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     Abstract: In the present day, emission by internal combustion 

engines causes several problems like acid rain, depletion of ozone 

layer, and global warming for which it has become a prior 

concern. The hazards further increases during cold weather 

conditions. In this paper, emission analysis has been carried out 

using single cylinder, 4 stroke, direct injection and water cooled 

variable compression ratio diesel engine. A thermal energy 

storage device (TESD) containing phase changing material 

(PCM) has been designed and tested for storing the waste energy 

of cooling water from engine and reutilizing it for pre-heating. 

The working principle of TESD is based upon the principle of 

absorbing and rejecting heat during phase change of PCM 

material. The test condition is 15° C and 1 atm pressure at which, 

the experiments are carried out using TESD. A significant 

reduction in CO (23.72%), HC (2.03%) and smoke opacity 

(6.05%) after 900secs and an increase in engine temperature 

upto 61ºC after 840secs of engine running is observed. 

 

        Keywords: Direct Injection, Emission, Karanja oil, Pre 

Heating, Variable compression ratio, Waste energy. 

I. INTRODUCTION 

The increasing concern regarding the uncertainty of 

energy availabilities in future draws attention towards 

various methodologies of utilizing renewable energies and 

energy conservation methods. A large portion of our power 

requirements are obtained using diesel engines. In diesel 

engine various problems arises during cold weather 

conditions such as higher fuel consumption, toxicity in 

emission and noticeable vibration and noise [1, 2]. Certain 

emission standards are maintained in order to keep the 

emission within acceptable range. Lots of energy is wasted 

in the form of exhaust gas and cooling water i.e. nearly two-

third of the total input. It is difficult to conserve all the lost 

energy of the engine however, it can be minimized upto 

some extent. During cold start in the first 300secs, 60-80% 

of engine exhaust emission occurs [3, 4].  Several types of 

heat exchangers are used in order to extract energy, of which 

the most used are shell and tube types. For storage of energy 

and reduction in emission using heat exchangers, a phase 

changing material have been used An experiment has been 

conducted using paraffin as a phase changing material and 

they found that a total heat of 10-15% has been recovered 

[5]. PCM are used for several purposes such as cooling of 

building walls [6], as engine coolant [7], solar heating [8, 9]  
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and in many internal combustion engines [10-13]. They used 

Na2HPO4.12H2O (sodium phosphate dibasic dodecahydrate) 

as PCM in evaporator and pressure regulator (E&PR) for 

vaporizing the LPG at liquid phase and to reduce CO and 

HC emissions in cold starting conditions. From the 

experiment, it was found that the E&PR containing PCM 

stores heat energy for 13.5hrs and supplies it for 500secs 

which is sufficient time for the cooling liquid to achieve 

minimum working temperature. Also, CO and HC emissions 

were reduced by 28.71% and 17.32% respectively [14]. An 

experiment was carried for pre-heating gasoline engine 

using sodium sulphate decahydrate as PCM which is cheap 

and abundantly available. He found that an effective 

working temperature is achieved during cold starting 

condition. Due to pre-heating of engine, the CO and HC 

emissions were reduced to 64% and 15% respectively [15]. 

From the experimental investigation, it was reported that 

emission parameters like CO and HC decreases during 

engine preheating and air preheating mode using diesel fuel 

compared to cold weather emissions [16]. 

II. EXPERIMENTAL METHOD 

A. Phase change material selection 

Specific criteria such as low toxicity, high density, 

availability, high thermal conductivity at solid state, high 

heat of fusion, harmless to environment, non-flammable and 

low cost. Among several phase changing materials (PCM), 

Paraffin Wax is chosen for storage of energy and heating of 

engine as it is plentily available, non-reactive, has stable 

chemical properties, low cost, high heat of fusion, safe and 

recyclable. Paraffin has working temperature ranging from 

58°C to 60°C. 

B. Design of Thermal Energy Storage Device (TESD): 

In order to select a TESD for experimentation some specific 

characteristics are required such as minimum level of 

thermal losses, small in dimension, satisfying safety norms 

and should be environmental friendly.  The principle of 

working of TESD is based on two factors i.e. absorbing and 

rejecting of latent heat by PCM.  
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Fig. 1. Detailed dimensions of the developed thermal 

energy storage device 

TESD consists of following parts such as envelope (1), 

thermal insulation (2), capsule containing PCM (3), mild 

steel mesh (4), inlet and outlet pipe (5,6). The parameters 

considered for the capsule are d1 diameter of capsule, D1 

inlet and outlet pipe diameter, D2 shell diameter, L length of 

shell and l length of capsule as shown in fig. 1. On both 

sides of the TESD, mild steel meshes are provided as the 

horizontal support for the copper pipes containing PCM. 

The length of the copper pipe is 600mm and the diameter is 

25mm. For effective heat storage and to minimize thermal 

losses, the TESD is thermally insulated with specific 

materials such as asbestos and glass wool. 

C. Location of TESD 

The cooling water in water jacket absorbs the heat energy 

from engine cylinder wall. By help of engine pump, cooling 

water at high temperature passes into TESD, where waste 

heat energy can be absorbed by PCM and get stored. This is 

the case during charging of PCM. During discharging 

process (engine is not running) in cold weather conditions, 

the water at atmospheric temperature is allowed to pass 

through the TESD in order to utilize the stored energy by 

PCM and to supply the same for engine pre-heating. TESD 

was placed in horizontal position and pump was set between 

TESD and engine. Inlet and outlet pipes of the TESD are 

connected with engine and pump by the help of specific 

valve arrangements to achieve the required amount of pre-

heating. 

D. Experimental Setup and Procedure 

The experiments are carried out using a single cylinder, four 

stroke, variable compression ratio, water cooled and direct 

injection diesel engine of Kirloskar make with constant 

speed of 1500 r.p.m. The engine has a capacity of 661cc. 

The engine uses software of version 8.51 for operation and 

data collection. The experimental setup has a panel box 

which consists of air box, two fuel tanks for duel fuel test, 

manometer, fuel measuring unit, transmitters for air and fuel 

flow measurements, process indicator, engine indicator and 

a rotameter is provided for measuring the flow of cooling 

water. Experiments are carried out at compression ratio 18 

and zero load or no- load condition.  The engine has a 

specially designed tilting cylinder block arrangement for 

changing the compression ratio without the need to stop the 

engine. AVL 444 - 5 Gas Analyzer is used to measure CO 

and HC levels. AVL 437C smoke-meter is used to measure 

the smoke opacity of the exhaust gas. Several ‘K’ type 

thermocouples and temperature indicator are used to record 

the temperatures at different points. Inlet and outlet 

temperature of TESD at different un-identical points upon 

PCM (T8, T9, T10, T11, T12 and T13), exhaust gas 

temperature, temperatures of engine cylinder (T6) and 

engine head (T7). Few temperature readings are recorded by 

a personal computer with the help of some specific sensors 

provided in the setup. There are two phase of 

experimentation i.e. charging period (with engine in 

working condition) and discharging period (engine pre-

heating is done). The experimental layout is provided in fig. 

2.  

 

Fig. 2. Position of thermal energy storage device and 

location of thermocouples 

In charging period, the engine is started at no load condition 

and was gradually increased to full load condition. The 

cooling water from the sump is directed towards the engine 

water jacket using valves 7, 8, 9 and 11 which remains open 

and allows the cooling water to pass through the TESD 

containing PCM. After specific time of completion of 

charging, high temperature cooling liquid from engine outlet 

is passed back to the sump. During the discharging period, 

pre-heating of engine is performed by passing water from 

sump through the TESD then it is supplied to the engine 

jacket during cold start condition. After discharging is over 

the cooling liquid is allowed to flow back to the sump using 

valve 6. For maintaining the required flow rate of water an 

engine pump was provided. Required temperatures and the 

emission data were recorded during the experiment. The fuel 

used here for experimentation is diesel. 
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III. THEORETICAL ANALYSIS 

Amount of energy stored (Qstored) was calculated by using 

following formula: 

Qstored = m [                         
  

  
 

  

  
  

Where, m is the mass of material, Cps is the specific heat of 

material in solid phase, Cpl is the specific heat of material in 

liquid phase, L is latent heat of solid–liquid phase change, 

Ti initial temperature of solid state, T1 temperature of solid–

liquid phase change and Tf  is final temperature of liquid 

state. 

The amount of useful heat (Quseful) necessary for preheating 

engine through temperature    is calculated as  

Quseful = 
i i ic m   

Where ci and mi denote specific heat and mass of the engine 

components. 

IV. RESULT AND DISCUSSION 

A. Engine Temperature  

Fig. 3 shows the variation of engine temperature 

(°C) according to time (sec) during discharging period. It is 

observed that engine temperature increases with respect to 

time. The increase in engine temperature may be due to the 

resulting effect of pre-heating of engine. Thermocouples T6 

and T7 records the cylinder temperature and engine head 

temperature respectively.  The engine temperature rises 

from 15°C ambient temperature to 33°C during cold weather 

condition after duration of 840secs in discharging period as 

the resulting effect of pre-heating. 

 
Fig. 3. Variation of engine temperature (°C) according to 

time (sec) for CR-18 

B. PCM Charging Temperature 

The change in PCM charging temperature (°C) with respect 

to time (sec) is shown in fig. 4. From the figure, it can be 

observed that the charging temperature of PCM increases 

according to time. The increase in temperature may be due 

to the effect of cooling water (at high temperature) from 

engine water jacket, which passes through TESD for 

absorption of waste heat energy by PCM. The stored 

thermal energy from water jacket is utilized during engine 

pre-heating. After 3000 secs of engine running time, the 

charging temperature of PCM increases from 15°C to 61°C 

in cold starting condition or warm up condition.  

 

Fig. 4. Variation of PCM temperatures (°C) according to 

time (sec) during charging period 

C. PCM Discharging Temperature 

The variation of discharging temperature of PCM 

(°C) with respect to time (sec) is shown in fig. 5. The figure 

shows a decrease in PCM temperature according to time. 

This may be due to the rejection of thermal energy by the 

PCM to the cooling water entering the engine for the 

purpose of pre-heating. The latent heat energy of phase 

changing material is stored for a period of 18 hrs at 15°C 

ambient temperature with minimal thermal losses by the 

help of thermal insulation. After 18 hrs of charging period, 

the discharging process was carried out and the engine 

remains in stop condition. After 3000secs of engine running, 

the discharging temperature decreases from 45°C to 29°C 

where the engine temperature becomes stable. 

 

Fig. 5. Variation of PCM temperatures (°C) according to 

time (sec) during discharging period 

 D. Carbon Monoxide Emission 

Fig. 6 shows the variation of CO emission with 

respect to time at compression ratio 18. It is observed from 

the figure that CO emission is decreasing as the time of 

engine running is increasing. The decrease in emission may 

be due to the effect of engine pre-heating in comparison 

with normal emission. Engine pre-heating causes effective 

combustion thereby reducing the level of emission. During 

cold start, after 900secs of running engine with compression 

ratio 18, normal CO emission is 0.0365% and after engine 

pre-heating gets reduced to 

0.0295%.  
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The percentage of decrease in emission due to pre-heating 

was found to be 19.18%.  

 

Fig. 6. Variation of CO (%) according to time (sec) for 

CR-18 

E. Hydrocarbon Emission 

Fig. 7 shows the variation of HC emission with 

respect to time at a compression ratio of 18 for engine 

preheating and normal engine operation conditions. Hydro 

carbon emission was found to be reduced by increasing 

running duration of engine. The reason for this may be due 

to reduction in ignition delay for engine pre-heating 

resulting in effective combustion which enhances the 

reduction in the amount of partially burnt and unburnt fuel 

in exhaust causing HC emissions. In cold starting conditions 

after 900secs of engine running at compression ratio 18, the 

HC emission for normal condition is 24.08ppm and during 

pre-heating is 23.6ppm. The percentage of decrease in 

emission during pre-heating is 2.03% as compared to normal 

conditions. 

 

Fig. 7. HC (ppm) Vs time (sec) for CR-18 

F. Smoke Opacity 

The variation of smoke opacity according to time is 

represented in fig. 8 at compression ratio 18. It is observed 

from the figure that smoke opacity reduces with respect to 

time. This may be due to the effect of engine pre-heating 

which causes the fuel to become less viscous and better 

atomization of fuel occurs. Complete combustion of injected 

fuel occurs resulting in effective smoke reduction. After 

900secs of engine running time, smoke opacity for normal 

condition is 21.88% and for pre-heating it gets reduced to 

20.63%. The percentage of reduction in smoke opacity 

during pre-heating condition is 6.05% as compared to 

normal smoke emission. 

 

Fig. 8. Smoke opacity (%) Vs time (sec) for CR-18 

V. CONCLUSION 

Experimental analysis have been carried out using VCR 

engine in compression ratio 18 and a thermal energy storage 

device (TESD) for pre-heating of engine at cold starting 

conditions. Paraffin wax was used as the phase changing 

material inside the TESD for the purpose of storing the heat 

energy from the cooling water coming out of the engine 

water jacket and utilizing it later during cold starting 

conditions for preheating the engine. The process of pre-

heating is carried out using TESD at 15°C ambient 

temperature. The analysis of the results from the 

experimentation shows that this method is effective for 

reduction in emission during cold starting conditions and 

also it enhances the performance of the engine. The 

following conclusions can be drawn from the above 

observations: 

 The temperature of engine increases during cold 

starting condition due to effect of pre-heating 

which improves the emissions characteristics. Pre-

heating of engine causes a rise in temperature of 

the engine from 15°C to 33°C after 840secs of 

engine running in cold weather conditions or warm 

conditions. 

 The charging of TESD has been successfully done. 

The temperature of PCM during the charging mode 

increases from 15°C to 61°C after 3000secs of 

engine running time. It stores the energy for a 

period of 18hrs. 

 After 18hrs of charging period, discharging process 

is carried upon. The heat energy stored in the PCM 

is utilized to preheat the engine. The temperature of 

PCM inside the TESD decreases from 45°C to 

29°C in 3000secs of engine running time as the 

resulting effect of energy rejection to the cooling 

water which in turn preheats the engine for warm 

startup or cold starting conditions. 

 CO emission found 

to be reduced in pre-
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heating mode as compared normal mode. After 

900secs of running of engine with compression 

ratio 18, CO emission is 0.0365% in normal 

conditions and 0.0295% during engine pre-heating. 

The percentage of decrease in emission is 23.72% 

as resulting effect of pre-heating. 

 HC emission reduces after pre-heating of engine 

has been done. HC emission at 900secs of engine 

running in normal mode is 24.08ppm and during 

engine pre-heating is 23.6ppm. The percentage of 

decrease in emission during pre-heating is 2.03% 

as compared to normal conditions. 

 Smoke opacity reduces with time. After 900secs of 

engine running smoke opacity for normal operating 

condition is 21.88% and for pre-heating is 20.63%. 

The percentage of reduction in smoke opacity is 

6.05% as compared to normal smoke emission as a 

resulting effect of pre-heating condition. 

Hence it is concluded from this experimental work that the 

thermal energy storage device containing paraffin wax is a 

cheap and abundantly available phase changing material and 

can be used for storing the waste thermal energy from the 

engine and reutilize it for preheating of engine under cold 

starting conditions to efficiently reduces the exhaust 

emissions. 
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