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Abstract: Generally, fossil fuels are non-renewable and 

depleting day by day. The usage of renewable fuels reduces global 
warming. Alcohols are renewable in nature and used in SI 
engines due to their good combustion properties like antiknock 
and flame velocity. Ethanol, methanol, and butanol are 
commonly used alcohols. Ethanol is widely used in countries, 
where it is abundant. Butanol is gaining more attention due to its 
combustion properties being similar to gasoline and its corrosion 
less behavior when compared to ethanol. Butanol injection in the 
intake port through port injectors will form a plume, which leads 
to high emission. The high viscosity of butanol is the reason 
behind such plume which is the major cause of poor vaporization, 
less fuel efficiency, and high hydrocarbon emissions. Methods 
like heating of butanol to high temperatures, increasing the 
injection pressure and blending of butanol with less viscous fuels 
like gasoline and ethanol can be accomplished to obtain a better 
fuel spray. This particular work reveals the visualization of the 
spray of butanol with different fuel temperatures, injection 
pressure and the blending of butanol with gasoline and ethanol. 
Further, it can be a knowledge base for utilizing renewable 
butanol effectively in automotive engines for achieving low 
emission and high fuel efficiency. 

 
Keywords: Alternate Fuels; Butanol; Ethanol; Blends; Spray; 

Plume. 

I. INTRODUCTION 

Bio-alcohols have become an alternative solution to 

fossil fuels because of their good emission characteristics and 
renewable nature [1]- [6]. Various biomass like sugar cane, 
straws of barley and wheat, corn fiber, grass and agricultural 
waste are widely used to produce ethanol and butanol 
[7]-[10]. The higher heat of combustion and lower latent heat 
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of vaporization of butanol makes it more attractive than 
ethanol [11]-[17]. The values of the combustion properties of 
butanol are close to that of gasoline, which is beneficial in 
using it in the existing engines [15],[18],[19]. Port fuel 
injection has gained attention since the last two decades due to 
its fast transient response, atomization, targeting and fuel 
metering [20], [21]. A new combustion technique that gains 
more attention for its NOx less emission, so-called 
Homogeneous Charge Compression Ignition (HCCI) relies on 
port injection technique for its charge preparation [22]-[26]. 
The cause of higher emissions from butanol is because, its 
spray forms a plume when it is injected through port injectors 
[5], [27]. The injection pressure of port fuel injectors is 
generally 2.5 to 3 bar [28]. It is also one of the reasons for 
high emissions with n-butanol. The high viscosity of butanol 
is the reason for the formation of plume which hinders the fuel 
atomization and evaporation.           In port fuel injection 
engines, the formation of the mixture starts as soon as the 
liquid fuel is injected on the backside of the intake valve. Size 
of the droplets, spray velocity, spray pattern, spray 
penetration, spray angle and targeting are the main factors to 
define the introduced spray [29]-[31]. These factors are 
highly influenced by injector design and operating conditions 
which in turn influence the engine performance [29]. Liquid 
fuel must evaporate and form a fuel-air combustible mixture 
to initiate the combustion. Reducing the diameter of hole of 
port injector leads to better fuel atomization and evaporation 
[32]. It is due to the increased overall surface area by forming 
more number of droplets. An increase in injection pressure 
can also result in a reduction in the droplet's mean diameter 
and an increase in penetration lengths [33], [34]. It was 
reported that a better blending of butanol with gasoline or 
ethanol can also provide good atomization and evaporation 
[12], [27], [35]. It is the viscosity of butanol, which remains 
the main barrier for effective spray. The viscosity of butanol 
can be reduced by increasing the temperature of butanol, 
increasing the injection pressure and blending the butanol 
with gasoline or ethanol [29], [36]. All three methods were 
performed with butanol and the respective sprays were 
compared with gasoline sprays at similar conditions. An 
approximate optimistic fuel temperature, injection pressure 
and blend ratio were suggested to obtain a well-atomized 
butanol spray similar to that of gasoline in a single hole 
injector. 
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II. EXPERIMENTAL PROCEDURE 

A. Experimental Apparatus 

Figure 1 shows the experimental apparatus is used for the 
spray test. The apparatus consists of a fuel pump, single hole 
port injector, high power LED lamp, regulated power supply 
(RPS), controller with ATMEGA8L – 8PU processor, digital 
signal lens reflex (DSLR) camera, pressure gauge, fuel pipes, 
and adjustable flow control valve. The apparatus 
specifications are as shown in Table 1. 

 
Table- I: Apparatus Specification 

Apparatus Specification 

Fuel pump 12V, 0.6A 

 
Fuel injector 

DSLR Camera 
RPS 

 
Single hole, 3 bar, 430µm hole diameter 

18 mega pixels, 35 mm focal length, 3:2 aspect ratio 
32V, 5A 

 

 
A fuel pump that was used can pressurize the fuel to a 
maximum of 4 bar injection pressure. A Maruti 800 single 
hole port injector was used throughout the test. The purpose 
of the high power LED lamp was to illuminate the fuel spray. 
RPS that has been used was capable to deliver 32-volt supply. 
Based on the pump and controller requirements the voltage 
was set at 12volt each.  The DSLR camera was focused to 
visualize the illuminated fuel spray. 

 
Fig 1. Schematic of Experimental Apparatus 

B. Experimental Procedure  

A 12-volt power supply from RPS was given to the controller 
and fuel pump each. The fuel gets pumped through the 
pressure lines and reaches the injector. A pulsed spray was 
achieved through the controller and captured as a video using 
the DSLR camera. Excess fuel gets back to the fuel tank once 
again through the fuel return lines. The spray test was 
performed in four cases. In case 1, butanol was blended with 
gasoline at 1:1 ratio by mass and the spray images are taken. 
In case 2, butanol was blended with ethanol at 1:1 ratio by 
mass and the spray images are taken.  In case 3, the 
temperature of butanol was increased to 40°C and the spray 
images were obtained for injection pressures, 3 and 4 bar. In 
case 4, the initial temperature of butanol was increased to 

55°C and the spray images were obtained for injection 
pressures, 3 and 4 bar.   

III. RESULT AND DISCUSSION 

Initially, the spray test was established without any fuel 
pretreatment at 3 and 4 bar injection pressure. Figures 2 and 3 
show the initial spray images captured at 3 and 4 bar injection 
pressures of butanol and gasoline without any pretreatment. 
The spray image of gasoline appeared to be a straight line, 
whereas for butanol the spray image appeared to be diverging. 
 

      
 (a) Gasoline    

 

      
(b) Butanol 

 

Fig 2. Spray image at 3 bar injection pressure 
 

                            
(a) Gasoline     

   

   
     (b) Butanol 

Fig 3. Spray image at 4 bar injection pressure        

 
An increase in injection pressure from 3 to 4 bar, it doesn’t 

show much difference in the spray characteristics of butanol. 
The spray image at both pressures looked very similar. 
Moreover, a significant difference was observed between the 
sprays of gasoline and n-butanol.  
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A. Spray Characteristics of Butanol - Gasoline Blend 
(50%) 

As discussed in the literature the butanol and gasoline were 
blended by mass in the ratio of 1:1 and the spray test was 
carried out. Gasoline being a less viscous fuel, it can be 
blended with butanol for a better spray. Figure 4 shows the 
spray images of gasoline at 3 bar and spray image of butanol – 
gasoline (1:1) blend at 3 bar. 
 

   
(a) Gasoline 

 

   
(b) Butanol – gasoline (1:1) blend 

Fig 4. .Spray image butanol – gasoline blend at  
3 bar injection pressure 

A spray of butanol – gasoline blend was found to be far better 
than the spray of butanol at 3 bar (i.e. it is similar to that of 
gasoline spray). The spray was observed to be with fewer 
plumes when butanol was blended with gasoline. It can be 
concluded that, when n-butanol is mixed with gasoline by 1:1 
(50% on a mass basis), a better spray can be obtained which 
could lead to low emission when compared to the use of raw 
n-butanol (100% n-butanol).   

B. Spray Characteristics of Butanol - Ethanol Blend 
(50%) 

From the literatures, butanol was blended with ethanol in the 
ratio of 1:1 by mass and tested for obtaining better spray 
characteristics. Ethanol, being less viscous can be blended 
with butanol for better spray. Figure 5 shows the spray images 
of gasoline at 3 bar and butanol – ethanol (1:1) blend at 3 bar. 
 

   
(a) Gasoline 

 

   
(b) Butanol - Ethanol (1:1) blend 

Fig. 5. Spray images butanol – ethanol (1:1) blend  
at 3 bar injection pressure 

 

C. Spray Characteristics of Butanol at 40oC 

Generally, fuel viscosity decreases with an increase in 
temperature. This could lead to a better spray of n-butanol. 
This motivates to conduct the study on the visualization of 
n-butanol with high fuel temperatures of 40° C. Also, the 
flashpoint of butanol was 35°C and hence the initial 
temperature of butanol was increased to 40°C and the spray 
test was performed at 3 and 4 bar injection pressures. Figure 6 
shows the spray images of preheated butanol at an injection 
pressure of 3 bar. Figure 7 shows the spray images of 
preheated butanol at an injection pressure of 4 bar. 
 

   
(a) Gasoline     

                                                                                              

   
(b) Butanol 

  Fig. 6. Spray image of butanol at 3 bar injection 
pressure, 40°C temperature 

 

                              
 (a) Gasoline     
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(b) Butanol 

Fig. 7. Spray image of butanol at 4bar injection pressure, 
40°C temperature 

An increase in temperature and pressure had significant 
influence on the spray. The spray at 4 bar and 40°C was found 
to be straight with good penetration. Plume was reduced when 
compared with spray without preheating. Increase in injection 
pressure from 3 to 4 bar and temperature to 40°C have a 
significant effect on the butanol spray. 

D. Spray Characteristics of Butanol at 55°C 

The temperature increase of butanol to 40°C showed a 
considerable difference in the spray. So the test was 
performed at 3 and 4 bar injection pressures and a further 
increase in butanol temperature to 55°C. Figure 8 shows the 
spray images of preheated butanol at 3 bar injection pressure 
at 55°C. Figure 9 shows the spray images of preheated 
butanol at 4 bar injection pressure at 55°C. 
  

   
(a) Gasoline 

 

   
(b) Butanol 

   Fig. 8. Spray image of butanol at 3bar injection 
pressure, 55°C temperature 

 

          
(a) Gasoline      

                                                                                             

   

(b) Butanol 

Fig. 9. Spray image of butanol at 4bar injection pressure, 
55°C temperature       

Increasing the temperature of n-butanol to 55°C without 
increasing the injection pressure (i.e. at 3 bar injection 
pressure) shows similar spray characteristics of gasoline. 
Increasing the butanol pressure from 3 bar to 4 bar at 55°C 
doesn’t show any significant difference. The spray remained 

straight with fewer plumes. It can be concluded that at 3 bar 
injection pressure, elevating the temperature to 55° C is 
sufficient to improve the spray characteristics of butanol. 
However, in the earlier case of fuel injection at 40° C, the 
injection pressure influences the spray when increased from 3 
bar to 4 bar. This could be a better option for improving the 
spray in the earlier case. Thus an overall idea about the spray 
of n-butanol at different injection pressures, temperatures and 
blends with gasoline and ethanol arrived from this research 
work. 

IV. CONCLUSION 
From the literature, Bio-butanol is gaining more attention due 
to its combustion properties being similar to gasoline, which 
leads to the use of it in already existing engines.  However, the 
high viscosity of butanol forms a plume (poor spray) when it 
is injected, which leads to poor vaporization and high 
emission. Approaches to enhance the spray characteristics of 
butanol were studied. The main conclusions are: - 
 

 Preheating of n-butanol to 55° C at an injection 
pressure of 3 bar has led to its spray similar to that of 
gasoline.  

 Simultaneously, increasing the injection pressure (3 
to 4 bar) and fuel temperature (30 to 40°C) has led to 
a good spray of butanol.  

 Increasing the injection pressure alone from 3 bar to 
4 bar resulted in no significant improvement in its 
spray at 55oC temperature. 

 Blending of butanol with gasoline and ethanol by 1:1 
mass ratio (50% by mass) results into reduction of 
the viscosity of butanol which has led to good 
butanol’s spray. 

 

On the whole various methods are used to improve the 
butanol spray in a single hole port injector were studied and 
reported based on the visualization of butanol spray and the 
results can have significant effects if used purposely. 

REFERENCES 

1. Misau., et al. Production of Bio-Ethanol from Sugarcane: A Pilot Scale 
Study in Nigeria. International Journal of Engineering Research and 
Applications (IJERA). 2012; 2:1142-1151. 

2. Srinivasnaik, M., et al. Bio Diesel as an Alternative Green Fuel to 
Internal Combustion Diesel Engine. Bonfring International Journal of 
Industrial Engineering and Management Science. 2015; 5: 

3. Hossain, A. B. M. S., et al. Impacts of alcohol type, ratio and stirring 
time on the biodiesel production from waste canola oil. African Journal 
of Agricultural Research. 2010; 5: 1851-1859. 

4. Sendzikiene, E., et al. Optimization of low quality rapeseed oil 
transesterification with butanol by applying the response surface 
methodology. Renewable Energy. 2016; 87: 266 - 272. 

5. Sahu, B., et al. Comparison of Gasoline and Butanol Spray 
Characteristics in Low Pressure Port Fuel Injector. ILASS Americas, 
25th Annual Conference on Liquid Atomization and Spray Systems, 
Pittsburgh, PA, May 2013. 

 
 
 
 



International Journal of Recent Technology and Engineering (IJRTE)  
ISSN: 2277-3878 (Online), Volume-8 Issue-6, March 2020 

4951 

 

Published By: 
Blue Eyes Intelligence Engineering 
& Sciences Publication  

Retrieval Number: F9074038620/2020©BEIESP 
DOI: 10.35940/ijrte.F9074.038620 
Journal Website: www.ijrte.org 
 
 

 

 

 
 
 

 
 
 

 
 
 

6. Ghadikolaei, M. A.Effect of alcohol blend and fumigation on regulated 
and unregulated emissions of IC engines—A review. Renewable and 
Sustainable Energy Reviews. 2016; 57: 1440–1495. 

7. Shah, Y. R. and P. D. D. J. Sen. Bioalcohol as Green Energy. 
International Journal of Research in Pharmaceutical and Biomedical 
Sciences. 

8. Kraemer, K. and A. Harwardt. Separation of butanol from 
acetone-butanol-ethanol fermentation by a hybrid 
extraction-distillation process. RWTH Aachen University, 52056 
Aachen, Germany. 2010. 

9. Okoro, L. N., et al.Calorimetric Determination of Energy Content of 
Alcohol fuels and Blends with Kerosene. International Journal of 
Research in Chemistry and Environment. 2012; 2: 102-105. 

10. Padala, S., et al. Effect of ethanol and ambient pressure on 
port-fuel-injection sprays in an optically accessible intake chamber. 
Atomization and Sprays. 2011; 21: 427–445. 

11. Moxey, B. G., et al. A comparison of butanol and ethanol flame 
development in an optical spark ignition engine. Fuel. 2016; 170: 
27–38. 

12. Thangavel, V., et al. Experimental studies on simultaneous injection of 
ethanol gasoline and n-butanol gasoline in the intake port of a four 
stroke SI engine. Renewable Energy. 2016; 91: 347 - 360. 

13. Mack, J. H., et al. Experimental investigation of butanol isomer 
combustion in Homogeneous Charge Compression Ignition (HCCI) 
engines. Applied Energy. 2016; 165: 612–626. 

14. AbdullahS.AlRamadan, et al. Mixed butanol’s addition to gasoline 

surrogates Shock tube ignition delay time measurements and chemical 
kinetic modeling. Combustion and Flame. 2015; 162: 3971 – 3979. 

15. Venugopal, T. and A. Ramesh. Effective utilization of butanol along 
with gasoline in a spark ignition engine through a dual injection 
system. Applied Thermal Engineering. 2013; 59: 550 - 558. 

16. Chen, Z., et al. Effects of port fuel injection (PFI) of n-butanol and 
EGR on combustion and emissions of a direct injection diesel engine. 
Energy Conversion and Management. 2013; 76: 725–731. 

17. PriyankaA. Taksande and Dr.S.C.Kongre. Performance Analysis of 
Higher Alcohol/Gasoline Blends as a fuel in 4-stroke SI engine’s 

Journal of Mechanical and Civil Engineering. 2013; 9: 15-16. 
18. Broustail, G., et al. Comparison of regulated and non-regulated 

pollutants with iso-octane/butanol and iso-octane/ethanol blends in a 
port-fuel injection Spark-Ignition engine. Fuel. 2012; 94: 251–261. 

19. Mittal, N., et al. Study of performance and emission characteristics of a 
partially coated LHR SI engine blended with n-butanol and gasoline. 
Alexandria Engineering Journal. 2013; 52: 285–293. 

20. G.Karthikeyan, et al. Design and Fabrication of an Electronic Fuel 
Injection Kit for a Conventional Small Capacity SI Engine. 
International Journal of Engineering and Advanced Technology 
(IJEAT). 2013; 2. 

21. Mastanaiah, M. Performance of Electronic Fuel Injection System using 
Compressor and Controller " International Journal of Advanced 
Engineering Research and Studies. 2013; 2: 57-59. 

22. Gowthaman, S. and A. P. Sathiyagnanam. Effects of charge 
temperature and fuel injection pressure on HCCI engine. Alexandria 
Engineering Journal. 2016; 55: 119–125. 

23. Bendu, H. and S. Murugan. Homogeneous charge compression 
ignition (HCCI) combustion: Mixture preparation and control 
strategies in diesel engines. Renewable and Sustainable Energy 
Reviews. 2014; 38: 732–746. 

24. Maurya, R. K. and A. K. Agarwal. Experimental study of combustion 
and emission characteristics of ethanol fuelled port injected 
homogeneous charge compression ignition (HCCI) combustion 
engine. Applied Energy. 2011; 88:  1169–1180. 

25. Singh, A. P. and A. K. Agarwal. Combustion characteristics of diesel 
HCCI engine: An experimental investigation using external mixture 
formation technique. Applied Energy. 2012; 99: 116–125. 

26. Yao, M., et al. Progress and recent trends in homogeneous charge 
compression ignition (HCCI) engines. Progress in Energy and 
Combustion Science. 2009; 35:  398–437. 

27. Venugopal, T. and A. Ramesh. Performance, combustion and emission 
characteristics of a spark-ignition engine with simultaneous injection 
of n-butanol and gasoline in comparison to blended butanol and 
gasoline." International Journal of Energy Research. 2014; 38: 
1060–1074. 

28. Anand, T. N. C., et al. Spray characterization of gasoline-ethanol 
blends from a multi-hole port fuel injector. Fuel. 2012; 102: 613–623. 

29. Movahednejad, E., et al. Experimental Study of Injection 
Characteristics of a Multi-hole port injector on various Fuel Injection 
pressures and Temperatures EPJ Web of Conferences. 2013. 

30. Hung, D. L. S., et al. A High Speed Flow Visualization Study of Fuel 
Spray Pattern Effect on Mixture Formation in a Low Pressure Direct 
Injection Gasoline Engine. SAE 2007-01-1411. 

31. Mahapatra, S., et al. Experimental Investigation and Spray 
Characterization of Liquid Jet Atomization of Conventional Fuels and 
Liquid Bio-Fuels. 12th Triennial International Conference on Liquid 
Atomization and Spray Systems. 2012. 

32. Pirooz, A. Effects of Injector Nozzle Geometry on Spray 
Characteristics, An Analysis. Indian J.Sci.Res. 2014; 5 : 354-361. 

33. Crua, C. and M. R. Heikal. Diesel spray formation, autoignition and 
soot productionat elevated in-cylinder pressures. University of 
Brighton, Brighton BN2 4GJ, UK. 

34. Aghaie, A. Z., et al. Investigation of Thermodynamics Properties 
Effects on Spray Tip Penetration. International Journal of 
Multidisciplinary Sciences and Engineering. 2012; 3:  

35. Dernotte, J., et al. Evaluation of Butanol–Gasoline Blends in a Port 
Fuel-injection, Spark-Ignition Engine." Oil & Gas Science and 
Technology – Rev. IFP. 2010; 65: 345-351. 

36. Liu, Y., et al. Fuel spray and combustion characteristics of butanol 
blends in a constant volume combustion chamber. Energy Conversion 
and Management. 2015; 105: 1059–1069. 

AUTHORS PROFILE 

      Praveen Kumar Yadav: Assistant 
Manager Mechanical, IREL India Limited (A 
PSU under Department of Atomic Energy). 
Research areas are internal combustion engines, 
Mordern heat transer application parts like rotor 
disks and brakes system. 

. 
 

 
 
  
  Ashish Kumar Hirwani: Data Entry Analyst, 
Billing Section, CSEB (Chhattisgarh State 
Electricity Board). Research areas are internal 
combustion engines, Mordern heat transer, 
nano-fluids. 
 

 
 
 Manshu Gupta: B.Tech Mechanical Engineer, 
School of Mechanical Engineering Chennai 
(SMEC), Vellore Institute of Technology 
Chennai. Research areas are internal 
combustion engines, nanopaticles, EMI 
shielding and acoustics materials development.. 
 
 

 
 
Dr. Siva Kumar R:  Professor, School of 
Mechanical Engineering Chennai (SMEC), 
Vellore Institute of Technology Chennai. 
Research area of interest includes Gas Turbine 
Combustion, CFD and Thermal Management. 
He is having 19 international publications.  
 
 

 
 
Dr. Venugopal Thangavel:  Associate 
Professor, School of Mechanical Engineering 
Chennai (SMEC), Vellore Institute of 
Technology Chennai. Research areas are 
internal combustion engines, nano-fluids, 
modern heat transfer. Published 8 articles in 
reputed international journals and filed three 
patents.   


