 Textured samples (TS4) …………………………………………………………………… 4-12 

4.6 Estimation of hydrophobicity ............................................................................................4-18 

4.6.1 Hydrophobicity classification …………………………………………………………… 4-18 

4.6.2 Contact angle measurement …………………………………………………………….. 4-19 

4.7 Choosing UV exposure method that affect SiR insulators performance ...........4-22 

4.7.1 Test samples …………………………………………………………………………………… 4-23 

4.8 Test methods ............................................................................................................................4-23 

4.8.1 Protocol 1, UV before pollution ………………………………………………………… 4-23 

4.8.2 Protocol 2, UV after pollution …………………………………………………………… 4-24 

4.9 Results and discussion..........................................................................................................4-25 

4.10 Conclusion .............................................................................................................................4-28 

5 Performance of silicone rubber insulators during short-term age ............................... 5-1 

5.1 Introduction ................................................................................................................................ 5-1 

5.2 Fog rate standardization ........................................................................................................ 5-1 



 

vi 
 

5.3 High voltage test ....................................................................................................................... 5-3 

5.4 Effect of UV irradiation on the performance of SiR insulators ............................... 5-4 

5.4.1 Clean and non-irradiated insulators …………………………………………………… 5-4 

5.4.2 Polluted and irradiated insulators ……………………………………………………….5-6 

5.5 High voltage tests for flashover investigation of SiR insulators ............................. 5-9 

5.6 Performance of SiR insulators under high voltage flashover tests .....................5-13 

5.6.1 Tests arrangements ………………………………………………………………………… 5-13 

5.6.2 High Voltage Ramp Test Protocol ……………………………………………………... 5-14 

5.7 Non-polluted insulator at high fog rate .........................................................................5-15 

5.8 The effect of pollution conductivity on the flashover of SiR insulators ............5-16 

5.8.1 Low pollution level and high fog rate ………………………………………………... 5-16 

5.8.2 High pollution level and high fog rate ……………………………………………….. 5-19 

5.9 Effect of fog rate on SiR insulator flashover .................................................................5-21 

5.9.1 Highly polluted insulators (11.2 S/m) at low fog rate (3l/h) ……………… 5-21 

5.10 Effect of UV irradiation on the flashover voltage of SiR insulators.................5-23 

5.10.1 High pollution (11.2 S/m), low fog rate (3l/h) at 35 UV cycles …………... 5-23 

5.10.2 Flashover voltage as an indicator of surface aging …………………………….. 5-26 

5.11 Performance of SiR insulators in rain ........................................................................5-27 

5.11.1 Wet test configuration ………………………………………………………………………5-28 

5.11.2 Wet test results and discussion ………………………………………………………… 5-28 

5.12 Conclusion .............................................................................................................................5-31 

6 The effect of orientation on the performance of silicone rubber insulators ............. 6-1 

6.1 Orientation test set-up............................................................................................................ 6-2 

6.2 Test configuration .................................................................................................................... 6-4 

6.3 Clean-fog orientations tests .................................................................................................. 6-4 

6.3.1 Results and discussion ……………………………………………………………………….. 6-5 

6.4 Extended wet (rain) test at constant voltage...............................................................6-11 

6.4.1 Results and discussion …………………………………………………………………….. 6-12 

6.5 High voltage flashover tests under ramp control ......................................................6-18 

6.5.1 Effect of fog rate on ramp flashover of polluted SiR insulators …………… 6-18 

6.6 Rain ramp flashover tests, and different orientation ...............................................6-22 

6.7 Effect of wetting source direction on the performance of silicone rubber 

insulators on horizontal position. .................................................................................................6-25 



 

vii 
 

6.7.1 Non-textured insulators …………………………………………………………………... 6-27 

6.7.2 TS4 insulators …………………………………………………………………………………. 6-28 

6.8 Conclusion .................................................................................................................................6-30 

7 Conclusion and Future work ........................................................................................................ 7-1 

7.1 Hydrophobicity of silicone rubber ..................................................................................... 7-1 

7.2 Recovery of hydrophobicity ................................................................................................. 7-1 

7.3 Inclined plane tests to evaluate SiR materials ............................................................... 7-2 

7.4 Discharges on SiR surface ..................................................................................................... 7-3 

7.5 Performance of silicon rubber insulators under rain ................................................. 7-3 

7.6 New test procedure ................................................................................................................. 7-4 

7.7 Performance of silicon rubber insulators under clean fog test .............................. 7-4 

7.7.1 Modified clean-fog test, BS EN 60507 …………………………………………………. 7-5 

7.7.2 Clean-fog tests at different orientations ……………………………………………… 7-5 

7.7.3 High voltage ramp tests ……………………………………………………………………... 7-6 

7.7.4 Clean-fog test conclusions ………………………………………………………………….. 7-7 

7.8 Future work ................................................................................................................................ 7-7 

 

 
 

 

 

 

 

 

 

 

 

 



 

viii 
 

List of figures 
Figure ‎1-1. Polymeric insulator failure process. ............................................................................ 1-4 

Figure ‎1-2. Hydrophobicity recovery process [34]. ..................................................................... 1-5 

Figure ‎2-1. Standard Cap-Pin porcelain insulators. ...................................................................... 2-3 

Figure ‎2-2. Cap-Pin glass insulators. .................................................................................................. 2-3 

Figure ‎2-3. Chemical composition of silicone rubber. ................................................................. 2-5 

Figure ‎2-4. 11kV, silicone rubber insulators ................................................................................... 2-8 

Figure ‎2-5. Zed curve approximation to IEC site pollution severity [20]. .........................2-12 

Figure ‎2-6. Most common aging of SiR insulators [97, 98] ......................................................2-15 

Figure ‎2-7. Water droplets with different degrees of hydrophobicity. ...............................2-23 

Figure ‎2-8. Flashover voltage of insulator string as a function of the swing angle [203] . 2-

28 

Figure ‎2-9. Leakage current of four shed insulators, under rain ageing in vertical and 

horizontal orientations [ 204]. ............................................................................................................2-28 

Figure ‎2-10. Flashover mechanism on high voltage insulators .............................................2-30 

Figure ‎2-11. The dry-band spark model [207] .............................................................................2-31 

Figure ‎2-12. Flashover mechanism on polymeric insulator [219]. ......................................2-31 

Figure ‎3-1. An array of contiguous textured square pattern [60]. ......................................... 3-3 

Figure ‎3-2. (a) Conventional, non-textured sample; (b) a 4mm intersecting square 

sample; and (c) Aluminium mould  plate for a textured rectangular sample. ................... 3-4 

Figure ‎3-3. Fabrication equipment for SiR rectangular samples: (a)mixing 

components(A/B); (b) vacuum  casting machine; and (c) oven. ............................................. 3-5 

Figure ‎3-4. IPTequipment configuration. ......................................................................................... 3-6 

Figure ‎3-5. The inclined-planetest facilities: (a)Accelerated ageing unit; (b) DAQ and IR 

recording; and (c) FLIR IR &video cameras. .................................................................................... 3-8 

Figure ‎3-6.  The IPT  accelerated  ageing  unit. ............................................................................... 3-9 

Figure ‎3-7. IPT Insulating sample arrangment [192] .................................................................. 3-9 

Figure ‎3-8. IPT  Front panel LabVIEW. ............................................................................................3-11 

Figure ‎3-9. Front panel of the data post-processing LabVIEW code. ..................................3-13 

Figure ‎3-10.Silicone Rubber Insulators selected for tests. ......................................................3-16 

Figure ‎3-11.Casting of silicone rubber insulators .......................................................................3-17 

Figure ‎3-12.SiR pigtail and pin End fitting design ......................................................................3-17 

Figure ‎3-13.Circuit diagram of the artificial tests setup. ..........................................................3-21 



 

ix 
 

Figure ‎3-14. Schematic layout of Cardiff University fog chamber. .......................................3-22 

Figure ‎3-15. Layout of dataacquisition system. ...........................................................................3-24 

Figure ‎3-16. Seting and informang the virtual instrument. .....................................................3-25 

Figure ‎3-17. Functions of DAQ max acquisition, and time / data. ........................................3-25 

Figure ‎3-18. Saving function, LC and applied voltage representations. .............................3-26 

Figure ‎3-19. File saving function. .......................................................................................................3-27 

Figure ‎3-20. Correlation between the electrical parameters and thermal records of TS4 

silicone rubber insulator during rain flashover test. .................................................................3-29 

Figure ‎4-1. Atlas Suntest XXL+ UV Irradiation Apparatus ......................................................... 4-2 

Figure ‎4-2. Atlas XXL+ Xenon Lamp cartridge ................................................................................ 4-3 

Figure ‎4-3. Xenon lamp and sun lightspectrums. .......................................................................... 4-3 

Figure ‎4-4. Standard UV cycles. ............................................................................................................ 4-5 

Figure ‎4-5. summary of performed inclined plane tests. ........................................................... 4-6 

Figure ‎4-6. IPT results of non-textured, samples of type A non-irradiated. ....................... 4-7 

Figure ‎4-7. Material (A) extensive erosion. ..................................................................................... 4-8 

Figure ‎4-8. Waveforms of measured voltage and LC on irradiated non-textured sample.

 .........................................................................................................................................................................4-10 

Figure ‎4-9. LC history profile of non-textured samples as a function of different UV 

doses. ............................................................................................................................................................4-11 

Figure ‎4-10. Acc. Energy of non-textured sample surfaces for different levels of UV 

exposure. .....................................................................................................................................................4-11 

Figure ‎4-11. Measured voltageand current waveforms on 4mm textured irradiated 

sample. .........................................................................................................................................................4-12 

Figure ‎4-12. LC history profile of TS4 samples as a function of different UV doses. .....4-13 

Figure ‎4-13. Accumulated. Energy on the surfaces of TS4 samples for different levels of 

UV exposure. ..............................................................................................................................................4-13 

Figure ‎4-14. Accumulated energy on non-textured and TS4 samples. ..........................4-14 

Figure ‎4-15. Discharge activity distribution. .................................................................................4-15 

Figure ‎4-16. Parallel current path on irradiated textured surfaces .......................................4-16 

Figure ‎4-17. Progression of streamer discharge. ........................................................................4-17 

Figure ‎4-18. SiR material loss under various number of UV cycles. ....................................4-18 

Figure ‎4-19. Effect of UV on hydrophobicity on SiR surface. ..................................................4-19 

Figure ‎4-20. Contact angle theoretical model. ..............................................................................4-20 



 

x 
 

Figure ‎4-21. Hydrophobicity of SiR insulation samples. ..........................................................4-21 

Figure ‎4-22. Contact angle measurements of SiR samples ......................................................4-22 

Figure ‎4-23. Test procedure for protocol 1. ..................................................................................4-24 

Figure ‎4-24. Test procedure for protocol 2. ..................................................................................4-24 

Figure ‎4-25. Defined UV cycles. ..........................................................................................................4-25 

Figure ‎4-26. Hydrophobicity of different test protocols ..........................................................4-26 

Figure ‎4-27. RMS leakage current observed for each test protocol. ....................................4-27 

Figure ‎4-28. Accumulated energy of each test protocol. ..........................................................4-28 

Figure ‎5-1.  Conductance of polluted layer on SiR insulator. .................................................... 5-2 

Figure ‎5-2. Leakage current on clean and non-irradiated SiR insulators ............................ 5-5 

Figure ‎5-3. Leakage Current for TS4 insulators under various numbers of UV cycles. .. 5-7 

Figure ‎5-4. Low leakage current of TS4 insulator under no UV. ............................................. 5-8 

Figure ‎5-5. The trend of the minimum leakage current. for TS4insulators under various 

numbers of UV cycles. .............................................................................................................................. 5-8 

Figure ‎5-6. Accumulated energy of non-textured and TS4 insulators under various 

number of UV cycles. ................................................................................................................................ 5-9 

Figure ‎5-7. Records of dry TS4 silicone rubber insulator ........................................................5-10 

Figure ‎5-8. Record of the first strong discharge occurence. ....................................................5-11 

Figure ‎5-9. Formation of dry-bands. ................................................................................................5-11 

Figure ‎5-10. Arcing of the dry-band region. ..................................................................................5-12 

Figure ‎5-11. Records of TS4 insulator flashover. ........................................................................5-13 

Figure ‎5-12. Conducted high voltage tests. ....................................................................................5-14 

Figure ‎5-13. Ramp flashover test of non-polluted insulators. ................................................5-15 

Figure ‎5-14. Average of flashover voltage ramp of clean non-textured SiR insulator at 

high fog rate. ..............................................................................................................................................5-16 

Figure ‎5-15. Ramp test of TS4 low polluted insulator and high fog rate. ...........................5-17 

Figure ‎5-16. Ramp flashover test of low pollution conductivity and high fog rate for non-

textured and TS4 insulators.................................................................................................................5-18 

Figure ‎5-17. Ramp flashover voltage of high pollution conductivity and high fog rate for 

non-textured and TS4  insulators. .....................................................................................................5-19 

Figure ‎5-18. Effect of pollution conductivity on flashover voltage at high fog rate for 

non-textured and TS4  insulators. .....................................................................................................5-20 



 

xi 
 

Figure ‎5-19. Flashover voltage under high pollution conductivity and low fog rate for 

non-textured and TS4  insulators. .....................................................................................................5-21 

Figure ‎5-20. Flashover voltage and LC for a highly polluted TS4 insulator under low fog 

rate. ................................................................................................................................................................5-22 

Figure ‎5-21. Flashover voltage under high pollution conductivity, low fog rate and 35 UV 

cycles for non-textured and TS4  insulators. .................................................................................5-24 

Figure ‎5-22. Flashover test records and their LC for highly polluted TS4 insulator, under 

low fog rate and 35 UV cycles for.......................................................................................................5-25 

Figure ‎5-23. Spark behaviour during ramp flashover voltage. ..............................................5-26 

Figure ‎5-24. Effect of UV on Flashover voltage on SiR insulators .........................................5-27 

Figure ‎5-25. Textured and non-textured SiR insulators performance under to rain 

conditions. ...................................................................................................................................................5-29 

Figure ‎5-26. Bridging phenomenon during rain test. ................................................................5-30 

Figure ‎6-1. Circuit diagram of orientation tests setup. ............................................................... 6-3 

Figure ‎6-2. Non-textured SiR insulator performance in clean fog test at different 

orientation .................................................................................................................................................... 6-6 

Figure ‎6-3. Electrical performance of TS4 SiR insulator in clean-fog under light pollution 

conductivity, low fog rate and a constant rms voltage of 6.4 kV, at different orientations.

 ........................................................................................................................................................................... 6-8 

Figure ‎6-4. Accumulated energy in clean-fog under light pollution conductivity, low fog 

rate and a constant rms voltage of 6.4 kV, at different orientations. ...................................6-10 

Figure ‎6-5. Accumulated energy of non-textured, and TS4 at different orientations. Over 

a 2-hr test period (light pollution conductivity, low fog rate and a test voltage of 6.4kV)

 .........................................................................................................................................................................6-11 

Figure ‎6-6. Chamber schematic layout used for rain tests in different orientations. ....6-12 

Figure ‎6-7. Performance of non-textured SiR insulator under rain (water conductivity of 

115 µS.cm-1),  over a 60 s test period and test voltage of 6.4kV in different orientations.

 .........................................................................................................................................................................6-13 

Figure ‎6-8. Rainfall wetting process vertically orientated SiR insulators .........................6-14 

Figure ‎6-9. Rainfall wetting process on SiR at horizontal orientation. ...............................6-14 

Figure ‎6-10. Rainfall wetting of an inclined SiR insulator .......................................................6-15 



 

xii 
 

Figure ‎6-11. Performance of TS4 SiR insulator under rain test conditions in different 

orientation. Over a 60 s test period, water conductivity of 115 µS.cm-1 and                                              

test voltage of 6.4kV. ...............................................................................................................................6-16 

Figure ‎6-12. Accumulated energy of SiR insulators under rain test condition with 

different orientations. ............................................................................................................................6-17 

Figure ‎6-13. Ramp flashover voltage of highly polluted non-textured and TS4 insulators 

in different orientations at high fog rate. ........................................................................................6-19 

Figure ‎6-14. Ramp flashover voltage of highly polluted non-textured and TS4 insulators 

in different orientations at low fog rate. .........................................................................................6-20 

Figure ‎6-15. Ramp flashover voltage of non-textured and TS4 insulators under high 

pollution (11.2 S/m), low fog rate (3l/hr) and 35 UV irradiation cyles in different 

orientations. ...............................................................................................................................................6-21 

Figure ‎6-16. Flashover voltage of irradiated and non-irradiated SiR insulators under 

high pollution (11.2 S/m), low fog rate in different orientations .........................................6-22 

Figure ‎6-17. Rain ramp flashover voltage of non-irradiated and non-polluted of SiR 

insulators in different orientations. ..................................................................................................6-23 

Figure ‎6-18. Condition of TS4 protected reigons following fourth flashover event under 

rain ramp condition. Insulator operated at vertical orientation. ..........................................6-24 

Figure ‎6-19. Accumulated energy of the fourth flashover event of TS4 insulator under 

rain ramp flashover voltage test at different orientations. .....................................................6-25 

Figure ‎6-20. (a) TS4 SiR insulators oriented horizontally in rain condition;                                           

(b, c, d, e, f) topview of the horizontal insulator at different angles relative to the rain 

source direction. .......................................................................................................................................6-26 

Figure ‎6-21. Performance of non textured insulators in different rain source direction. 6-

27 

Figure ‎6-22. Ramp flashover voltage of TS4 insulators in horizontal facing rain with 

different angles. ........................................................................................................................................6-28 

Figure ‎6-23. Average of accumulated energy of SiR insulators in horizontal facing rain 

with different angles. ..............................................................................................................................6-29 

 



 

1-1 
 

1 Introduction 

1.1 Insulation systems for high voltage 

The transfer of electrical energy from the point of generation to distribution is 

most economically achieved by overhead lines, and this is to be the preferred 

method of transmission for many years to come [1]. The power system must be 

capable of reliably delivering energy with regard to availability, power quality, 

continuity, and efficiency. An important component influencing these criteria is 

the insulation system. The performance of line insulators in power systems has 

been important since the advent of the first three phase transmission lines in 

Germany [2]. Ceramic materials (e.g. porcelain and glass) have long working lives, 

and they were the materials of choice for outdoor insulation historicaly. However 

during the last few decades, an alternative type of insulator manufactured from 

polymeric materials, also known as a composite insulator has emerged, as an 

alternative to porcelain and glass for overhead line applications.   

1.2 Silicone rubber insulation systems: functions and problems 

Many electricity supply companies now use polymeric insulators in substations, 

and transmission and distribution lines, which are subjected to a wide range of 

climatic and environmental conditions. These include temperature variation, 

ultraviolet radiation from sunlight, and moisture or other natural outdoor 

phenomena that influence their electrical performance. Consequently, the long 

term performance of polymeric insulation is of great importance to the electric 

power industry. 

A combination of contaminations and moisture collecting on the insulator surfaces 

lowers the surface resistance with respect to the dry state. This impacts the 

performance of outdoor insulation systems, and has become one of the main 

causes of energy system outages [3, 4, 5], which can be extremely expensive [6].   

Polymeric insulators, particularly those made of silicone rubber (SiR), have been 

installed in increasing numbers over the last few decades [3, 7, 8, 9]. The use of SiR 

insulators reduces weight, and improves mechanical and electrical characteristics 

when compared to conventional porcelain insulators [10]. Also, due to their 
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superior performance under wet and contaminated conditions [11, 12, 13, 14, 15] 

and exhibiting a low surface free energy [16, 17], silicone rubber insulators are not 

easily wetted; this property of water repellency is termed hydrophobicity. This 

hydrophobicity is responsible for the superior performance as it prevents water 

filming on the insulator surface [18] and, consequently, preventing the 

development of leakage current (LC). Changes in surface properties influenced by 

service and climatic conditions, such as ultraviolet radiation (UV), may eventually 

lead to a loss of surface hydrophobicity.  

The transition from a hydrophobic to hydrophilic state is one of the main concerns 

with polymeric materials as they are susceptible to tracking and erosion by 

surface discharges and dry-band arcing that takes place when LC develops. 

Besides mechanical damage, UV radiation decreases the insulating strength of 

silicone rubber insulators which may, on occasion, result in flashover faults on the 

power system. 

Pollution flashover constitutes the predominant parameter for the design, 

identification and dimensioning of high voltage insulators [19]. A comprehensive 

review work by CIGRE [20, 21], adopted by the recently revised international 

standard [6], has overturned the traditional approach where the shortest surface 

path between the insulation terminals, termed the creepage distance, determined 

the selection process for polluted environments. It is now accepted that other 

factors strongly influence the pollution performance as well. These are related to 

the electrical system requirements, the type of environment and pollution, and the 

insulator design [22]. 

1.3 Weather degradation of polymeric insulators 

It has been widely observed that hydrocarbon polymers degrade with exposure to 

weathering outdoors [23]. The outside service environment consists of wetting in 

the form of rain, fog, dew and direct spray; pollutants from the sea and roads that 

are salted during winter months in cold climates; and also chemicals from 

industry. In addition, insulator housings are subjected to UV, temperature 

extremes, over voltages due to switching and lightning surges, and mechanical 

loads due to wind and ice. Unlike porcelain and glass, polymeric materials have 

weak chemical bonds that can substantially degrade over time. Degradation can 
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occur due to a combination of weathering factors such as UV, moisture, heat [24, 

25, 26], and from small electric discharges that may occur on an insulator surface 

subjected to wet and polluted conditions. Outdoor insulation is, therefore, 

subjected to a broad variety of ageing stresses due to mechanical, electrical, 

thermal, environmental and chemical factors. These stress factors may degrade 

the SiR insulators over a period of time and may result in mechanical failure or 

electrical breakdown. These factors may be presented as in a matrix as shown 

below:  

 

𝑆𝑡𝑟𝑒𝑠𝑠𝐹𝑎𝑐𝑡𝑜𝑟𝑠 = 𝑆. 𝐹(𝑡) =  

[
 
 
 
 
𝐸𝑛𝑣𝑖𝑟𝑜𝑛𝑚𝑒𝑛𝑡𝑎𝑙

𝑀𝑒𝑐ℎ𝑎𝑛𝑖𝑐𝑎𝑙
𝐸𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑎𝑙
𝑇ℎ𝑒𝑟𝑚𝑎𝑙
𝐶ℎ𝑒𝑚𝑖𝑐𝑎𝑙 ]

 
 
 
 

    …………………………….(‎1-1) 

 

 

Since, the insulation system failure or/and breakdown is occurring as a function of 

time 𝑓(𝑡) which is a function of various aging stress factors, the insulation system 

failure and breakdown could be represented as: 

 
 

𝑓𝑎𝑖𝑙𝑢𝑟𝑒 𝑜𝑟 𝑏𝑟𝑒𝑎𝑘𝑑𝑜𝑤𝑛 𝑓(𝑡)  ∝  𝑓(𝑆. 𝐹(𝑡)) ………………………………….(‎1-2) 
 

 

Figure ‎1-1 shows how the degradation process results in changes to the surface 

properties of the insulator [27, 28, 29], which in turn impacts the electrical 

characteristics and increases the total surface discharge activity occurring as a 

result of the UV exposure, wetting and pollution. Such processes causes ablation of 

the material surface and, in extreme cases, breaching of the protective housing 

material and precipitating the ultimate failure of the structural core.   
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Figure ‎1-1. Polymeric insulator failure process. 
 

1.4 Effect of ultraviolet (UV) and pollution 

Polymer insulating materials used in high voltage insulation systems undergo 

chemical reaction when exposed to UV radiation. This chemical reaction may 

cause material breakdown and increase surface hardness. Silicone rubber contains 

Low Molecular Weight (LMW) in its bulk, which is composed of hydrophobic 

methyl groups (CH3) and thus govern surface water repellency, as well as silicon 

(Si), and oxygen (O). These groups are capable of absorbing UV energy and are 

involved in the photoreactions that result in the aging or degradation of the 

polymer. Many researchers have concluded that the diffusion of LMW from the 

bulk to the surface partially recovers the hydrophobicity lost due to ultraviolet 

radiation (corona discharge and sun light), pollution, contamination, and dry-band 

arcing. 

1.5 Hydrophobicity and electrical performance 

It has been widely reported that water repellent or hydrophobic surfaces provide 

superior resistance to pollution flashover than hydrophilic surfaces, 

hydrophobicity being due to the presence of LMW [30]. A useful measure for 

comparing the performance of silicone rubber insulation during wet and polluted 
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conditions is to quantify the current flowing through the surface moisture and 

pollution layer.  This quantity is commonly known as leakage current.  

Uncontrolled leakage current was found to promote intense dry-band arcing; 

which, on polymers, can ultimately lead to material degradation in the form of 

tracking and erosion and ultimately flashover at the operating voltage. 

Materials with hydrophobic surface properties resist the formation of conductive 

layers on the insulator in the presence of moisture and pollution. SiR insulators 

initially exhibit this particular surface characteristic, but when continuously 

exposed to UV and/or electrical stresses coupled with heat and moisture, a 

temporary loss of surface hydrophobicity may result. The serious problem with 

that occurrence is that, once surface hydrophobicity is lost, increased LC develops 

which results in material degradation and/or flashover, leading to power outage. 

The hydrophobicity is a reversible property [31, 32]. However, the duration of 

recovery process from a wettable to water repellent state, at normal temperatures 

is largely unknown. Earlier studies have shown that the recovery of 

hydrophobicity was mainly through the diffusion process of LMW polymer chains 

from the bulk to the surface, thereby, replenishing the layer lost due to stresses, 

and thus regenerating a low energy surface [33, 34, 35] as shown in Figure 1-2. 

 

 

Figure ‎1-2. Hydrophobicity recovery process [34]. 

1.6 Objectives of the present work, and thesis organisation 

During the last 40 years, many researchers [36, 37, 38, 39] have worked towards a 

better understanding of the degradation mechanisms in polymeric outdoor 
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insulation materials, by employing different techniques to investigate the material 

characteristics and the changes in properties due to aging. Complex experimental 

methods have been developed including applications of different numbers of UV 

cycles, wetting methods, and insulator operation angles. These methods have been 

used to evaluate the surface changes due to material degradation by discharge 

activities, where heat is considered as the principal degradation factor during dry-

band arcing. There is a scarcity of information on the heat developed at the surface 

of silicone rubber insulators during dry-band arcing, but with the availability of 

modern thermal imaging techniques, it has become easier to explore thermal 

stress on the SiR insulator surfaces, imposed by different electrical stresses. 

The TS4 insulator (characterised by a 4mm square textured pattern on the shank 

regions) was proposed by the AHIVE group of Cardiff University as a novel design 

for silicone rubber insulators. Its design aims to improve the flashover strength 

and electrical performance by reducing both the leakage current density and the 

electric field gradient due to discharges and dry bands. An increase in surface area 

can reduce the leakage current density in the vulnerable shank region. 

Furthermore, an increase in the longitudinal creepage distance could reduce the 

electric field stress under conditions of heavy pollution.  

In tests in accordance with the IEC-60587 inclined plane test procedure [19, 22], 

the ‘TS4’ has been observed to show the best erosion and tracking performance 

against various other textured insulator designs, including a conventional smooth 

sample, developed in the AHIVE group. Hence, it was chosen for the development 

of a full textured insulator. 

The textured shank (TS) design employs the intersecting square texture pattern 

on the shank regions of the insulator. The top sides of the insulator sheds were left 

unchanged with a smooth surface to assist the draining of water and to avoid 

possible accretion of pollution after prolonged exposure to conditions in the field. 

In this work, the investigation of silicone rubber insulators performance and the 

surface thermal characteristics under different conditions, called for a diverse 

range of preparation, testing and analysis techniques. These ranged from the 

casting of insulators and samples, through artificial weathering by UV irradiation 

of the insulation material, LabVIEW programming for acquiring and analyzing the 
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result data, to high voltage testing (clean fog test, rain test, flashover ramp test, 

flashover rain ramp test, and inclined plane test).  

The development of these practical tasks will improve the research in this field 

and benefit the electricity supply industry in two ways. Firstly, better information 

on the state of the insulators under different conditions will improve the quality of 

service and maintenance and/or replacement decisions.  Secondly, better 

information will enable overhead line designers to assess the performance of 

polymeric insulators in the specific local conditions of their system, providing 

early feedback to the design process. If inappropriate materials or cases of over or 

under design can be identified early in the life of a transmission line, then design 

practices may be modified for future projects. 

The objectives of this research work are as follows: 

 

(a) To contribute, within the Advanced High Voltage Engineering Research Centre 

(AHIVE) at Cardiff University, to the establishment of a test procedure for 

application to silicone rubber insulators. As a result, a Rain Ramp Flashover 

Test has been established in this research (Chapter 5). 

(b) To compare textured SiR insulation surfaces with conventional, non-textured, 

surfaces in terms of thermal degradation. 

(c) To determine the effect of simulated natural ultraviolet light on surface aging 

by investigating SiR insulator surfaces under varied UV irradiation doses. 

(d) To extend the study of the effect of contamination and wetting rates on the 

change in surface behaviours of both non-textured and textured insulators, 

and their correlation with the flashover voltage.  

(e) To study the effect of UV on tracking and erosion performance on the surface 

of SiR insulation. Comparison between textured and non-textured insulation 

materials has been made. 

(f) To verify the flashover performance of TS4 silicone rubber insulators in clean-

fog tests and compare with the performance of non-textured insulators of the 

same profile and material. 

(g) To propose a new procedure, based on high voltage ramp test method which, 

has been proposed by the advanced high voltage engineering research centre, 

and wet test procedure as specified in Standard BS EN 60060-1, 2011. This 
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protocol called “high voltage rain ramp test”, is used to evaluate both textured 

and non-textured SiR insulators flashover under simulated rain conditions.  

(h) To explore the TS4 SiR insulator, which has been identified and demonstrated 

in an associated project [22] to be an optimal textured design, where 

comparison under clean-fog tests between TS4 textured insulators and 

conventional insulators were performed showing that TS4 textured can 

increase the flashover voltage up to 26%., and the greatest reduction of 

surface erosion. Therefore, the main objective of the work is to determine the 

effect of arrange of conditions including wet and pollution, rain, orientation, 

UV irradiation, and flashover on the performance of TS4 textured samples 

compared with non-textured samples made of the same material. The 

investigation was performed using series of inclined plane tests of flat 

multiple samples and also complete in-house full insulator test samples in 

standard environmental chamber (fog-rain).   

(i) To develop data acquisition software codes using LabVIEW (e.g. clean-fog test 

code, IPT code including orders for controlling the accelerated unit, and the 

flashover test code) to control and monitor the waveforms of both test voltage 

and leakage current during tests, then store the results in series of TDMS files. 

Further LabVIEW is to be developed for post-processing and analysis of the 

acquired results. 

(j) To determine the effect of orientation angle on the performance of silicone 

rubber insulators subjected to wet and polluted conditions. A new test set-up 

has been developed to quantify differences of SiR insulator performance in 

differing orientations. 

1.7 Methodology 

In order to attain the objectives of this study, a series of laboratory experiments 

were performed in the high voltage laboratory at Cardiff University. These 

experiments were carried out using various test facilities including an Atlas XLL+ 

sun-test weathering station, the inclined plane test station, and a climatic fog 

chamber. The results were subjected to both qualitative and quantitative analyses. 

The main methods that were used could be summarized as follows: 
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- A series of standard inclined plane tests at voltages of 2.5 and 3.5 kV was 

performed on two differently manufactured SiR materials (A, and B), to study 

the effect of the insulation material type on its resistance to tracking and 

erosion, and thereby to determine the optimum material to be used in this 

work. 

- In addition, applying a series of a.c. high voltage tests to samples that were 

exposed to a number of UV cycles as described in ISO 4892-2, allowed to 

investigate the impact on performance due to UV irradiation at different voltage 

levels. Results for textured silicone rubber insulation materials are compared 

with traditional designs.   

- A uniform pollution layer was applied to both textured and non-textured 

insulators, which were then exposed to a number of UV cycles as described in 

ISO 4892-2, in order to study the effect of UV irradiation on the leakage current 

and to investigate the effect of UV doses on the performance of textured 

insulators in comparison to non-textured insulators. 

- By changing the insulator orientation angle, tests were performed under rain 

(BS EN 60060-1, 2011) and clean fog (BS EN 60507) conditions to determine 

the impact of an insulator’s orientation on its performance. 

- A series of high voltage flashover tests with ramp control were carried out 

under fog and rain conditions to understand the flashover phenomena on 

silicone rubber insulators, and to analyse the factors influencing flashover such 

as pollution conductivity, water flow rate and variation in orientation angle 

between vertical and horizontal. 

- The results were analyzed to determine the effect of the applied parameters 

and conditions on the performance of SiR insulators. Good agreement between 

the experimental results under different conditions was obtained. 

- A data acquisition system and monitoring system (including thermal infrared 

camera, video camera and hydrophobicity measurement) were used to observe 

the surfaces states, and to detect and analyse arc discharge and dry-band 

development. 
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1.8 Contributions 

1- The effect of the ultraviolet irradiation on the performance of silicone rubber 

insulators has been determined. A proportional relationship between the UV 

exposure and loss of the hydrophobicity of the SiR insulator surface was found. 

The effect of UV irradiation on the performance of silicone rubber insulators at 

different orientations was also investigated, and served to decrease the 

flashover voltage level for all orientations. 

2- Observations of surface discharge occurring on silicone rubber surface in wet 

and polluted conditions were investigated. Discharges on irradiated SiR 

surfaces, were found to occur between discrete water droplets, reducing the 

surface hydrophobicity, and allowing water droplets to coalesce into a film of 

water.  

3- A new experimental set-up was conducted to investigate the electric 

performance of silicone rubber insulators at different orientations (vertical, 45o 

inclined form vertical and horizontal). The performance of SiR insulators in 

different orientations was found to depend on the wetting level on the insulator 

surface, where the leakage current increases with variation of the orientation 

angle from vertical to horizontal. 

4- Using this novel method under fog or rain conditions, TS4 insulators were 

found to exhibit superior electrical performance in a vertical orientation 

compared with the non-textured insulator, In contrast, TS4 insulators, in 

inclined and horizontal orientations, performed worse than the non-textured 

equivalent, making this design less suitable for outdoor use in these 

orientations. 

5- A novel ‘high voltage rain ramp test’ procedure was established for 

investigating the flashover performance of SiR insulators under rain conditions 

different orientations. Comparison between conventional non-textured and TS4 

insulators were performed, showing that the flashover performance of both 

insulators in vertical orientation was found to be far worse than that observed 

in the horizontal or inclined case. TS4 silicone rubber insulators are thus 

unsuitable for rain conditions in any orientation. 
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1.9 Thesis Organization 

This thesis is organized into the following chapters. In the present chapter, an 

overall introduction for this thesis is given. Also, the research objective, used 

methods, and the main contributions of this work are briefly described. 

Chapter 2. Literature Review 

A review of published literature relevant to the undertaken work is arranged. 

General subjects related to the outdoor silicone rubber insulation technology are 

presented, this including the polymeric insulation materials, the contamination 

and wetting processes of SiR surfaces that are contributing to aging or the 

degradation process. Moreover, the research work and design principles of 

textured patterns that preceded this work are also described. Changing of 

chemical composition of contaminated SiR surfaces in terms of two aspects; 

diffusion of low molecular weight silicone oligomers, and loss and recovery of 

surface unique characteristics is discussed. The impact of climatic conditions, 

ultraviolet radiation, and the role of fillers on polymeric insulators performance is 

also discussed. Flashover of both textured and non-textured SiR insulators under 

different conditions and orientations are investigated. 

Chapter 3. Experimental facilities, samples and test procedures  

The silicone rubber samples and insulators used in this work with an explanation 

of texture pattern (4mm square textured pattern), in addition to the experimental 

setups and procedures used for investigating the performance of silicone rubber 

insulators under different conditions are described. The inclined plane test 

facilities and its accelerated aging unit, which was used to evaluate the SiR 

materials under different irradiated levels, and the fog-chamber that was used to 

simulate the environmental conditions, with the systems used for producing the 

electric stress on tested samples or insulators and measuring the leakage current 

on the surfaces are described. The data acquisition systems specially designed for 

inclined plane tests, fog-chamber tests, and data post processing based on the 

National Instruments LabVIEW to acquire, monitor, and save live test data, and to 

analyse saved data are presented together with the thermal and visual 

observations systems by using a Sony high resolution video camcorder, and a FLIR 
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A325 infrared thermal camera. The in-house making of the silicone rubber 

samples and insulators by using a MCP 5/01 vacuum casting machine are also 

described in detail. Moreover, preparation of the artificial pollution suspension 

and how to measure the contamination level on the insulator surfaces is explained. 

Chapter 4. Assessment of SiR insulators under UV irradiation 

This chapter focuses primarily on the impact of accelerated UV irradiation on the 

performance of silicone rubber insulation material. The UV weathering station 

equipment, and the accelerated UV cycles that are used to irradiate the samples 

for performing a well-established IEC IPT test to assess the SiR materials 

resistance against tracking and erosion are presented. Estimation of 

hydrophobicity by using STRI hydrophobicity classification index, and 

measurement of the contact angle are presented. The effect of fillers on tracking 

and erosion resistance of SiR insulation materials is investigated. The effect of UV 

on the leakage current on SiR insulator surfaces is also investigated. 

Chapter 5. Performance of SiR insulators during short-term aging 

Low voltage tests for fog rate standardization to evaluate the conductance 

characteristic of used silicone rubber insulators was developed. Then, based on 

the Solid-Layer method, as specified in BS EN 60507, for ceramic insulators with 

adding a non-ionic wetting agent in the kaolin/salt pollution suspension as 

proposed by the HIVES group at Cardiff University, high voltage tests were carried 

out for investigating the performance of full SiR insulators (non-textured and 

textured) that were prepared by using MCP 5/01 vacuum injection casting system 

subjected to different UV irradiation doses. The flashover performance (flashover 

voltage ramp test series) of SiR insulators under different conditions of pollution 

severity, flow fog rate, UV irradiation, and rain is presented.  

Chapter 6. Effect of SiR insulators orientation on their performance under 

various conditions. 

High voltage tests are performed using a modified clean-fog test (BS EN 60507) 

and wet test as described in IEC 60060-1, where a constant voltage is applied 

under fog and rain under different orientations for evaluating SiR insulators in 

various conditions. A proposed high voltage flashover test for rainy weather (Rain 

Ramp Flashover Test) is described and explained. Results of ramp flashover tests 
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under fog with different conditions of pollution severity and flow fog rate, and rain 

ramp flashover tests in a different orientation are presented. Moreover, it can be 

concluded that changing the operating position of a silicone rubber insulator, 

either due to fog or rain, does play a significant role in determining the amount of 

moisture forming on their surfaces, which results in changes to the electrical 

performance. The effect of wetting source direction on the performance of silicone 

rubber insulators is also investigated. 

Chapter 7. Conclusion 

The results of the foregoing test performance have provided an understanding of 

the testing and performance of silicone rubber insulators. These will be 

summarised in respect of: 

 Inclined plane tests were performed to evaluate tracking and erosion 

resistance of silicone rubber insulation material. 

 TS4 insulators showed better performance in wet polluted conditions, not 

in rainy weather. 

 Hydrophobicity of silicone rubber surfaces is lost when they are subjected 

to stress factors such as the energy absorbed from UV. 

  By increasing the number of UV cycles, the leakage current on both non-

textured and textured samples and insulators is increased. 

 A series of high voltage ramp tests under different conditions were 

performed, to investigate the effect of pollution conductivity, fog rate, and 

UV on flashover voltage level. 

 Changing the orientation angle of both silicone rubber insulators, either 

due to fog or rain, does play a significant role in their performance. 
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2  Literature Review 

2.1 Introduction 

To meet increasing energy demands, electric power utilities are required to 

reliably transmit bulk power between generation sites and load centres, usually 

over long distances. Transmission voltage levels have been rising steadily, to 

increase the operating efficiency of AC lines. Power transmission systems are 

exposed to a variety of abnormal conditions, of which two, in particular, are the 

most frequent cause of flashover and outages: 

 Overvoltages due to lightning and switching surges. 

 Reduction in the electrical strength of outdoor insulation due to environmental 

conditions and the contamination of insulator surfaces. 

Contamination flashover is a form of discharge across the wet surface of an 

insulator that has been made conductive by the deposit of soluble particles. 

Moisture and contaminant substances are the essential components for flashover. 

The former is usually supplied by nature in the form of fog or dew, generally by a 

slow wetting process. Contaminants can be classified into three categories: coastal 

or marine, industrial and desert pollution [3]. 

Pollution flashover is an important factor in the selection and design of outdoor 

insulators and bushings for power transmission and distribution systems. Since 

outdoor ceramic insulation is expensive to maintain, good insulator design is 

imperative. Much work has been done, both to understand the reasons for 

insulation system failures and to develop insulators for use in polluted areas 

without flashover. Prior to the development of artificial pollution test methods, the 

design had to be based on field tests or natural-pollution tests, which involve 

exposing several insulator types to obtain ambient conditions under realistic 

stresses. The insulators are energised from a suitable voltage source and their 

pollution characteristics are determined by recording the voltage and leakage 

current.  Owing to the inevitably long exposure periods and substantial costs 

involved, field tests are either supplemented or fully replaced by laboratory tests, 

though they remain essential for validation and calibration of artificial-test 

techniques, especially for new voltage levels and unusual types of insulator. 

Laboratory tests must also produce realistic flashover or withstand stresses under 

any given pollution severity. 
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2.2 Outdoor insulation technology 

The success of any new technology demands the development of a better product, 

offering advantages over its predecessors. For outdoor insulation systems, not 

only do the advantages of the new technology have to be clear, but reliability and 

good performance are essential prerequisites for change.  

Three types of materials are currently in use: porcelain, glass and polymers. Their 

applications are determined by different electrical, mechanical, and economic 

conditions. Porcelain and glass insulators are also known as ceramic insulators, 

and polymeric insulators as non-ceramic (NCI) or composite insulators.  

Insulators are classified according to the way that they are used, for example, post, 

suspension and tension types. The suspension type is the most common, 

supporting an energised conductor from an overhead structure such as a tower. 

Post insulators are commonly used in substations [3]. 

2.2.1 Porcelain Insulators 

Porcelain has dominated as an insulator material since the early days of electric 

power systems. This inorganic material exhibits strong inter-molecular 

electrostatic bonding between its components. Hence, material can exhibit long 

life and its advantages and limitations are well understood. Porcelain insulators 

are established technology, with a long history of in-service data, indicating their 

resistance to degradation by surface discharge activity. This high stability is due to 

ceramic materials having high mechanical performance [14, 40, 41, 42, 43]. 

Therefore, sufficient creepage distance and complex shed geometries are required 

when operating under wet and contaminated conditions; otherwise uncontrolled 

LC will flow due to the inherent hydrophilic surface of inorganic materials [44]. 

This uncontrolled LC may lead to flashover [3, 16]. Figure ‎2-1 shows a typical form 

of cap and pin porcelain insulators, with the essential components: a glazed 

porcelain shell to form a smooth surface and galvanized steel cap and pin, all 

joined together with cement. These insulators are coupled in series to obtain a 

string of required creepage distance for a given system voltage. 
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Figure ‎2-1. Standard Cap-Pin porcelain insulators. 
 

2.2.2 Glass insulators 

Glass insulators (Figure ‎2-2) have been studied since 1947 by Forrest, Clark, 

Moran, Cherney, and Lambet as detailed in [44]. These insulators have a surface 

that has improved mechanical properties compared with porcelain cap-and-pin 

insulators [3]. Glassy materials with semiconducting oxides added provide well-

defined surface resistivity of the order of several megaohms which, ensures 

surface heating and, thereby, prevents moisture accumulation and condensation. 

However, glass has a lower melting point than porcelain, making it more 

vulnerable to surface erosion due to the heat produced by surface discharges [45]. 

   
 

 

 

Figure ‎2-2. Cap-Pin glass insulators. 

Problems occur in polluted environments where channeling of the glass surface 

especially at the underside undermines the mechanical strength of the unit [3]. So, 

periodic washing of the insulators can maintain surface deposits small enough to 

avoid such problems occurring, but it can be costly and time consuming. 

2.2.3 Polymeric insulators 

With regards to insulator geometry, a large amount of test/in-service data has 

been collected with a view to optimising the insulator shape profile. It has been 

shown that no significant improvement can be made by simply modifying 

conventional insulators. Some mechanical properties of insulators have been 
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improved by the use of synthetic materials. These so-called composite or 

polymeric insulators are slim, light weight and combine a high tensile strength 

with a long creepage path.  

Polymeric insulators were first introduced for indoor application in the 1940s [46, 

47]. From the 1970s onward, polymeric insulators have been used commercially 

on transmission networks, and their formulations have been continually 

optimised. In the early stages of their introduction, the practical performance of 

these insulators was far less than satisfactory, with a number of problems and 

failures reported. With continuous advancement in both material formulation and 

fabrication technology, the reliability of polymeric insulators has improved 

considerably [48, 49]. 

2.3 Polymeric insulation materials 

Today, different material types are used for housings of polymeric insulators: 

epoxy resins, ethylene-propylene rubber and SiR [4], each serving to protect the 

insulator core from damage that may occur from environmental conditions or 

from electrical activity on the insulator surface (leakage current, arcing 

discharges). The long-term behavior of these materials is not completely 

understood, and additional research is required in the areas of [50]: 

 Synthesising high performance materials. 

 Understanding electrical, chemical, and mechanical aging mechanisms. 

 Proper insulator design, sizing and manufacturing. 

 Developing methods for monitoring performance, and aging of insulators in 

service. 

2.3.1 Polymer base 

For the polymer base, epoxy (EP), ethylene propylene diene monomer (EPDM), 

ethylene vinyl acetate (EVA), and silicone rubber (SiR) compounds are used. 

Epoxy and Ethylene vinyl acetate resins have shown successful long-term 

performance in clean environments. Their use has been restricted to indoor 

applications, due to their unsatisfactorily performance in low contaminated 

outdoor locations [51]. 

Three types of ethylene-propylene rubbers (EPR) are in demand as high voltage 

outdoor insulators; namely, ethylene-propylene monomer (EPM), ethylene 
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propylene diene monomer (EPDM), and a co-polymer of silicone. According to [52, 

53], EPDM consists of randomly combined ethylene and propylene units forming 

saturated polymer chains, the absence of carbon double bonds reducing 

susceptibility to attack by ozone and UV [54]. The long term performance of EPDM 

has been proven in clean and dry environments, while performance in polluted 

conditions is not clearly known. It is used on insulators up to 765kV.  

In contrast to other types of ethylene-propylene rubbers, silicone rubber 

compounds exhibit a high surface hydrophobicity. SiR has proven to be the most 

reliable polymeric materials for outdoor electrical insulation systems [19]. This is 

due to the flexibility in product design of silicone rubber insulators to control the 

leakage current by appropriate specification of creepage distance, and minimise 

the surface accumulation of airborne contaminants [3]. 

2.3.2 Silicone Rubber 

Organic materials based on polymers used in the high voltage insulation systems 

suffer from photolysis and photo-oxidation when exposed to UV radiation. Silicone 

rubber contains low molecular weight (LMW) in its bulk. Figure ‎2-3 shows the 

chemical structure for building blocks of silicone rubber, where LMW is composed 

of methyl groups (CH3) responsible for water repellence, silicon (Si), and oxygen 

(O). These groups are capable of absorbing UV energy, and are involved in the 

photoreactions that contribute to aging or degradation of the polymer.  

 

Figure ‎2-3. Chemical composition of silicone rubber. 

Silicone rubber is characterized by very good high temperature performance, very 

good resistance to ozone and UV, and good electrical properties [55]. These 

properties are due to the structure of the polymer which consists of chains of 

alternating silicon and oxygen atoms with single bonds and side groups of methyl, 
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vinyl and other compounds [55]. The Si-O-Si bonds of the polymer chain are very 

stable, giving the silicone rubber high temperature and UV stability [55]. Silicone 

rubber is also hydrophobic or water repellent, a property that can enhance the 

electrical performance of outdoor insulation [56]. 

In choosing a polymeric material suitable for outdoor insulation systems, silicone 

rubber has shown superior performance when compared to other materials for 

housings of surge arresters, insulators and bushings. There are two basic forms of 

silicone rubber used for outdoor high voltage insulation: High Temperature 

Vulcanized (HTV) and Room Temperature Vulcanized (RTV). HTV silicone rubber 

is typically manufactured from high consistency silicone gum of high molecular 

weight, and cross-linked by various peroxides and catalysts at temperatures 

greater than 100 ̊C [55]. Low consistency RTV silicone rubber is becoming popular 

for the manufacture of more complex components such as surge arrestor housings 

and station post insulators [13]. As low consistency rubber is liquid at room 

temperature, it is more amenable to processing into complex void-free shapes 

[13]. RTV silicone rubber is now being promoted as a suitable material for coating 

porcelain insulators to impart hydrophobicity and improve pollution performance 

[40]. 

2.3.3 Texturing of silicone rubber insulators 

The design of SiR insulators remains remarkably simple [57] even with their use 

in power system networks. The materials hydrophobicity does not totally 

eliminate dry-bands and discharges, leading to a degradation of electrical and 

mechanical characteristics and ultimately insulator flashover. 

There are different designs employed to control the LC and the electric field 

strength near the surface of an insulator shed. These include:  

- Creating an aerodynamic weather shed profile; natural cleaning by wind and 

rain can be achieved in this way.  

- Increasing the creepage distance to decrease the leakage current magnitude. 

- Providing a protected leakage path to establish controlled dry-bands. 

The LC and electric field strength on a polluted SiR insulator surface are of highest 

density in the regions of the smallest contour perimeter around the shank 
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sections, resulting in increased surface power dissipation in these regions.  The 

resulting localized heating leads to the formation of dry-bands and associated 

discharges on the surface, which may result in damage or degradation of the 

insulator surface [58, 59]. 

Textured insulators are a novel approach [60] for the design of polymeric 

insulators that take advantage of the moulding properties of silicone rubber. 

Several texturing patterns consisting of arrays of contiguous or overlapping 

protuberances of the polymeric surface may be achieved. 

The aim of this design is to reduce the surface power dissipation by reducing both 

the electric field and current density (𝑃 = 𝐸 ∙ 𝐽). This may be achieved by 

increasing both the surface area and the creepage distance of the insulator 

without increasing the overall longitudinal length of the insulator [57].  

Moreover, textured patterns are expected to reduce damage to polymeric 

insulators due to surface discharges, compared with non-textured insulators of the 

same material, by introducing multiple paths for current conduction: as soon as 

one current path starts to dry as a result of Joule heating, its resistance will 

increase. At this point, the current flow will switch to an alternative path of lower 

resistance before severe thermal damage occurs [57]. 

2.3.4 Silicone rubber insulators construction 

Long-rod and post insulators made of SiR material that are used for overhead 

lines, are of the same basic structure but differ in the size of the core, and in the 

end fitting hardware [3, 61, 62]. A cross section of non-textured and TS4 insulators 

used in this work is shown in Figure ‎2-4.  

The polymeric insulator consists of three components: 

(1) The load bearing core is a composite of electrical grade glass fibres and a 

thermosetting resin [63].  

(2) Metal end fittings are of either galvanized steel or high strength aluminum 

alloy.  

(3) The core is encapsulated in a protective housing consisting of the shank region, 

and the weather sheds. 
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                                             (a) Conventional, non-textured. 

                      

                                            (b) 4mm square textured pattern (TS4) 

Figure ‎2-4. 11kV, silicone rubber insulators 

 

The housing is moulded onto the core, protecting it from electrical tracking, and 

the design of the housing provides the electrical strength under wet and polluted 

conditions. The polymeric housing can be constructed in a variety of ways:  

i. Moulding the housing and weather sheds directly onto the glass fibre core. 

This is the most common method for smaller distribution insulators. Some 

manufacturers also produce larger transmission insulators this way.  

ii. Individually moulded weather-sheds are bonded onto a separate housing 

sheath, which is either extruded or moulded directly onto the core. This 

construction method has an advantage that less tooling is required to produce 

a range of insulators.  

iii. The housing and weather sheds are moulded in modules that are slipped over 

the core and bonded together. Voids between the core and housing are filled 

with silicone grease. 

The materials chosen for this work are all SiR that has a number of advantages 

over traditional glass and porcelain insulators; the main advantage of SiR 

   Fibreglass core 

 Metal end fittings 

 Protective housing 
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insulation, is that their costs, installation and maintenance costs over the insulator 

life are low.  While, the cost of the polymer raw material is higher than that of 

porcelain or glass [64, 65], polymeric insulators have numerous other advantages 

over traditional ceramic insulators [59, 66, 67, 68]: 

- Polymeric insulators present weight reduction of as much as 90% over 

porcelain [1, 69].  

- Low cost of design, tower construction, transportation and erection [70]. 

- Greater flexibility in product design, allowing in optimization of traditional 

transmission tower design. 

- Resistance to damage, polymeric insulators are less easily damaged due to the 

resilient nature of the elastomer weather sheds. 

- Improved handling of shock loads, polymeric insulators are highly resistant to 

deliberate or accidental damage. 

- Improved contamination performance, polymeric insulators have low surface 

free energy resulting in a water repellent or hydrophobic surface. 

- Provided better flashover performance under wet and polluted conditions by 

preventing the formation of a continuous water film [3, 11, 56, 71, 72, 73, 74]. 

- Increased resistance to leakage current, longer creepage distances and smaller 

shed diameters improve their performance in polluted environments [75, 76]. 

- SiR material can recover from a loss of hydrophobicity due to the mobility of 

the low molecular weight base polymer even under polluted conditions. 

Despite these advantages, some problems arise from the composition of polymeric 

insulators: 

- Polymeric insulators can lose hydrophobicity due to a combination of exposure 

to UV, moisture, heat, and from small electric discharges that can occur on the 

insulator surface during wet and polluted conditions. 

- The natural climatic stresses have strong influence on the long term 

performance of polymeric insulators. 

- Degradation can lead to changes in the surface properties of polymeric 

insulator, which can reduce electrical performance and increase the amount of 

surface discharge activity occurring in wet and polluted conditions, causing 

ablation of the material surface. 
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In addition, at the early stage of polymeric insulator development, problems 

encountered included mechanical failure due to loose joints, and tracking of the 

fiberglass due to weak bonding and sealing at the terminals [4]. As these issues 

have now been mostly solved, the failure rate of polymer insulators has decreased 

to 26% of its initial value [22, 77]. Modern polymeric insulators are somewhat 

pessimistically designed to partially offset their drawbacks, meaning that the 

benefits of polymeric insulators are not being utilised to their full potential [33, 

78].  

2.4 Contamination factors on silicone rubber 

High voltage outdoor insulators are exposed to different kinds of pollution [79]. 

The nature of the contaminants can be classified into two types, namely soluble 

(conducting) and non-soluble (inert). Soluble contaminants are expressed in 

terms of Equivalent Salt Deposit Density (ESDD), which corresponds to milligrams 

(mg) of sodium chloride (NaCl) per unit surface area of the insulator. In similar 

terms, non-soluble contaminants are quantified in terms of Non-Soluble Deposit 

Density (NSDD), which correlates to mg of Kaolin per unit surface area of the 

insulator.  

2.4.1 Contaminant accumulation 

The contaminant materials are transported to the insulator surface by the 

movement of air, the greater accumulation is usually between the sheds. The 

contaminant deposition process can be summarised as described in [3, 80], as 

follows:  

1- Airborne particles are driven close to the insulator by wind.  

2- The particles become close to the energised insulators, due to the effect of the 

wind force, gravitational force, and the electrostatic force. 

3- A portion of the airborne particles reach and hit the insulator surface, and are 

adsorbed.  

Accumulation of contaminant particles is explained in [3, 81], where standard 

traditional porcelain insulators and anti-fog type insulators were used. The 

simplest case of the phenomenon was identified as deposition of heavier particles 

at the front of the insulator body exposed to flowing air. Much more important 

was the deposition of smaller particles at the sides and skirts of the insulator body 
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at different pollution severities [82, 83], while recent polymeric insulators usually 

have aerodynamically smooth profiles without skirts that hold the airborne 

particles. 

2.4.2 Contamination levels on outdoor insulators 

The pollution or contamination level on the surface of outdoor high voltage 

insulators represents the balance between accumulation processes and cleaning 

processes, where the most significant changes in pollution level occur on the 

insulator surfaces during dry periods. Rain and wind are naturally effective at 

removing pollution from insulator surfaces. On the other hand, wind is also 

identified as an important factor in the accumulation process of pollution, 

especially in wind tunnels and near the sea [3]. Levels of contamination 

(pollution) accumulated on insulator surfaces principally depend on:  

- The concentration (g/m3) of pollutants in the air.   

- The flow rate (m/s) of airborne particles surrounding the insulator surface.   

- The insulator orientations relative to the rain spray and wind flow around the 

insulator surfaces.   

- The state of the insulator surfaces, in terms of material type and condition.   

In CIGRE Task Force 33.04.01 [20], the typical pollution is defined as follows:  

 Marine environment, where proximity of the sea introduce Na, Cl, Mg, K and 

other marine salts into the atmosphere.  

 Industrial environment include sources of soluble pollution from steel mills, 

refineries or sources of inert dust such as quarries and cement factories  

 Agricultural environment includes pollutants from highly soluble fertilizers as 

well as insoluble dust and chaff  

 Desert environment introduces pollutants like inert sand as well as salt in 

some areas.  

According to [32], values of 0.01 mg/cm2 are considered light, while values above 

0.4 mg/cm2 are very heavy. Figure ‎2-5 shows the classification of equivalent salt 

deposit density (ESDD) as well as non-soluble deposit density (NSDD) levels in 

terms of severity of pollution [20].  
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Figure ‎2-5. Zed curve approximation to IEC site pollution severity [20]. 

Gorur has specified that the region of interest for the purpose of studying 

contamination flashover is between medium and very high level contamination i.e. 

ESDD levels 0.1-0.5 mg/cm2 [84]. Table ‎2-1 defines the various pollution levels by 

range of equivalent salt deposit density. 

Table ‎2-1: ESDD values as presented in IEC 60815 [32] 
 

Class ESDD (mg/cm2) Pollution Level 

I 0.03 – 0.06 Light 

II 0.1 – 0.2 Medium 

III 0.3 – 0.6 Heavy 

IV 0.6 Very Heavy 

 

2.5 Wetting properties of polluted silicone rubber insulators 

The electrical performance of silicone rubber insulators is similar to other outdoor 

insulators, as it is determined by surface resistance. Service experience 

accumulated through several years in different countries [85, 86], has shown that 

polymeric materials are subject to surface erosion when thick pollution layers are 

formed. In the case of real operating insulators exposed to long-term outdoor 

service, exposure to different kinds of contaminants occurs, which can be wetted 

by water from the atmosphere. The most significant wetting process of pollution 

layers can be classified as specified in [87] to the following classifications: 

- Condensation occurring when the insulator surface temperature falls below the 

dewpoint, often in the early morning hours. 

- Precipitation by fog, mist, and rain. 
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The researchers in [87] found that, there is an influence of the difference between 

the insulator surface and ambient temperatures on the wetting process. The 

wetting rate of the silicone rubber insulators is determined as a function of 

temperature difference, and also by the properties of the surface where the 

chemical composition and roughness are significant factors. When using silicone 

rubber insulators, these factors are dynamically variable resulting in reduction or 

loss of surface hydrophobicity when subjected to harsh climatic conditions. 

2.6 Changes in chemical composition of contaminated SiR surfaces 

The silicone rubber chemical composition is altered by the diffusion of low 

molecular weight (LMW) from the bulk of the polymer. This diffusion process 

makes the deposited contamination layer hydrophobic [88] and reduces the 

conductivity of the wet surface [89]. 

2.6.1 Diffusion of low molecular weight silicone oligomers 

The diffusion of low molecular weight silicone oligomers through deposited 

contamination layers was examined for the first time by Kindersberger and Kuhl 

[90]. They demonstrated that SiR materials are able to transfer hydrophobic 

properties to pollution layers formed on their surfaces. They found proof of their 

hypothesis that low molecular weight silicone oligomers diffuse from the bulk of 

the material to the pollution layer. The rate of the hydrophobicity transfer was 

found to be strongly dependent on the type and thickness of the SiR substrate, the 

thickness of the pollution layer and the ambient temperature. In [91], the authors 

also describe the process of transferring hydrophobicity to the pollutants residing 

on the surface of the SiR insulator which is practically the attachment of LMW to 

the pollutants. 

The pollution layer conductivity on the surface of contaminated SiR insulators was 

investigated in [88]. The layer conductivity determines the electrical properties of 

a particular location on an insulator surface, the highest conductivities being 

reached when the pollution layer is thoroughly wetted, and all soluble salts 

contained within the pollution layer are dissolved. 

2.6.2 Loss of surface properties of polymeric insulators 

The electrical performance of polymeric materials has been found to deteriorate 

quickly with aging. In this context, aging refers to the gradual loss of useful 
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properties of SiR material with time. Aged polymeric insulators used in an outdoor 

environment may lose their hydrophobic properties and revert to a hydrophilic 

state similar to ceramic insulators [5, 41, 92]. Cherney and Stonkus [93] found that 

polymeric insulators, following 18 months of service with an artificially applied 

pollution layer of Kaolin and salt, suffered surface degradation resulting in a 

reduction in flashover voltage of between 25% and 30%.  Sherif and Vlastos [94] 

also found that ageing of polymeric insulators may cause a reduction in flashover 

performance. The pollution performance of polymeric insulators can be degraded 

by the effects of weathering to such an extent that they may perform worse than 

equivalent ceramic insulators. 

2.7 Degradation of polymeric insulators 

Polymeric materials used for manufacturing insulators, unlike traditional 

materials (porcelain and glass) may substantially degrade over time due to a 

combination of weathering from UV, moisture, and heat and from electric 

discharges that can occur on insulator surfaces in wet and polluted conditions. 

This results in changes in surface properties, which can reduce electrical 

performance and increase surface discharge activity causing ablation of surface 

material and, in extreme cases, breaching the protective housing and precipitating 

the ultimate failure of the structural core [95]. In [96], the authors have reviewed 

the main ageing factors leading to polymeric insulators degradation. Photographs 

in Figure 2-6 illustrate the most significant damage/aging occurring in SiR 

insulators [97, 98]: 

• Erosion: irreversible and non-conducting degradation of the surface of the 

insulator that occurs by major loss of material as seen Figure 6-2(a).  

• Tracking: when the chemical bonds in hydrocarbon polymers are broken, free 

carbon is generated, forming an array of conductive paths starting and 

developing on the surface, even in the dry state [99], and leading to flashover. 

See Figure 2-6(b). 

• Splitting: breaks or cracks in polymer housing, where electrical failure results 

from water penetration between or into insulator parts.  See Figure 2-6(c). 

• Puncture: holes in the insulator sheath/shank or shed. See Figure 2-6(d). 
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• Chalking: a rough or powdery surface appearance due to the exposure of filler 

particles from the housing material, see Figure 2-6(e).  

• Core Rod Mechanical Failure: resulting from erosion and tracking damage to 

the core, or by exceeding the specified mechanical strength. As a result, the 

overhead line will drop causing a system short circuit. See Figure 2-6(f). 

• Crazing: consists of surface micro-fractures to depths around 0.01 to 0.1 mm. 

These micro-fractures are one of the causes of extreme contamination of the 

insulator surface, leading to flashover [100]. See Figure 2-6(g). 

• Color changes: changes in the color of the housing material of the SiR insulator 

due to chemical reaction with environmental pollutants. See Figure 2-6(h). 

 

Figure ‎2-6. Most common aging of SiR insulators [97, 98] 

(a) Erosion 

(b) Tracking 

(c) Splitting 

(d)  Puncture 

(e)  Chalking 

(g)  Crazing 

(f)  Mechanical Failure 

(h)  Color Changes 
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2.7.1 Effect of SiR insulator surface roughness on performance 

The surface roughness of insulators can be changed by contamination and aging as 

reported in [101], where the authors describe contact angle and Scanning Electron 

Microscopy (SEM) analysis of naturally aged, contaminated SiR insulator surfaces. 

They found that the insulator material undergoes a slow degradation process 

which improves the hydrophobicity properties, because of formation of a layer of 

low molecular weight silicone oligomers on the surface of the material. Another 

research group also reported in [102] the increase of surface roughness during 

natural and artificial aging of polymer insulators. They determined the surface 

roughness quantitatively by a scanning laser profilometer. 

2.7.2 Unique characteristics of silicone rubber 

The intermolecular forces of silicone rubber are low due to symmetric non-polar 

groups (Figure 2-3) that are attached to the backbone of the polymer chain [103]. 

The low intermolecular forces result in reduced surface energy of the polymeric 

material. By using materials with low surface free energy, the adhesion between 

the pollutant and the material is substantially reduced; making silicone rubber 

insulators well suited for outdoor applications [15]. 

Silicone rubber used in high voltage engineering is fundamentally based on a 

backbone consisting of alternating Si and O atoms with two methyl (CH3) groups 

attached to each Si atom as seen in Figure ‎2-3. Because of strong and flexible 

bonding between the backbones and groups, the siloxane bond backbone Si(CH3)2 

provide the high resistance to oxidation and thermal degradation[104, 105]. 

2.7.3 Loss of hydrophobicity  

Hydrophobicity is a dynamic feature that could be lost during service but can also 

be recovered if sufficient recovery time from the electrical stress is given [106]. 

The surface recovers hydrophobicity after 10-12 hours of dry and arc free period 

[107]. Deitzet al. [101] found that 245 kV RTV silicone insulators were still 

hydrophobic after 15 years of service in a rural area in Germany.  Investigations by 

Vlastos and Sherif [108] showed that SiR could remain hydrophobic after nine 

years of exposure to a contaminated coastal environment in Anneberg, Sweden.  

These field results are supported by laboratory trials conducted by Gorur and 

Thallam [109], in which silicone rubber and EPR were exposed to artificial UV and 
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a higher temperature of 550 ̊C for 6,000 hours.  After exposure, silicone rubber 

samples were hydrophobic with no visible changes while EPR samples were fully 

wettable and showed visible degradation by surface cracking. 

However, silicone rubber can lose its hydrophobic properties if subjected to 

surface discharges. Gorur et al. [110] showed that SiR samples exposed to high 

voltage (10 to 20 kV/mm) in a salt fog of 250 µS/cm became wettable after about 

60 to 70 hours. Published evidence of loss of hydrophobicity of silicone rubber in 

practical situations is not widely available. Some examples may be found in [111]. 

A SiR insulator exposed to excessive salt pollution at Anneberg Sweden showed an 

increase in leakage current; this was interpreted as being due to a partial loss of 

hydrophobicity.  

2.7.4 Hydrophobicity recovery 

It has been found that silicone rubber materials are able to recover 

hydrophobicity after damage from surface discharges, and transfer 

hydrophobicity to pollution particles on their surface [27, 28, 29]. These 

properties are of great benefit as they allow insulators degraded by adverse 

weather and pollution conditions to recover their electrical properties. The 

recovery of surface hydrophobicity is due to the diffusion of mobile low molecular 

weight polymer from the bulk to the surface [11, 92, 100, 112]. The low molecular 

weight of silicone can also encapsulate surface pollution rendering it hydrophobic 

[29]. LMW silicone was defined by [92] as silicone fragments with a molecular 

weight of less than 1000. A hydrophobicity recovery process of secondary 

importance is due to rotation of the silicone backbone reorienting hydrophobic 

methyl groups towards the surface [113]. 

2.8 Climatic effects on polymeric insulators performance 

Silicone rubber insulator properties can be adversely affected when subjected to 

climatic factors. High temperatures lead to an increase in the electrical 

conductivity of SiR. UV exposure causes a significant change in chemical bonds of 

the polymer by cross-linking reactions, and the resistance of SiR insulator surfaces 

is decreased when subjected to fog, mist, or rain. Environmental impact on 

outdoor polymeric insulators constitutes a substantial research area [114, 115, 

116, 117, 118, 119, 120, 121, 122, 123, 124]. An extensive list of publications 
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describing detailed studies and developments on insulator contamination has 

been prepared by the IEEE working groups on insulator contamination. With 

increasing pollution from industrial and agricultural sources and the move to ever 

higher transmission voltages, insulator flashover shall have more serious and 

more costly repercussions. Modern service quality requirements demand good 

insulator performance. As a result, studies have been conducted with a view to 

improving insulator performance by increasing leakage path length, modifying the 

insulator design (e.g. texturing) and using surface coatings. 

For successful application of polymeric insulators, it is important to know that 

polymeric materials degrade with exposure to the natural environment factors. 

The main environmental processes giving rise to insulator degradation are: UV, 

temperature variation, moisture, wind and pollutants [70, 112, 125, 126]. The 

severity of degradation due to these factors is greatly dependent on their intensity, 

duration and sequence. Additionally, electrical factors, such as discharges, corona, 

and leakage current, play significant roles in the process of aging [127, 128]. 

2.8.1 Degradation of silicone rubber by ultra-violet radiation 

Polymeric insulators are subject to degradation from exposure to weathering 

under outdoor conditions due to UV radiation [70]. Silicone rubber material 

should in principle not be degraded by terrestrial UV radiation of wavelength 

>290 nm, as UV is not absorbed by C-C or C-H bonds, and so cannot directly cause 

cleavage of the polymer backbone [129]. However, experience and long term 

outdoor ageing trials have shown that silicone rubber insulation material is 

degraded by UV [130, 131, 132]. Some loss of tensile strength, physiochemical 

reactions that reduce surface hydrophobicity, increase in surface hardness, and an 

influence on biofilm growth have all been attributed to UV [23, 133]. The 

combined effects of ultraviolet radiation and surface arcing on the silicone rubber 

surface cause a reduced material life span [134]. 

2.8.2 Silicone rubber tracking and erosion 

Housing materials of SiR insulators are not homogeneous as they are fabricated by 

mixing different polymer components with other additives such as fillers, 

antioxidants and ultra-violet absorbers. These additives can absorb heat produced 

by surface discharges, thereby enhancing resistance to tracking and erosion [3].  
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Electrical discharges can occur on the surface of insulators from the combination 

of conductive moisture and electrical stress. Electrical discharges are the principal 

cause of damage to polymeric insulator surfaces by ablating or eroding the 

materials and, in some cases, producing a conductive residue, known as tracking 

[135]. A number of tests for evaluating the resistance of polymers to tracking and 

erosion have been developed, and are reviewed in [135]. 

Erosion has been found to be a serious problem with polymeric insulators, 

especially with early designs [136]. Erosion can be highly localised and limited to a 

small part of the surface causing holes and cracks or spread over a large area 

resulting in degradation ranging from slight surface damage to the gross removal 

of material [136]. If erosion of the housing leads to exposure of the glass-fiber 

reinforced core, which is not track resistant, catastrophic failure can occur. This 

can be by either a gradual weakening of the core by electrical discharges, by 

internal tracking leading to flashover or brittle fracture or hydrolysis [70].  

Gorur [27] studied the effects of surface discharges in causing tracking and 

erosion and found that these processes may be divided into three regimes based 

on the maximum temperature that the discharge produced at the material surface. 

For low discharge levels, surface temperatures were below the thermal stability 

limit of the material, and so measurable erosion did not occur. For intermediate 

discharge levels, where the surface temperature was high enough for thermal 

degradation of the polymeric material to occur, it was found that the thermal 

stability of the polymer and thermal conductivity of the various fillers could 

produce significant differences in the long term performance [137]. When surface 

discharges were of sufficient magnitude and duration to cause the aluminum 

trihydrate (ATH) filler to release its water of hydration, the release produced a 

beneficial effect that prolonged the life of the material [138, 139]. In this case, 

durability was related to the concentration of ATH filler. 

2.9 Role of fillers in silicone rubber insulators 

There is no single base of polymeric materials, which possesses all the required 

properties for high voltage outdoor insulator applications. The significant 

disadvantage of polymeric insulators is that polymeric materials have weaker 

bonds than porcelain. Therefore, they can be aged which results in changes their 



 

2-20 
 

performance as they are affected by various stresses encountered in service [140, 

141]. Hence, in order to withstand the aging process, insulator surfaces have to 

resist tracking and erosion, weathering, moisture heat, UV, dry-band formation, 

and discharge events. 

Fillers can be combined in different proportions with silicone rubber to improve 

the electrical, mechanical and chemical properties. Depending on the required 

formulation, fillers can be mixed with the silicone rubber material as a function of 

the formulation weight [139, 140, 142, 143, 144, 145, 146]. Fillers have both 

desirable and undesirable effects on electrical aging and the recovery of the 

hydrophobicity in SiR.  Some of the desirable effects of fillers are: 

a) Improved thermal conductivity of the compound, thereby improving heat 

dissipation and, therefore, preventing the spread of excessive hot spots.  

b)  Reduced organic material exposure to heat from dry band arcing, thus 

decreasing the weight loss of the compound.  

The only unwanted effect of the fillers is that they act as a ‘diffusion barrier’ for the 

LMW and slow down the recovery process. Moreover, the presence of fillers 

reduces the amount of silicone material available, thereby, reducing the amount of 

LMW contributing to surface hydrophobicity [70]. However, some researchers 

have argued that with increased filler material content, the recovery is faster 

[147]. Thus, for a given formulation, the filler concentration and type included in 

the formulation is critical. 

2.9.1 Use of fillers in insulation applications 

Commonly used fillers for polymeric insulators are alumina trihydrate ATH and 

Silicon dioxide, also known as silica SiO2. From the literature review, it is observed 

that some researchers have chosen ATH for their studies [148, 149, 150]; whereas, 

others have preferred silica [49, 151, 152]. A few researchers have studied 

different materials with various fillers, but the focus has been on material 

performance rather than on filler performance [110, 153, 154]. 

Rätzke et al. [155] first demonstrated how fillers in an HTV (high temperature 

vulcanizing) silicone rubber affect resistance to arcing. The authors found that, the 

thermal conductivity improved resistance to erosion and the results of the arcing 
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tests demonstrated longer test time duration with increased filler concentrations 

of silica and alumina. 

In the research of Lei et al. [156] silica and layered silicate (at 2% and 5% 

concentration by weight) were adopted to modify the properties of RTV silicone 

rubber under conditions of corona discharge. After aging with corona, filled RTV 

had a superior corona aging performance as compared to the virgin RTV material.  

According to Dengke et al.  [157, 158], the addition of a small quantity of inorganic 

nanofillers of silica (2% to 5%wt) to polymers should be sufficient for mechanical 

and thermal stability and electrical performance improvement.   

Formulations of RTV SiR with silica versus RTV SiR with micro silica have been 

tested by El-Hag et al. [159] who found that the erosion resistance increased in 

direct proportion to the amount of used filler. Results of inclined plane tests 

confirmed that the filled SiR composites with as low as 10% wt of fillers displayed 

a significant improvement in erosion resistance [160]. 

In other research, Meyer et al. [160] showed that RTV SiR filled with silica (5% 

wt), when compared with RTV SiR filled with micro silica (10% wt), demonstrated 

a higher tracking and erosion resistance, lower roughness, and slightly lower 

hydrophobicity.  

Another controversial point is the result obtained by Santanu et al. [161] who 

noted a difference in dielectric strength depending on the processing or mixing 

techniques used. The highest breakdown strength, with the inclusion of fillers, was 

observed when dispersion was carried out with mechanical mixing, followed by 

ultrasonic agitation.  

In general, the effectiveness of fillers added to silicone rubber insulation materials 

depends on the particle size and shape, as well as the volume concentration [162, 

163, 164]. Therefore, selection of fillers with appropriate properties is a key 

component in the formulation of weather shed insulation housing for optimum in-

service performance. 

2.10 Condition monitoring 

The objective of condition monitoring is to provide a diagnostic tool to assist 

electricity supply companies in making decisions on maintenance, replacement 

and design practice. At present the most realistic condition assessment, 
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techniques are visual inspections, hydrophobicity evaluations, and leakage current 

measurements. 

2.10.1 Visual Inspections 

In [165], the authors reviewed the use of diagnostic techniques including visual 

inspections and imaging techniques for detecting faults in polymeric insulators.  

Visual inspections were found to be useful in detecting visible defects such as 

tracking, erosion, puncture, shed splitting, or any other obvious physical defects.  

The use of imaging equipment such as UV, infrared, thermal imaging equipment 

were useful for detecting the occurrence of surface discharges, but the observation 

needs to be made when the discharging occurrs. Furthermore, infrared imaging 

equipment was found useful for detecting internal defects that could potentially 

cause failure [1, 166]. 

2.10.2 Measurement of hydrophobicity 

It is known that loss of hydrophobicity can affect the electrical performance of 

silicone rubber insulators. The most common method for quantitatively assessing 

hydrophobicity is by measuring the angle at which a small drop of liquid meets a 

horizontal surface, known as the contact angle. 

(i) Principles of contact angle 

The contact angle is a function of the surface tension of the liquid and the 

interfacial free energy of the solid surface [167]. Contact angle measurements can 

be greatly affected by surface roughness [168] and wettability, which is primarily 

related to the surface energy. The surface free energy and contact angle (θ) are 

inter-related via Yaung-Dupre equation [61]. 

𝛾𝐺𝑆 = 𝛾𝑆𝐿 + 𝛾𝐿𝐺 . cos 𝜃 ……………………………..…….. (‎2-1) 

 Materials with high surface energy can be easily wetted, and a water film forms 

continuously on their surfaces and thus they are classified as hydrophilic [92, 169, 

170, 171, 172, 173]. On the other hand, materials with low surface energy such as 

silicone rubber, have inherent water-repellency, and are termed hydrophobic. 

Water droplets on the surface tend to bead up and run down from the surface (the 

contact angle is greater than 90o).  
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The contact angle was used in is this work as a measure of the SiR surface 

hydrophobicity. It has been shown to be an effective way to provide reliable 

information on the hydrophobicity condition [135, 174, 175]. Figure ‎2-7 shows a 

water droplet on SiR polymeric surfaces, where the hydrophobicity is increased 

with decreasing adhesive tension between water droplet and the surface. 

 

Figure ‎2-7. Water droplets with different degrees of hydrophobicity. 

 

(ii) Hydrophobicity Estimation 

Contact angle measurements can be difficult to perform on the surface of complete 

insulators, or on complex surfaces such as on textured insulators.  To overcome 

this, a simple test for Hydrophobicity Classification (HC) has been developed by 

the Swedish Transmission Research Institute (STRI) [176]. Table ‎2-2 shows the 

STRI criteria for determination of HC.  

In this test, the insulator surface is sprayed with water using a hand held spray 

bottle, similar to those used for domestic cleaning products. The hydrophobicity of 

the surface is evaluated by comparing the surface with standard photographs and 

written definitions to give a HC of between HC1 (hydrophobic) and HC7 

(hydrophilic). 

Lower contact angles or higher indices of hydrophobicity classification (HC) may 

occur, due to changes of the surface state, from degradation by electrical 

discharges or UV exposure. Results published from this research conclude that 

non-irradiated insulators belong to HC1 or HC2 categories, whereas 

hydrophobicity of the samples after aging is between HC3 and HC5 categories. 

Therefore, UV irradiation reduces the hydrophobicity of the SiR insulators 

measurably. 

 

 SiR material 

Water droplet 
 

Hydrophobic Hydrophilic 

γSG 

γLG 

γSL θ 

θ ˂ 90o θ = 90o θ ˃ 90o 
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Table ‎2-2. Criteria for determination of hydrophobicity classification [176] 
 

 

HC 
 

Description 
[ 

Picture 

1 

Only discrete droplets are formed. Their space seen 

perpendicular to the surface is practical circular. This 

corresponds to φr = 80o or larger for the droplets. 
 

2 

The major part of the surface is covered by droplets with a 

shape,  still regular but deviates from circular form. This 

corresponds to 50o< φr< 80o for the majority of droplets. 
 

3 

Only discrete droplets are formed.  The major part of the 

surface is covered by droplets with an irregular shape. This 

corresponds to 20o< φr< 50o for the majority of: droplets. 

 

 

4 

Both discrete droplets and wetted traces from the water 

runnels or water film are observed.  Less than 10% of the 

observed area is covered by water runnels or film. 

 

 

5 

Both discrete droplets and wetted traces from the water water 

film are observed. More than 10% but less than 90% of the 

observed area is covered by water runnels or film. 

 

 

6 

More than 90% but less than 100% of the observed area is 

covered by water runnels or film (i.e. small non-wetted 

spots/traces are still observed). 

 

 

7 Continuous water firm is formed over the whole observed area. 

 

 

 

2.10.3 Leakage current measurements 

Leakage current (LC) measurements have been used in a wide variety of 

experiments ranging from full scale field tests [94, 177], down to small scale salt 

fog chamber tests [178]. Consequently, measurement and data processing 

techniques vary considerably. Jolly in [179] proposed that the integral of the 

magnitude of surface LC, termed the cumulative charge could be used to predict 

weight loss through erosion. Gorur et al. [110] investigated the relationship 

between weight loss and cumulative charge for a range of salt fog conditions and 

found poor correlation. 
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Leakage current (e.g. r.m.s, peak, average, and history profile) can be used as 

indicator of the transition of an insulator surface from a hydrophobic to a 

hydrophilic state.  This was shown in [110] with silicone rubber samples in a salt 

fog.  Loss of hydrophobicity was accompanied by an increase in average LC from 

0.5 mA to > 5 mA.  For the same leakage distance, insulators have shown low 

leakage currents of less than 25 mA comparable with EPDM insulators, which 

reached value of about 70 mA. These insulators were subjected to extreme salt 

pollution at a test site in Anneberg Sweden, as have been reported by Vlastos [100, 

108, 111]. Another investigation on leakage current patterns on polymeric 

insulators and materials has been carried out by Fernando et al., leakage current 

characters is depended on the insulator surfaces state. On hydrophobic surfaces, 

LC was low and capacitive, and on hydrophilic surfaces with presence of pollution, 

the LC was more resistive and having non-linear current waveform [180, 181, 182, 

183, 184]. Results from [185, 186, 187, 188, 189] showed that the leakage current 

waveforms provide information that can be used for general evaluation of 

insulator performance under field and laboratory contaminated conditions. 

2.11 Polymeric insulators test methods 

To assess the performance of polluted polymeric insulators, different artificial test 

methods are used, such as inclined plane test, the tracking wheel test [190], the 

IEC salt fog and clean fog tests [191], and techniques for evaluating tracking and 

erosion have been developed [192, 193]. 

Artificial pollution testing is described in detail by the Lightning Insulator 

Subcommittee [194] of the IEEE Working Group on Insulator Contamination. The 

three basic procedures commonly employed are the clean-fog test, salt-fog test, 

and wet contaminant test. 

In the clean-fog test, dry contaminated insulators are energized and subjected to a 

fog produced from tap water. This test method represents the condition in which a 

contaminant accumulated on the insulator surface is wetted by natural moisture, 

creating a condition favorable to flashover laboratory tests. In the salt-fog test, 

clean insulators are energized and simultaneously subjected to a fog generated by 

atomising water of known salinity [195]; this test serves primarily to simulate 

insulators located in coastal areas, where they are exposed to direct salt spray. 
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Lastly, in the wet-contaminant technique, which is not accepted as a standard test, 

voltage is applied to insulators that have a wet conducting coating [196] to 

simulate re-energisation of a line on which contaminated insulators have been 

exposed to a wetting agent such as high humidity, rain or snow. 

The impact of high voltage source parameters on the behavior of high voltage tests 

were among the factors contributing to the variation of test results from different 

laboratories participating with the studies of IEEE [197]. Despite this, several 

standards and recommendations for artificial polluted tests exist [198, 191]. 

2.11.1 Tracking and erosion tests 

The most widely used method for evaluating the tracking and erosion resistance of 

polymeric insulators is the salt fog test. The salt fog test simulates wet and 

polluted conditions by exposing samples to the combination of high voltage and 

saline fog. A salt fog chamber typically consists of a corrosion resistant chamber 

into which salt water is atomised, usually using compressed air atomiser nozzles 

as specified in IEC publication BS EN 60507. Most fog chamber experiments 

reported in the literature incorporate a data acquisition system to acquire the LC 

or derived electrical quantities such as accumulated energy. In the IEC 

standardised version of the test [199], performance is evaluated by the amount of 

erosion, the presence of tracking or LC exceeding a pre-defined threshold. 

 It has been found that the parameters of the test can significantly affect the 

outcome. Parameters that have been identified as significant are specific creepage 

length mm/kV, fog conductivity [27]; velocity of fog circulation; and fog flow rate 

[200]. However, the fog particle size is specified in the IEC standard for testing 

polymeric insulators [199]. A factor that must be considered when testing silicone 

rubber is the ability of this material to recover hydrophobicity after damage by 

surface discharges. In a continuous fog test, silicone rubber samples quickly lose 

their hydrophobicity, and are then susceptible to erosion damage from increased 

discharge activity. It has been found that providing rest periods without fog of 

between 8 and 24 hours can allow recovery of hydrophobicity, dramatically 

improving the performance of SiR [27]. It has been suggested such cyclic tests 

more closely represent the wetting patterns likely to be found in service [27]. 
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2.12 Effect of insulator orientation on their performance 

The areas of silicone rubber insulator surface that are available for cleaning by 

rain, which depend on the orientation of the insulators, play a large part in the 

effectiveness of natural washing. In general, insulators mounted horizontally are 

more effectively cleaned than are those installed vertically. 

Rizk et. al. [201] found that insulators provided individual distributions of salt 

accumulation for different regions on the surface, depending on the working 

position. Long-term patterns of pollution accumulation show that insulator strings 

with an inclined orientation tend to collect fewer contaminants than do vertically 

mounted ones. Horizontally installed insulators collect even less. However, 

determining the effects of the insulator orientation on its performance or 

capabilities are varied depending on surrounding contamination type, level, and 

the insulator location [202, 203]. Therefore, differences in the functioning of 

insulators in different orientations may be due to the accumulation of pollution, 

the impact of natural washing by rainfall and the physical characteristics of 

discharges on the surfaces.  

When the pollution layer on the surface of any high voltage insulator has become 

wet, it can cause a significant reduction in its electric strength [40, 99]. In addition, 

pollution levels, and the time taken for their collection to build up specific 

pollution levels, may determine the effectiveness of orientation.  The nature of the 

subsequent wetting process and the flashover mechanism are also decisive factors 

affecting the impact of orientation. The differences of orientation of outdoor high 

voltage insulators may contribute for the following points [20]: 

1. Improved natural cleaning as the orientation changes from being vertical to 

being horizontal. 

2. Directional effects of pollution deposit for horizontal and inclined positions 

from a localised pollution source. 

3. Inter-shed breakdown due to heavy rain and pollution. 

4. Reduced flashover strength due to pollution concentration on the lower surface 

of horizontal, or near-horizontal, insulation during heavy fog or rain. 
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Authors in [204] showed that, cap and pin insulators tested under salt fog in 

inclined orientation have improved their performance up 20% than the insulators 

tested in vertical orientation. 

While results obtained from [203] have shown the same trend of satisfactory 

performance of testing, various insulator types subjected to natural marine 

pollution in inclined and horizontal orientations compare well with insulators 

tested in vertical orientation. Kannus and Lathi in [205] summarised that, 

depending on the swing angle, the electrical performance of tested high 

contaminated insulators have shown a significant improvement in inclined 

orientation, where angles ≤ 10 degree have not shown a notable effect on the 

flashover voltage magnitude as seen in Figure ‎2-8. 

 

 Figure ‎2-8. Flashover voltage of insulator string as a function of the swing angle [203] 

According to [206], results of aged polymeric insulators in rain and the fog 

chamber showed the impact of different operating position (orientation) on the 

leakage current developing on their surfaces. Increasing the orientation angle of 

four sheds polymeric insulator, from vertical to horizontal had a crucial effect on 

the LC development, as in Figure ‎2-9, where LC on horizontal was around the 

value of 1.4 mA.  

 

Figure ‎2-9. Leakage current of four shed insulators, under rain ageing in vertical and 
horizontal orientations [ 204]. 
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The greater number of areas of polymeric insulator housing that are exposed to 

high levels of rainfalls and pollutions, which is depending on the insulator 

orientation, the faster the degradation will be compared to the areas protected 

against the stresses [207]. Therefore, insulators tested in different orientations 

from vertical to horizontal position result in an increase of the leakage current 

value. Authors in [208] found that wetting of HTV silicone rubber insulator during 

rainfall, which is affects the surface aging processes, is depending on their 

orientation. In vertical orientation, the upper parts of insulator sheds are more 

wetted, since they are subjected to the highest exposure to rain. However, in 

horizontal orientation the insulator surface is wetted relatively uniformly during 

the rainfalls [208]. 

2.13 Effect of dry-band arcing on the performance of SiR insulators 

In general, sustained electrical arcing discharge can cause a deteriorating 

influence on the silicone rubber housing material can be classified into two 

categories: dry-band arcing and corona discharges. 

The degradation of SiR outdoor insulating materials due to dry-band arcing occurs 

because of generated heat, chemical reactions, and ultraviolet radiation (UV). It 

has been observed that prolonged dry-band arcing in a particular region of 

polymeric insulators, due to their relatively low thermal stability [11] and the 

impact of UV light, is responsible for initiating degradation before flashover. The 

dry-band arc formation on a wet surface can be briefly described as following: 

- Flow of current. When hydrophobicity is lost due to corona by the effect of UV 

radiation, pollution with fog, dew, rain or any other form of condensate 

moisture forming a continuous wet film on the insulator surface. Theoretical 

models that predict the impact of dry-band discharges on polymeric insulators 

are described in [209, 210, 211]. Dry-band formation depends on the surface 

electrical field E and the surface leakage current density J: 

𝐸 =  𝜌 ∙  𝐽 ……………………………………….………………. (‎2-2) 
 

              Where: ρ is the; the surface layer resistivity. 

It is known that, power dissipation P is calculated by: 

𝑃 = 𝐸 ∙   𝐽 =  𝜌 ∙  𝐽2 =  𝜎 ∙ 𝐸2 …………………...……… (‎2-3) 
 

             Where: σ is the pollution layer conductivity.  
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- Drying. When the leakage current reaches a certain value, in the order of few 

µA to a few mA, heat is produced due to the Joule effect and the water in the 

path of leakage current evaporates, thereby, drying portions of the surface and 

forming dry-band area, which interrupt the current [212]. 

- Sparking. When the LC is interrupted, much of the voltage is applied across the 

dry area, and if this voltage is high enough, small arcs bridge the areas. 

- Restarting. As the surface conditions dynamically change, dry-band arcing can 

stop in one specific location and starts in another on the insulator surface. 

If the conditions for the dry-band are sustained with considerable levels, the 

ultimate effect of dry-band arcing on the material surface is tracking and erosion, 

and a decrease of the number of LMW that impart hydrophobicity to the polymer, 

potentially leading to failure and flashover [213], flashovers occur in wet weather 

conditions, occurring in step sequences as shown in Figure ‎2-10. 

 

Figure ‎2-10. Flashover mechanism on high voltage insulators 

In [214], the authors proposed dry-band discharge modeling called a spark-model 

as shown in Figure ‎2-11. This model has been suggested on the premise of that the 

conductivity of the spark leader is maintained by impact ionisation that occurs at 

low temperatures, instead of thermal ionisation observed for arc channels at high 

temperatures. The spark leader channel of length C spans the dry-band. The dry-

band might become larger as streamers of combined length S sprouting out the 

spark leader can penetrate the dry-band [22]. 
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Figure ‎2-11. The dry-band spark model [207] 

 

2.14 Pollution flashover of silicone rubber insulators 

A significant threat can arise even for clean, hydrophilic insulators as a result of 

water-drop accumulation. Unlike the well understood process of polluted 

flashover of hydrophilic surface that have been studied by [215, 216, 217, 218], 

and described by CIGRE working group [20], the flashover process of wet 

hydrophobic surfaces is a multi-step process [72, 219, 220, 221,] and 

fundamentally different [221]. However, the hydrophobic nature of the silicone 

rubber surface suggests a different flashover mechanism. 

In [222], Swift showed that water droplets residing on the hydrophobic surface 

changed their shapes under the influence of the electric field, resulting in a 

reduction of water-repellent properties of the surface and the dry part of the 

insulator surface. In [219, 220], there is a clear indication of that for polluted 

silicone rubber insulators, the presence of water droplets has the greatest effect 

on the initiation of the flashover on polymeric insulator as shown in  Figure ‎2-12.  

 

Figure ‎2-12. Flashover mechanism on polymeric insulator [219]. 



 

2-32 
 

2.15 Flashover test methods 

The flashover phenomenon has motivated many studies for understanding the 

change of the electrical performance and the nature of electrical discharge that 

occur during the process of the insulators flashover under different environments 

[223, 224, 225, 226, 227, 228]. These studies often include: 

 Field observations [229],  

 Laboratory investigations [230, 231, 232, 233, 234, 235, 236, 237, 238, 239],  

 Mathematical models Development [240, 241, 242] with the purpose of  

devising  realistic  solutions  to  overcome  the problem of flashover. 

Investigations on the flashover mechanism of polymeric insulators have been 

reported [219, 220, 221, 222, 243, 244]. Karady et al. [219, 220, 221] presented 

the results of an experimental study for providing better understanding of the 

phenomena leading to flashover. Changes in surface resistance induced by 

discharge activity on wet and polluted surfaces have been identified as one of the 

sources of flashover of silicone rubber insulators. A phenomenon termed sudden 

flashover, which is a flashover on a partially contaminated insulator preceded by 

little or no leakage current on the insulator surface, was investigated by Gorur et 

al. in [243, 244], where a high non-uniform electrical field distribution was 

suggested to be responsible for the sudden flashover phenomenon. 

In [245, 246], the authors presented an approach for electric field computation on 

the insulation surfaces in the presence of discrete water droplets, which is the first 

step in the transition from dry to a partially or completely wet surface. The electric 

field calculation showed that the shape of the water droplet has an effect on the 

magnitude of the electric field. 

2.16 Summary 

It has been shown using the available literature that the electrical performance of 

silicone rubber insulators is linked to their surface properties.  In particular, 

insulators with hydrophobic surfaces can maintain lower leakage current, and 

high resistant to flashover in wet polluted conditions than insulators with 

hydrophilic surfaces was observe. 
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The surface condition of silicone rubber insulators operated in different 

orientations under harsh climatic conditions been found to deteriorate with age.  

Ageing has been found to reduce polluted silicone rubber insulator performance, 

and cause increased incidence of surface discharges and leakage current.  This 

increasing can cause erosion of the protective housing material, which in severe 

cases can expose the structural core, precipitating mechanical failure. Therefore, 

relationship between electrical performance and insulator surface condition is 

observed, where the direct analysis of the state of the insulator surface is a useful 

tool in evaluating insulator ageing. 

The TS4 insulator is proposed by AHIVE, Cardiff University as a novel insulator 

design for silicone rubber insulators that aims to improve the flashover and 

electrical performance of polymeric insulators by reducing the surface damage 

due to discharges and dry-bands. The present research describes the experimental 

investigations of TS4 insulators using standard and non- standard tests and novel 

test procedure to assess the expected improvement from them. 
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3 Experimental facilities, samples and test procedures 

3.1 Introduction 

An understanding of flashover phenomenon of SiR insulators under different 

climatic conditions is of practical interest to utilities seeking to implement outdoor 

high voltage insulators for power system applications.  

In this investigation, careful laboratory experiments and processes have been 

developed to: 

- make insulation samples for different tests, 

- establish the required tests conditions, 

- conduct the experiments as they are designed, and 

- measure the relevant electrical properties that can be used as indicators of 

tested insulator condition. 

Any experiment must limit the extent of the parameter space that it examines. To 

limit the scope of these experiments, leakage current and accumulated energy 

together with thermal and visual images were chosen as indicator parameters. 

Leakage current measurement provides information on the present state of the 

sample under test, while historical information derived from the accumulated 

energy. In the course of the performed flashover tests, the flashover voltage 

magnitude was used to examine the condition of the insulators at this event.  

Tests samples and full insulators made of silicone rubber material were exposed 

to varying numbers of UV irradiation cycles. A combination of UVA and UVB (300–

400 nm) closely representing the UV spectrum of sunlight, was applied in the 

accelerated ageing procedure using the Atlas Suntest XXL+ artificial weathering 

facility. One of the main sources of degradation of polymeric insulator is 

ultraviolet light, with the sun, corona and dry-band arcing activity on the insulator 

surface each being a significant source of UV radiation. UV radiation represents 

only about 5% of the solar spectrum reaching the earth, but causes the most 

significant damage to polymeric insulators in the form of degradation, which 

ultimately can lead to degradation of their dielectric and weathering properties. 

The level of SiR material degradation depends on both the intensity and 

wavelength of UV light. 
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3.2 The experimental tests 

Many experimental investigations related to outdoor high voltage SiR insulators 

have been performed to examine the electrical field stress on the surface and the 

effect of climatic conditions electrical performance. These tests and investigations 

differ in terms of quality or method. In this work, silicone rubber rectangular 

samples (non-textured and TS4) were manufactured and subjected to the inclined 

plane tests (IPT) according to the IEC 60587 [192] standard. Standard and non-

standard tests were also performed on 11 kV non-textured and TS4 silicone 

rubber insulators in high voltage laboratory fog chamber. 

3.3 Textured Pattern 

Previous work in the laboratory [59, 60, 247, 248] has developed solutions for the 

improvement of the pollution performance of silicone rubber insulators by the use 

of textured surfaces. The shallow geometry of textured insulators can achieve a 

significant increase in creepage distance, while retaining a standard open profile 

[60]. The samples texturing consists of an array of hemispherical protuberances 

arranged with a square intersection of 4mm as described in section ‎3.3. This 

insulator type was selected to represent the textured design to compare with non-

textured type, TS4, for which flashover performance has seen an improvement of 

26% under clean-fog test, when subjected to conditions of high pollution and 

wetting level. It also showed a significant reduction in LC, surface tracking and 

erosion under IPT. 

For both textured and non-textured surfaces polluted with the same pollution 

layer characteristics (thickness t (m), conductivity σ (S/m)). The layer 

conductance is given by: 

𝑘 = 𝑡 ∙ 𝜎  (S)  ……………………………………………..……………….…. (‎3-1) 

The density of leakage current (I), inside the pollution layer at position (X) is given 

by:  

𝐽𝑙𝑎𝑦𝑒𝑟 =
𝐼

𝑋.𝑡
  (A/m2) ………………………..…………...…..……………… (‎3-2) 

Assuming the layer thickness (t) to be constant, the surface leakage current 

density becomes: 

𝐽 = 𝐽𝑙𝑎𝑦𝑒𝑟 ∙  𝑡  (A/m) ……………………………………………………….. (‎3-3) 
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The use of insulator surface texturing increases the surface area of an insulator by 

a factor α (Jnon-textured / Jtextured = α = 1.301 for a TS4), the leakage current density J 

by the same factor. The creepage distance is also increased, and the electric field 

strength E is reduced by a factor β (Enon-textured ⁄ Etextured = β = 2.222 for a TS4). The 

leakage distance is itself increasing by the same factor [60]. 

Figure ‎3-1 shows an example of a contiguous textured pattern with square 

intersection. The overall leakage distance is increased by a factor of 𝛼 = 1.301, 

resulting in a substantial decrease of the leakage current density (J) and the 

electric field strength (E). 

 

  

 

Figure ‎3-1. An array of contiguous textured square pattern [60]. 

Therefore, the use of textured design gives some control over both the surface 

area (factor α) and the leakage distance (factor β), and results in a reduction of 

Power dissipation P (W/m2) on textured pattern surface by combination of these 

factors as follows: 

 

α. β =  
Pnon−textured

Ptextured
= 

Enon−textured

Etextured
∙  

Jnon−textured

Jtextured
= 2.891  ……………… (‎3-4) 

 

This function is a figure of merit for the ability of the textured design to prevent 

the drying of the pollution layer by decreasing the surface power dissipation. 

(a) Top view of an array of contiguous textured 

square pattern 

(b) Side view of part-spherical protuberance 

a = Radius of a protuberance 

b = Radius of the base circle 

c = Height of the base circle 
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3.4 The inclined plane tests (IPT) 

Outdoor insulation materials, used in high voltage insulation systems, should be 

tested to determine their ability to resist erosion and tracking. The inclined plane 

method is commonly used to evaluate the tracking and erosion resistance of 

polymeric insulation materials. Tracking is defined as the progressive degradation 

of the surface of insulation material by localised discharges, evolving to form a 

conducting or partially conducting path, whereas the electrical erosion is defined 

as the wearing away of insulation material by the influence of electrical discharges 

without the formation of  tracks. The IEC-60587 standard specifies the inclined 

plane test as an accelerated ageing test for rectangular samples of polymeric 

insulation material subject to extreme electrical stress, in order to investigate the 

erosion and tracking performance of these materials. 

3.4.1 Rectangular silicone rubber samples 

Each sample has dimensions 120mm x 50mm and thickness 6mm. The samples 

are manufactured using a pair of aluminium casting plates to form a mould into 

which the rubber compound is injected. A typical non-textured sample is shown in 

Figure ‎3-2(a). The casting of textured samples, as in Figure 3-2(b), is carried out as 

proposed in [60], in which blind holes are drilled into the face of one of the casting 

plates to form the negative of the required surface texture. 

 

 

 

Figure ‎3-2. (a) Conventional, non-textured sample; (b) a 4mm intersecting square sample; 
and (c) Aluminium mould  plate for a textured rectangular sample.  

To produce a mould, a computer numerical control CNC machine was used to mill 

the textured square pattern from the casting plate. Figure 3-2(c) shows the 

patterned aluminium mould plate for a 4mm square-intersecting. An injection 

inlet and two vent channels were drilled in one of the two moulding plates. Before 
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injecting the silicone rubber compound, the two halves of the mould are brought 

together and secured in the correct position using a pair of bolts. 

3.4.2 Sample preparation 

Samples (non-textured and textured pattern) were papered and used to perform 

the inclined plane test as specified in IEC 60587 [192].  Room temperature 

vulcanised silicone rubber (RTV-2) was prepared by thoroughly mixing two 

silicone rubber liquid components, the base resin and a curative, to a ratio of 9:1 

Figure ‎3-3(a). During the casting process using an MCP 5/01 vacuum casting 

machine, the mixed SiR material is injected into the mould. Figure 3-3(b) indicates 

the fundamental components of the casting machine: (1) the touch control unit, 

(2) the top mixing chamber, and (3) the lower injection chamber. Mixing of 

silicone rubber components takes place in the top chamber while the lower part, 

which contains the metal mould, is used for the injection process.  

 

Figure ‎3-3. Fabrication equipment for SiR rectangular samples: (a)mixing 
components(A/B); (b) vacuum  casting machine; and (c) oven. 

At the start of the casting process, trapped air is removed from the silicone rubber 

mixture by pre-degassing for few minutes in the vacuum chamber. After almost 12 

minutes of continued stirring and degassing, the mixture is ready to be injected in 

the mould, which is already in place in the lower chamber of the casting machine. 

(1) 

(3) 

 

 

0 

(2) 

 

 

0 

 (1) Touch control unit 

 (2) Top mixing chamber 

 

 

0 

(3) Lower injection chamber 

 

 

0 

(a) 

 

 

0 

(b) 

 

 

0 

(c) 

 

 

0 



 

3-6 
 

The injection is performed by applying steady pressure because the geometry of 

the mould cavity is not overly complex.  

When the cavity is full, material begins to emerge from the venting channels. The 

casting machine is then switched off and the mould placed for curing in an oven 

Figure 3-3(c) at 50 ̊Celsius for 8 hours. After the mould has been left to cool for an 

hour, the halves of are gently separated to reveal the cast. The sample is then 

removed and inspected for any visible imperfections or voids. If there is no 

manufacturing defect, the moulded sample is left for a further 24 hours at room 

temperature to ensure the completion of the polymer cross-linking. 

3.4.3 Inclined plane test set-up 

According to IEC 60587, the inclined plane test (Figure ‎3-4) is one of the classical 

methods to evaluate the resistance of rectangular silicone rubber samples to 

tracking and erosion under HV stress. 

 

(1) Variac                    
(2) Isolation transformer                   
(3) (L-C) Filter                                              
(4) 240/10kV transformer                
(5) Variable resistor (1kΩ)                        
(6) SiR sample                               
(7) 33Ω resistor                                             
(8) HV probe                                       
(9) Digital video camera                         

(10) Infrared camera                                       
(11) Laptop                                 
(12) Overvoltage protection circuit                             
(13) Digital oscilloscope                   
(14) DAQ system                          
(15) PC                                         
(16) Orange/White tube                          
(17) Peristaltic pump                        
(18) Contaminant tank 

Figure ‎3-4. IPTequipment configuration. 
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3.4.3.1 Test source 

High voltage is applied using a 240V/10kV 20kVA transformer, its primary is fed 

through a variac controlled from the front panel of the ageing test unit. Tests are 

performed according to method 1 in IEC 60587: constant tracking voltage at 

equivalent supply voltages of 2.5 or 3.5kV (r.m.s) at 50Hz, with corresponding 

series resistances are 10kΩ and 22kΩ respectively.  

In this work, to ensure voltage regulation is satisfactory and remains below the 

specified tolerance of 5%, one sample is tested at a time. The switching of chosen 

test bays is achieved by high voltage relays controlled from the digital outputs of 

the data acquisition board. Alternatively, manual switching of the relays is 

possible using the push buttons on the control panel of the test station. The 

applied voltage was measured using a high-voltage capacitive probe (Ross EMC, 

VD45-8.3-A-LB-AL, Divider) having 1000:1 ratio. For experimental safety, the high 

voltage transformer and its local equipment such as the high voltage probe were 

kept in a cage that was accessible through a door with an interlock system. 

The leakage current is measured using a 33Ω shunt resistance, in series with a 

quick-blow fuse and in parallel with a 10V metal oxide varistor (MOV) for 

protecting the data acquisition board. The end of the test was determined by 

Criterion A (IEC 60587), where a leakage current of 60mA has persisted in the IPT 

high voltage circuit for at least 2 seconds. Once this criterion is met, an over-

current relay is automatically operated by means of the LabVIEW control 

program, cutting off the high voltage supply. Any test reaching this criterion in less 

than 6 hours was classified as having failed. 

3.4.4 Inclined plane test set-up facilities 

The inclined plane test facilities shown in Figure ‎3-5 consist of three main parts: 

(a) an accelerated aging unit, (b) voltage and current measurement equipment and 

circuit, including a acquisition system consisting of a LeCroy digital oscilloscope 

(DSO) and a desktop computer with National Instruments PCI-6254 data 

acquisition board for running and controlling the LabVIEW program, (c)  

monitoring system which is used visual and thermal infrared cameras. 
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Figure ‎3-5. The inclined-planetest facilities: (a)Accelerated ageing unit; (b) DAQ and IR 
recording; and (c) FLIR IR &video cameras. 

3.4.5 The accelerated ageing unit 

The accelerated ageing unit is a metal enclosure consisting of a test compartment 

at the top of the unit, and the equipment for the high voltage supply and saline 

contaminant delivery located on the lower shelves of the unit.  

The ageing unit is shown in Figure ‎3-6. The main top section consists of test bays 

equipped for holding up to five samples, at a 45oincline from the horizontal. 

The contaminant that had an adjusted conductivity volume to 0.253 S/m is 

delivered by a  Watson Marlow 205S/CA peristaltic pump using a 0.1 % (by 

weight) ammonium chloride (NH4 Cl) solution, a 0.02 % non-ionic Triton X-l00 

wetting agent and distilled water. The pump can provide flow rates from 0.6÷60 

µl/min. The contaminant flow rate was a critical parameter since it is determines 

the nature of observed arcs and discharge activity. It is, therefore, necessary to 

ensure uniform contamination along the centre of the underside of the sample, 

with contaminant flow rates as a function of the applied voltage defined by IEC 

60587, and summarised in Table ‎3-1. It should be noted that the rectangular 

samples were weighed before and after the tests, so as to calculate the material 

weight loss. 

 

(b) 

(a) 

(c) 
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(1) Main power switch. 

(2) Protection fuse. 

(3) On/Off switch. 

(4) HV relay START. 

(5) HV relay STOP. 

(6) Variac. 

(7) Test compartment. 

(8) Test bays. 

(9) Test sample. 

(10)  H. V. electrode. 

(11)  Ground electrode. 

(12)  Tray. 

(13)  Tubes. 

(14)  Interlock safety. 

 

Figure ‎3-6.  The IPT  accelerated  ageing  unit. 

During tests, the contaminant was fed midway between eight layers of filter-paper 

with thickness of 0.15÷0.25mm, cut in a shape which would be clamped between 

the high voltage electrode and the mounted sample surfaces. And also a tray 

located below the test bays accumulates the waste contaminant dripping off the 

samples and any lost material due to erosion. 

Samples were mounted at a position of 45o, with a pair of steel electrodes fixed 

5cm apart as indicated in the Figure ‎3-7. Eight layers of filter paper placed below 

the H.V electrode served as a reservoir for the contaminant. 

  

 
 
 
(1) H V electrode 
(2) Filter-Paper 
(3) Test Sample 
(4) Ground Electrode 
(5) Sample Support 
(6) Contaminant feed 

Figure ‎3-7. IPT Insulating sample arrangment [192] 
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A uniform contaminant flow rate required in accordance with supply voltage 

levels as shown in Table ‎3-1. The suspension in the contaminant tank was 

renewed at intervals of no more than 4 weeks. 

Table ‎3-1. Inclined plane test parameters 
Test voltage 

( kV ) 
Contaminant flow 

( ml/min ) 
Pump speed 

( r.p.m ) 
Series resistor 

( kΩ ) 

2.5 0.15 9 10 

3.5 0.30 16.5 22 

4.5 0.60 32 33 

The inclined plane station was built with consideration of user safety during 

testing as well as protection of test equipment and samples. An interlock safety 

system interrupts power supply in the event of the cage door being opened mid 

test. A modified test station door has been made of transparent PVC allowing 

monitoring of the test sample using infrared and visual cameras. The top of the 

test facility has open holes providing ventilation for smoke resulting from the 

material erosion. Once a steady flow of the contaminant is established on the test 

surface, the high voltage is supplied to the sample. 

3.4.6 The data acquisition system 

Data acquisition (DAQ) system used in this work consists of two programs (virtual 

instruments), developed in National Instruments (NI) LabVIEW: (a) Acquisition, 

monitoring and storage of live test data, and (b) post processing code for analysis 

of saved test data, to determine the electrical characteristics of the test insulator 

surfaces. 

3.4.6.1 Data acquisition system program 

The leakage current and applied voltage signals were acquired simultaneously, 

using a digital oscilloscope and a 400 kS/s National Instruments PCI-6254 data 

acquisition board. The data acquisition board can acquire 32-bit analog inputs (1-

channel) or 16-bit differential analogue inputs (Multichannel) vertical resolution. 

Control and measurement signal lines to and from the IPT station are connected to 

the DAQ board through an SCB-68 connector block. An SHC68-EPM shielded cable 

was used as a connection link between the connector block and the DAQ board. 
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The design of the inclined plane test data acquisition (DAQ) program is complex, 

due to the required leakage current termination condition. Using NI LabVIEW 

2010, the data acquisition (DAQ) program was built to monitor, acquire and store 

waveforms of applied voltage and leakage current. The interface of the DAQ 

program is shown in Figure ‎3-8. The program for data post processing was the 

same as that was used to analyse saved data from the fog chamber tests. After 

switching on the IPT station, the LabVIEW program controls the operation of the 

high voltage relays by means of its digital I/O channels. 

 

Figure ‎3-8. IPT  Front panel LabVIEW. 

When a continuous leakage current has exceeded 60 mA for 2 seconds, a control 

signal is sent from the DAQ board to open the HV circuit breaker, thereby 

interrupting the power supply. In emergency situations, these relays may be 

switched off from the software control panel. Once the 6 hour test time specified 

in IEC 60587 has elapsed, the test is terminated by LabVIEW program opening the 

high voltage relays.  

A Nekeb, AHIVE, School of Engineering 
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Front panel controls allow the user to define the sampling mode (always 

continuous) and the sample rate (10,000 samples per second for both applied 

voltage and leakage current). The other controls were used for defining the digital 

I/O lines, specifying the voltage divider ratio, and a data save function that 

includes file path and filename specification. Also, included is a time and date 

function which informs the user of when the test was initiated. The relay controls 

and indicators are used to select the test bay to be energised. 

Running along the top of the front panel, five graph indicators show the history of 

the rms leakage current. Beneath these, waveform of applied test voltage, and a set 

of indicators give information about the on/off state of high voltage relays. Low 

voltage signals from the output of the high voltage capacitive divider and the 33Ω 

leakage current shunt were transferred to the DAQ by means of coaxial cables. The 

sampling rate for all tests was 10 kS/s per channel, each 20ms power frequency 

cycle generating 200 measurement samples. The LabVIEW program was used to 

store the waveform signals of voltage and leakage current in a series of 3600 

TDMS files for each test (6 hours of testing). Signals were acquired using a NI-PCI-

6251-16 bit DAQ connected to an NI-SCB-68 connector board with a SHC68-68-

EPM shielded cable. With each file having 60,000 data points, the resulting stored 

data per test is approximately 8.5 Gigabytes necessitating the use of additional 

code for data post processing. 

3.4.6.2 Data post processing program. 

A second LabVIEW program was developed to read and analyse the saved data 

acquired from the fog chamber tests and the Inclined Plane Tests. The front panel 

of the program user interface is shown in Figure ‎3-9(a). The field “Main Read 

Path” allows the user to specify a direction from which to read the data files. 

Similarly, the field “Main Writing” determines the save path for the post-processed 

files. 

The controls to the right of the front panel are used to specify the electrical 

parameters to be calculated and saved. The loaded data is processed and displayed 

under a series of tabs. An example tabbed display of leakage current profile is 

shown in Figure ‎3-9(b). In addition to plots of the leakage current waveforms, 

there are also indicators of historic leakage current r.m.s and peak values.  
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(a) Data post processing program user interface 

 

(b) Lealage current profile tab 

Figure ‎3-9. Front panel of the data post-processing LabVIEW code. 

Page1  V & LC  V rms     LC rms   Resistance  FFT  THD  Acc. Energy  Ave. Power     PF Angle 

Page1  V & LC  V rms     LC rms   Resistance  FFT  THD  Acc. Energy  Ave. Power     PF Angle 

Stop logging 

   Saving Data 

    LC peak 

    LC rms  

   LC waveform 

     

     

     

  6.64 kV 

  2.87 kV      LC frequency  

  50 Hz 
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The tab pages are used for displaying such electrical characteristics as the rms and 

peak applied voltage and leakage current, Fast Fourier Transforms (FFT) of 

voltage and current measurements, Total Harmonic Distortion (THD), 

accumulated energy, and average power. 

The sequence of operation of the data processing program is as follows: 

i. Access saved records folder for applied voltage and leakage current data 

acquired during actual tests. 

ii. Define a folder for saving the new processed data. 

iii. Calculations of required electrical parameters over a single cycle time window 

of the raw source data (200 samples for 50Hz). 

iv. Repeat calculation for subsequent cycles. 

v. Store new calculated properties in a folder. 

The code calculates the electrical characteristics that are used in this work as 

follows: 

1- Root mean square (r.m.s), it is calculated for signals of the applied voltage 

(𝑉𝑟.𝑚.𝑠) and leakage current (𝐼𝑟.𝑚.𝑠) for a period of measurement (N) according to 

the formula: 

𝑉𝑟.𝑚.𝑠 = √
1

𝑁
 ∙  ∑ 𝑉𝑛

2𝑁
𝑛=1  …………………………………………………. (‎3-5) 

Where, N in this work is equivalent to the number of samples of one 

cycle (𝑁 = 200)  

2- The peak magnitude, both peak of voltage (𝑉𝑝𝑒𝑎𝑘) and leakage current (𝐼𝑝𝑒𝑎𝑘) 

over each recorded cycle is achieved by detecting the maximum value.  

3- The average power, it is calculated for one cycle by multiplying each voltage 

element by its counterpart of leakage current according to the formula: 

𝑃𝑎𝑣 =
1

𝑁
∑ 𝑣𝑛 ∙ 𝑖𝑛

𝑁
𝑛=1  ……………………………….………………… (‎3-6) 

 

Therefore, multiplying the average power with the cycle duration which is 

T=0.02s will result in the absorbed energy per cycle: 

 

𝐸𝑎𝑣 = 𝑃𝑎𝑣 ∙ 𝑇 ……………………………………….………………. (‎3-7) 
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4- The accumulated energy was calculated by adding the energy per cycle for each 

record to previously calculated total, in this work it is calculated from Equation      

(3-8): 

𝐸𝑎𝑐𝑐 =  ∑ 𝐸𝑎𝑣𝑛

𝑛
𝑛=1  ………………………………………………..  (‎3-8) 

 

3.5 Fog chamber tests 

3.5.1 Test samples 

The design of polymeric insulators is not yet as standardised as it is for porcelain 

insulators. Designs have varied since the introduction of polymeric insulation 

materials and will continue to do so for several years. The continual change in 

insulator design is regarded as a major concern for utilities and researchers [33]. 

It should be noted that, at the beginning of this work, another two insulators were 

tested. Following initial tests 11kV insulators, both non-textured and 4mm square 

textured in the shank regions were selected as samples for this work. These 

insulators are detailed and described in Table ‎3-2, Figure ‎3-10 and Figure ‎3-11. 

Because of the TS4 insulator is still at the development stage, and it has yet not 

commercially available, justifications for the adoption of its design are as follows: 

- For conditions of heavy pollution and wetting, a 26% increase in flashover 

voltage level is achieved when compared with conventional insulators made of 

the same material [22]. 

- It solves the problem of the critical region of a silicone rubber insulator. This is 

the area below the shed where pollution deposits may occur and the natural 

washing process is least effective. At this location, an intensified electric field 

causes additional surface heating, which may result in dry-band formation, 

discharge arcing, and may consequently lead to thermal damage of the insulator 

surface. 

- Compared with the other texture patterns investigated by [22], the best 

performance following UV irradiation has observed. 

- Unlike non-textured insulators, the formation of parallel leakage current paths 

on the surface of the TS4 insulator leads to less harmful discharges, and results 

in insignificant material losses. 
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Figure ‎3-10 shows the samples used in this study, cast in high voltage laboratory, 

at Cardiff University. Both insulators have equal shed diameters of 90mm; and the 

axial distance between sheds is 45mm. The sheath thickness is around 5mm, 

where the creepage distance across the whole insulator surface is almost 375mm 

for the conventional insulator and 471mm for the TS4 insulators. 

  

(a) Conventional or non-textured (b) 4mm square textured (TS4) 

Figure ‎3-10.Silicone Rubber Insulators selected for tests. 

Forged alloy is used for the high voltage and ground terminals, which are attached 

to 170mm, 18mm diameter rod as a core. The core is a fiberglass material with 

relative permittivity 𝜀𝑟 = 7.1 [249] reinforced with epoxy resin for enhanced 

mechanical strength [249]. Detailed dimensions of the insulator geometries are 

given in Table ‎3-2. 

Table ‎3-2: Geometrical details of tested insulator samples 

Insulator 

Section 
length  

(mm) 

Leakage 
distance 

 (mm) 

Form 
factor 

(F) 

Distance 
between sheds  

(mm) 

Core 
Diameter 

(mm) 

Diameter  

of sheds 
(mm) 

Shank 

diameter 
(d) 

a 170 375 2.76 26 18 90 28/42 

b 170 471 2.79 26 18 90 28/42 

Non-textured insulators are casted by using a metal frame, which is fabricated by 

the manufacturing centre at Cardiff University as shown in Figure ‎3-11(a). TS4 

insulators, which are casted using a silicone mould are also manufactured in the 
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high voltage laboratory based on the design profile of the conventional SiR 

insulator, as shown in Figure ‎3-11(b).  

  

(a) Non-textured (b) Textured (TS4) 

Figure ‎3-11.Casting of silicone rubber insulators 
 

Both SiR sample housings were cast over a fiberglass core, connected directly to 

pigtail and pin metal end fitting as shown in Figure ‎3-12. An adhering primer has 

been used to avoid the poor adhering properties of silicone rubber to metal 

surfaces, and to obtain a strong bonding between them. 

 

 
 

Figure ‎3-12.SiR pigtail and pin End fitting design 

The housings of both non-textured and TS4 insulators were manufactured using 

compound of material (B). The mechanical and electrical properties of the silicone 

rubber material A and material B are given in Table ‎2-1. 

    Pigtail 

 
   Fiberglass Core     Pin 
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Table ‎3-3: Properties of silicone rubber materials A and B 

Property Inspection Method 1540/10P 600A/B 

Dielectric strength (kV/mm) IEC 60243 24 23 
Permittivity IEC 60250 2.8 2.9 

Dissipation Factor IEC 60250 0.001 0.00031 

Elongation at break (%) ISO 37 500 500 
Hardness Shore  DIN 53505 35 30 
Tear-strength (N/mm) ASTM D 624 B 30 25 

Tensile strength (N/mm²) DIN 53504 4.6 6.5 

Tracking resistance IEC 60587 1A3.5 1A3.5 
Volume resistivity (Ω cm ) IEC 60093 5x10 14 10x10 15 

3.6 Insulator Casting 

Two types of silicone rubber insulators were manufactured with identical 

geometries and, with TS4 insulator having a longer leakage distance due to its 

surface texturing. The non-textured insulator was manufactured to mirror 

available commercial insulators, while the TS4 has been designed in-house, based 

on the same insulator profile. 

As with casting the IPT test samples, when the material fills up the cavity during 

casting of whole insulators, it starts to emerge from the venting channels. The 

casting machine is at this point switched off and the mould placed for curing in an 

oven at 50 ̊C for 8 hours or more (Figure ‎3-3(c)). After the mould has been left to 

cool for an hour, the mould or frame sides are gently separated to reveal the cast. 

The insulator was then removed and inspected for any visible imperfections or 

voids. If there was no problem, it was left for another 24 hours at room 

temperature to 

 make sure that the cross-linking (bonding the links of polymer chains to each 

other) of the polymer had been completed. Any extra rubber material that was 

attached to the cast, due to the material filling the injection gate and the venting 

channels, was removed with a sharp scalpel. The insulator was gently cleaned with 

warm water and allowed to stand for another 1-2 days and then it was ready to be 

tested [22]. 

3.7 Preparation of pollution suspension used for clean fog tests 

An artificial pollution was prepared by using a solid layer method based on kaolin 

suspension as specified in BS EN 60507 standard [191]. The pollution suspension 

was prepared by dissolving 40g of kaolin in one litre of demineralised water as the 
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non-soluble component (NSDD on average is 0.2 mg/cm2), An appropriate amount 

of sodium chloride (NaCl) was added to achieve the desired volume conductivity 

of 2.8 S/m at 20˚C, which corresponds to light pollution level. In few cases, a 

pollution slurry with a volume conductivity of 11.2 S/m was also prepared to 

investigate the effect of different conductivities. A 1 g/l of a non-ionic wetting 

agent Triton X-100, was added to increase the wettability of the hydrophobic 

surface [42]. This allows a more uniform pollution film to form over the insulator 

surface. 

Prior to contamination, the test insulator was thoroughly cleaned using water to 

remove any unwanted pollution traces. The kaolin suspension was applied to the 

test insulator by dipping the insulators in pollution slurry to ensure that all 

surfaces of the polymer material were coated with the contaminant. The insulator 

was left to dry vertically at room temperature for at least 6-8 hours before testing 

in the clean fog chamber. Before the polluted insulators were mounted in the fog 

chamber for testing, the insulators were visually inspected to verify that a 

homogeneous solid pollution layer had formed. 

3.8 Measurement of insulator contamination level 

Contamination levels on the insulator surfaces can be given in terms of standard 

measurement of Equivalent Salt Deposit Density (ESDD), which is usually different 

at the top and bottom surfaces of the insulators. The technique used to determine 

the ESDD level in the laboratory, which is expressed in mg/cm2 is known as the 

rag-wipe method [19]. ESDD is measured by dissolving the contaminants of a 

specified area on the insulator surfaces, in a fixed volume of deionised water. The 

conductivity (  ) of the rinsed solution is then measured using a HANNA 

Instruments 8733 conductivity meter at temperature θ ̊C. The value of σ20 is then 

obtained from   by the following relationship:  

)]20(1[20    b  ……………………………………………. (‎3-9) 

Where: 

 σ20= the layer conductivity at a temperature of 20 ̊C in S/m.  

  = the layer conductivity at a temperature of θ ̊C in S/m. 

 b = a constant factor depending on the temperature as given in [250]. 
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The desired salinity Sa (kg/m3) is achieved by adding a suitable quantity of NaCl. 

The relationship between Sa and the volume conductivity σ20 (S/m) at 20 ̊C of the 

suspension can be expressed as: 

03.1

20)7.5( aS ………………………………….……………….. (‎3-10) 

The equivalent salt deposit density (ESDD) in mg/cm2 is obtained using the 

following equation:  

)/( AVSESDD a   ………………………………..……..……….. (‎3-11) 

Where: V = the volume of solution in ml. 

         A = the area of the cleaned surface in cm2. 

The application of artificial contaminants results in a homogeneous pollution layer 

over the insulators’ surfaces. The measured ESDD for the pollution insulators is 

given in Table ‎3-4. The non-soluble deposit density (NSDD) due to the kaolin was 

about 0.1±0.03 mg/cm2. 

 

Table ‎3-4. Pollution specification on surfaces of non-textured and textured SiR 
insulators 

Insulator 
Pollutation 

conductivity 
S/m 

Layer test 
conductivity 

µS/cm 

Salinity 
kg/m3 

ESDD 
mg/cm2 

Non-textured 
2.8 90 0.05 0.07 

11.2 694 0.29 0.64 

TS4 
2.8 117 0.06 0.10 

11.2 759 0.42 0.70 

 

3.9 Fog chamber test facilities 

Figure ‎3-13 illustrates the layout of the test circuit used in this work for the 

artificial pollution test, rain test and flashover test. 

The test voltage, voltage across the test insulator (2), was supplied by a 

Hipotronics AC dielectrics test set via a 75kV high voltage transformer (1) capable 

of delivering 2A at 50kV. A PLC regulator unit controls the supplied voltage by 

adjustment of a Peschal variable autotransformer (output 0-960V). 
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(1) H V transformer 

(2) Fog chamber 

(3) SiR insulator 

(4) Capacitive divider 

(5) Variable shunt resistor 

(6) Protection equipment. 

(7) Optical link 

(8) DAQ system. 

(9) PC 

(10) Digital oscilloscope. 

(11) Infrared camera. 

(12) Digital video camera. 

(13) Laptop. 

Figure ‎3-13.Circuit diagram of the artificial tests setup. 

Depending on the test being performed, a particular voltage-time characteristic 

may be required, which may be achieved by manual control of the test set, or by 

pre-programming the controller with the required characteristic The applied 

voltage level is displayed outside the fog chamber cage by a digital display 

indicator on the Hipotronics control panel, and is also acquired, displayed and 

stored with a LeCroy digital oscilloscope (DSO) (10) and the any data acquisition 

system (8, 9). The voltage divider (4) used is a North Star VD-100 RC compensated 

HV probe, with a standard divider ratio 10.000:1 and an error specification less 

than 1%. 
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3.9.1 The fog chamber 

The tests were performed in the fog chamber of Cardiff University high voltage 

laboratory. The fog chamber facility as shown in Figure ‎3-14 is described in detail 

in [239]. 

 

Figure ‎3-14. Schematic layout of Cardiff University fog chamber. 

The chamber frame (1) is made of polypropylene with excellent non-conductive 

and non-corrosive properties, having dimensions of 2m x 2m x 3m, where its door 

is made from transparent polycarbonate allowing observation of the insulator 

under test. An earthed stainless steel mesh (2) covers the chamber floor. The 

voltage supply conductor (3) enters through the chamber roof, and is connected 

directly to test insulator (4) by a vertical aluminium tubular conductor with stress 

rings (5) at both ends. The leakage current passes (6) through a shunt resistance, 

the value of which is adjusted manually depending on the test type (clean fog test, 

rain test, or flashover test) according to the anticipated level of leakage current.  

The fog is generated by nozzles (7) dimensioned according to BS EN 60507. The 

chamber has six such nozzles: two pairs mounted in opposing corners of the 

chamber and a third pair situated on the chamber floor. The chamber also has four 

(2) 

(1) 

(5) 

(4) 

(2) 

(6) 

 
(8) 

(10) 

(9) 

(7) 

(7) 
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rain nozzles (8) equidistantly spaced along a stainless steel holder fixed to on wall 

of the chamber. An external control panel situated outside the cage controls the 

fog and rain supplies. The panel (9) consists of controls to adjust the air pressure, 

water flow rate and the nozzle setting. In this system, the water is not recycled, 

and the water collected in the chamber sump (10) resulting from fog condensation 

and rain spray is removed with a water pump. 

Water of the required conductivity is prepared by adding essential electrolytes 

and trace elements to deionised water. Water conductivity is measured by a 

conductivity meter (HANNA Instrument 8733) which is capable of measuring from 

0 to 200 mS/cm. The water in the reservoir is changed once the conductivity 

increases by about 10 % of its initial value. A digital thermometer (HANNA 

Instrument 931) was used to measure the water temperature.  

For the fog tests, a flow meter (CW Specialist Equipment SE/WE/T) is used to 

control the water flow rate from three jet pumps, and can be varied from 0 to 16 

litres per hour. To obtain the required fog flow rate, the air pressure variable from 

0 to 6.5 bars by means of an air regulator. For the rain tests, a Clarke CSE 2A, 

750W pump is used to drive water from a tank to the tested insulators in the 

chamber through the rain nozzles. 

3.9.2 Leakage current measurement and its protection system 

In general, fog chamber tests (whether clean-fog or flashover) generate large 

quantities of test data comprising records of leakage current, and the test voltage. 

The leakage current measurement circuit and its protection system have been 

installed into the circuit for protecting the data acquisition system and the LeCroy 

digital oscilloscope from high current events. This ensures the voltage input at the 

input to these devices is always within a safe range of ±10V. Depending on the test 

type, the leakage current signal is produced by a measurement shunt resistor that 

is varied between the values of 100 and 1000Ω. The resistor value is changed 

manually according to the test type, to suit the leakage current magnitude.  

The over-voltage protection unit consists of 3 parallel branches made of back-to-

back high power Zener diodes, back-to-back Schottky and fast switching diodes 

and a gas discharge tube installed to limit any fast rising voltage across the 

measurement resistor as a result of a high current or a flashover. The PLC 
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regulator controller unit was protected by a fuse and circuit breaker. A further 

protection of the recording and digitizing equipment was achieved using an 

optical link. The voltage signal from the protection box was connected to the 

transmitter of a 0-15MHz Nicolet ISOBE 3000 fibre optic system, which was 

located inside the fog chamber cage area. The receiver unit was placed outside the 

cage and was linked to the transmitter through the optical fibre cable. The 

transmitter was supplied by a rechargeable battery. The voltage range could be 

controlled at the transmitter unit and was set to +/-10V. This optical system 

attenuated the transmitter input signal 5 times when the receiver output 

terminated with a 1MΩ load [22]. 

3.9.3 The data acquisition system 

A DAQ system code that acquires, monitors, and saves live tests details of the 

applied voltage and leakage current waveforms was developed based on LabVIEW 

version 2010. The LabVIEW programme received leakage current and test voltage 

digital data from NI-PCI-6251, 16 bits DAQ board through NI-SCB-68 connector 

board as shown in Figure ‎3-15. 

 

Figure ‎3-15. Layout of dataacquisition system. 

The LabVIEW data acquisition program for fog chamber tests is divided into four 

main sections, as shown in Figures 3-15 to 3-18. Numbered circles in each of  

these figures represent tunnels by which data is passed from one part of the code 

to the next. Figure ‎3-16 shows a snapshot of part of the LabVIEW code that has the 

necessary controls for setting and informing the used Virtual Instrument 

elements. These controls allow the user to define the sampling mode (1) and 

sampling rate (2). The analogue I/O lines carrying the voltage and current signals 

PC 

 

Coaxial cables NI-SCB-68 connector board 

SHC68-68-EPM shielded cable 

NI-PCI-6251,  
16bits DAQ board 

 

 

LC 
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are selected by (3), and the range of acquired data adjusted using the 

maximum/minimum controls (4). 

 

Figure ‎3-16. Seting and informang the virtual instrument. 

Figure ‎3-17 shows the second stage of the LabVIEW data acquisition program. A 

time and date function (5) is used to display timing information on a status bar 

and a numerical indicator. A high speed DAQ max acquisition (6) used to develop a 

Producer/Consumer programming architecture. 

 

Figure ‎3-17. Functions of DAQ max acquisition, and time / data. 

Figure ‎3-18 shows the code for defining the data saving location (7). Streaming 

data is saved in National Instruments TDMS (Test Data Exchange Stream) files, 

where each saved cycle at 50Hz has 200 samples. To ensure achieving reliable and 

continuous saving during tests without losing any data at the transaction of 

closing and opening files, the Queue/Dequeue function (8) was used. Leakage 

current and applied test voltage processing functions are shown in block 9.  

  1 
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Figure ‎3-18. Saving function, LC and applied voltage representations. 

This block consists of, (i) the essential controls to set the values of voltage divider 

ratio, (ii) the measurement resistor, and (iii) the optical link attenuation. 

Indicators of the historical r.m.s value of applied voltage and leakage current and 

the calculated resistance of the insulator surface are displayed. To detect phase 

shift between applied voltage and leakage current, a graph indicator is used to 

display both waveforms together. 

Data is saved to TDMS files is using a Write to Measurement File function (10), as 

shown in Figure ‎3-19. This function allows fast generation of sequenced data files, 

with each file containing 60,000 samples of the LC and applied voltage. The code 

indicated by (8) is the remaining part of the Queue/Dequeue function introduced 

previously. 
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3 

(7) 

(8) 
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Figure ‎3-19. File saving function. 

. 

3.9.4 . Thermal and visual records 

The monitoring and recording of discharge activity and dry-band formation on 

both the insulators and material sample surfaces is performed using a Sony high 

resolution video camcorder and a FLIR A325 infrared thermal camera. The video 

camera was used to capture a visual record of the discharge activity during the 

tests, while the FLIR A325 was used to monitor surface heating and thermal stress 

due to electrical activities such as leakage current, dynamic dry-band formation, 

and/or spark discharge activity.  

Using the FLIR ThermaCAM Researcher software interface, infrared records can 

be captured and saved in files to be dynamically post-processed to retrieve test 

information. The infrared camera has a spectral range from 7.5 to 13 µm, an image 

resolution of 320x240 pixel, and variable imaging frequency to 60 Hz. 

Both the video camcorder and infrared thermal camera were mounted on a tripod 

and placed outside the inclined plane station and/or the fog chamber. The samples 

are directly observed by means of rectangular openings in the test chamber doors. 

During the fog tests, condensation may prevent clean recordings. For this reason, a 

fan is directed at the camera for the duration of the test.  

3 (10) 

(8) 
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3.9.5 Correlation of thermal records with the electrical parameters 

During tests, samples and insulators were monitored with a thermal (infrared) 

camera to observe the sample heating due to discharge activity and dry-band 

formation in the infrared spectrum. The purpose of the thermal imaging is to 

identify hot-spot formation due to dry-banding and discharge on the insulator 

surface, and to correlate with measurements of leakage current and accumulated 

energy. Figure ‎3-20 shows an example of the measured leakage current 

magnitude, accumulated energy, and thermal records of a TS4 silicone rubber 

insulator tested under rain conditions. The test voltage was increased at a rate of 

approximately 4kV/minute. 

This test explores the capabilities of the infrared camera to record thermal stress 

and dry-band formation on an insulator under test, and how these records 

correlate with the profiles of leakage current and accumulated energy.  

The test was initiated with the sample energised at 0.87kV. No surface heating is 

detected by the infrared camera at this voltage, as only a very small leakage 

current is conducted on the insulator surface.  As the test progresses, the voltage 

increases to 2.6 kV and the water layer on the insulator surface becomes fully 

formed, and the first signs of surface heating are detected by the infrared camera. 

As the voltage is further increased to 10.1 kV, a hot zone gradually develops on the 

sample surface, indicating the formation of a dry-band. The temperature range 

measured for these dry-bands was 34.0 to 37.7oC. A close observation of the 

infrared records shows small discharges bridging these hot regions. At 18.5 kV a 

second dry-band formed, with the first remaining active, and both leakage current 

and accumulated energy increased. At 28.8 kV, with LC and accumulated energy 

further increased, spark channels bridging long sections of the creepage path were 

visible. At 33.5 kV, the leakage current and accumulated energy was further 

increased, and the discharge activity became more intense resulting in a 

redistribution of the test voltage along the creepage path of the sample, indicated 

by a reduced intensity of the thermal image in the region of the dry band. After 8 

minutes of testing, a flashover terminated the test at 41.5 kV, where the leakage 

current and the accumulated energy reached values were 55mA and 105.4kJ 

respectively. The temperature measured during the flashover was 324.6oC. 
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(a) Test voltage, leakage current, accumulated energy 

  
(1) 2.6 kV (2) 10.1 kV 

  
(3) 18.5 kV (4) 28.2 kV 

  
(5) 33.5 kV (6) 41.5 kV 

(b) thermal records 

Figure ‎3-20. Correlation between the electrical parameters and thermal records of TS4 
silicone rubber insulator during rain flashover test.  
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 (3) 
 (4) 

 (5) 
 (6)   

Test voltage 
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The combination of acquired leakage current, calculated accumulated energy and 

the infrared camera stills revealed that (a) outstanding thermal images of 

electrical activity and dry-band formation and development could be acquired; (b) 

the thermal images acquired allow us to ascertain the thermal stresses on an 

insulator surface at a greater level of detail than is afforded by electrical 

measurements alone. This combination of measurements allows a more 

informative study of the effect of various conditions on the performance of silicone 

rubber insulators. 

 

3.10 Conclusion 

Indoor test methods have been used to study contaminated outdoor insulators 

performance. There are no specific standards for conducting an artificial pollution 

test on polymeric insulators, and the standard tests for traditional ceramic 

insulators cannot be used because of the differences of surface properties. 

Considerable effort has been devoted into finding ways of testing polymeric 

insulators to investigate and predict their performance under different conditions. 

Room temperature vulcanised (RTV-2), silicone rubber rectangular IPT samples as 

specified in IEC-60587 and both 4mm square textured pattern and non-textured 

insulators based on commercial available insulator were cast in-house at room 

temperature using an MCP 5/01 vacuum casting machine. 

The inclined plane test based on IEC 60587 was performed to evaluate the 

tracking and erosion resistance, of two types of commercially available SiR 

materials from manufacturers A and B at different UV irradiation levels. The 

samples are contaminated with a contaminant of conductivity volume of                  

0.253 S/m. 

Among the many artificial pollution test methods that have been used to simulate 

the natural conditions, the solid layer method presented in IEC-60507 with 

modified Kaolin/salt suspension by adding Triton X-100 as non-ionic wetting 

agent was adopted in this work.  

Waveforms of applied test voltage and leakage current of the inclined plane tests 

and the clean fog tests were monitored and stored in a series of TDMS files using 
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different data acquisition systems, developed based on NI LabVIEW 2010. Where, 

another post-processing LabVIEW program was developed, to analyse the 

acquired data, and to calculate the required electrical parameters used as an 

indicator of the performance state of tested samples. 

Visual and thermal observations by using a high resolution video camcorder and a 

FLIR A325 infrared thermal camera were implemented, to monitor the difference 

on the behaviour of discharge activity of irradiated sample surfaces. 
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4 Assessment of silicone rubber insulators performance under  

ultra-violet irradiation 

4.1 Introduction 

The wavelength spectrum of ultraviolet (UV) is classified to three bands: A (315 - 

400 nm), B (290 - 315 nm), and C (below 290 nm), where the shorter wavelength 

of UV radiation is the most harmful to SiR insulators. Some five percent of the total 

solar radiation reaching the earth has the potential to cause the most significant 

damages to the polymeric insulators [251]. In addition, partial discharge and dry-

band arcs occurring close to the insulator surfaces are significant sources of UV.  

The degradation caused by UV includes crazing, chalking, tracing, splitting, 

discoloring, and loss of hydrophobicity. The extent of degradation depends on the 

radiation intensity, wavelength, and exposure time. 

Several reasons exist for studying UV irradiation as a factor affecting the electrical 

characteristics and flashover phenomenon of SiR insulators, these include to: 

1. Develop a more complete understanding of the in-service behaviour of 

practical silicone rubber insulators. 

2. Quantify the effect of leakage current caused by ageing or environment. 

3. Understanding the flashover phenomenon under UV irradiation may assist in 

understanding of the flashover process in general. 

4. Investigate the effect of UV irradiation in the context of other climatic and 

weather conditions 

One of the most important conditions to consider is exposure to UV radiation. In 

general, when polymeric insulators lose their hydrophobicity under UV radiation, 

a water film can develop on the surface, which allows a leakage current to flow 

and thus influencing the insulator performance. The level of degradation depends 

on both the intensity and wavelength of UV, both of which vary with season, 

elevation, latitude and the time of the day. Wet conditions also increase the 

degrading effect of UV radiation.  

The experimental techniques provide complementary information about insulator 

condition through visual inspection, hydrophobicity classification [176], and 

leakage current measurements [252]. In this study, UV-A and UV-B produced by 
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xenon lamps, closely representing the spectrum of terrestrial sunlight, were used 

to assess the impact of UV on the performance of textured designs. The 

temperature, humidity and irradiance were as described in BS EN ISO 4892-2. 

4.2 UV irradiation Test Details 

4.2.1 Accelerated UV weathering facility 

Samples and insulators of silicone rubber material were exposed to short 

wavelength, visible light of UV-B irradiation for periods of specific number of UV 

cycles. UV-B was used to represent the spectrum of sunlight and to accelerate the 

aging process. Ageing was conducted using the Atlas Suntest XXL+ artificial 

weathering station, shown in Figure ‎4-1. In this work the objective of artificial 

weathering is to reproduce the degradation processes and resulting damage that 

occurs naturally in a laboratory under accelerated and reproducible conditions. 

 

Figure ‎4-1. Atlas Suntest XXL+ UV Irradiation Apparatus 

The Atlas Suntest XXL+ station is switched on using the main switch (1). The 

program control of the device is operated using the touch screen (2), allowing 

input of the parameters and display of the resulting status report. The station can 

be connected with external systems through four connection ports (3), these ports 

are: 

 (1) 

 (6) 

(8) 

(2) 

(3) 

(4) 

(5) 

(7) 
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- a network connection to integrate the device into a network,  

- a serial interface that allows measuring data to be presented, when the 

device is running, 

- an output port that can enable data to be transferred to a computer 

through USB interface, and 

- a smart chip slot, for updating installed device software or loading new test 

programs.   

Three irradiator and filter cartridges (4), as shown in Figure ‎4-2, are located in the 

drawer frame above the sample chamber (5). 

   

Figure ‎4-2. Atlas XXL+ Xenon Lamp cartridge 

A daylight filter system generating more than 90% of the whole spectrum for 

optimal simulation of natural sunlight [253, 254], see Figure ‎4-3.  

 

Figure ‎4-3. Xenon lamp and sun lightspectrums. 

The irradiance intensity measurement sensors (6) showed that, at any location on 

the test chamber, the exposure area of tested objects receives at least 80% of the 

maximum irradiance. This relatively homogeneous distribution of the UV 
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irradiation on the entire surface of tested objects, is due using an aluminium 

reflector consisting of 13 segments located above the Xenon lamp, and another set 

of reflective aluminium sheets (7) also line internal test chamber surface. The 

spray and humidification system is supplied from a water reservoir (8); this 

system allows tested objects to be tested under specific climatic conditions.  

The insulator sample is carried by two insulator frame holders permit the air to 

circulate around the insulator for better surface temperature control. The Suntest 

machine can be programmed for the use of pre-defined standard UV cycles or user 

defined cycles, where the following test conditions can be defined: phases of 

cycles, irradiation intensity, black standard temperature, sample chamber 

temperature, relative humidity and cyclic spraying of the samples with time. 

4.2.2 Accelerated UV cycle 

For this work, standard UV cycles described in BS EN ISO 4892-2 were used. Each 

cycle is applied for 2 hours, and is equivalent to 87.5 hours continuous exposure to 

sunlight. Table ‎4-1 and Figure ‎4-4 show a standard UV cycle. Method A involves 

exposing the insulator sample to 60W/m2 irradiance for 102 minutes under dry 

conditions (phase (I)) followed by 18 minutes of water spray (phase (II)). 

Table ‎4-1. UV Exposure cycle 

 

Exposure Period 

Irradiance 
 

BST, °C 
 

Chamber Temp. °C 

 

Relative 
Humidity % (300 – 400 nm) W/m2 

102 min Dry 

18 min water spray 

60 ± 2 

60 ± 2 

 

65 ± 3 

38±3 

 

38 ± 3 

38 ± 3 

 

50 ±10 

≥ 90% 

The sample chamber temperature is maintained at 38±3oC during both test 

phases. Relative humidity during phase (I) is 50% ± 10% while, in phase (II), the 

chamber is fully wet. A specified Black Standard Temperature (BST) of 65 ± 3 ̊C is 

used during the first dry phase, which is decreased at the beginning of the second 

wet phase. BST is a measured temperature used to control the test chamber 

temperature; it is measured by a black-panel temperature sensor mounted in the 

specimen exposure area so as to receive the same amount of UV irradiation. 
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Figure ‎4-4. Standard UV cycles. 

To limit the effect of temperature on the sample surface, precise control of the test 

temperature is extremely valuable in tests carried out using Method A of ISO 

4892-2. The temperature is measured using a black-standard thermometer. The 

thermometer is mounted in the chamber, and its sensor surface is fitted in the 

same location and subject to the same UV exposure as the test sample. 

4.3 Effects of UV irradiation on silicone rubber insulation material 

4.3.1 Test samples 

Two types of SiR rectangular samples were prepared, as described in Chapter 3, 

using two liquid SiR (RTV-2) compounds: Material A and Material B (Table ‎3-3). 

4.4 The inclined plane test procedure 

The inclined plane test equipment, the accelerated ageing unit, the data 

acquisition systems, and thermal and visual records were used to perform the 

required experimental tests described in Chapter 3. One specimen was used for 

each test, textured and non-textured samples were exposed to 0, 1, 3, and 5 UV 

irradiation cycles, as described in Table ‎4-1 and Figure ‎4-4 in accordance to ISO 

4892-2. Figure ‎4-5 shows a flow diagram for performed inclined plane tests under 

various numbers of UV cycles. 
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Figure ‎4-5. summary of performed inclined plane tests. 

 

Once the contaminant was flowing uniformly on the sample surface, a preselected 

high voltage level was applied to the sample by operation of appropriate high 

voltage relay. The chosen applied test voltage amplitude varies according to the 

test requirements, as summarised in Table ‎3-1. The LabVIEW data acquisition 

system described previously is employed control, monitor, and store the results in 

a numerical sequence of files, as pairs of voltage and LC waveforms. The duration 

of each test was 6 hours, unless (a) visual inspection of the sample revealed 

significant thermal damage, erosion or ignition material, or (b) criterion (A) of IEC 

60587 was satisfied, whereby the continuous value of leakage current exceeds 60 

mA for 2 seconds. At the end of each test, samples were removed from the IPT 

unit, and the material loss calculated from the differences in the sample weight 

before and after performing a test. 

Inclined Plane Tests 

Material A Material B 

Non-Textured Textured Non-Textured Textured 

4mmSquare 4mm Square 

2.5 
kV 

2.5 
kV 

2.5 
kV 

3.5 
kV 

3.5 
kV 

2.5 
kV 

3.5 
kV 

0 UV, 1 UV, 3 UV, and 5 UV cycles 

Results 
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4.5 Test results and discussion 

The objective of the study is not to examine the material itself, but to determine 

the effect of climatic conditions in general on the performance of SiR insulation 

surface, specifically the effect of long-term ultraviolet irradiation. Figure ‎4-6 

shows the current and accumulated energy records of three samples (a,b, and c) 

conducted on traditional non-textured samples made from Material (A), at an 

inclined plane test, voltage of 3.5 kV. The current history profiles show that each of 

the test samples failed within 3 hours. 
 

                   
(a) Leakage Current  

     

(b) Accumulated Energy  

Figure ‎4-6. IPT results of non-textured, samples of type A non-irradiated. 
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The leakage current on samples (a and c) was shown to exceed 60 mA for 2 

seconds, thereby, violating Criterion (A) of IEC 60587. During testing the sample 

(b), extensive erosion of the sample occurred ultimately causing it to ignite, as 

shown in Figure ‎4-7.  

What is clear from Figure ‎4-6 and Figure ‎4-7 is that Material A did not have the 

required mechanical and electrical properties to survive the standard IPT test at 

3.5 kV rms. The same tests were performed on samples of the compound B, which 

performed far better. The results for both materials are summarised for 

comparison in Table ‎4-2.  

   

Sample (a)  Sample (b)   Sample (c)  

Figure ‎4-7. Material (A) extensive erosion. 

Tests were performed on few tens (each test was repeated 3 times) of silicone 

rubber samples made from A and B materials. Tested samples were exposed to 0, 

1, 3, and 5 UV cycles as described in BS EN ISO 4892-2. All non-textured samples of 

both materials and textured samples from material B were tested at 2.5 kV and 3.5 

kV. The textured samples made from material A were only tested at 2.5 kV, 

because as it has been mentioned, tested samples at voltage level of 3.5 kV are 

failed within 3 hours. 
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Table ‎4-2: Inclined plane test results under various numbers of UV cycles  

B A Material 

Textured 
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4.5.1  Conventional non-textured samples 

Figure ‎4-8 shows typical recorded voltage and current waveforms over one 50Hz 

cycle for an applied voltage of 3.5kV for a non-textured sample made from 

Material B (Table ‎3-3) having been subjected to one cycle of UV irradiation. 

 
Figure ‎4-8. Waveforms of measured voltage and LC on irradiated non-textured sample. 

As can be seen in Figure ‎4-8, the shape of the leakage current is distorted with 

large peaks at the voltage maxima and minima, indicating increased surface 

conduction and dry band arcing. The leakage current wave shape showed similar 

features in all tests and with all conventional non-textured samples. 

Figure ‎4-9 shows the measured r.m.s and peak LC for non-textured samples 

exposed to different doses of UV irradiation, while Figure ‎4-10 shows the 

accumulated energy on their surfaces. From the plotted results, irradiated samples 

exhibit lower LC and accumulated energy than the non-irradiated sample. The 

non-irradiated sample, due to its hydrophobicity, exhibits a confinement of the 

contaminant flow to narrow rivulets on the sample surface. High LC and frequent 

discharge activity is observed in these narrow wetted regions. Irradiated samples 

exhibit partial or complete loss of hydrophobicity, which results in a random 

distribution of LC over multiple paths on the sample surface, each with a lower 

magnitude than that measured for the non-irradiated sample. It is interesting to 

observe that the irradiated samples show an increase in LC and accumulated 

energy with increasing UV irradiation dosage. It is hypothesised that this increase 

is due to physical damage to the insulator surface as the UV dose increases. This 
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damage may allow surface water to collect more readily, thereby confining the 

leakage current and discharge activity much like the non-irradiated surface. 

  

  

  

  

(a) R.M.S leakage current (b) Peak leakage current 

Figure ‎4-9. LC history profile of non-textured samples as a function of different UV doses. 

 

 
Figure ‎4-10. Acc. Energy of non-textured sample surfaces for different levels of UV exposure. 

no UV no UV 

1 UV 1 UV 

3 UV 3 UV 

5 UV 5 UV 
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During testing of non-UV irradiated conventional samples, the contaminant was 

seen to flow along a narrow path on the sample surface. The contaminant flow on 

the UV irradiated sample was found to be more uniform. This uniformity was also 

found to increase with higher UV doses.  

4.5.2 Textured samples (TS4) 

Figure ‎4-11 shows typical recorded voltage and current waveforms over one 50Hz 

cycle for an applied voltage of 3.5kV for a 4mm-square textured sample prepared 

using SiR material B, and having been exposed to one cycle of UV irradiation. 

 
Figure ‎4-11. Measured voltageand current waveforms on 4mm textured irradiated sample. 

As can be seen in Figure ‎4-11, the shape of the leakage current waveform is 

distorted with a smooth peak region at the voltage maxima and minima indicating 

increased surface conduction and dry band arcing. The leakage current peak is 

smaller than that measured with the non-textured sample. The LC wave shape 

showed similar features in all tests and with all textured samples. Figure ‎4-12 

shows the measured leakage current r.m.s history, and leakage current peak for 

TS4 textured samples at different UV exposure levels. 
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(a) R.M.S leakage current 
 

(b) Peak leakage current 
 

Figure ‎4-12. LC history profile of TS4 samples as a function of different UV doses. 

 
Figure ‎4-13. Accumulated. Energy on the surfaces of TS4 samples for different levels of UV 

exposure. 
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1 UV 

3 UV 

5 UV 

1 UV 

3 UV 
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Figure ‎4-13 shows the accumulated energy absorbed on the sample surfaces. The 

results indicate that both the leakage current and accumulated energy generally 

increase when the sample is exposed to UV irradiation.  Figure ‎4-14 shows that, 

there is only a slight decrease in energy dissipation on textured sample surfaces 

compared with non-textured samples at the same dosage of UV irradiation.  

               
        Figure ‎4-14. Accumulated energy on non-textured and TS4 samples. 

The leakage current density on non-textured samples is higher than for textured 

samples, which in turn leads to an enhancement of the electric field strength E; 

these conditions lead to a cascading effect of increased surface heating, dry band 

formation and strong discharge activity over the sample surface, resulting in 

thermal damage, tracking and erosion. 

In general, tests of both non-textured and textured samples that had not been 

exposed to UV irradiation exhibited a confinement of the contaminant flow into a 

narrow region on the sample surface, as shown in Figure ‎4-15(a, b). These 

features indicate the initial formation of dry bands, moving as a pattern of 

discharge arcing towards the ground electrode, where concentrated discharge 

activity may occur. Depending on the tracking path near the ground electrode, 

which, is in turn, is dependent on the UV exposure dose, different levels of erosion 

occur in both samples [255]. 
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Irradiated samples exhibited greater material loss by erosion compared to the 

unexposed samples, as shown in Figure ‎4-18. The intense localized energy 

absorbed from the xenon arc lamps can cause partial or complete loss of 

hydrophobicity, which permits the development of a water film on the sample 

surface. Leakage current, dry-banding, and concentrated discharge activity were, 

therefore, randomly distributed over the width of irradiated sample surfaces, as 

seen in Figure ‎4-15(c, d), for samples irradiated with 5 UV cycles. 

      

                     (a, b) non-irradiated samples (c, d) irradiated to 5 UV cycles 

Figure ‎4-15. Discharge activity distribution. 

The TS4 samples showed recurring discharge activity increases with increasing 

UV. In the cases of both with and without exposure to UV, short parallel and 

dynamic streamer-type discharge lines were observed, spanning the width of the 

sample and migrating towards the ground electrode. Records of high visual 

resolution and infrared cameras are shown in Figure ‎4-16, indicating the moving 

discharge activity on a TS4 sample irradiated with 5UV cycles, the leakage current 

appearing in multiple parallel paths. The moving discharge streamer takes 20-25 

seconds to transit the full length of the sample.  

A typical leakage current waveform depicting the streamer discharge activity is 

shown Figure ‎4-17(a). The leakage current profile for the moving streamer 

discharge is accompanied by visual and thermal records as shown in 

Figure ‎4-17(b). Both the video camera and infrared camera were used to record 

these images.  
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       (a) High resolution video camera (b) Infrared camera 

Figure ‎4-16. Parallel current path on irradiated textured surfaces 

 

The streamer discharge on TS4 surfaces is identified in Table ‎4-3. During the 

progression of the streamer, dry-bands occurred at locations (1), (2), (3) and (4), 

the leakage current magnitude decreased. The peak values (5) correspond to 

progression steps of the surface discharge. 

 

Table ‎4-3. moving streamer discharge 

Place Physical Activity 

(1), (2), (3), (4), and (6) Dry-bands formation 

(5) Peak leakage current when discharges extinguish 

(7) Discharge streamer starting to be end at this point 

(8) End of phenomenon with extensive arc discharge 
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(a) Instantaneous LC waveforms of the moving discharge streamer 

  

  

       

  

(b) Visual and thermal images of the moving discharge streamer 

Figure ‎4-17. Progression of streamer discharge. 

(1) (2) 

(4) (3) 

(6) (5) 

(7) (8) 



 

4-18 
 

As the discharge approached the vicinity of the bottom ground electrode, the 

discharge become elongated and tends to jump over the protuberances rather 

than following the intersection paths, resulting in distributed discharge activity 

over the sample width. Compared with conventional samples, only light erosion 

was observed in textured samples, and thus a reduced material loss was recorded 

as shown in Figure ‎4-18. 

 

Figure ‎4-18. SiR material loss under various number of UV cycles. 

4.6 Estimation of hydrophobicity 

The hydrophobicity of silicone rubber insulator surfaces changes with time due to 

the effects of climatic and environment conditions, and discharge activities. 

4.6.1 Hydrophobicity classification 

The hydrophobicity classification method, as specified in STRI guide 92/1, 

provides an approximate value of the wetting status of an insulator surfaces . A 

common spray bottle was used to produce a fine mist from a distance of 25cm 

until the whole surface area (60 cm2) is completely wetted. The wetting process 

takes approximately 20 seconds, and the hydrophobicity classification (HC) 

evaluation is judged within 10 seconds of the final application of the spray bottle. 
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Figure ‎4-19. Effect of UV on hydrophobicity on SiR surface. 

As can be seen in Figure ‎4-19, an increase in the number of the UV cycles, 

increases the hydrophobicity classification (HC) of the material surface, indicating 

a loss of material hydrophobicity. 

4.6.2 Contact angle measurement 

Experimental setup, the principle of the contact angle measurement procedure is 

described in Chapter 2. The modified static contact angle method was used to 

characterise the hydrophobicity of horizontal non-textured silicone rubber 

samples subjected to 0, 1, 3, and 5 UV cycles. To determine the surface 

hydrophobicity by contact angle method, a single water droplet is deposited onto 

the sample surface. At the meeting point of the water-air interfaced and the 

sample surface, a tangent is fitted, and the angle formed by this tangent and the 

base of the water drop is termed the static contact angle θ. 

A single drop of distilled water of volume 15-25 µl, was used in each 

measurement, with blue ink added to the water to aid image clarity (Figure ‎4-20). 

A sessile drop is carefully placed on the horizontal surface of the silicone rubber 

samples using a hypodermic syringe needle. Photographs of the droplet were 

taken immediately following deposition, using a high resolution digital camera, 
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and transmitted into a personal computer. The static contact angle is measured 

from the saved pictures using a computer program called “ImageJ”.  

Hydrophobic samples reduce water surface contact, resulting in values of θ 

greater than 90°. Hydrophilic samples are easily wettable, allowing water to 

contact a large surface area, resulting in values of θ less than 90°. 

 

 

 

 

b = Water drop height. 

r = Water drop radius. 

                                                                         θ= Contact angle. 

Figure ‎4-20. Contact angle theoretical model. 

According to the model in Figure ‎4-20, it is assumed that the water drop is a part 

of a sphere, the hidden assumption for small drop volume can be ignored due to 

gravitation effect. The static contact angle can be calculated by the following 

equation [256]. 

𝜃 =  90𝑜 − 𝑡𝑎𝑛−1 [
𝑟−𝑏

√2𝑟𝑏− 𝑏2
]   ………………………………. (‎4-1) 

Figure ‎4-21 shows the variation in static contact angle measurements of non-

textured SiR samples. Each successive reading of contact angle corresponds to an 

increasing number of applied UV cycles. 

The results of the contact angle measurements (Figure 4-21(a)) indicate that the 

SiR material was initially hydrophobic, exhibiting a contact angle of 121.61o for 

the non-irradiated silicone rubber material. 
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Figure ‎4-21. Hydrophobicity of SiR insulation samples. 

The decreasing trend of Figure ‎4-22 shows that the spreading of the water droplet 

on the surface of tested samples increases with an increasing number of UV 

exposure cycles. Two primary variables affect the characteristic of surface 

wetting: the chemical composition of the sample and the roughness dynamic 

change of its surface. The contact angles for 1, 3, and 5UV cycles were 110.5o, 

86.5o, and 75.7o respectively (Figure 4-22). 

Contact angle θ = 121.6o 

Contact angle θ = 110.5o 

Contact angle θ = 86.5o 

Contact angle θ = 75.7o 

(a) no UV irradiation 

(b) 1 UV cycle 

(c) 3 UV cycles 

(d) 5 UV cycles 
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Figure ‎4-22. Contact angle measurements of SiR samples 

The change in contact angle due to a single UV cycle exposure is relatively small. 

With increased exposure to UV irradiation, a reduction in the hydrophobicity of 

silicone rubber insulation systems is observed. This reduction of hydrophobicity 

was expected from the literature as a result of changes in chemical composition 

due to the diffusion of low molecular weight form the bulk of the polymer. All 

measurements were taken at 22 ± 3 ̊C. It is assumed that, similar effects are to be 

expected for textured samples, although it has not been possible to classify the 

hydrophobicity in this manner due to the presence of surface texturing. It should 

be noted that, some areas of the textured insulator surface may not be exposed to 

UV in a uniform way. 

4.7 Choosing UV exposure method that affect SiR insulators performance 

As discussed previously, UV irradiation of the insulator surfaces can degrade the 

structure of silicone rubber material, causing both mechanical and chemical 

degradation such as cracking and chalking. Other effects include discolouration of 

the material and a loss of surface hydrophobicity, all of which reduce the 

effectiveness of SiR as an insulator and serve to increase the level of in-service 

leakage current. 
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4.7.1 Test samples 

Two commercial 11kV SiR insulators (A and B) of identical design (non-textured) 

were used in this investigation. Details of the insulator geometry are given in 

Table ‎4-4. 

Table ‎4-4: Geometrical details of 3 sheds, 11kV SiR insulator 

 

Section 

length 

(mm) 

Leakage 

distance 

(mm) 

Number 

of 

sheds 

Distance 

between 

sheds 

(mm) 

Diameter of 

sheds (mm) 

L-L L-S Large Small 

140 380 3 70 35 140 120 

4.8 Test methods 

This investigation was conducted to choose the proper protocol that will be used 

for investigation the performance of irradiated and polluted silicone rubber 

insulators. Therefore, the target of this investigation is not to see the effect of UV 

exposure on SiR insulators, but to place logical sequence for the tests steps.  The 

tested insulators were exposed to the same doses of UV irradiattion, but the 

exposure process was in a different sequence. By using the solid layer method 

based on kaolin suspension, an artificial light pollution with volume conductivity 

of 2.8 S/m at 20 ̊C was used to contaminate the clean insulator. The insulators 

were tested at their nominal voltage (6.4 kV), using two test protocols as follows: 
 

4.8.1 Protocol 1, UV before pollution 

Figure ‎4-23 shows a flowchart of the Protocol 1 steps. In this procedure, standard 

UV cycles as described in BS EN ISO 4892-2 were used (step 1). The tested 

insulator (A) was exposed to 0, 1, 3, and 5 UV cycles as described in Table ‎4-1 and 

Figure ‎4-4. The insulator was left to cool-down for an hour (step 2). The pollution 

was applied by dipping the whole insulator into a Kaolin/salt suspension (step 3). 

The insulator was left to dry at room temperature for 6-8 hours (step 4). Then, 

clean-fog tests were performed to acquire the LC and test voltage (step 5). 
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Figure ‎4-23. Test procedure for protocol 1. 

 

4.8.2 Protocol 2, UV after pollution 

Figure ‎4-24 shows the procedural steps for Protocol 2. In this procedure, the 

artificial pollutant was applied on the insulator (B) surface before irradiating with 

UV. It is necessary when adopting protocol 2 to use a defined UV cycle without 

water spray phase as shown in Table ‎4-5 and Figure ‎4-25. This involves exposing 

the insulator sample to 60 W/m2 irradiance for 120 minutes under dry conditions 

with constant parameters, namely irradiance, black standard temperature, 

chamber temperature, and relative humidity. 

 

Figure ‎4-24. Test procedure for protocol 2. 

 

Applying various number of UV cycles 

Cooling the insulator for 1 hour 

Polluting insulators using Solid layer method 

Insulator suspended for 6 to 8 hours to allow drying of pollution 

Clean-fog chamber test to acquire the leakage current 

Solid layer method was used to pollute the insulator 

Insulator suspended for 6 to 8 hours to allow drying of pollution 

Applying various number of UV cycles 

Clean fog-chamber test to acquire leakage current 
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Figure ‎4-25. Defined UV cycles. 

 

Table ‎4-5. Defined UV exposure cycle for protocol 2. 

Exposure 

 Period 

Irradiance 

(300 – 400 nm) W/m2 

BST 

 °C 

Chamber Temp 

. °C 

Relative Humidity 

 % 

2 hours Dry 60 ± 2 65 ± 3 38 ± 3 15 ±5 

4.9 Results and discussion 

All measurements were performed using 3 sheds, 11kV, commercial SiR insulators 

(A and B). Table ‎4-6 summarises the test results of polluted insulators under 

clean-fog condition, where I r.m.s and I peak are the highest value during tests.  

Table ‎4-6. Three shed SiR insulators results under different protocols 

Protocols Parameters No UV 1 UV 3 UV 5 UV 

Insulator A 
Under 

Protocol 1 

I r.m.s (mA)  1.2 2.3 2.8 3.9 

I peak (mA)   2.6 4.9 5.4 7.8 

Acc. Energy (kJ) 16.7 18.3 16.9 23.5 
HC Before test 2 2 3 2 
HC After test 2 3 4 5 

Insulator B 
Under 

Protocol 2 

I r.m.s (mA)  0.3 0.8 1.2 1.8 
I peak (mA)  0.6 1.7 2.5 4.5 

Acc. Energy (kJ) 7.3 8.5 11.8 13.6 

HC Before test 2 2 2 2 
HC After test 2 2 2 3 
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The electrical performance of tested insulators and their surfaces hydrophobicity 

were investigated under two different protocols. Insulator A was subjected to 

Protocol 1, and Insulator B was subjected to Protocol 2. Figure ‎4-26 shows the 

average value of three measurements of hydrophobicity classification index as a 

function of number of UV cycles.  

 

 

Figure ‎4-26. Hydrophobicity of different test protocols 

For insulators tested under Protocol 1 (Figure ‎4-23), hydrophobicity was 

measured before and after applying UV irradiation cycles by Atlas XXL+ 

weathering station and before performing the clean-fog test. For those subjected 

to Protocol 2 (Figure ‎4-26), the hydrophobicity was evaluated before applying the 

UV and after performing the clean-fog test, due to presence of the pollution layer 

on the insulator surface, which cannot be removed before the end of the test. 
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As can be observed from Figure ‎4-26, both insulators A and B had the same HC 

index before applying UV. Insulator A has shown an increase of the HC index  and 

leakage current with an increase in the number of UV irradiation cycles, meaning 

that the larger the UV dose applied to Insulator A, the greater the loss of surface 

hydrophobicity. In comparison, there is no significant change in the HC index and 

leakage current of Insulator B with increasing applied UV cycles, due to the 

presence of pollutants prior to irradiation. In this case, sodium chloride molecules 

on the insulator surface reflect the bulk of UV radiation, preventing any significant 

impact on the surface characteristics as seen in Figure ‎4-26. 

 

  

  

  

  

           (a) Insulator A under Protocol 1         (b) Insulator B under Protocol 2 

Figure ‎4-27. RMS leakage current observed for each test protocol. 

 Figure ‎4-28 shows the accumulated energy during 2-hours tests for both insulator 

(A and B) surfaces.  
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Figure ‎4-28. Accumulated energy of each test protocol. 

 

The accumulated energy of Insulator A was far greater than Insulator B. This 

behaviour is consistent with the previously observed reduction in the surface 

hydrophobicity of Insulator A. Therefore, from the results presented above, 

Protocol 1 will be used for any tests performed for irradiated insulators. 

4.10 Conclusion 

In this chapter, an investigation of the effect of UV irradiation on textured and 

non-textured silicone rubber insulating materials has been described. These tests 

were based on the Inclined Plane Test (IPT) method for evaluating tracking and 

erosion resistance, and it has been shown that leakage current and accumulated 

energy on the sample surface can be used as an indicator of the effect of UV 

irradiation on textured and non-textured SiR insulating materials, due to the 

changes in the electrical behaviour that occur during aging. This is a simple and 

effective method of quantifying material degradation and the change in surface 
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state, resulting from in service aging processes. On the other hand, another 

investigation for choosing the test procedure sequence of irradiated silicone 

rubber insulator was conducted. The conclusion of this chapter may be 

summarised as follows: 

- According to criterion (A) of IEC 60587, all textured and non-textured samples 

made from material (B) passed the inclined plane test. 

- Even with high levels of leakage current magnitude, length and depth of erosion 

and material loss, the samples with textured patterns performed better than 

non-textured samples.  

- The energy absorbed from UV irradiation would is a critical factor in determing 

the loss hydrophobicity of silicone rubber materials. 

- By increasing the number of UV cycles, the tracking and erosion rates on both 

samples are increased. This is due to a loss of hydrophobicity, resulting in the 

formation of wet paths over the full width of the samples. Non-irradiated 

samples by comparison exhibit narrow wet path formation. 

- An increase in the contact angle of an irradiated non-textured SiR material was 

observed with an increase in the number of UV cycles. While it is not possible to 

measure the contact angle of a textured sample directly, it is assumed that a 

similar behaviour would be observed for the textured (TS4) material. 

- Protocol 1, where the UV irradiation applied before the pollution, was adopted 

as the test procedure of choice for all subsequent tests of irradiated insulators. 
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5  Performance of silicone rubber insulators during short-term age 

5.1 Introduction 

Polymeric insulators (e.g. SiR insulators) are characterized by relatively poor 

thermal stability, and may become degraded by the heat of dry-band discharges 

[58,59]. These discharges occasionally lead to flashover, and their occurrence 

depends upon various environmental factors.  

Unlike porcelain insulators, the design of polymeric insulators has not yet been 

fully standardized. Designs have varied since the original introduction of polymer 

insulation materials and will continue to do so in the development of insulators for 

high voltage outdoor applications. Thus, much research has been aimed at 

developing a better understanding of the performance of SiR insulators, with the 

aim of establishing a testing standard for polymeric insulators. 

In this chapter, non-textured and textured insulators (TS4) as described in 

Chapter 3, were cast and used to conduct subsequent experiments mentioned. 

Results of the following tests are reported: 

 Clean-fog test based on solid layer method in BS EN 60507 

 Rain test based on wet test in BS EN 60060-1:2010 

 High voltage ramp test as proposed by Advanced High Voltage 

Engineering Research Centre (AHIVE) at Cardiff University [22]. 

 A new proposed test procedure, based on high voltage ramp test method, 

and wet test procedure as specified in Standard BS EN 60060-1, 2011. 

This protocol called “high voltage rain ramp test”, is used to evaluate SiR 

insulator flashover under simulated rain conditions.  

Better understanding of the performance of tested insulators may be obtained if 

they are evaluated over the same range of experimental conditions such as electric 

stress, water conductivity, pollution conductivity, and orientation angle. Various 

methods have been employed to provide an indication of surface aging such as 

measurement of the LC, accumulated energy and flashover voltage level. 

5.2 Fog rate standardization 

Low voltage tests have been conducted as specified in Appendix D of BS EN 60507 

to evaluate the conductance characteristic of the pollution layer on tested silicone 
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rubber insulator surfaces. This characteristic was found to depend on the fog flow 

rate, and the time required for the test insulator to achieve its most conductive 

state on exposure to fog. Low voltage tests were conducted prior to standard high 

voltage tests, and the insulators were subjected to two separate conductance tests 

at the same pollution level. During this test, the low voltage was applied for a very 

short time, just a few seconds, which is sufficient to indicate the measured leakage 

current and, on the other hand, to minimise the effects of resistive heating and dry 

spots on the surface of tested insulators. 

Figure ‎5-1 shows the change in conductance over time when a kaolin suspension 

of 2.8 S/m (SDD of 0.07 mg/cm2) was used to pollute the 11kV non-textured 

silicone rubber insulator. Fog specifications generated by an ‘air-atomising’ spray 

nozzle depending on water flow rate (3 and 6 litre/hour) and air pressure (3 bar). 

The following expression was used to calculate the layer conductance of pollution 

layer GLG of both cases as: 

𝐺𝐿𝐺 =  
𝐼𝐿𝐶

𝑉𝐸
 ………………………………………………. (‎5-1) 

 

Where: the energisation voltage 𝑉𝐸 and the resulting 𝐼𝐿𝐶  were simultaneously 

measured and recorded using a digital storage oscilloscope (DSO). 

 
Figure ‎5-1.  Conductance of polluted layer on SiR insulator. 
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The insulator was suspended vertically in the fog chamber, and subjected to a 

fixed constant fog rate. The system was initially energised at a low voltage of 700V 

r.m.s per 100 cm of overall leakage distance, as suggested in the standard BS EN 

60507. Repeated energisation of the test insulator was performed at 5 minute 

intervals over a period of 60 minutes. Since in both cases an increase in surface 

wetting occurs over time, a gradual increase in the leakage conductance is 

observed. The maximum conduction was reached for both tests between the 20 

and 35 minute marks. The test conducted at the higher fog rate of 6l/hr reached a 

maximum leakage conductance some 10-15 minutes earlier than the equivalent 

test at 3l/hr. It can be seen that with a high fog rate, the conductance of the 

pollution layer increases at a faster rate, but by the end of the test, washing of the 

pollution layer will result in a lower conductance. 

5.3 High voltage test 

High voltage tests in this work were carried out at a constant single-phase power-

frequency voltage of 6.4kV rms (𝑉𝑟𝑚𝑠 = 𝑉𝑚 √3⁄ = 11𝑘𝑉 √3⁄ = 6.35 𝑘𝑉𝑟𝑚𝑠). The 

application of high voltages in conjunction with high pollution conductivity 

represents the worst case operating condition for an insulator in service. 

However, in this work, the studied cases were not only concerned with 

investigating the performance of silicone rubber insulators under these 

conditions. In contrast, the aim is to examine the effect of certain identified 

conditions on the performance of silicone rubber insulators as it is explained in 

section 5.1.  

High voltage tests were conducted on the silicone rubber insulators under 

deferent conditions as follows: 

- Clean-fog tests performed for non-polluted and non-irradiated insulators. 

- Clean-fog tests under irradiation and light pollution for investigating the effect 

of UV on the performance of non-textured and textured SiR insulators. 

- Rain (wet) test of irradiated and non-polluted insulators, both designs were 

implemented to achieve their behaviour under standard wet tests.  

- Irradiated with different UV doses, polluted and non-polluted insulators, under 

flashover ramp test, to investigate flashover voltage phenomenon of silicone 

rubber insulators. 
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- Proposed protocol ‘High Voltage Rain Ramp Test’ to investigate the flashover 

performance of silicone rubber insulators under condition of rain. 

- Both protocols flashover ramp test and H. V. rain ramp test, with changing the 

orientation angle for studying how the SiR insulators perform in different 

operation position.  

Both SONY CX190 high resolution video camera and FLIR A325 infrared thermal 

camera were used to record discharge activity and surface temperature variation 

due to the electrical processes. 

5.4 Effect of UV irradiation on the performance of SiR insulators 

In order to quantify the effect of UV irradiation on the performance of SiR 

insulating materials, sets of clean-fog tests were conducted using the insulators 

specified in Figure ‎3-10 and Table ‎3-2. Tests were performed under protocol 1 as 

described in section ‎4.8.1, using fog chamber facilities shown in Figure ‎3-13, and 

UV irradiation was applied using the Atlas Suntest XXL+ artificial weathering 

station as shown in Figure ‎4-1. 

5.4.1 Clean and non-irradiated insulators 

Figure ‎5-2 shows the leakage current of testing clean non-textured and TS4 

silicone rubber insulators under clean-fog tests. Each test was performed over one 

hour with an energising voltage of 6.4 kV and fog flow rate of 3 l/hr. Both 

insulators were characterised by very low leakage current, thus no discharge 

activity was observed at this voltage level. 
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          (a) Leakage current history 

 

 

 

(b) Non-textured 

insulator,  

at t=30 minutes 

 

 

 

 

(c) TS4 insulator,  

at t=30 minutes 

Figure ‎5-2. Leakage current on clean and non-irradiated SiR insulators 

Over the duration of both tests, there is little variation in the leakage current 

magnitude for both profiles. The leakage current on ‘TS4' insulator surface 
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exhibited an increase (≥ 2 times) than the non-textured insulator, and this is 

attributed to water droplet retention by the surface texture. 

5.4.2 Polluted and irradiated insulators 

The contaminated insulators were energised at a constant voltage of 6.4 kV rms, to 

perform series of clean-fog tests as described in Chapter 3. These tests were 

performed according to protocol 1, proposed in Chapter 4. The UV cycles are 

carried out as specified by ISO 4982-2, also described in Chapter 3. The number of 

UV irradiation cycles applied was variable in the range, 0, 1, 3, and 5 cycles. 

The tested insulators were lightly artificially polluted using the modified solid 

layer method with a kaolin suspension of volume conductivity (σ20) 2.8 S/m, 

corresponding to an ESDD of 0.07 mg/cm2. The test voltage and leakage current 

were acquired from the start time of each test, and the results analysed using the 

LabVIEW codes described in Chapter 3. Electrical properties such as leakage 

current (rms and peak) and accumulated energy are calculated and examined as 

an indicator of the changes occurring on the surface of insulators. Table ‎5-1 

summarises the results of tested 11kV, SiR insulators.  

Table ‎5-1: Summary results of the effect of UV on SiR insulators electric 
performance 

Sample pattern 
UV irradiation 

(cycle) 
I r.m.s (max) 

(mA) 
I peak (max) 

(mA) 
Accumulated 
Energy (KJ) 

Insulators 

Non  
textured 

0 0.77 1.46 4.8 

1 0.63 1.36 6.2 
3 0.88 1.91 6.5 
5 1.22 2.01 6.6 

TS4 

0 0.49 0.79 2.8 
1 0.28 0.60 3.3 
3 0.95 1.77 4.6 

5 0.97 1.82 5.6 

Comprehensive information about the insulator behaviour is derived by analysis 

of the data over a time window of one full power-frequency cycle (0.02 ms). 

Figure ‎5-3 shows an example of calculated rms and peak leakage currents for TS4 

silicone rubber insulators. The leakage current in each case is presented as a 

function of the number of UV cycles. 
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Figure ‎5-3. Leakage Current for TS4 insulators under various numbers of UV cycles. 

Since the values of the leakage current shown in Table ‎5-1 only reflect the 

magnitude of the point where maximum leakage current has occurred, this 

measurement may not be considered a suitable indicator of the overall status of 

the insulator surfaces. Therefore, the lower leakage current in each case is plotted 

as it indicates more clearly the change of the electrical performance on the SiR 

insulator surfaces as the test progresses. An example of low leakage trend for TS4 

non-irradiated is illustrated in Figure ‎5-4. The hydrophobicity of non-irradiated 

insulators was reflected in the very low leakage current in the first 10-20 minutes 

of exposure to clean fog, after which resistive leakage current variation with time 

is observed. 

no UV 
no UV 

1 UV 1 UV 

3 UV 3 UV 

5 UV 5 UV 
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Figure ‎5-4. Low leakage current of TS4 insulator under no UV.  

Figure ‎5-5 shows the lower leakage current for TS4 exposed to various numbers of 

UV cycles. As can be observed on the Figure ‎5-5, it is confirmed that, the increase 

of UV irradiation by increasing the numbers of exposure cycles correlates with the 

increase of the leakage current flow on the insulator surfaces.  
 

 

Figure ‎5-5. The trend of the minimum leakage current. for TS4insulators under various 
numbers of UV cycles. 

The accumulated energy of non-textured, and TS4 insulators is plotted as a 

function of the number of UV exposure cycles, in Figure ‎5-6.  

I rms  

 

Lower - I rms  
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Figure ‎5-6. Accumulated energy of non-textured and TS4 insulators under various number 
of UV cycles. 

The calculated accumulated energy on the surface over the test duration, which 

takes into account the leakage current value at every point of the test duration, 

gives a more accurate measure of the changing insulator parameters. An increase 

in accumulated energy is observed with increasing numbers of applied UV cycles. 

Repeated UV exposure results in an increased loss of surface hydrophobicity 

permitting the formation of a water layer on the insulator surfaces. Hence, leakage 

current and dry-band discharges were observed over the surfaces. The TS4 

insulator was found to perform better than non-textured insulator in terms of the 

variation of accumulated energy, when subjected to identical test conditions. 

Lower accumulated energy and less discharge activity was observed due to the 

dispersion of leakage current into short parallel dynamic lines in the shank region 

(textured region). 

5.5 High voltage tests for flashover investigation of SiR insulators 

The flashover is a phenomenon that occurs as a result of the effect of partial 

discharge across dry-bands formed over a conductive layer deposited on the 
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insulator surface.  The origins of the formation of this conductive layer on the 

insulator surfaces may be natural or artificial pollutants such as dust, chemicals 

and salt in industrial areas.  

Figures 5-7 to 5-11 show a series of thermal infrared record and temperature 

profile of high polluted TS4 silicone rubber insulator flashover process for low fog 

rate, at 35 UV cycles. Contamination or pollution layers are slowly build-up on the 

surface of insulators over time. These pollution layers do not reduce significantly 

the dielectric strength when the insulator surface is dry. Figure ‎5-7 shows the case 

when the pollution layer on the insulator surface is completely dry, at the 

beginning of the test, characterised by the absence of a conducting layer 

preventing the flow of leakage current. With the conductivity on the surface 

remaining constant, no surface heating was detected and no discharge activity 

occurred. 

 
                 (a) Infrared record       (b) Temperature profile 

Figure ‎5-7. Records of dry TS4 silicone rubber insulator 

Wetting of the soluble contaminant by fog, mist, dew, and/or rain results in the 

formation of a conductive layer, on the surface of the insulators, reducing the 

overall dielectric strength. A wet contaminant layer initiates the flow of the 

leakage current. It was noted from this study, that the first establishment of strong 

discharge events, in terms of their density and location, depends heavily on the 

orientation angle of the insulator. Vertical orientation gave the highest density in 

the region of the low voltage electrode as shown in Figure ‎5-8, where the signs of 

surface heating resulting from increased pollution layer conductivity can be seen 

in the temperature profile Figure ‎5-8(b). 
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            (a) Infrared record                     (b) Temperature profile 

Figure ‎5-8. Record of the first strong discharge occurence. 

The distribution of leakage current on the insulator surface is normally not 

uniform; localised evaporation of water occurs at the location of high leakage 

current due to ohmic heating. This process leads to the creation of very hot and 

dry regions “Ring Shape” and the start of dry-band formation, which is not visible 

with either the high resolution video camera or the naked-eye. The positions of the 

three dry-bands in general exhibited higher surface temperatures than any other 

point on the insulator surface and surrounding fog (Figure ‎5-9). 

 
            (a) Infrared record              (b) Temperature profile 

Figure ‎5-9. Formation of dry-bands. 
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When the voltage exceeds the withstand capability of the dry-bands, existing 

leakage activity develops into arcing, with high temperature and long sparks 

typically bridging large portions of the leakage path, as shown in Figure ‎5-10.  

 

 
       (a) Infrared record           (b) Temperature profile 

Figure ‎5-10. Arcing of the dry-band region. 

The resistivity of the dry-band areas is much higher than that of the wet pollution 

layer. When voltage level across the insulator surface is become sufficiently high, a 

breakdown occurs resulting in a localised arc. When discharges become strong 

and continuous, the amplitude of the leakage current is limited because of 

pollution layers resistance results in changing the leakage current wave shape. 

Before flashover, when the location of dry-band is wetted again, the leakage 

current amplitude is increased which leads to heating of the conductive layer and 

evaporation of the water in the areas where dry-bands were appearing again. This 

produces a surface discharge across the dry-band. Depending on pollution levels, 

wetting rate, and orientation angle, these arcs length may either by extinguished 

or extend along the pollution layer surface without expansion of the dry zone. 

When these arcs cross along the insulator, flashover occurs as shown in 

Figure ‎5-11. 
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            (a) Infrared record                     (b) Temperature profile 

Figure ‎5-11. Records of TS4 insulator flashover. 

5.6 Performance of SiR insulators under high voltage flashover tests 

The results of  Chapter 4 clearly showed the influence of UV irradiation on the 

performance of both non-textured (conventional) and textured silicone rubber 

insulating materials. It was observed that the irradiated samples underwent either 

partial or full loss of surface hydrophobicity, where the degree of loss was 

dependent on the extent of UV irradiation exposure. The loss of surface 

hydrophobicity, in turn, leads to the formation of a film of water on the surface, 

resulting in a flow of a leakage current, hence, dry-band discharges.  

In this chapter, a comparison between the flashover performance of non-textured 

and TS4 silicone rubber insulators is undertaken. The influences of several 

parameters (pollution, wetting rate, and rain) are investigated. 

In general, each flashover event (ramp) progresses in three stages:  

(i) Formation of the initial arc;  

(ii)  Arc propagation on the surface (𝐸𝑎𝑟𝑐 < 𝐸𝑝𝑜𝑙𝑙𝑢𝑡𝑖𝑜𝑛 𝑂𝑅 𝑓𝑖𝑙𝑎𝑚𝑒𝑛𝑡 );  

(iii)  Dry-band formation and arc bridging.  

5.6.1 Tests arrangements 

The investigation has been done by applying a series of high voltage test on 11kV 

silicone rubber insulators (Figure ‎3-10). These tests were conducted in the fog 

chamber under different conditions as illustrated in Figure ‎5-12. 
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Figure ‎5-12. Conducted high voltage tests. 

5.6.2 High Voltage Ramp Test Protocol 

The high voltage ramp test method was employed, as proposed by the high voltage 

energy systems group in [22]. In practice, the rate of rise of the actual test voltage 

was in the range of (4-6) kV/min. The test voltage is interrupted immediately by 

the Hipotronics circuit breaker at the moment of flashover (over-current event) or 

when the maximum voltage level of the HV transformer is exceeded (over-voltage 

event). 

The high voltage ramp test procedure is as follows: 

1. Non-textured and textured insulators were tested in polluted state at the same 

pollution level. 

2. Tests started with the minimum voltage level (0.87 kV) that the Hipotronics 

system can provide. 

3. A nominal voltage ramp rate of 4 kV/min was specified. 

4. At the instant of flashover, the Hipotronics breaker interrupts the voltage 

supply. 

5. A new ramp is initiated 5 minutes after each incidence of flashover, until the 

required number of flashover events is reached. 

Flashover Tests 
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6. LabVIEW data acquisition systems were used to monitor and acquire the 

waveforms of test voltage and LC, and to store the data into TDMS files. 

Calculation of the required electrical properties was achieved by later post-

processing of the data files. 

7. At the instant that the test voltage is first applied to the insulator, the Infrared 

FLIR A325 and video cameras are triggered to begin monitoring the thermal 

stress, discharge activity and flashover events on the insulator surfaces. 

8. After each series of ramp voltage tests, the insulators were cleaned and rested 

for a minimum of 24 hours to allow full recovery of surface hydrophobicity. 

They were then re-polluted for the next test. 

Furthermore, to avoid possible variation due to the insulator place in the chamber, 

insulators at all high voltage ramp tests were suspended in the same place in the 

chamber. 

5.7 Non-polluted insulator at high fog rate 

Figure ‎5-13 shows the applied voltage for each flashover event of second ramp 

series of non-textured silicone rubber insulator at high fog flow rate (6l/hr).  

 

 
Figure ‎5-13. Ramp flashover test of non-polluted insulators. 

 

The events are not shown actual flashover voltage events. These events’ ends 

present an overvoltage trip condition for the Hipotronics protection circuit, 

 Over voltage trips 
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because the applied voltage exceeds the maximum output voltage level of the 

supply transformer.  

From the results in Figure ‎5-13 and Figure ‎5-14, it is highly recommended not to 

continue doing high voltage ramp tests of non-polluted SiR insulators, at high fog 

rate condition, to avoid damaging the equipment. 

 

Figure ‎5-14. Average of flashover voltage ramp of clean non-textured SiR insulator at high 
fog rate. 

 

5.8 The effect of pollution conductivity on the flashover of SiR insulators 

5.8.1 Low pollution level and high fog rate  

In general, the low pollution and high fog rate test condition is used to represent 

and simulate as close as possible the period of the early morning, where polluted 

insulators in service are gradually wetted by a morning fog or mist. 

Figure ‎5-15 shows an example of calculated electric properties (of rms of test 

voltage, and leakage current over a ramp voltage test of TS4 insulator. The 

calculation was made using a time window of 0.02 s (cycle duration at 50Hz).  
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(a) Ramp series of 5 flashover voltage events. 

                

(b) leakage current profiles for ramp series of 5 flashover events 

Figure ‎5-15. Ramp test of TS4 low polluted insulator and high fog rate. 

Tests were performed under low pollution conductivity of 2.8 S/m and high fog 

rate of 6 l/hr. Each series of ramps consisted of 5 flashover events, as beyond this 

point, the flashover voltage increased gradually due to washing the pollution layer. 
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Each series was repeated 3 times to obtain satisfactory repeatable results. The LC 

of each flashover event increased along with increasing ramp voltage until 

flashover occurred as depicted in Figure ‎5-16(a, b).  

  
           (a) non-textured                                  (b) TS4 

 
                                                                                   (c) Average of 3 ramps 

 
Figure ‎5-16. Ramp flashover test of low pollution conductivity and high fog rate for non-

textured and TS4 insulators. 

The flashover voltage levels were found to increase progressively from 32.2 kV to 

50.2 kV for the non-textured insulator, and from 30.4 kV to 47.3 kV for the TS4 

insulator. The average flashover voltage of the TS4 insulator for all five flashover 

events was 41 kV, compared with 43.6 kV for the non-textured insulator. 

Therefore, the non-textured insulator has shown better performance than the TS4 

insulator, when they were used under conditions of low pollution conductivity and 

high fog rate. The non-textured insulator showed an 18% lower average flashover 

voltage level.  
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Furthermore, the first flashover event of each ramp shows the minimum flashover 

voltage as a result of minimum resistance of wet pollution layer (Figure ‎5-15), 

whereas from the second flashover event, the pollution layer resistance was 

gradually increased causing the increase of the level of flashover voltage, which is 

giving a clear indication of the washing-off of the pollution layer on the insulator 

surface. Figure ‎5-15 shows that the leakage current density in the second and 

third flashover events is higher than the other ramps because the fog chamber 

produces the maximum conductance of the pollution layer between 20 to 40 

minutes from the starting point. During the progress of the ramp test series, the 

leakage current of an individual event was observed. It became more intense and 

had a higher magnitude with the increase of the ramp voltage towards the 

flashover instant. The residual heating from each previous flashover event may 

play a role in decreasing the LC at the beginning of next new event. 

5.8.2 High pollution level and high fog rate 

The average value of flashover voltage for three identical ramp tests on SiR 

insulators tested under high pollution suspension conductivity (11.2 S/m) and 

high fog rate (6 l/hr) is illustrated in Figure ‎5-17. 
 

 

Figure ‎5-17. Ramp flashover voltage of high pollution conductivity and high fog rate for non-
textured and TS4  insulators. 
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As with the low conductivity pollution test, a steady increase in flashover is 

observed. Figure ‎5-17 shows the minimum flashover voltages level for the 1st 

event flashover test, when the pollution layer was not fully wetted.  

During the test, wetting of silicone rubber insulator surfaces due to exposure to 

long periods of high fog rate was observed. This wetting effect results in increased 

pollution layer resistance and associated decrease in flashover voltage level. The 

average flashover voltage of a TS4 insulator over five sequential flashover tests 

was 37 kV, compared with 36 kV for the non-textured insulator. The TS4 insulator, 

thus, appears to exhibit better flashover performance than the non-textured 

insulator, when subjected to a high conductivity pollutant. 

To investigate the effect of pollution conductivity on the flashover voltage of SiR 

insulators, a comparison was conducted between the flashover ramp series at 

conditions of high fog rate (6 l/hr) and two pollution conductivities 2.8 and 11.2 

S/m, as shown in Figure ‎5-18. 

  
       (a) non-textured                                         (b) TS4 

Figure ‎5-18. Effect of pollution conductivity on flashover voltage at high fog rate for non-
textured and TS4  insulators. 

As can be seen result from the figure, with an increase in the conductivity of the 

pollution layer on silicone rubber insulator surface, substantial decrease on the 

flashover voltage level is observed. 
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5.9 Effect of fog rate on SiR insulator flashover 

Wetting of silicone rubber insulator, during an artificial test for a limited time, can 

simulate one of the worst case scenarios of operating the SiR insulators in the 

field. This is case when SiR insulators are used in a foggy weather during the early 

morning. According to available literature in section ‎2.5, the electrical 

performance of SiR insulators is linked to their surface properties. Increasing the 

fog rate was found to produce a conductive moisture pollution layer, which causes 

the increase of surface discharges and leakage current, which, in turn, is capable of 

leading to flashover voltage. 

5.9.1 Highly polluted insulators (11.2 S/m) at low fog rate (3l/h) 

Figure ‎5-19 and Figure ‎5-20 show the flashover voltage performance of series 

ramp tests for high pollution and low fog rate. The results indicate an entirely 

different behaviour compared with the case of high pollution level and high fog 

rate (section ‎5.8.2).  

 
Figure ‎5-19. Flashover voltage under high pollution conductivity and low fog rate for non-

textured and TS4  insulators. 

Due to the low fog rate, the pollution layer wetting occurs more slowly and a 

steady increase of flashover voltage of series tests is not observed. In contrast, the 

trend observed in each series of tests exhibited a U-shape as shown in Figure ‎5-19. 

The first flashover event occurs at a relatively high voltage, reducing significantly 

for the second event due to the ongoing wetting of the pollution layer. Beyond this 

point, a steady increase in flashover voltage is observed with subsequent tests, 

similar to the high fog rate results. 

15

20

25

30

35

0 1 2 3 4 5 6

F
la

sh
o

v
er

 V
o

lt
ag

e 
[k

V
] 

Flashover event No. 

     Non-textured 
 
     TS4 



 

5-22 
 

Figure ‎5-20 shows the applied voltage and leakage current traces for a flashover 

ramp test on a TS4 insulator.  

 
         (a) Ramp series of 5 flashover voltage events 

          

           (b) leakage current history profile for ramp series of 5 flashover events 

Figure ‎5-20. Flashover voltage and LC for a highly polluted TS4 insulator under low fog rate. 
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The average flashover voltage over five events was 27.8 kV for the non-textured 

insulator and 27.7 kV for the TS4 textured insulator. The minimum average 

flashover voltages occurring during the second event were 24.5 kV and 23.5 kV 

respectively. The leakage current can be seen to increase along with the applied 

voltage, and the high leakage current is quickly promoted giving rise to intense 

dry-band activity and a shorter time to flashover.  

A comparison between the ramp voltage series (Figure ‎5-17 and Figure ‎5-19), for 

insulators under conditions of high pollution conductivity of 11.2 S/m and 

subjected to fog rates of 3 and 6 l/hr, shows that an increase in the fog rate will 

increase the conductance of the pollution layer, which in turn causes a significant 

fall in the flashover voltage. The flashover voltage decreased from 36 kV to 28 kV 

for non-textured insulators, and from 37 kV to 28 kV for the TS4 texture insulator.  

5.10 Effect of UV irradiation on the flashover voltage of SiR insulators 

The flashover of highly polluted textured and non-textured silicone rubber 

insulators induced by exposure to ultraviolet irradiation was investigated. It is 

expected that the energy absorbed from the UV irradiation would be a critical 

factor in determining the loss of hydrophobicity of SiR insulator surfaces.  

5.10.1 High pollution (11.2 S/m), low fog rate (3l/h) at 35 UV cycles 

Insulators described in section ‎3.5.1 were exposed to 35 UV irradiation cycles, 

equivalent to an exposure to natural sunlight over a period of 127.6 days. 

Figure ‎5-21, shows the flashover ramp tests due to high pollution conductivity, 

low fog rate, at 35 UV cycles. Each series of tests exhibited a U-shape. The average 

flashover voltage for five events was 22 kV for the TS4 insulator, and 24 kV for the 

non-textured insulator. Therefore, the non-textured insulator shows better 

flashover performance than the TS4 insulator. 
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Figure ‎5-21. Flashover voltage under high pollution conductivity, low fog rate and 35 UV 
cycles for non-textured and TS4  insulators. 

Figure ‎5-22 shows a series of flashover ramp tests on TS4 insulator under the 

conditions of high pollution suspension conductivity, low fog rate at 35 cycles of 

UV irradiation. Until the middle of first event, the LC was very low due to drying of 

the pollution layer, then when the pollution layer becomes wet, streamers 

elongated to reach in some spots as high as 60 mA. The second flashover event 

exhibited a higher LC due to wetting of the pollution layer causing an increase in 

its conductivity. 

For test insulators exposed to 35 UV irradiation cycles, the surface hydrophobicity 

of the housing material is lost, which reduces the time needed for full wetting of 

the insulator. Water droplets do not form on the surfaces of irradiated insulators 

as often as on non-irradiated insulators. However, a conductive film of water on 

the weather sheds is formed. Tiny water droplets attached to the underside of the 

sheds were observed in this case. 
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(a) Ramp series of 5 flashover voltage events 

 
(b) leakage current history profile for ramp series of 5 flashover events 

Figure ‎5-22. Flashover test records and their LC for highly polluted TS4 insulator, under low 
fog rate and 35 UV cycles for. 
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These droplets collapse and run down the insulator surface, resulting in an 

elongation of the spark channels and wetting of large sections of the shank region 

(Figure ‎5-23(a)). Another blue high current streamer was seen surrounding the 

shank regions and part of the weather sheds where the sparks channels do not 

exist as in Figure ‎5-23 (b). 

  

(a) Repetitive spark channel (b) Blue streamer 

Figure ‎5-23. Spark behaviour during ramp flashover voltage. 

During the discharge, the leakage current was limited because the dry-band 

resistance is high. With shortening of the leakage path due to the water droplets 

collapsing, the sparks (discharges) developed over longer sections of the SiR 

insulators, resulting in a decrease of the resistance over these areas, which allows 

extreme leakage current generation.  

 

5.10.2 Flashover voltage as an indicator of surface aging 

The variation in the flashover voltage with time of studied silicone rubber 

insulators (TS4 and non-textured) under different pollution conductivity and fog 

flow rate were observed.  

The effect of UV irradiation on the flashover voltage of SiR insulators was 

investigated by comparing the flashover performance for high pollution (11.2 
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S/m) for UV exposures of 0 and 35 cycles. The relevant data is plotted in 

Figure ‎5-24. The irradiated SiR insulators were found to be easily wetted due to 

loss their surfaces hydrophobicity, resulting in aged of their surfaces, which is in 

turn, reduced the flashover voltage. 

In some tests, the silicone rubber housing, especially in the region under the shed 

nearest the ground electrode, which is subjected to a relatively high electrical field 

stress, degraded by tracking and/or erosion. These cases showed a decrease in the 

flashover voltage in subsequent tests. 

 

 

Figure ‎5-24. Effect of UV on Flashover voltage on SiR insulators 

5.11 Performance of SiR insulators in rain 

The ageing process of a silicone rubber insulator is further accelerated in the 

presence of rain, as prolonged exposure to rain water and electric field results in 

surface degradation and a loss hydrophobicity. Consequently, a flow path for 

water droplets is easily formed resulting in a more uniform surface wetting, which 

impacts on the electrical properties of the insulator. 
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The wet test method is used to simulate the effect of natural rainfall on the 

performance of outdoor silicone rubber insulators. Tested insulators as specified 

previously in Figure ‎3-10, were sprayed with drops of water of specified 

conductivity and temperature, as detailed in Table ‎5-2. 

Table ‎5-2. Precipitation conditions for rain test procedure [BS EN 60060] 

Precipitation Condition Range 

Average precipitation rate of all measurements: 

                      Vertical and Horizontal Components  1.0 to 2.0 (mm/min) 

Temperature of Water Ambient temperature ± 15 (ºC) 

Conductivity of Water 100 ± 15 (µS/cm) 

 

5.11.1 Wet test configuration 

Before starting the test, the water flow rate used to spray the tested insulators was 

measured, to choose the position of the insulators relative to rain components 

specified by BS EN 60060. The sprayed water falls on a divided collection vessel 

that has open horizontal and vertical components. The nozzles used to produce 

the desired average of water spray were adjusted within the tolerance as given in 

Table ‎5-2. 

In this study, the tested insulators were pre-wetted initially for at least 15 minutes 

without interruption by spraying water under specified conditions (BS EN 60060), 

and these conditions were kept constant throughout the test. It is also possible to 

perform the pre-wetting process by unconditioned tap water for 15 min, followed 

without interruption by a second pre-wetting, spraying for at least 2 min before 

the test begins using water with the correct precipitation conditions (Table ‎5-2). 

The test facility set-up for wet tests is the same as that specified for the 

corresponding clean-fog tests (Figure ‎3-13). However, rain nozzles were used 

instead of fog nozzles (Figure ‎3-14), and the test duration was fixed to 60 s. 

5.11.2 Wet test results and discussion 

Figure ‎5-25 shows the results of wet tests on the SiR described in Chapter 3. 

Figure ‎5-25 (b) shows a gradual increase in the value of accumulated energy 

calculated from both insulators. Since the wetting process of non-textured 
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insulator is relatively uniform during rainfall, this insulator showed a higher value 

of accumulated energy comparing with the TS4 insulator, indicating a higher 

leakage current as can be observed in Figure ‎5-25(a). 

 
                   (a) Leakage current 

       
(b) Accumulated energy 

Figure ‎5-25. Textured and non-textured SiR insulators performance under to rain 
conditions. 
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When silicone rubber insulators are subjected to high voltage stress and rain, the 

shank regions and lower surfaces of the sheds, are protected from direct 

rainwater exposure. However, they can become wet as a result of rainwater 

dripping down, where the gravity force and the electrical field play a significant 

role in forming the shape of the dripping water stream. These regions of the 

insulator housing exposed directly to rainfall, may undergo faster rates of 

degradation than other areas of the shank regions and lower surfaces of the sheds 

which are protected. 

During the test, drops of rainwater can be elongated to link two or more sheds of 

the insulator, this phenomenon called ‘Bridging’ results in a shortening of the 

leakage (creepage) distance of the insulator. This increases the electrical stress at 

other points on the insulator surface, causing spark discharges indicated by the 

sudden current peaks seen in the leakage current records. Visual and thermal 

records of water bridge phenomenon on non-textured insulator during rain ramp 

flashover are illustrated in Figure ‎5-26. 

 

 

(a) Visual recored                (b) Infrared recored 

Figure ‎5-26. Bridging phenomenon during rain test. 
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5.12 Conclusion 

From the results of tests presented in this chapter, it can be concluded that the 

loss of hydrophobicity of silicone rubber insulators, either due to age of UV 

irradiation or contamination, plays a significant role in determining the electrical 

properties on their surfaces during the clean-fog test. The changes in electrical 

performance of irradiated SiR insulators are observed. In practice, these changes 

are expected to cause changes to their surfaces’ physical structure. 

The results have shown that any changes in the tested insulator surfaces 

properties by UV irradiation will be reflected by the magnitude of leakage current.  

The energy generated by the Atlas XXL+ Xenon Lamp results in surface 

degradation and roughening, this in turn increases the leakage current magnitude.  

Therefore, this is giving a reliable indication of the insulators aged and subsequent 

indication of failure or flashover. The higher exposure to UV irradiation doses is by 

increasing the number of UV cycles, the higher the leakage current flow will be on 

the surfaces as evidence of the transition from hydrophobic surface to hydrophilic 

surface. 

A series of high voltage ramp flashover tests under different conditions were 

performed to investigate the effect of pollution conductivity, fog rate and UV on 

the flashover performance of SiR insulators. At a constant fog flow rate, an 

increase in pollution layer conductivity results in a substantial decrease of the 

flashover voltage level. At the same pollution level, increasing the fog rate was 

found to produce a conductive moisture pollution layer, which causes the increase 

of surface discharges and leakage current, which, in turn, is capable of leading to 

flashover voltage. The flashover voltage performance at low fog rate showed 

flashover level fluctuation was associated with wetting times. 

Furthermore, it was found that the complexity of the TS4 surface design affects the 

flashover voltage level; Mostly, the first and second flashover events of the TS4 

insulator required a longer time to perform compared with the other flashover 

events and this is attributed to the wet surface process.  
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6 The effect of orientation on the performance of silicone rubber 

insulators  

 

Silicone rubber insulators used in power distribution and transmission systems 

may be installed in various orientations. The angle, at which an insulator is 

installed, will affect the level of pollution accumulated on its surface, and its 

wetting process. The flashover of polluted insulators is one of the most pressing 

problems for power networks in high voltage systems. Flashover is a complex 

phenomenon, due to several factors, which include insulator shape, pollution 

density distribution, wetting rate of fog or rainfall and the orientation angle of the 

insulator. Each of these factors affects the aging process and flashover 

performance of SiR insulation. 

As is well known, silicone rubber materials play an increasing role in the 

development of high voltage outdoor insulation systems due to its ability to 

maintain surface hydrophobicity, even in a polluted environment. Several research 

and laboratory experimental works have been undertaken to study the impact of 

pollution and wettability of the SiR housing surface on the flashover performance 

of such insulators. Nevertheless, the precise flashover mechanism of polluted 

silicone rubber insulators is not fully understood. The lack of full understanding of 

the flashover process poses the following fundamental questions: 

 What determines the acceptable parameters (e.g. pollution level, wetting 

rate, rain, and the orientation angle) for the correct application of silicone 

rubber insulators? 

 What is the effect of the insulator geometry (textured and non-textured) on 

its performance under wet polluted conditions in different orientations? 

 How does the orientation angle of SiR insulators under wet polluted 

conditions affect the wetting process? 

 Can any change in the rate of contaminate deposition and wetting due to 

orientation influence the flashover voltage? 

The purpose of this work is to assess the impact of surface texturing, pollution 

variation, wetting rate and precipitation on incidence of flashover in different 
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orientations. Results of different flashover voltage ramp series under fog and rain 

conditions are presented and discussed for silicone rubber insulators in different 

orientations (horizontal, inclined, and vertical). Insulators used for fog tests were 

artificially contaminated at different pollution conductivities, while non-polluted 

SiR insulators were used for rain tests.  

6.1 Orientation test set-up 

Two 11kV, textured and non-textured silicone rubber insulators, as described in 

Chapter 3, have been used to carry out these tests. The insulators were tested in 

vertical, inclined and horizontal positions using a test rig constructed in the high 

voltage laboratory, as shown in Figure ‎6-1. This set-up was used to investigate the 

effect of different orientations on the performance of silicone rubber insulators 

under clean fog tests, rain tests, ramp flashover tests, and rain-ramp flashover 

tests.  

Clean-fog tests were performed using the solid layer method of BS EN 60507. The 

contamination process starts with a thorough cleaning of the insulator surface, 

removing all traces of dirt, and prior to contamination the insulator was dried. The 

contaminant is deposited by dipping the whole insulator into a Kaolin/salt 

suspension, described in Chapter 3 and consisting of water, wetting agent, 

sodium-chloride and kaolin as the insoluble component.  

The LabVIEW data acquisition system described in Chapter 3 was selected to 

acquire, monitor and store records of the test voltage and the leakage current 

waveforms. Post-processing the acquired time domain data was performed using 

a second developed LabVIEW program to calculate electrical properties such as 

the total accumulated energy. 
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(1) H V transformer 

(2) Fog chamber 

(3) SiR insulator 

(4) Capacitive divider 

(5) Variable shunt Resistor 

(6) Overvoltage circuit  

(7) Optical link 

 

(8) DAQ system 

(9) PC 

(10) Digital storage oscilloscope 

(11) Infrared Camera 

(12) Digital Video Camera 

(13) Laptop 

 

Figure ‎6-1. Circuit diagram of orientation tests setup. 

 

Inclined Horizontal 

(1) 
(12) 

(3) 

(2) 

(4) 

(5) 

(6) 

(11) 

(13) 

(10) 

(8) 

(9) 

Vertical 

(7)  

 



 

6-4 
 

6.2 Test configuration 

The performance of silicone rubber insulators operating in different orientations 

was assessed by the following modified standard, and non-standard tests: 

i. A modified clean-fog test (BS EN 60507) was performed by applying light 

pollution (2.8 S/m), corresponding to an ESDD of 0.07 mg/cm2, based on the 

solid layer method with the addition of non-ionic wetting agent in the pollution 

suspension as described by the HIVES group (section ‎3.7). A low fog rate 

(3l/hr) was used, and a constant rms voltage of 6.4 kV was applied. 

ii. A wet (Rain) test as described in IEC 60060-1 was performed at an average rain 

water precipitation of the vertical and horizontal collection vessel of 1.7 

mm/min. A pre-wetting time of 15 minutes using water at a temperature of 

22oC and water conductivity of 109.3 µS/cm was achieved.  

iii. Tests as proposed by the Advanced High Voltage Engineering Research Centre 

(AHIVE) at, Cardiff University, involving the application of a controlled ramp 

voltage using a Hipotronics motorised supply. The applied voltage was 

increased at a steady rate of 4-6 kV/minute. 

iv. High voltage fog tests with ramp control were performed by applying various 

pollution levels and fog flow rates for different insulator orientations. 

v. Rain ramp high voltage tests, to investigate the effect of different orientations 

on their flashover performance of SiR insulators subjected to rain precipitation.  

6.3 Clean-fog orientations tests  

The modified clean-fog test based on BS EN 60507 was performed to quantify the 

performance of three types of silicone rubber insulators of different designs (non-

textured, and TS4) with identical geometries. 

Visual observations revealed that the pattern and extent of the discharge activity 

on the non-textured insulator surface depended on the orientation.  This is due to 

the variation in the surface wetting process (the water runoff channel forms a 

conductive path which is responsible for leakage current and surface discharge 

formation). Therefore, the greater the area exposed to fog is, the greater the 

leakage current and surface discharge activity will be,  
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 In vertical orientation, the insulators are wetted by a uniform fog distribution 

over the housing surface. However, the upper areas of the insulator sheds are 

subjected to the highest water droplets condensation, which is dripping 

downwards by the action of gravity. Sheltered areas, such as the undersides of 

the sheds and the shank regions, were thus not wetted to the same extent as 

other parts. 

 With the inclined arrangement (45 degrees), the insulator surface was 

subjected to a non-uniform fog rate due to the insulator inclination. In this 

orientation, condensation water droplets are allowed to travel from the upward 

facing surfaces, to the lower surfaces along the insulator housing, resulting in a 

non-uniform wetting and water film build-up  on the lower part of the insulator 

surface. 

 For insulators operating in a horizontal orientation, the insulator surfaces are 

subjected to equal fog (wetted) rates. The formation and downward movement 

of condensation droplets also creates conducting paths along the lower surfaces 

of the insulator. 

6.3.1 Results and discussion 

6.3.1.1  Non-textured insulators 

Figure ‎6-2 shows the recorded rms leakage current and the calculated 

accumulated energy for non-textured silicone rubber insulators tested at different 

orientations over the 2-hour test. It is noted from Figure ‎6-2 that both the leakage 

current and the accumulated energy for the non-textured SiR insulator increase as 

its orientation rotates from the vertical to the horizontal. This variation is 

attributable to the differences in the wetting process for each orientation. Leakage 

current development and dry-band discharge formation are, thus, affected by 

changes in the wetting rate, which in turn depends on the orientation angle as 

follows: 

- Low leakage current is observed when the SiR insulator is tested in a vertical 

orientation. This results from a low surface conductance (low conductivity of 

the pollution layer), which is due to a lower overall wetting of the entire 

insulator surface. A small number of surface discharges were observed, which 
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were attributed to water droplets bridging the space between successive 

insulator sheds.  

- In inclined orientation, since the insulator surface is not fully saturated with  

condensate water, the leakage current magnitude was found to be a function of 

wetting level on the surface.  

- In the horizontal orientation, the highest leakage current magnitude and 

incidence of discharge activity was observed. This is due to the high 

conductance of the contaminant layer on the insulator surfaces. 

 
      (a) RMS leakage current [mA] 

                  
            (b) Accumulated energy [J] 

Figure ‎6-2. Non-textured SiR insulator performance in clean fog test at different orientation 
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In summary, the accumulated energy and discharge activity are minimised for 

non-textured silicone rubber insulators when operated in a vertical orientation, 

which represents the ideal working orientation for this insulator type. 

6.3.1.2 4mm square textured insulators (TS4) 

Figure ‎6-3 shows both leakage current and accumulated energy for a TS4 silicone 

rubber insulator, tested under clean-fog conditions with light pollution (2.8 S/m). 

These tests were also performed at different orientations (vertical, inclined, and 

horizontal). Unlike the electrical performance of non-textured insulators, the 

leakage current and accumulated energy of TS4 silicone rubber insulators tested 

under the same conditions and orientation showed a difference performance due 

to the textured surface pattern. TS4 insulator surface has a similar wetting process 

as non-textured SiR insulators at any given orientation, and the LC and 

accumulated energy similarly increase in magnitude with rotation from the 

vertical to the horizontal.  

However, in inclined and horizontal orientations, a small amount of condensate 

water is retained by the surface texturing of the shank regions.Thus, a conductive 

layer is more easily established in these regions which increases the electrical 

parameters (LC and accumulated energy) and achieves a higher value of 

accumulated energy compared to the same tests of a non-textured insulator.  

The clean-fog test results of non-textured, and TS4 insulators at different 

orientations (vertical, inclined, and horizontal) are summarised in Table ‎6-1. All 

tests were performed under the same conditions of pollution layer conductivity, 

applied voltage and fog rate. 
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(a) RMS leakage current [mA] 

                    
(b) Accumulated energy [J] 

Figure ‎6-3. Electrical performance of TS4 SiR insulator in clean-fog under light pollution 
conductivity, low fog rate and a constant rms voltage of 6.4 kV, at different orientations.  

The results in Table ‎6-1 show that the TS4 silicone rubber insulator exhibits 

better electrical performance, both in terms of leakage current and accumulated 

energy, when operated vertically in wet polluted environment.  
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Table ‎6-1: Summary results of effect of orientation on polluted SiR insulators 
performance in clean-fog test. 

 

Sample pattern Orientation 
I r.m.s (max) 

(mA) 

I peak (max) 

(mA) 

Accumulated Energy 

(kJ) 

Insulators 

Non-textured 

 

Horizontal 

 

2.5 

 

4.9 
 

22 

 

Inclined 

 

0.8 

 

1.3 

 

20 

 

Vertical 

 

0.7 

 

1.4 

 

5 

 

TS4 

 

Horizontal 

 

1.6 

 

2.7 

 

29 

 

Inclined 

 

0.9 

 

1.4 

 

26 

 

Vertical 

 

0.4 

 

0.7 

 

2 

 

Figure ‎6-4(a) shows that TS4 silicone rubber insulator, when tested in a vertical 

orientation provides up to 31% improvement of accumulated energy compared to 

a non-textured insulator. 

The non-textured insulator in inclined and horizontal orientations, showed a 

significant improvement in performance in terms of their accumulated energy 

compared to TS4 insulator as seen in Figure ‎6-4 (b and c). This is attributed to 

easy formation of uniform conductive water filming on the non-textured silicone 

rubber surfaces. In contrast, the textured pattern has shown different behaviour 

for these orientations as described in Chapter 5.  
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                  (a) Vertical orientation 

 
                   (b) Inclined orientation 

 
               (c) Horizontal orientation 

Figure ‎6-4. Accumulated energy in clean-fog under light pollution conductivity, low fog rate 
and a constant rms voltage of 6.4 kV, at different orientations. 
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This behaviour is attributable to the retention of water droplets by the surface 

texturing, which has the effect of increasing the surface wetting for textured 

insulators when compared with the non-textured case. 

Based on the test results, it is clear from Figure ‎6-5 that, under wet polluted 

conditions TS4 silicone rubber insulators tested in vertical orientation, can 

provide superior electrical performance compared with their performance under 

the inclined and horizontal orientations.  

 

Figure ‎6-5. Accumulated energy of non-textured, and TS4 at different orientations. Over a 2-
hr test period (light pollution conductivity, low fog rate and a test voltage of 6.4kV) 

 

6.4 Extended wet (rain) test at constant voltage  

A fog chamber having four rain nozzles as seen in Figure ‎6-6 was used to simulate 

precipitation conditions for the test insulators. Rain was generated using distilled 

water with an electrical conductivity of 115 µS.cm-1 at a temperature 16 oC. In 

these tests, the average precipitation of water flow rate for the vertical and 

horizontal measuring components was 1.8 mm/min. 
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The wet test method described in BS EN 60060-1:2010 was used to simulate the 

effect of natural rainfall on the performance of outdoor silicone rubber insulators, 

but has been extended to operate the insulator in different orientations (vertical, 

inclined at 45o, and horizontal). 

 

 

 

 

 

 

 

 

(1) Fog Chamber Shell 

(2) High Voltage Conductor 

(3) Stress Control Rings 

(4) Test Insulator Sample 

(5) Leakage Current Path 

(6) Earthling Mesh 

(7) Pressure Control 

(8) Rain Nozzles 

(9) Supplies 

(10) Sump 

Figure ‎6-6. Chamber schematic layout used for rain tests in different orientations. 

The insulator test samples used in these tests were 11kV, textured and non-

textured silicone rubber insulators (Figure ‎3-10). The insulators were energised 

to a voltage of 6.4kV by a Hipotronics A.C. 75kV high voltage transformer. The 

leakage current and applied voltage were monitored and acquired through a 

system consisting of LeCroy digital oscilloscope (DSO) and a desktop computer 

running a purpose-developed LabVIEW data acquisition system. 

6.4.1 Results and discussion 

During these tests, the effect of SiR insulators orientation on their performance in 

rainfall under ac high voltage conditions was investigated. 

6.4.1.1 Non-textured insulators 

Figure ‎6-7 shows the recorded results of leakage current and accumulated energy 

for a non-textured insulator (high resistive surface). The insulator was subjected 
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to rain at vertical, inclined, and horizontal orientations. The accumulated energy 

overall orientations under rain test was much smaller than measured under the 

pollution test. 

 
        (a) RMS leakage current [mA] 

                      

           (b) Accumulated energy [J] 

Figure ‎6-7. Performance of non-textured SiR insulator under rain (water conductivity of 115 
µS.cm-1),  over a 60 s test period and test voltage of 6.4kV in different orientations. 

The accumulation of water droplets on the vertically oriented insulator is caused 

by direct spray of rain on the upper surfaces of the sheds, while the lower areas of 

the sheds (under sheds) are not fully wet because they are protected against direct 
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exposure to the rainfall (see Figure ‎6-8(a)). These areas were wetted by 

downward movement of water droplets along the surface of the insulator housing 

as indicated in Figure ‎6-8. 

  
(a) Water droplet behaviour (b) Path of water droplets movement 

Figure ‎6-8. Rainfall wetting process vertically orientated SiR insulators 

In horizontal orientation (Figure ‎6-9), droplets of rain water falling on the 

insulators are less likely to remain on the surface of the sheds. The lack of a 

sustained conductive water layer inhibits electrical activity, and thus the leakage 

current flow is reduced. The leakage current on the insulator tested in a horizontal 

orientation was observed to increase for subsequent rain cycles, eventually 

exceeding the current on the vertically suspended insulator, as seen in Figure ‎6-7. 

  
(a) Visual record (b) Thermal record 

Figure ‎6-9. Rainfall wetting process on SiR at horizontal orientation. 

With the inclined insulator as shown in Figure ‎6-10, the lower surfaces of the 

sheds are partially protected against rain water accumulation. Therefore, water 

droplets flow downward from the upper of the insulator surface to the lower part 

of the insulator surface, these droplets wetted full lower areas of the housing. 

Because of this mechanism, there is a possibility for formation of water conductive 

Water droplets 

Dry areas 

Water drops 

Water droplets directions 
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layers of water which may last long periods. Hence, leakage current in this 

orientation is the highest value compared with the other orientations. 

  

(a) Visual record                       (b) Thermal record 

Figure ‎6-10. Rainfall wetting of an inclined SiR insulator 
 

In general, measured leakage current on the insulator tested in the horizontal 

orientation was more constant than on the insulators suspended vertically or 

inclined configuration. The accumulated energy of the horizontal insulator was 

found to be lower than that for the inclined case, but higher than for the vertical 

orientation. 

6.4.1.2 TS4 textured insulators 

Figure ‎6-11 shows the LC (rms) profile and accumulated energy for TS4 insulators 

under simulated rain conditions in vertical, inclined, and horizontal orientations.  

The relationship between the leakage current behaviour and the wetting process 

with different orientations was observed, and it was found the higher the wetting 

level on the insulator surface is, the higher leakage current will be. Horizontal and 

inclined test configurations of the TS4 insulator exhibit similar trends of leakage 

current and accumulated energy as observed for a non-textured equivalent.  

For the inclined insulator, the lower surfaces of the sheds are partially protected 

against rain water accumulation, but as the water droplets move down to cover 

the underside of the insulator housing, a higher leakage current than the vertical 

case is developed. Therefore, a significant difference in the accumulated energy 

was observed. In horizontal orientation, rain droplets coat the entire upward-

facing surface, with water accumulating between the protuberances of the shank 

Water droplets directions 
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surface texture. This accumulation permits the formation of a conductive layer, in 

which high magnitude leakage currents can flow. 

 

            (a) RMS leakage current [mA] 

    

         (b) Accumulated energy [J] 

Figure ‎6-11. Performance of TS4 SiR insulator under rain test conditions in different 
orientation. Over a 60 s test period, water conductivity of 115 µS.cm-1 and                                              

test voltage of 6.4kV. 

As can be seen in Figure ‎6-11, the measured leakage current on the surface of an 

insulator mounted in horizontal orientation exhibited the greatest variations and 

instability, with the highest magnitude discharge current spikes observed in this 

orientation. Hence, the accumulated energy on the horizontally suspended 
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insulator (32.5 J) was higher than on the insulators mounted in inclined (30.8 J) 

and vertical (5.02 J) configurations. 

Table ‎6-2 summarises the results of tests on both non-textured and TS4 insulators 

in wet (rain) weather conditions. Based on the measured data and laboratory 

observations, it can be said that, the textured insulator with 4mm square 

patterning (TS4) has the worst performance under horizontal and inclined 

arrangements, and this is thought to be due to its wet-weather performance 

(Figure ‎6-12). The TS4 insulator does, however, present a marginal improvement 

over the non-textured equivalent when employed in vertical orientation. 

Table ‎6-2. Summary results of SiR insulators under rain test conditions with 
different orientations. 

Insulators Orientation I r.m.s (max)  
(mA) 

I peak (max)  
(mA) 

   Accumulated Energy  
(J) 

Non-textured 

Horizontal 0.02 0.03 7.1 

Inclined 0.03 0.04 7.9 

Vertical 0.02 0.06 6.1 

TS4 

Horizontal 0.11 0.17 32.5 

Inclined 0.09 0.15 30.8 

Vertical 0.02 0.06 5.1 

 

 

Figure ‎6-12. Accumulated energy of SiR insulators under rain test condition with different 
orientations. 
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6.5 High voltage flashover tests under ramp control 

The flashover performance of 11 kV silicone rubber insulators, as described in 

Section ‎3.5.1 was investigated. These tests were conducted in the fog chamber 

under different orientations (vertical, inclined, and horizontal). Under this 

protocol, the applied voltage is increased automatically at a specified nominal 

constant rate of 4 kV/min. 

LabVIEW data acquisition systems were used to monitor and acquire the applied 

voltage and leakage current waveforms via a fiber-optic isolated measurement 

equipment. An infrared camera (FLIR A325) and a high resolution camera were 

used to monitor thermal stress, discharge activity and flashover phenomena 

occurring on the insulator.  

6.5.1 Effect of fog rate on ramp flashover of polluted SiR insulators 

The procedure described in section ‎5.6.2 was used to test polluted SiR insulators, 

under different various pollution levels and fog flow rate. After each ramp test was 

concluded, the insulator under test was cleaned prior to the next test. In the case 

of insulators subjected to UV irradiation, a period of 24 hours was allowed for full 

recovery of surface hydrophobicity prior to the next test. Ramp flashover tests 

were performed to determine the effect of insulator orientation on flashover 

performance. 

6.5.1.1 High pollution level and high fog rate  

A ramp test series of 5 flashover events was performed, with each ramp repeated 

three times to achieve satisfactory statistical results. The volume conductivity of 

the applied pollution suspension was 11.2 S/m, and a fog rate of 6 l/hr was 

applied. The value of flashover voltage for each event and in each orientation is 

plotted in Figure ‎6-13. 
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Figure ‎6-13. Ramp flashover voltage of highly polluted non-textured and TS4 insulators in 

different orientations at high fog rate. 

Figure ‎6-13 shows that the flashover voltage of event number 1 varies only by a 

few kV with changes in surface texturing and orientation. This indicates that all 

insulators are of comparable wetting condition prior to the test. 

The flashover voltage in all orientations is seen to steadily increase as the surface 

pollution layer is washed away by the accumulated condensation. Horizontal 

mounting was found to give the worst results for both insulators, due to the ease 

by which the whole insulator surface can be wetted. From Figure 6-14, non-

textured insulators can be seen to exhibit better performance than the TS4 

insulator in the same orientation. 

6.5.1.2 High pollution level and low fog rate  

Results of the low fog rate tests are similarly plotted in Figure ‎6-14. Figure ‎6-13, 

and Figure ‎6-14 indicated the relationship between the flashover voltage level and 

pollution layer conductance. In the case of high fog rate (6 l/h) the flashover 

voltage was likely increased gradually because of the contamination layer being 
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washed-off very quickly. Whereas, in the case of low fog rate (3 l/h), the flashover 

voltage trend was in an U-shape pattern in vertical and horizontal orientations. 

The flashover of inclined oriented insulators is significantly higher compared to 

the other positions. 

 

 

Figure ‎6-14. Ramp flashover voltage of highly polluted non-textured and TS4 insulators in 
different orientations at low fog rate. 

 

6.5.1.3 High pollution level and high fog rate: insulators pre-irradiated        

at 35 UV cycles. 

Insulators were ramp-flashover tested in various orientations following exposure 

to 35 UV irradiation cycles at 60 W.m-2 for 102 minutes under dry phase followed 

by 18 minutes of water spray phase (UV cycle as showed in Figure ‎4-4). Over this 

period, equivalent to sun-light exposure of 127.6 days, the total absorbed energy is 

measured by Atlas Suntest XXL+ as 15069.2 kJ/m2.  
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Figure ‎6-15 illustrates the flashover voltage ramp series on irradiated silicone 

rubber insulators (non-textured and TS4) with a pollution conductivity of 11.2 

S/m and a fog rate of 3 l/hr in different working orientations. The trends observed 

in Figure ‎6-15 are consistent with the flashover voltage ramp series of non-

irradiated insulators. However, it is clear that the flashover voltage levels of 

irradiated insulators are reduced in comparison with equivalent non-irradiated 

insulators, and this behaviour is attributed to a decrease of insulator surface 

hydrophobicity.  

 
Figure ‎6-15. Ramp flashover voltage of non-textured and TS4 insulators under high 

pollution (11.2 S/m), low fog rate (3l/hr) and 35 UV irradiation cyles in different 
orientations. 

Regardless of the impact of the effect of UV on the SiR material, satisfactory 

agreement was observed between the behaviour of flashover ramp series for each 

orientation. In general, reductions of flashover voltage level of irradiated 

insulators were observed as a result of losing their surface hydrophobicity. 

Inclined orientation of both irradiated and non-irradiated SiR insulators was 

found to give the best flashover performance. In vertical orientation, a significant 

deterioration of the SiR housing material near the ground end fitting was 
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observed, due to elevated electrical field stress in the drier surface regions, 

resulting in strong discharge activity and leading to significant erosion. 

 

Figure ‎6-16. Flashover voltage of irradiated and non-irradiated SiR insulators under high 
pollution (11.2 S/m), low fog rate in different orientations 

6.6 Rain ramp flashover tests, and different orientation 

In order to investigate the effect of rain on the flashover voltage performance of 

silicone rubber insulators in different orientations, a rain ramp test series was 

performed as described in section ‎5.6.2 using non-textured and TS4 insulators. In 

this test method, rain spray is generated with water of electrical conductivity 105 

µS.cm-1 at ambient temperature (14 oC). The average precipitation of water flow 

rate of vertical and horizontal measuring components for rain flow calibration, 

was 1.6 mm/min (see Table ‎5-2). The Sony video camera and FLIR A325 infrared 

camera were fitted to the test set-up to record visual and thermal behaviour of the 

discharge activity, to detect the formation of dry-bands from surface temperature 

variation. Figure ‎6-17 shows the results of the rain ramp flashover tests.  
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Figure ‎6-17. Rain ramp flashover voltage of non-irradiated and non-polluted of SiR 

insulators in different orientations. 

 

It is clear that for each individual rain ramp test series, there is no significant 

variation in flashover voltage level from event 1 to 5, indicating that the flashover 

voltage level of silicone rubber insulators in any given orientation is largely 

unaffected by the presence of rain.  
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The performance of both non-textured and TS4 insulators in vertical orientation 

was found to be far worse than that observed in the horizontal or inclined case. 

This is due to the elevated electric field stress in areas sheltered from direct rain 

spray, such as under the weather sheds and in the shank regions nearest the 

ground electrode as illustrated in Figure ‎6-18. High temperatures and strong 

electrical discharge activity were observed mostly from the fourth flashover event. 

Once this happens, the insulator is no longer use.  

 

 

Figure ‎6-18. Condition of TS4 protected reigons following fourth flashover event under rain 
ramp condition. Insulator operated at vertical orientation. 

 

The accumulated energy of the fourth flashover event for a TS4 insulator is plotted 

in Figure ‎6-19. Changing the orientation angle from vertical to horizontal has a 

small effect on the leakage current development, which in turn impacts the total 

accumulated energy. In vertical orientation, a slight increase in accumulated 

energy is observed, and this is attributed to the increased electric field stress in 

the shank region. The TS4 insulator was found to perform worst in vertical 

orientation under rain test, in terms of both flashover voltage level and material 

degradation, with deep erosion observed in the sheltered regions of the insulator 

surface.  
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Figure ‎6-19. Accumulated energy of the fourth flashover event of TS4 insulator under rain 
ramp flashover voltage test at different orientations. 

 

6.7 Effect of wetting source direction on the performance of silicone rubber 

insulators on horizontal position. 

The electrical performance of a silicone rubber insulator is significantly affected 

by the wetting level on its surface. The SiR surface performance and degradation 

are directly related to the development of the electric parameters as LC and 

accumulated energy, and discharge activity, which is in turn depending on the 

wetting level. 

Figure ‎6-20(a) shows 11kV TS4 silicone rubber insulator suspended horizontally 

at varying angles (θ) relative to the rain source direction. The axis of the insulator 

column is taken as the reference angle for the test, with θ=0o corresponding to 

case where the HV electrode is closest to the spray nozzle. The wetting angles for 

the tested insulators were thus 0o, 45o, 90o, 180o, and 225o as illustrated in Figure         

6-21(b, c, d, e, f). 
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Figure ‎6-20. (a) TS4 SiR insulators oriented horizontally in rain condition;                                           
(b, c, d, e, f) topview of the horizontal insulator at different angles relative to the rain source 

direction.  

(b) Top view of horizontal TS4 at θ = 0o 

H.V. 

(a) TS4 insulator oriented horizontally 

(c) Top view of horizontal TS4 at θ = 45o (d)Top view of horizontal TS4 at θ = 90o 

(e) Top view of horizontal TS4 at θ = 180o (f) Top view of horizontal TS4 at θ = 225o 

θ
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6.7.1 Non-textured insulators 

Figure ‎6-21 shows the flashover voltage of a non-textured insulator suspended 

horizontally in the fog-chamber under a rain ramp test series. Tests were 

performed under rain water conductivity of 105±5 µS.cm-1 . The average 

precipitation of the water flow rate of vertical and horizontal measuring 

components for rain flow calibration was 1.6±3 mm/min. Each series of rain 

ramps consisted of 5 flashover events. 

Different angles were scrutinised between the top electrode (HV electrode is taken 

as a zero reference point) and the rainwater spray nozzles. The angles were 0o, 

45o, 90o, 180o, and 225o. It found that the insulator flashover voltage performance 

depends on the wetting direction. 

 

Figure ‎6-21. Performance of non textured insulators in different rain source direction. 
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The average of 5 flashover voltage dropped from 64 kV at 0o to 62 kV at 90o, and 

then it is increased to 64 kV at 225o. The directions 0o and 180o give 

approximately similar trends of flashover voltage, due to the same wetting level on 

the insulator surfaces. The average flashover voltage of 0o and 180o is 64 kV and 

64 kV respectively. The same performance was achieved for the directions of 45o 

and 225o, where the average flashover voltage was 64 kV and 64 kV respectively. 

However, as it can be clearly seen in Figure ‎6-21, when the whole insulator faces 

directly the rainwater at 90o, there were no significant difference in the flashover 

voltage level for all flashover events and the average of the flashover voltage was 

the lowest, due to relatively uniformly wetted insulator. 

6.7.2 TS4 insulators 

Figure ‎6-22 shows the equivalent flashover voltage series for the TS4 insulator. 

 
Figure ‎6-22. Ramp flashover voltage of TS4 insulators in horizontal facing rain with 

different angles.  
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Similar to the non-textured insulator, the average flashover voltage is seen to 

reduce from 61 kV at 0o through 60 kV at 45o and to 58 kV at 90o. The directions 0o 

and 180o, and also the directions 45o and 225o are giving more or less similar 

trends of flashover voltage, due to the same wetting level on the insulator surfaces. 

The average flashover voltage of 0o and 180o is 60 kV and 62 kV respectively, and 

average flashover voltage of 45o and 225o are 59.6kV and 60.5kV respectively, 

while the flashover voltage level at 90o is 57kV. The drop of flashover voltage at 

90o is due to relative uniformed wetting insulator, because the whole insulator 

faces the rainwater directly. TS4 insulators exhibit lower flashover voltage levels 

overall than non-textured insulators, because the textured pattern serves to retain 

a portion of the surface water.  

The average of the accumulated energy over rain ramp test series (Each series of 

rain ramps consisted of 5 flashover events), of each direction of both silicone 

rubber insulators has been calculated and presented in Figure ‎6-23.  

 

Figure ‎6-23. Average of accumulated energy of SiR insulators in horizontal facing rain with 
different angles. 

The accumulated energy at 90o of both insulators is the largest attributed to 

uniform rainwater distribution.  
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6.8 Conclusion 

From the data presented in this chapter, it can be concluded that changing the 

orientation angle of silicone rubber insulators, either under fog or rain tests, does 

play a significant role in determining the amount of moisture collected on the 

insulator surfaces. This in turn influences the leakage current magnitude and 

flashover voltage level. Changes in the electrical performance of SiR insulators 

were observed due to variation in the physical wetting mechanism on the 

insulator surface. 

Silicone rubber insulator performance depends on the surface wetting level, 

where under fog conditions, the leakage current increases with variation of the 

orientation angle from vertical to horizontal. The TS4 silicone rubber insulator 

showed better performance in vertical orientation under fog conditions, while in 

high pollution level at either high or low wetting rate, horizontal orientation gave 

the worst TS4 flashover voltage performance. 

 The effect of the UV irradiation on the performance of silicone rubber insulators 

at different orientations ( vertical, inclined and horizontal) was also investigated. 

It was found that, comparing with non-irradiated insulators, the flashover voltage 

level of irradiated insulators for all orientations was decreased.  

For the rain ramp flashover test, leakage current was found to increase with 

changes the orientation angle from vertical to horizontal. In terms of flashover 

voltage performance alone, TS4 silicone rubber insulators are less suitable for wet 

weather conditions in any orientation, due to the following reasons: (a) in vertical 

orientation a very low flashover voltage was observed due to the development of 

high magnitude electric fields in the insulator shank region, and (b) for the 

inclined and horizontal orientations, non-textured insulators exhibit a better 

flashover performance than their textured equivalents. 
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7 Conclusion and Future work 

The aim of this thesis is to improve the understanding of the performance of non-

textured and textured silicone rubber insulator under different climatic and 

weather conditions. Discharge events occurring on the surfaces of wet and 

polluted SiR insulators exposed to different doses of UV irradiation are also 

investigated, along with their flashover performance under wet conditions and at 

different orientations. Surface electrical parameters, such as leakage current 

magnitude and accumulated energy, are used as performance parameters to 

assess the condition of each tested insulator. 

7.1 Hydrophobicity of silicone rubber 

Silicone rubber materials exhibit good water repellency, which helps to suppress 

the surface leakage current. The development of leakage current is associated with 

a temporary loss of hydrophobicity, by both physical and chemical changes of the 

surface properties when subjected to different electrical and environmental 

conditions. This study has shown a correlation between UV irradiation exposure 

and leakage current magnitude on the surfaces of SiR insulation systems. This 

relationship is attributed to an increasing conductivity due to the diffusion process 

of LMW polymer chains of hydrophobic methyl (CH3) groups from the material 

surface to the bulk [257]. 

7.2 Recovery of hydrophobicity 

If SiR surface hydrophobicity is lost due to UV irradiation and/or dry-band arcing, 

hydrophobicity may be recovered by the reorientation of CH3 groups toward the 

material surface. The time required for hydrophobicity recovery depends on the 

severity of the chemical changes at the SiR surface exposed to UV irradiation, dry-

band arcing and pollution. The recovery process involves diffusion of silicone 

fluid, from the bulk to the surface, which results in the formation of a very thin 

surface layer of hydrophobic silicone fluid. Results of hydrophobicity classification 

and contact angle measurements discussed in Chapter 4 show that the loss and 

recovery of hydrophobicity by polluted SiR surfaces is dependent on UV 

irradiation exposure. Measurement of contact angle showed that changes in the 
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wettability of SiR surfaces bears a close relation to the measured leakage current 

magnitude. 

7.3 Inclined plane tests to evaluate SiR materials 

These tests were aimed at exploring the anti-tracking and anti-erosion 

performance of two different commercial RTV silicone rubber materials (A and B). 

Standard SiR samples, with both 4mm square texture (TS4) and conventional non-

textured surfaces, were manufactured and tested in the inclined plane test facility 

as specified in IEC 60587. To investigate the effect of UV irradiation on the 

performance of both silicone rubber insulation materials, various numbers of UV 

irradiation cycles as described in BS EN ISO 4892-2 were applied. Surface 

hydrophobicity was evaluated by measurement of the static contact angle. A 

LabVIEW data acquisition system was developed to monitor and store the test 

voltage and leakage current waveforms. Visual information was also collected 

through video records of surface discharge activity, and by thermal imaging of 

surface temperature variations in the dry-band regions. 

Results of the inclined plane tests showed that material (B) exhibited superior 

electrical performance in comparison with material (A). All samples manufactured 

using material (B) passed the test as defined in IEC 60587, with the TS4 textured 

design exhibiting improved surface properties in terms of resistance to tracking 

and erosion with only minimal loss of material observed. This performance 

improvement is attributed to a modified surface discharge behaviour, where dry-

bands formed near the H.V electrode, span the width of the sample and migrate 

towards the ground electrode by means of short parallel dynamic streamer 

discharge lines. The associated reduction in surface current density, in turn, 

minimises the material damage due to discharge activity. 

Similar behaviour is observed for UV-irradiated TS4 samples. For samples 

exposed to different numbers of UV cycles, a higher UV dose was found to result in 

a reduction of material loss.  This is attributed to the formation of wet paths as 

material hydrophobicity is lost, allowing the leakage current to follow multiple 

parallel paths distributed over the width of the irradiated sample.  
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7.4 Discharges on SiR surface 

Discharge activity occurring on the surfaces of hydrophobic silicone rubber 

samples and insulators in inclined plane tests, clean-fog tests, wet tests and high 

voltage flashover tests was investigated by visual inspection using a video camera 

and thermal imaging using a FLIR camera. These records showed that with a 

continuous conductive layer on SiR surface, dry-band discharge activity consists of 

a series of short duration events. Dry-band discharges repeat in a smooth 

sequence without interruption of the leakage current flow. This is due to 

discharges occurring when separate water droplets is joined as a result of surface 

hydrophobicity reduction. With a temporary loss of hydrophobicity, leakage 

current may increase and the SiR surface is degraded by the ensuing dry-band arc. 

Dry-band arcing produces high temperature hot spots which causes dissociation 

of the chemical bonds at the surface. The presence of dry-bands thus accelerates 

the degradation of SiR insulation materials. Continued discharge activity decreases 

the number of surface CH3 groups .These changes are responsible for further loss 

of hydrophobicity having a detrimental effect on electrical performance. 

7.5 Performance of silicon rubber insulators under rain 

The electrical performance of SiR insulators under simulated rain weather 

conditions was investigated by subjecting them to test conditions specified in BS 

EN 60060. The behaviour of SiR insulators was found to depend on the surface 

wetting level, and thus changing the orientation of an SiR insulator from vertical to 

horizontal has a significant effect on its electrical performance. 

TS4 insulators exhibited better performance than non-textured equivalents when 

tested at a constant voltage, due to the relatively uniform wetting of non-textured 

insulation during rainfall. Bridging phenomena that shorten the leakage distance 

of tested insulators were observed, due to the linking of two or more insulator 

sheds by rainwater droplets. This results in a sudden increase of leakage current 

during the test.  

The TS4 insulator exhibited the best electrical performance, for vertical 

orientations, but performed worse than the non-textured equivalent in inclined 
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and horizontal orientations. The TS4 textured design is thus less suitable for 

outdoor use in either inclined or horizontal orientation.  

 

7.6 New test procedure 

A new test procedure has been proposed, based on a high voltage ramp test 

method of the Advanced High Voltage Engineering Research Centre at Cardiff 

University, and the wet test procedure specified in standard BS EN 60060-1. This 

novel test method, referred to as the ‘high voltage rain ramp test’, was developed 

to assess the flashover performance of silicone rubber in vertical, 45° inclined and 

horizontal orientations under simulated rain weather conditions. A comparison of 

flashover voltage levels was carried out between TS4 and non-textured insulators 

in different orientations.  

The high voltage rain ramp test presents the following distinct advantages:  

(a) The test procedure does not require complex boundary conditions;  

(b) It gives useful information about the wetting process of SiR surfaces in 

different orientations; 

(c) It permits straightforward investigation of dry-bands and electric discharge 

activities on SiR insulator surfaces by means video and thermal cameras, due to 

the lack of pollution deposition on the surfaces.  

It is, therefore, considered that the high voltage rain ramp test is suitable for the 

design assessment of silicone rubber insulators. 

7.7 Performance of silicon rubber insulators under clean fog test  

In these tests, insulators were polluted based on a modified solid layer method, as 

described in BS EN 60507 for ceramic insulators. A kaolin/salt suspension was 

modified by adding a Triton X-100 non-ionic wetting agent to increase the 

wettability of the hydrophobic SiR insulator surface. This allowed a more uniform 

pollution film to form across the insulator surface.  

In addition to using a non-textured insulator, a design employing a 4mm square 

textured pattern in the shank regions was selected for testing. TS4 was chosen for 

the textured region because of its good performance in the inclined plane tests and 
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also in previous work conducted by the high voltage group members at Cardiff 

University.  An improvement in average flashover voltage of 26% was achieved 

using TS4 texturing compared with non-textured insulators for the same clean-fog 

test conditions. 

7.7.1 Modified clean-fog test, BS EN 60507  

Non-textured and TS4 11kV silicone rubber insulators were subjected to 0, 1, 3, 

and 5 UV cycles and subjected to a modified clean-fog test based on BS EN 60507 

at a constant voltage of 6.4 kV. Light pollution was applied based on the solid layer 

method.  Measurements were made of leakage current, and accumulated energy 

was calculated for insulators subjected to different UV irradiation doses. The effect 

of UV irradiation on the performance of SiR insulators was observed, and showed 

that a greater UV irradiation dose served to increase the loss of surface 

hydrophobicity. This leads to the development of higher leakage current 

magnitudes and an increase in accumulated energy. Increased UV exposure thus 

impacts the electrical performance of SiR insulators in clean fog. The heat 

generated by dry-band arcing results in surface degradation and roughening, 

which in turn increases the leakage current magnitude.  

7.7.2 Clean-fog tests at different orientations 

Non-irradiated 11 kV insulators were tested at constant voltage of expected 

nominal voltage 6.4 kV, at different working positions (vertical, 45° inclined and 

horizontal) to investigate the impact of orientation on electrical performance. The 

performance of SiR insulators in different orientations was found to depend on the 

wetting level and the required time for a conductive layer to build up on the 

insulator surface. The formation of water droplets on the insulator surface occurs 

due to condensation of the fog inside the chamber. A slight performance reduction 

was observed for TS4 insulators in inclined and horizontal orientations, due to 

retention of condensation by the surface texturing of the shank regions. A 

conductive layer was easily built-up in these regions, resulting in an increase of 

the electrical conductivity and a higher accumulated energy compared to 

equivalent cases with non-textured insulators.  
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It is, thus, concluded that the greater the area exposed to water droplet formation 

and condensation, the greater the leakage and surface discharge current 

magnitudes. From these tests, the electrical performance of silicone rubber 

insulators was determined as a function of their orientation. It was found that the 

leakage current and accumulated energy of a SiR insulator increases as its 

orientation is varied from vertical to horizontal. 

Clean-fog tests of SiR insulators in a fog-chamber under wet-polluted conditions 

showed that the TS4 insulator exhibits superior electrical performance in vertical 

orientation compared with the non-textured insulator. The TS4 insulator 

exhibited a comparative reduction in accumulated energy of 39%. In contrast, TS4 

insulators in inclined and horizontal orientations performed worse than the non-

textured equivalent due to the ease with which a surface conductive layer is 

formed by the retained condensation droplets.  

7.7.3 High voltage ramp tests 

These tests were performed by increasing the voltage applied to SiR insulators at a 

rate of 4 kV/min. Tests were performed in a sequence of five voltage ramps, with 

each ramp terminated by the occurrence of a flashover event. The wetting level 

was found to play a significant role in determining the flashover voltage level of 

SiR insulators. A comparison between the ramp voltage series of TS4 and non-

textured insulators was made for the following conditions:  

(a) High fog rate of 6 l/hr for two pollution levels (11.2 and 2.8 S/m). The 

pollution layer is gradually washed from the insulator surface, resulting in an 

increased pollution layer resistance, which in turn increased the flashover voltage 

level. The TS4 textured design showed a slight improvement in flashover voltage 

level compared with the equivalent non-textured insulator; 

(b) High pollution conductivity of 11.2 S/m and subjected to fog rates of 3 and 6 

l/hr. The results for both insulators show that in the case of a high fog rate, a 

direct relationship exists between the flashover voltage level and the fog rate.  In 

contrast,  for a low fog rate, an inverse relationship was initially observed  with the 

flashover voltage  first reducing then increasing with successive events;  

(c) In order to investigate the effect of UV irradiation on flashover voltage, a ramp 

test series was performed on highly polluted SiR insulators at low fog rate, having 
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been exposed to 35 repeated UV irradiation cycles. This period is equivalent to 

sun-light exposure of 3060 hours, with a total absorbed energy of 15069.2 kJ/m2. 

The flashover voltage for the irradiated SiR insulator was a lower compared with 

equivalent non-irradiated insulators.  

7.7.4 Clean-fog test conclusions 

The performance of wet-polluted and UV irradiated silicone rubber insulators was 

investigated under clean-fog test conditions for a range of applied voltages and 

orientations. At constant applied voltage, the LC and accumulated energy 

increased with an increasing number of UV irradiation cycles, and also as insulator 

orientation was varied from vertical to horizontal. With an increase of pollution 

layer conductance at any orientation, the flashover voltage of SiR insulators was 

found to gradually increase due to washing-off of the pollution layer. 

7.8 Future work 

In this thesis, the performance of high voltage silicone rubber insulation material 

has been evaluated by extensive laboratory investigations of the effects of 

pollution, UV irradiation and wetting processes. However, the performance of 

silicone rubber insulators is affected by a much wider array of parameters than 

that considered in this work. Continued research areas are suggested to further 

improve the performance of such insulators: 

 Investigation of the effect of the use of fillers on dry-band arcing, and to 

determine the relationship between filler material content and migration of 

LMW during periods of hydrophobicity loss or recovery. 

 Investigation of the surface heat density required to alter the chemical 

structure of the insulating material. Modelling of dry-bands and discharges as a 

function of the number of UV cycles could be performed using COMSOL 

Multiphysics or other finite element software packages.  

 Silicone rubber insulation material with 3% of SiO2 has been shown to exhibit 

improved electrical performance through a reduction in accumulated surface 

energy and extended tracking failure time. It is suggested to extend those tests 

investigating the effects of insulator orientation, pollution level and fog rate to 
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such materials, in order to better understand the performance of filled silicone 

rubber insulators under these conditions. 

 Standard UV irradiation cycles were applied in this work. However, using a 

daylight filtering system did not present the real sequence of the field exposure. 

The real UV exposure during actual day is extremely different between light 

phase of the day and night (dark) phase. Therefore, it is recommended to 

design real irradiation cycles for a specific place (e.g. Cardiff), to simulate the 

real UV exposure variation. This may help to identify of real performance of the 

effect of UV on the silicone rubber insulators. Also, it may provide whether 

there is relationship between the hydrophobicity loss or recovery of the SiR 

surfaces and the sequence of the day phases. 

 The high voltage rain ramp test should be extended by variation of flow rate, 

rainwater conductivity and temperature. This modification will provide an 

ability to simulate the performance of SiR insulators for various installation 

sites. 

 The TS4 silicone rubber insulators used in this work were evaluated under AC 

electric stress. With increasing use of such insulators in HVDC transmission 

systems, some changes in the contaminant accumulation process may occur 

due to the effect of unidirectional electric field on the surface water droplets 

and their elongation. Therefore, investigation of the performance of TS4 

insulators under DC electric stress is suggested. 

 In the field, there are more complex conditions and factors which may affect the 

performance of the TS4 silicone rubber insulator. It is recommended that 

further laboratory tests be performed to simulate outdoor conditions such as 

the accumulation of dust, snow and/or ice. It is proposed that TS4 insulators be 

used in areas subject to extreme temperature variations, and thus a better 

evaluation of performance under extremely high and low temperatures would 

be beneficial. 
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