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ABSTRACT

A Study on LPG Spray and Diffusion Flame Behavior

Young Ho Song

Department of Mechanical Engineering, Graduate School
Korea Maritime University

Busan, Korea

(Supervised by Professor Kweonha Park)

The need for more fuel efficient and less emission vehicles has driven the
development of alternative fuels such as Liquefied Petroleum Gas which is
capable of meeting the limits of better emission levels without many
modifications to current engine design. In order to improve an engine
performance, a multi-point port injection system was introduced recently, and a
liquid direct injection system into a cylinder was suggested as a next generation
system to maximize the fuel economy as well as power.

This study addresses firstly the analysis of the LPG spray from single hole
injector. The spray images are visualized and compared with diesel and gasoline
sprays In a wide Injection and ambient gas pressure ranges. The injection
pressure 1s generated up to 150MPa by Haskel air driven pump. And the
ambient pressure is adjusted by pumping air into constant volume chamber.
The LPG spray photos show that the dispersion characteristic of the spray soon

after injection depends very sensitively on the ambient pressure. The spray



angle is very wide in a low ambient pressure condition until the saturated
pressure of 0.252MPa, but the angle is quickly reduced at the condition over the
pressure. However, the down stream of the LPG spray shows much wider
dispersion and less penetration than those of gasoline and diesel sprays due to
fast evaporation.

Secondly this study addresses the diffusion flame of LPG spray in a constant
volume combustion chamber having an impinging plate. The high speed digital
camera 1s used to take the flame images. The LPG spray photos show that the
dispersion characteristics are dependent sensitively on the ambient pressure. 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. The
quick evaporation makes the temperature low and the spray penetration low,
which makes the equivalence ratio very low near the ignition coil and then
makes the ignition hard. However, in a high trap pressure the spray leaving the
nozzle is remaining as liquid phase like a diesel fuel spray. The LPG gathers
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 found 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 designing direct injection LPG

engines.
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Table 2.1 Properties of LPG, diesel and gasoline

Fuel Propane | Butane LPG(used) Diesel Gasoline
propane(30%)+
Formula CsHs CyHio CiosHis7 | Cs26His5| CrreHiza
butane (70%)
Mol.wt
(Ke/kmol) 44.096 58.123 53.915 148.6 114.8 106.4
g/kmo
Boiling
£ 0) -42.1 -0.5 -12.98 180-360 27-225
pt.

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

13- n!_ il 4= !-:r 1{@_

L i - A

- - ] Lﬁ% [ # a}) Fi i"-F If.-"'
—_— . s L.—ﬂ. f}.ﬂ" rf "} &
. = E ¥ 7 i
% n:---g R W 747 A T FER

B "i J" . i - W
= 7] ALY A A7 fid
= L v 48TV
5 llr.l" ) ‘3_-" o ff
B e TP A7 7
7 I A . A A L
» VTS bl 7. 6 7
i T ATV A A b

.f: f.ilr.ll" .-\" _‘l,r Ed
g = » 'J"' f.f
= B o 2 o =
B s T Ca B
1 .-r:"#ff;-ﬁL.
i = £
1 I

=33 - LA R | B 20 A0 &3 =] 1]
Temperature ()

Fig. 2.1 Vapor pressure variation
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Table 2.2 World supply situation of LPG car[41]

country Number of country Number of
cars(><1000) cars(><1000)

Austria 2 Netherlands 323
Australia 550 Poland 470
China 65 Korea 1,214
Denmark 2 Spain 7
France 200 Turkey 950

[taly 1,234 America 243
Japan 290 England 39
Mexico 615 the others 1,119
the total 7,323

World LP Gas Association®] 20020 ®r3E st 2zo] ostd 2000 7|+o=2

A AAHeR LPG 252 oF 7309t & o] Aa lt}.

—@'j\li, LPG ]:H.}_\‘E‘ X,j_ K{]ﬁ}@gi ‘:ﬂf 9’5()0‘4] X3E7]— ?0:63 %Oﬂ nguﬂ /\1]7:1] 7_]1—%
o LPGH 9] BFd e ofejsl 2ok,

Table 2.3 World supply situation of LPG bus[42]

The number of
Country
LPG bus
Austria 550
Denmark 250
France 100
England 100
Greece -
Hungary -
Italy 21
Netherlands 200
Poland 60
Spain 85
America 1,500
China 6,225
the others
(Turkey, Mexico, 500
Australia)
the total 9,592

_11_
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Fig. 2.2 Experimental setup for fully developed spray visualization

Table 2.4 Test cases

Euel Noz. hole dia. Nozzle t Rail pressure
ue ozzle e
(mm) P (MPa)
0.22
LPG
0.30 . 5, 10, 15, 20,
Automatic close
(Single hole)
. 0.22 mele fole 95, 30,40, 50
Diesel
0.30
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CCD camera
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Fig. 2.3 Experimental setup for developing spray visualization

Table 2.5 Test cases for rail pressure variation

Fuel Noz. hole dia. Nozzle t Rail pressure
ue ozzle e
(mm) P (MPa)
15, 2
Diesel 0.22 5, 25, 50,
Automatic close 75, 100, 150
(Single hole) 15 2
LPG 0.22 5, 25, 50,
75, 100

_16_



Table 2.6 Test

cases for surrounding pressure variation

Noz. hole )
) Rail pressure| Surround pressure
FUEL dia. Nozzle type
(MPa) (MPa)
(mm)

LPG Automatic

Diesel 0.22 close 10 0.0, 0.3, 0.6
Gasoline (Singe hole)

_17_




Fig. 24 (a), (b)E ¥4 0.22mm, 0.30mmol A ¢ LPG EF Aot} =1
H

o] 75mm7t A% 7}A 3 St} Table 2.7< RE 7 YoAe RRZS

(a) 0.22mm nozzle hole diameter LPG injection

15 20 25 30 40 50

(b) 0.30mm nozzle hole diameter LPG injection

5MPa 10

Fig. 2.4 Spray shapes of LPG with injection pressure variation

Table 2.7 Spray angles of LPG rail pressure variation

o
=2
R
fo
m

Measurin
£ | Nozzle Rail pressure(MPa)

position hole
from i
nozzle 1a.

tip(mm) (mm) 5} 10 15 20 25 30 40 50

0.22 22 22 20 18 17 13 11 9
35

0.3 26 26 22 20 18 17 15 12

LPG

0.22 23 23 20 22 21 20 19 19
70

0.3 24 23 21 24 23 23 20 20
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Fig. 2.7 Comparison of sprays
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0lms 0.3 05 07 11 15 19 23 25 29 33 37 41 45 49
(a) 15MPa

02ms 04 06 08 10 14 16 18 20 24 28 30 34 36
(b) 25MPa

02ms 04 06 08 10 1.2 14 16 18 20 22 24 26 28
(c) 50MPa

9
02ms 04 06 08 10 12 14 16 18 20 22
(d) 75MPa

02ms 04 06 08 10 12 14 16 1.8 20
(e) 100MPa

Fig. 2.8 LPG Spray developments with injection pressure variation
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0.lms 03 05 0.7 0.9 1.1 1.3 15 1.7 19 21 2.3
(a) Rail pressure 10MPa - Surround pressure OMPa
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90
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(¢) Rail pressure 10MPa - Surround pressure 0.6MPa

Fig. 2.11 LPG Spray developments with surrounding pressure variation
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Fig. 2.14 Spray shapes with injection pressure variation in diesel
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0.22
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hole
dia.
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Position
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Table 2.8 Spray angles of diesel with rail pressure variation

Fig. 2.15 Comparison of diesel sprays around 140mm from
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Fig. 2.16 Diesel spray developments with injection pressure variation
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Fig. 2.17 Comparison of diesel sprays near bottom wall
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Fig. 2.19 Diesel spray width with time from injection start
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Fig. 2.20 Diesel Spray developments with surrounding pressure variation
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Fig. 2.23 Gasoline spray developments with surrounding pressure variation
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Fig. 2.27 Comparison of diesel and LPG spray penetrations at rail pressure of 15MPa
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Fig. 2.28 Comparison of diesel and LPG spray penetrations at rail pressure of 100MPa
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Fig. 2.31 Spray comparison at about 20mm length
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Fig. 2.32 Comparison of sprays at about 100mm length
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Fig. 2.33 Spray of LPG at 0.bms after injection
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Fig. 2.34 Spray of diesel at 0.5ms after injection
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Fig. 2.35 Spray of gasoline at 0.bms after injection
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0.0 MPa 0.3 MPa 0.6 MPa

Fig. 2.36 Spray of LPG at tip penetration of 85mm

0.0 MPa 0.3 MPa 0.6 MPa

Fig. 2.37 Spray of diesel at tip penetration of 85mm

0.0 MPa 0.3 MPa 0.6 MPa

Fig. 2.38 Spray of gasoline at tip penetration of 85mm
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Fig. 2.42 Comparison of spray widths of LPG, diesel, gasoline at surrounding

pressure of 0.0MPa
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Gasoline, Diesdl LPG

Haskel Pump —_—

[ - -

Air Compr essor

High Pressure Pump

Power Supply
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(—
Solenoid Valve

ZAN

(E—

Lamp

High Speed Camera
(SR-1000C)

Fig. 3.1 Experimental Setup for flame visualization
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Injector

Heating Coil

Fig. 3.2 Combustion chamber geometry

Table 3.1 Test cases

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) tem;leig;til(lire(K)
0.22 Single hole 10,15,25,50,100,150 280
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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. 3.3 LPG spray development

in the rail pressure of 10MPa and the trap pressure of 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 83. 16ms 96. 36ms 111. 54ms

120.12ms 122. 1ms

Fig. 3.4 LPG flame development and termination

in the rail pressure of 10MPa and the trap pressure of 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. 3.5 LPG spray development

in the rail pressure of 15MPa and the trap pressure of 1.0MPa
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Oms 6.93ms 9.57ms 12. 21ms 14. 85ms

e S
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= @~ e

58. 08ms 65. 0lms 72. 6ms 80. 51ms 88. 44ms

101. 64ms 112. 2ms 121. 77ms 131.67ms 141.57ms

151. 47ms 171.93ms

Fig. 3.6 LPG flame development and termination

in the rail pressure of 15MPa and the trap pressure of 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. 3.7 LPG spray development

in the rail pressure of 25MPa and the trap pressure of 1.0MPa
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Oms 4.95ms 6. 93ms 8.91ms 11. 55ms

14. 52ms 19.47ms 30. 03ms 48. 51ms 62.04ms

76. 56ms 113. 52ms 152. 79ms 179.17ms 208. 23ms

240. 24ms 273. 24ms 306. 24ms 355. 74ms 392. 04ms

438. 24ms 427.57ms

Fig. 3.8 LPG flame development and termination

in the rail pressure of 25MPa and the trap pressure of 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

Fig. 3.10 LPG spray development

in the rail pressure of 10MPa and the trap pressure of 0.1MPa
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Oms 0. 33ms 0. 67ms 1.Oms 1. 33ms

1.67ms 2.0ms 2. 33ms

Fig. 3.11 LPG spray development

in the rail pressure of 10MPa and the trap pressure of 0.4MPa
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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. 3.12 LPG flame development and termination

in the rail pressure of 10MPa and the trap pressure of 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. 3.13 LPG spray development

in the rail pressure of 10MPa and the trap pressure of 0.7MPa
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Oms 1. 32ms 2. 64ms 3. 96ms 5. 28ms

p

e A o —
6. 6ms 8. 58ms 10. 56ms 12. 54ms 15.18ms

-

E—

17.82ms 23. 1ms 27.06ms 29. Tms 32. 34ms

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

41. 58ms

Fig. 3.14 LPG flame development and termination

in the rail pressure of 10MPa and the trap pressure of 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. 3.15 LPG spray development

in the rail pressure of 10MPa and the trap pressure of 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 83. 16ms 96. 36ms 111. 54ms

120.12ms 122. 1ms

Fig. 3.16 LPG flame development and termination

in the rail pressure of 10MPa and the trap pressure of 1.0MPa
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Fig. 3.17 LPG vaporizing routes in pressure—enthalpy diagram for the tested LPG
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Fig. 3.18 Spray tip penetration at rail pressure of 10MPa
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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 4. Oms

Fig. 3.19 Diesel spray development

in the rail pressure of 10MPa and the trap pressure of 1.0MPa
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Oms 1. 32ms 2.97ms 4.95ms 6. 6ms

8. 58ms 10. 56ms 12. 54ms 14. 52ms 16. bms

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

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

39. 6ms 41.91ms

Fig. 3.20 Diesel flame development and termination

in the rail pressure of 10MPa and the trap pressure of 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. 3.21 Diesel spray development

in the rail pressure of 15MPa and the trap pressure of 1.0MPa
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Oms 0.99ms 1.98ms 2.97ms 4.29ms

5. 94ms 7. 59ms 9. 9ms 20. 13ms 31.02ms

51. 8lms 57.42ms 61. 38ms 64. 35ms 67. 32ms

70. 29ms 76.23ms 83. 16md 87.12ms 90. 42ms

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

Fig. 3.22 Diesel flame development and termination

in the rail pressure of 15MPa and the trap pressure of 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 4, Oms 4. 33ms

Fig. 3.23 Diesel spray development

in the rail pressure of 25MPa and the trap pressure of 1.0MPa
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Oms 0.99ms 1.98ms 3. 63ms 4. 2ms

6. 6ms 8. 58ms 11. 55ms 19. 8ms 56. 76ms

&

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

105. 6ms 112.2ms 127.03ms

136.95ms 146. 52ms

Fig. 3.24 Diesel flame development and termination

in the rail pressure of 25MPa and the trap pressure of 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. 3.25 Diesel spray development

in the rail pressure of 50MPa and the trap pressure of 1.0MPa

_82_



Oms 1. 32ms 2. 31lms 3. 3ms 5.61lms

6. 6ms 8. 58ms 10. 86ms 14.19ms 19. 14ms

7

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. 3.26 Diesel flame development and termination

in the rail pressure of 50MPa and the trap pressure of 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. 3.27 Diesel spray development

in the rail pressure of 100MPa and the trap pressure of 1.0MPa
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0. 99ms 2.97ms 3.97ms

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. 3.28 Diesel flame development and termination

in the rail pressure of 100MPa and the trap pressure of 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. 3.29 Diesel spray development

in the rail pressure of 150MPa and the trap pressure of 1.0MPa
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Oms 1. 32ms 2. 64ms 3. 96ms 6.27ms

9. 24ms 18. 48ms 33. 33ms 48. 18ms 67.98ms

84. 48ms 104. 94ms 127. 38ms 160. 38ms 209. 88ms
| ]

ey

o

292. 38ms 341. 88ms 407. 88ms 523. 38ms 556. 38ms

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

Fig. 3.30 Diesel flame development and termination

in the rail pressure of 150MPa and the trap pressure of 1.0MPa
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Fig. 3.31 Spray tip penetration at trap pressure of 1.0MPa
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Oms 0. 33ms 0. 67ms 1.Oms 1. 33ms

Fig. 3.32 Diesel spray development

in the rail pressure of 10MPa and the trap pressure of 0.1MPa
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Oms 6.93ms 14. 85ms 22.77ms 29.17ms

36. 63ms 42.57ms 50. 49ms 58. 08ms 66. 33ms

71.94ms 78. 54ms 85. 14ms 91. 74ms 98. 34ms

104.94ms 111. 54ms 118. 14ms 269. 94ms 131. 34ms

137.94ms 144 54ms 151. 14ms 156. 09ms 161. 7ms

Fig. 3.33 Diesel flame development and termination

in the rail pressure of 10MPa and the trap pressure of 0.1MPa
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Oms 0. 33ms 0. 67ms 1.Oms 1. 33ms

1.67ms 2.0ms

Fig. 3.34 Diesel spray development

in the rail pressure of 10MPa and the trap pressure of 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 42.57ms 48. 18ms

61.71ms 68. 31ms 74.91ms 81.51ms 88.11ms

93. 0bms

Fig. 3.35 Diesel flame development and termination

in the rail pressure of 10MPa and the trap pressure of 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 3. 67ms

Fig. 3.36 Diesel spray development

in the rail pressure of 10MPa and the trap pressure of 0.7MPa
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Oms 1. 32ms 2. 64ms 3. 96ms 7. 59ms

9. 57ms 14. 52ms 27. 72ms 40. 92ms 57.42ms

72.6ms 93. 72ms 105. 27ms 116.82ms 133. 32ms

153. 12ms 169. 62ms 179. 52ms 192. 72ms 202. 62ms

212.52ms 225. 72ms

Fig. 3.37 Diesel flame development and termination

in the rail pressure of 10MPa and the trap pressure of 0.7MPa
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Fig. 3.38 Diesel spray development

in the rail pressure of 10MPa and the trap pressure of 1.0MPa
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Fig. 3.39 Diesel flame development and termination

in the rail pressure of 10MPa and the trap pressure of 1.0MPa
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Fig. 3.41 Gasoline spray development

in the rail pressure of 10MPa and the trap pressure of 1.0MPa
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Fig. 3.42 Gasoline flame development and termination

in the rail pressure of 10MPa and the trap pressure of 1.0MPa
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Fig. 3.43 Gasoline spray development

in the rail pressure of 15MPa and the trap pressure of 1.0MPa
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Fig. 3.44 Gasoline flame development and termination

in the rail pressure of 15MPa and the trap pressure of 1.0MPa
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Fig. 3.45 Gasoline spray development

in the rail pressure of 25MPa and the trap pressure of 1.0MPa
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Fig. 3.46 Gasoline flame development and termination

in the rail pressure of 25MPa and the trap pressure of 1.0MPa
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Fig. 3.47 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. 3.48 Gasoline Spray development

in the rail pressure of 10MPa and the trap pressure of 0.1MPa
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Fig. 3.49 Gasoline flame development and termination

in the rail pressure of 10MPa and the trap pressure of 0.1MPa
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Fig. 350 Gasoline Spray development

in the rail pressure of 10MPa and the trap pressure of 0.4MPa
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Fig. 3.51 Gasoline flame development and termination

in the rail pressure of 10MPa and the trap pressure of 0.4MPa
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1.67ms 2.0ms 2. 33ms 2.67ms 3. Oms

Fig. 3.52 Gasoline Spray development

in the rail pressure of 10MPa and the trap pressure of 0.7MPa
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Fig. 3.53 Gasoline flame development and termination

in the rail pressure of 10MPa and the trap pressure of 0.7MPa
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1.67ms 2.0ms 2. 33ms 2.67ms 3. Oms

3. 33ms 3.67ms 4. Oms 4. 33ms

Fig. 3.54 Gasoline spray development

in the rail pressure of 10MPa and the trap pressure of 1.0MPa
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81. 84ms 90. 42ms 101. 31lms 112.2ms 123. 75ms

133.98ms 144 87ms 162. 03ms 178. 2ms 194. 37ms

Fig. 3.55 Gasoline flame development and termination

in the rail pressure of 10MPa and the trap pressure of 1.0MPa
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Fig. 3.56 Comparison of times to reach on the wall for LPG, gasoline and diesel fuel
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