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Abstract— The present work aims in studying the effects of non metallic catalytic coating materials for use in piston top, 

cylinder head in Spark Ignition (SI) engines. Non metallic catalysts like copper, chromium and nickel are the proposed coating 

medium. Plasma coating technique has been employed to coat the three non metallic catalysts taken. The behavioral trend of the 

non metallic catalysts on the surface temperature rise with CO/CO2 emissions, maximum Air-fuel mixture temperature 

difference are determined for air-fuel (LPG) equivalence ratio from 0 to 1.6. The catalytic ignition temperatures of copper, 

chromium, nickel are found to be 3000C, 3200C, 3300C respectively at an equivalence ratio of 1.4. The activation energy of 

various catalysts with respect to ignition temperature are tabulated. The experimental result shows that the lean air-fuel mixture 

is more efficient in achieving the objective of the study. 

 
Keywords— Non-metallic catalysts; plasma coating technique; global activation energy; catalyst ignition temperature; 

equivalence ratio. 

I. INTRODUCTION 
 

SI engines are nothing but spark ignition engines, mainly gasoline engines and it can be a two stroke or four stroke 

engines. Here a spark plug ignites the air-fuel mixture through a spark. It follows Otto cycle comprising suction 

stroke, compression stroke, power stroke and exhaust stroke. In recent times, catalysts converters are fitted near the 

exhaust to reduce the oxides produced during combustion process.[14] This proves to be difficult as sufficient 

oxygen is not available in the exhaust portion for a good catalytic conversion process. Hence an experiment is 

proposed here to study the effects of catalysts when it is coated on the piston top, cylinder head.[13] Catalytic 

reaction is controlled by the equivalence ratio, surface temperature and catalytic coating materials. The variation in 

the equivalence ratio and surface temperature directly affects the catalytic reaction. Also the equivalence ratio, 

surface coating material plays an important role in the catalytic reaction.[11] All the above parameters have been 

studied experimentally using LPG as fuel in a fabricated test chamber. LPG was selected as the testing fuel since the 

supplied fuel has to run through the test bed which is very difficult with liquid fuels like petrol at low flow rates.  

II. MATERIALS AND METHODS  

A. Selection of Catalysts  

From the review of literature, it has been found that many noble and non-noble metals act as catalysts for 

hydrocarbon oxidation [1]. As the aim of the present work is to develop a lean burn combustion system, with cost 

effectiveness, the noble metal catalysts such as platinum, palladium etc., are not used. Although the noble metal 

catalysts are well proved for their catalytic activity, the high cost of coating prohibits them in practical systems. It 

has been reported that the performance of catalysts depend upon the coated surface temperature [2]. Few non-noble 

metals with comparable performance with noble metal catalysts for hydrocarbon oxidation are available [3]. Their 
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results show that the non-noble metal catalysts such as copper, nickel, etc., also showed catalytic activity. Hence, 

copper, nickel and chromium were selected for in-cylinder coating in the present work.  

B. Catalytic Coating details 

Electroplating techniques show shorter coating life [2] hence the catalysts are coated using plasma coating technique 

[4]. The plasma coating of catalysts are applied on the inside surface of cylinder head and on piston crown. As the 

cylinder wall surface is subjected to rubbing action and at the time of combustion, only a small portion of the 

cylinder wall is exposed to hot gases, the cylinder wall is not coated with catalysts.[12] 

 

The surface to be coated is first cleaned and de greased with a chemical solvent. A special bonding material is first 

coated, before the catalysts are coated. The basic principle of plasma coating is shown in Fig. 1. The material used 

for coating, which is either in the form of wire, rod or fine powder, is fed to a melting zone. The molten metal is 

further heated to a very high temperature leading to plasma stage. The hot plasma is accelerated along with carrier 

gas in the form of a jet towards the substrate. When the plasma jet impinges on the surface to be coated, the coating 

material flattens and sticks to the surface. It forms a hard surface when it is cooled and coalesced. 

 

Fig. 1 Basic principle of plasma coating technique 

 

 

Fig. 2 Schematic arrangement of plasma coating equipment 

 
 

The schematic arrangement of basic equipments involved in plasma coating is shown in Fig. 2. The plasma coating 

equipment consists of a spray gun, feed hopper, carrier gas supply unit and power supply unit. The spray gun is used 

to coat the material on the surface and the coating is applied in layers until the desired thickness of 300 μm is 

obtained. 
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C. Experimental Set-Up 

 

Fig. 3 Layout of the Experiemental setup 

 

Fig. 4 Experimental setup 

. 

 

Fig. 5 Photographic View of catalytic coated materials 

A furnace that is vertically mounted is considered a similar model for SI engine. Furnace is 170 mm long, 90 mm ID, 

100 mm OD. Fig.3. represents the experimental setup. The catalytic coated material setup is shown in Fig.4 and 

Fig.5. The furnace is perforated at the bottom allowing uniform air fuel flow. A cylindrical tube is coated with the 

desired catalyst and is placed inside the vessel whose inner diameter is 44 mm, outer diameter 50 mm and a total 

length of 300 mm out of which 150 mm is placed inside the cylindrical vessel. Inside the inner cylindrical tube is 

placed an electrical heater for maintaining the required temperature. The experimental setup includes thermocouples, 

rotometer, air-fuel mixing chamber, flame arrester, temperature controller to determine various parameters.[10] 
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D. Experimental Procedure 

The heater is placed inside the metal tube, which is again placed inside the cylindrical vessel. The heater is switched 

on and the steady state temperature is maintained. The air flows from the compressor to the cylindrical vessel 

through an air rotameter and through perforated holes. The temperatures at top, bottom, packed region, inlet and 

outlet locations are noted at every 60 seconds intervals. The fuel from the LPG cylinder is supplied through flame 

arrester and the fuel rotameter. The air and fuel are mixed in the mixing chamber; this mixture is passed over the 

heated catalytic coated surface. The temperature raise with respect to time was noted and also the CO and CO2 

concentration in the gas mixture were noted with the help of a gas analyser.[7,9] The procedure is repeated by 

changing the different catalytic coated surfaces namely copper, nickel and chromium with different equivalence 

ratio of 0.8, 1, 1.2, 1.4 and 1.6. Table 1. shows the matrix of the experiment conducted. 
 

TABLE 1. TEST MATRIX 

Variables Fuel Measurements 

Normal operation without coating  

Maintain different equivalence ratio at 

0.8,1,1.2,1.4 and 1.6  

Air+LPG 

 

Baseline reading for comparison  

Normal operation with catalytic coated surface  

Maintain different equivalence ratio at 

0.8,1,1.2,1.4 and 1.6  

Air+LPG 

 

Evaluation of surface temperature with 

respect time and emission parameters 

CO and CO2 were recorded with the 

help of gas analyser.  

 

III. RESULTS AND DISCUSSION  
 

Catalytic reaction is controlled by the equivalence ratio, surface temperature and catalytic coating materials. The 

variation in the equivalence ratio and surface temperature directly affects the catalytic reaction. All the above 

parameters have been studied experimentally, and find the catalytic ignition temperature and catalytic activation 

energies for copper, nickel and chromium catalysts. The results are discussed in the following sections. 

A. Variation of surface temperature rise with time 

The variation of surface temperature with time for the copper catalytic surface is shown in Fig. 6. There is no 

significant deviation in temperature rise for different equivalence ratio (φ) until the temperature reaches 300°C, 

when compared to air. After this point the surface temperature rises due to catalytic reaction of the surface. 

Maximum surface temperature was achieved, for the equivalence ratio of 1.4. This indicates that the surface reaction 

is more for φ=1.4 than the other equivalence ratio (φ=1.2 and 1.6). 

 

Fig. 6 Variation of surface temperature with time for copper 
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Fig. 7 Variation of surface temperature with time for nickel 

 

The typical surface reaction of nickel catalytic coated surface is shown in Fig. 7. The catalytic reaction for the nickel 

surface was activated above 370°C, when compared with air for all the equivalence ration other than φ=1.6. The 

reaction was noted in the lean mixture of equivalence ratio of 1.6 at 380°C. The maximum surface temperature was 

observed for equivalence ratios 1.2 and 1.4. This indicates that the surface reaction is more for φ=1.2 and φ=1.4, the 

rich mixture beyond φ=1.2, lean mixture φ=1.4 does not show any appreciable increase in the surface temperature 

indicating lower level catalytic activation. 

 

 

Fig. 8 Variation of surface temperature with time for chromium 

 

Fig. 8. indicates the variation of surface temperature for chromium surface for different equivalence ratios. It is 

noted from the Fig. 8, the temperature of the surface was raised up to 300°C and there was no further temperature 

rise. This indicates the equilibrium temperature of air was attained at this point. The maximum temperature 

difference was observed for φ=1.2 than other air fuel ratios.  

 

While comparing Fig. 6, 7 and 8 the maximum temperature rise was noted for chromium surface with φ=1.2 

followed by copper with φ=1.4 and nickel with φ=1.2. 

B. Variation of CO and CO2 with surface temperature for copper  

There is no significant deviation in CO and CO2 for different equivalence ratio (φ) until the temperature reaches 

300°C, when compared to air. After this point CO and CO2 increases due to catalytic reaction of the surface, for the 

equivalence ratio of 1.4. This indicates that the surface reaction is more for φ=1.4 than the other equivalence ratio 

(φ=1.2 and 1.6). The CO increases when the temperature of the surface increases. The typical CO and CO2 level for 
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nickel catalytic coated surface is shown in Fig.9 and 10. The catalytic reaction for the nickel surface was activated at 

a temperature 330°C for the equivalence ratio of 1.4. For the equivalence ratio 0.8 and 1 the CO and CO2 forms at a 

temperature of 3700C and 3600C respectively. The reaction was noted in the equivalence ratio of 1.2 and 1.6 at 

350°C. This indicates that the surface reaction is more for φ=1.4 due to more catalytic reaction for lean mixture. [10] 

 

 

Fig. 9 Variation of CO with surface temperature for copper 

 

Fig. 10 Variation of CO2 with surface temperature for copper 
 

 

Fig. 11 Variation of CO with surface temperature for nickel 
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Fig. 12 Variation of CO2 with surface temperature for nickel 

 

Fig. 13 Variation of CO with surface temperature for chromium 

 

Fig. 14 Variation of CO2 with surface temperature for chromium 
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Fig. 15 Variation of CO with surface temperature for standard surface 

 

 

Fig. 16 Variation of CO2 with surface temperature for standard surface 

 

 

Fig. 17 Variation of mixture temperature difference with time for copper 
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Fig. 18 Variation of mixture temperature difference with time for nickel 

 

Fig. 19 Variation of mixture temperature difference with time for Chromium 

C. Variation of CO and CO2 with surface temperature for nickel 

Fig. 11 and 12. indicate the variation of CO and CO2 for nickel surface for different equivalence ratios. It can be 

noted from the Fig. that unless the temperature of the surface was raised up to 320°C and there was no CO and CO2 

emission. At a temperature of 320oC and above the CO and CO2 levels starts to increase for the lean mixture of 

equivalence ratio 1.4. 

D. Variation of CO and CO2 with surface temperature for chromium  

Fig. 13 and 14. indicate the variation of CO and CO2 for chromium surface for different equivalence ratios. It can be 

noted from the Fig. that unless the temperature of the surface was raised up to 310°C and there was no CO and CO2 

emission. At a temperature of 3100C and above the CO and CO2 levels starts to increase for the lean mixture of 

equivalence ratio 1.4.  

E. Variation of CO and CO2 with surface temperature for standard surface  

Fig. 15 and 16 indicate the CO and CO2 emission with standard surface for different equivalence ratios. It is noted 

from the Figures, even if the temperature of the surface was raised up to 3200C, there was no CO and CO2 emission. 

It indicates that there is no reaction for standard surface. 
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F. Variation of mixture temperature difference with time  

The inlet air-fuel mixture temperatures were measured before it enters to the test chamber and at the outlet of the test 

chamber. The differences in mixture temperature for different equivalence ratios with copper, nickel and chromium 

are given in Fig. 17, 18 and 19 respectively.  

 

 

Fig. 20 Comparison of peak temperature difference for different catalytic surfaces and equivalence ratios 

 

Fig. 21 Comparison of catalytic ignition temperature for different catalytic surfaces and equivalence ratios 

 

From Fig. 20, the maximum mixture temperature difference was observed for lean mixture for nickel  (φ=1.4). 

However for too lean mixture φ=1.6 there was not much variation in temperatures. It was observed from the Fig. 20, 

the maximum temperature difference occurs at φ=1.4 and φ=1.2 for lean mixture. The temperature of lean mixture 

difference is more when compared to rich mixtures. From the Fig. 19, the maximum mixture temperature difference 

was observed φ=1.4 for chromium surface. 

 

It was observed from the Fig. 17 that for the lean mixture φ=1.4 the maximum temperature difference inlet and 

outlet was obtained for copper compared to other catalytic coating surface. Fig. 21 indicates the comparison of 

catalytic ignition temperature for different catalytic surfaces and equivalence ratios. The catalytic ignition 

temperature of copper coated surface is 3000C at the equivalence ratio of 1.4 and the catalytic ignition temperature 

of chromium and nickel is 3200C and 3300C at the equivalence ratio of 1.4 respectively. With the available 

activation energies and catalytic ignition temperature of base and copper materials the catalytic activation energies 

of nickel and copper materials the catalytic activation energies of nickel and chromium are found. 

G. Global activation energy  

To find out the species conversion rate, the activation energy of hydrocarbon reaction over the catalyst surface is 

required. However, the required data for the catalysts are not available in the literature. The catalysts promote pre-

flame reactions. The intermediate species formed during the compression process increase the combustion rate. The 

higher the catalytic activation of charge prior to ignition, higher will be the combustion rate. Hence, any difference 

between the combustion rate of base and catalyst engine will be due to the catalytic activation of charge for the 
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similar operating condition. Based on this hypothesis, an indirect method is adopted in this work to calculate the 

activation energy for the global single- step reaction.[6] The following procedure explains the basic relations 

involved to calculate the activation energy.  

The single-step expression for the global reaction of hydrocarbon is given by [5,8],  

Cx Hy + (x+y/4) O2  → CO2 + (y/2) H2O           (1) 

 

The global reaction rate for the fuel C8H18 is given by  

d[C8H18]/dt = -k(T) ρm + n [C8H18] m [O2] n     kmol/m3-s            (2)  

 

where m and n are order of reactions. The recommended values for m and n are 0.25 and 1.5 respectively. The 

rate coefficient k(T) is derived from the first principles of bimolecular reaction and collision theory. 

k(T)=pNAVσ2C8H18-O2[8πKBT/µ]1/2    

         exp[-Ea/(RuT)] [m3/kmol] m+n-1/s           (3) 

 

where σC8H18-O2 = (σC8H18 + O2) / 2  m  

µ= (m C8H18 X mO2)/(mC8H18 + m O2)  kg/kmol                  (4) 

 

The above equation is re-written as,  

K(T) = A(T) exp[-Ea/(RT)]  [m3/kmol] m+n-1 /-s    (5)  

 

Also the global reaction rate can be calculated from the heat release rate. 

 

 

Fig. 22 Variation of activation energy with catalytic ignition temperature for equivalence ratio 1.4 

 

Fig. 23 Variation of activation energy with critical temperature for equivalence ratio 1.2 and 1.6 
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Fig. 24 Variation of activation energy with catalytic ignition temperature for equivalence ratio 1 

 
Variation of activation energy with catalytic ignition temperature for different equivalence is shown in the Fig. 22, 

23 and 24. The catalytic ignition temperature of different catalyst materials are measured with the help of a 

fabricated test chamber using LPG as fuel. With the available activation energies and critical temperature of base 

and copper materials, the catalytic activation energies of nickel and chromium are found for different equivalence 

ratio. The activation energy of platinum for stoichiometric air-fuel ratio is used to find the catalytic ignition 

temperature of platinum. 

 
 

TABLE 2. CALCULATED SURFACE ACTIVATION ENERGIES AND CATALYTIC IGNITION TEMPERATURES 

Catalyst 
Ea / Ru 

(Rytcher et al 1981) 

Ea / Ru 

(Present study) 

Catalytic ignition 

temperature 0C 

Base 15098.00 15098 450 

Platinum 7267.74 - 220 

Copper 11453.93 11453 300 

Nickel - 11850 330 

Chromium - 12220 320 

 

Table 2. shows the calculated activation energies of different catalysts employed in the present work. The catalytic 

ignition temperature of the platinum in the present work is 2200C and 2000C from the data [5] .This shows the 

consistency (10 % error) of the present method in calculating activation energies and catalytic ignition temperature. 

 

IV. CONCLUSIONS 

From the above discussion catalytic reaction is controlled by the equivalence ratio, surface temperature and catalytic 

coating materials. The variation in the equivalence ratio directly effects the catalytic reaction. Based on the 

experimental results, it is concluded that the catalytic ignition temperature of copper catalyst shows 3000C at an 

equivalence ratio (φ) of 1.4, nickel catalyst was activated at a temperature 330°C when the equivalence ratio of 1.4. 

For chromium the catalytic ignition 3100C temperature was observed. For copper material at lean mixture φ=1.4 

shows the maximum inlet and outlet mixture temperature difference. From the experimental investigation, lean 

mixture and catalytic materials give better performance. The catalytic ignition temperatures of the different catalytic 

materials are used to find the activation energies of different catalysts. With the available activation energies and 

critical temperature of base and copper materials, the catalytic activation energies of nickel and chromium are found. 

And also activation energy of platinum for stoichiometric air-fuel ratio is used to find the catalytic ignition 

temperature of platinum. 
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