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ABSTRACT

Analysis of LPG Spray Diffusion Flame

in Constant Volume Combustion Chamber

Byoung-Doo So

Department of Mechanical Engineering, Graduate School
Korea Maritime National University

Busan, Korea

(Supervised by Professor Kweonha Park)

The need for more fuel efficient and lower emission vehicles has driven
the technical development of alternative fuels such as Liquefied Petroleum
Gas which is able to meet the limits of better emission levels without
many modifications to current engine design. This study addresses the
LPG spray and diffusion flame in a constant volume combustion chamber
which has an impinging plate. The spray and flame images are visualized
and compared with diesel and gasoline sprays in the condition of wide
ambient gas pressure ranges. The high speed digital camera is used to

take the flame images. The injection pressure is generated by Haskel air



driven pump, and the trap pressure is adjusted by pumping air into a
constant volume chamber. The LPG spray and flame photographs are
compared with those of gasoline and diesel fuel at the same conditions,
then the spray and flame development behavior is analyzed. The LPG
spray photos show that the dispersion characteristics depend very sensibly
on the ambient pressure soon after injection. In a low trap pressure, LPG
fuel in liquid phase evaporates quickly and does not reach down easily to
the impinging plate having a hot coil for ignition. Those make the
temperature and the equivalence ratio very low near the ignition coil and
then make the ignition hard. On the other side, a high trap pressure case,
the spray leaving the nozzle is remaining as liquid phase like a diesel fuel
spray. The LPG gather around the ignition site on the plate, which makes
an intensive flame near the plate. It is considered that the behavior of LPG
spray might be more dependent on the gas flow motion than the spray
injection velocity in the cylinder with low trap pressure. That phenomenon
will be appear easily on the early injection of a direct injection LPG
engine. Therefore, the chamber and intake port shape might be careful to

get a suitable flow motion for a direct injection LPG engine design.
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Table 1.1 Properties of LPG, Diesel, Gasoline

Fuel Propane | Butane LPG(used) Diesel Gasoline
Formul CHe | Gy | PrOPAne0Ot | s | Contiss | Conet
ormula . sHis. 26H155| CrasHus,
3 4Hio butane (70%) 108H1s7 | Cgast 776H13.1
Mol.wt
44,096 58.123 53.915 148.6 114.8 106.4
(Kg/kmol)
Boiling
. -42.1 -0.5 -12.98 180-360 27-225
pt. (C)

Ignition pt. (C) -104 -60 -73.2 65-80 -42.8
Autoingition pt. () 481 441 453 350-450 500-550
Liquid density(kg/m®) 500 579 555 845 775
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Gasoline, Diesel LPG

£

Power Supply
Haskel Pump H »-
- -

A 4

High Pressure Pump

Lamp High Speed Camera

(SR-1000C) Computer

Air Compressor

Fig. 3.1 Experimental Setup
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Fig. 3.2

Injector

Heating Coil

Table 3.1 Test cases

Combustion Chamber Geometry

Fuel (LPG, Gasoline, Diesel)

Trap pressure(MPa)

Trap temperature(K)

Impinging
plate distance(mm)

Inner heating

coil diameter(mm)

0.1, 04, 0.7, 1.0 500 105 95
noz. hole dia.(mm) Nozzle type Rail pressure(MPa) temll)dégzlltil?re(K)
0.22 Single hole 10,15,25,50,100,150 230
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Oms 0. 33ms 0. 67ms 1. Oms 1. 33ms

1.67ms 2. 0ms 2. 33ms 2.67ms 3. Oms

3. 33ms

Fig. 4.3 LPG spray development (Rail pressure 10MPa-Trap pressure 0.1MPa)
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Oms 0. 33ms 0. 67ms 1. Oms 1. 33ms

1.67ms 2.0ms 2. 33ms

Fig. 44 LPG spray development (Rail pressure 10MPa-Trap pressure 0.4MPa)



Oms 1. 32ms 2. 64ms 3. 96ms 5. 28ms

6. 6ms 7.92ms 9, 24ms 10. 56ms 11.88ms

13. 20ms 14.19ms 15, 84ms 17.16ms 18. 48ms

19. 80ms 21.12ms 23. 76ms 27. 72ms

Fig. 45 LPG flame development and termination

(Rail pressure 10MPa-Trap pressure 0.4MPa)
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Oms 0. 33ms 0. 67ms 1. Oms 1. 33ms

1.67ms 2. 0ms 2. 33ms 2.67ms 3. Oms

3. 33ms

Fig. 46 LPG spray development (Rail pressure 10MPa-Trap pressure 0.7MPa)
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Oms 1. 32ms 2. 64ms 3. 96ms 5. 28ms

- -l
6. 6ms §. 58ms 10, 56ms 12. 54ms 15.18ms

—

17. 82ms 23. lms 27. 06ms 29. Tms 32, 34ms

33. 66ms 35. 31ms 36. 96ms 38. 28ms 39. 96ms

Fig. 47 LPG flame development and termination

(Rail pressure 10MPa-Trap pressure 0.7MPa)
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Oms 0. 33ms 0. 67ms 1. Oms 1. 33ms

1.67ms 2. 0ms 2. 33ms 2.67ms 3. Oms

3. 33ms 3.67ms

Fig. 4.8 LPG spray development (Rail pressure 10MPa-Trap pressure 1.0MPa)
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Oms 1. 32ms 2. 64ms 3. 96ms 5. 94ms

7.92ms 9. 9ms 11. 88ms 13. 86ms 15. 85ms

21, 12ms 31. 68ms 41, 28ms 51. 48ms 56, 76ms

63. 69ms 73.26ms §3. 16ms 96. 36ms 111. 54ms

120, 12ms 122. 1ms

Fig. 4.9 LPG flame development and termination

(Rail pressure 10MPa-Trap pressure 1.0MPa)
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Oms 0. 33ms 0. 67ms 1. Oms 1. 33ms

1.67ms 2. 0ms 2. 33ms 2.67ms 3. Oms

Fig. 410 LPG spray development (Rail pressure 15MPa-Trap pressure 1.0MPa)
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Oms 6. 93ms 9. 57ms 12. 21ms 14. 85ms

‘t;/‘*

20, 13ms 25, 41ms 32. 0lms 39. 93ms 46, 53ms

.

- -_ - ‘Z"./

58. 08ms 65, 0lms 72. bms 80, Slms 88. 44ms

101. 64ms 112, 2ms 121, 77ms 131.67ms 141. 57ms

151. 47ms 171.93ms

Fig. 411 LPG flame development and termination

(Rail pressure 15MPa-Trap pressure 1.0MPa)
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Oms 0. 33ms 0. 67ms 1. Oms 1. 33ms

1.67ms 2. 0ms 2. 33ms 2.67ms 3. Oms

Fig. 412 LPG spray development (Rail pressure 25MPa-Trap pressure 1.0MPa)
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Oms 4.95ms 6. 93ms 8.91ms 11. 55ms

14, 52ms 19.47ms 30. 03ms 48, S1ms 62. 04dms

76. bbms 113, 52ms 152, 79ms 179, 17ms 208, 23ms

240, 24ms 273. 24ms 306. 24ms 355. 7dms 392. 04ms

438. 24ms 427. 57ms

Fig. 4.13 LPG flame development and termination

(Rail pressure 25MPa-Trap pressure 1.0MPa)
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S+ Liquid state before injection

S. ! Final state at 0.1MPa and 500K
S.. : Final state at 0.4MPa and 500K
S:s : Final state at 0.7MPa and 500K
. Final state at 1.0MPa and 500K

230k 278k 500k

N

Liquid

Pressure(MPa)

029+

01+

Liquid+Vapor

0 731 760.5 1502

Enthalpy (Kcal/Kg)

Fig. 4.14 LPG vaporizing routes in Pressure-Enthalpy diagram for LPG used
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Fig. 4.16 Spray tip penetration at Trap pressure of 1.0MPa
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Oms 0. 33ms 0. 67ms 1. Oms 1. 33ms

1.67ms

Fig. 4.17 Gasoline Spray development

(Rail pressure 10MPa-Trap pressure 0.1MPa)
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Oms 9. 24ms 18, 48ms 23. 1ms 27. 7T7ms
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63, 36ms 72. Gms 81. 84ms 91. 08ms 100, 32ms

109, 56ms 128. 0dms 137. 29ms 146, 52ms 155, 76ms

165, Oms 174, 24ms 183. 48ms 190, 41ms

Fig. 4.18 Gasoline flame development and termination

(Rail pressure 10MPa-Trap pressure 0.1MPa)
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Oms 0. 33ms 0. 67ms 1. Oms 1. 33ms

1.67ms 2. 0ms 2.33ms

Fig. 4.19 Gasoline Spray development

(Rail pressure 10MPa-Trap pressure 0.4MPa)
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Fig. 4.20 Gasoline flame development and termination

(Rail pressure 10MPa-Trap pressure 0.4MPa)
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Oms 0. 33ms 0. 67ms 1. Oms 1. 33ms

1.67ms 2. 0ms 2. 33ms 2.67ms 3.0ms

Fig. 4.21 Gasoline Spray development

(Rail pressure 10MPa-Trap pressure 0.7MPa)
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Oms 1. 32ms 2. 64ms 3. 96ms 5. 28ms

6. 6ms 8. 2bms 10, 89ms 13. 86ms 16. Sms

22, TTms 38, 28ms 43. 89ms 49, 17ms 95. 11ms

68. 97ms 73.5%ms 94, 38ms 103. 62ms 115. 17ms

131. 34ms 142. 89ms 152, 13ms 165. 99ms 179. 85ms

Fig. 4.22 Gasoline flame development and termination

(Rail pressure 10MPa-Trap pressure 0.7MPa)
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Oms 0. 33ms 0. 67ms 1. Oms 1. 33ms

1.67ms 2. 0ms 2. 33ms 2.67ms 3.0ms

3. 33nms 3. 67ms 4, Oms 4. 33ms

Fig. 4.23 Gasoline spray development

(Rail pressure 10MPa-Trap pressure 1.0MPa)
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Oms 1. 98ms 3. 96ms 5. 94ms 9. 9ms

11. 88ms 13. 86ms 15, 84ms 17. 82ms 20, 13ms

31. 02ms 41.91ms 52. Bms 63. 69ms 74, 58ms

81. 84ms 90. 42ms 101, 3lms 112, 2ms 123. 75ms

133. 98ms 144. 87ms 162, 03ms 178. 2ms 194, 37ms

Fig. 4.24 Gasoline flame development and termination

(Rail pressure 10MPa-Trap pressure 1.0MPa)
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Oms 0. 33ms 0. 67ms 1. Oms 1. 33ms

1.67ms 2. 0ms 2. 33ms 2.67ms 3. Oms

3. 33ms 3.67ms

Fig. 4.25 Gasoline spray development

(Rail pressure 15MPa-Trap pressure 1.0MPa)
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180. 51ms 193. 71ms 207. 24ms 221.43ms 233.97ms

246. 51ms 260, 07ms 276. 2lms 286.11ms 293. 04ms

Fig. 4.26 Gasoline flame development and termination

(Rail pressure 15MPa-Trap pressure 1.0MPa)
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Oms 0. 33ms 0. 67ms 1. Oms 1. 33ms

1.67ms 2. 0ms 2. 33ms 2.67ms 3. Oms

Fig. 4.27 Gasoline spray development

(Rail pressure 256MPa-Trap pressure 1.0MPa)
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-

48, 18ms 52. Bms 57, 42ms 68, 97ms 75. 9ms

85. 14ms 96. 69ms 147, 51ms 156, 75ms 168. 3ms

175. 23ms 184. 47ms 191. 4ms 198. Oms

Fig. 4.28 Gasoline flame development and termination

(Rail pressure 25MPa-Trap pressure 1.0MPa)
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Oms 0. 33ms 0. 67ms 1. Oms 1. 33ms

Fig. 4.31 Diesel spray development

(Rail pressure 10MPa-Trap pressure 0.1MPa)

_48_



Oms 6. 93ms 14, 85ms 22, TTms 29.17ms

36, 63ms 42. 57ms 50, 49ms 58, 08ms 66, 33ms

71.94ms 78. bdms 85, ldms 91. 74ms 98. 34ms

104, 94ms 111. 54ms 118, 14ms 269.94ms 131. 34ms

137. 94ms 144, 54ms 151, 14ms 156, 09ms 161, Tms

Fig. 4.32 Diesel flame development and termination

(Rail pressure 10MPa-Trap pressure 0.1MPa)
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Oms 0. 33ms 0. 67ms 1. Oms 1. 33ms

1.67ms 2.0ms

Fig. 4.33 Diesel spray development

(Rail pressure 10MPa-Trap pressure 0.4MPa)
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Oms 2.31ms 4, 62ms 6. 93ms 9. 24ms

11. 55ms 13. 86ms 16. bms 20, 13ms 23. 76ms

27. 39ms 31. 68ms 38. 18ms 42, 5Tms 48. 18ms

61. 7lms 68. 31ms 74.91ms 81.51ms 88.11ms

93. 06ms

Fig. 4.34 Diesel flame development and termination

(Rail pressure 10MPa-Trap pressure 0.4MPa)
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Oms 0.33ms 0.67ms 1. 0ms 1.33ms

1.67ms 2. 0ms 2. 33ms 2.67ms 3. Oms

3. 33ms 3.67ms

Fig. 4.35 Diesel spray development

(Rail pressure 10MPa-Trap pressure 0.7MPa)
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Oms 1. 32ms 2. 64ms 3. 96ms 7. 59ms

9. 57ms 14, 52ms 27. 72ms 40, 2ms 7. 42ms

72. 6ms 93. "2ms 105, 27ms 116, 82ms 133, 32ms

153. 12ms 169. 62ms 179, 52ms 192. 72ms 202.62ms

212.52ms 225. 72ms

Fig. 4.36 Diesel flame development and termination

(Rail pressure 10MPa-Trap pressure 0.7MPa)
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Oms 0. 33ms 0. 67ms 1. Oms 1. 33ms

1.67ms 2.0ms 2. 33ms 2.67ms 3. 0ns

3. 33ms 3.67ms 4, Oms

Fig. 4.37 Diesel spray development

(Rail pressure 10MPa-Trap pressure 1.0MPa)



Oms 1. 32ms 2.97ms 4.95ms 6. 6ms

8. 58ms 10, 56ms 12, 54ms 14, 52ms 16. Sms

18. 48ms 20, 46ms 22, 44ms 29, 37Tms 30, 36ms

31. 35ms 32.67ms 34. 32ms 35. 64ms 37.62ms

39. 6ms 41.91ms

Fig. 4.38 Diesel flame development and termination

(Rail pressure 10MPa-Trap pressure 1.0MPa)
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Oms 0. 33ms 0. 67ms 1. Oms 1. 33ms

1.67ms 2. 0ms 2. 33ms 2.67ms 3. Oms

3. 33ms 3.67ms

Fig. 4.39 Diesel spray development

(Rail pressure 15MPa-Trap pressure 1.0MPa)
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Oms 0.99ms 1.98ms 2.97ms 4. 29ms

9. 94ms 7. 59ms 9. 9ms 20, 13ms 31.02ms

51. 8lms 7. 42ms 61. 38ms 64, 35ms 67. 32ms

70. 29ms 76.23ms §3. 16md 87.12ms 90. 42ms

96. 69ms 103. 62ms 112, 53ms

Fig. 4.40 Diesel flame development and termination

(Rail pressure 15MPa-Trap pressure 1.0MPa)
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Oms 0. 33ms 0. 67ms 1. Oms 1. 33ms

1.67ms 2.0ms 2. 33ms 2.67ms 3. 0ns

3. 33nms 3. 67ms 4, Oms 4. 33ms

Fig. 4.41 Diesel spray development

(Rail pressure 256MPa-Trap pressure 1.0MPa)
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Oms 0.99ms 1.98ms 3. 63ms 4, 2ms

6. 6ms 8. b8ms 11. 55ms 19. 8ms 56, 76ms

S

63. 03ms 69, 3ms 75. 9ms 79. 86ms 85, 8Bms

105, 6ms 112, 2ms 127. 03ms

136. 95ms 146. 52ms

Fig. 4.42 Diesel flame development and termination

(Rail pressure 25MPa-Trap pressure 1.0MPa)
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Oms 0. 33ms 0. 67ms 1. Oms 1. 33ms

1.67ms 2. 0ms 2. 33ms 2.67ms 3.0ms

Fig. 4.43 Diesel spray development

(Rail pressure 50MPa-Trap pressure 1.0MPa)
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Oms 1. 32ms 2. 31ms 3. 3ms 5. 6lms

6. 6ms 8. b8ms 10, 86ms 14, 19ms 19. 14ms
22, 11ms 48. 51ms 100, 62ms 120, 45m 150, 15ms

173. 25ms 189. 75ms 222. 75ms 315. 15ms 381. 15ms

447, 15ms 513. 15ms 612. 15ms 203. 45ms 220, 37ms

Fig. 4.44 Diesel flame development and termination

(Rail pressure 50MPa-Trap pressure 1.0MPa)
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Oms 0. 33ms 0. 67ms 1. Oms 1. 33ms

1.67ms 2. 0ms 2. 33ms 2.67ms 3.0ms

3. 33ms 3. 67ms

Fig. 4.45 Diesel spray development
(Rail pressure 100MPa-Trap pressure 1.0MPa)
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Oms 0.99ms 1.98ms 2.97ms 3.97ms

L

9. 9ms 20, 79ms 30, 69ms 43. 23ms 58. 08ms
82. 83ms 102, 63ms 129. 03ms 155, 43ms 181, 83ms

201.63ms 234. 63ms 267.63ms 317.13ms 366. 63ms

432.63ms 482.13ms 531. 63ms 601. 59ms

Fig. 4.46 Diesel flame development and termination

(Rail pressure 100MPa-Trap pressure 1.0MPa)

_63_



Oms 0. 33ms 0. 67ms 1. Oms 1. 33ms

1.67ms 2. 0ms 2. 33ms 2.67ms 3.0ms

3. 33ms 3. 67ms

Fig. 4.47 Diesel spray development
(Rail pressure 150MPa-Trap pressure 1.0MPa)
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| I

~ —

-

292. 38ms J41. 88ms 407, 88ms 523. 38ms 556. 38ms

589. 38ms 622. 38ms 721. 38ms 809. 82ms

Fig. 4.48 Diesel flame development and termination

(Rail pressure 150MPa-Trap pressure 1.0MPa)
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