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Visualization of ignition over high-speed liquid fuel jet
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Abstract. This study investigates the mechanism on the ignition of the high speed liquid tuel jet by
the visualization. N-Hexaderane having the cetane number of 100 was used as liquid tor the jecin
order to enhance the ignition potentiad of the liguid fuel jet. Moreover. the heat column and the high
mtensity CO» laser were applied to initiate the ignition. The ignition over the hquid Tuel jet was
visualized by a high speed digital video camera with shadowgraph system. From shadowgraph
images, the auto-ignition or ignition of the high speed liguid fuel jet. velocity of T.ISO km/s. did not
take place. The ignition still did not occur. even though the heat column or the high mtensity CO»
Laser wus alone applied. The attempt to initiate the ignition over the hquid fuel jet was achieved by
applving both the heat column and the high intensity COs luser. Observing the signs of luminous
spots or flames in the shadowgraph would readily indicate the presence of 1gmuons. The
mechanism ol the ignition and combustion over the liquid fuel jet was clearly clarified. Morcover. it
was found that the ignition over the high speed liquid fuel jet in this study was rather the toree
ignition than being the auto-ignition induced by shock wave heating.

Introduction

Recently. it is known well that increasing the jet speed into supersonte range may be beneficiul
o improving auto-ignition and combustion in combustion applications such as SCRAM
(Supersonic Combustion RAM) jet and direct injection (DI diesel engines due o enhanced
atomization and mixing. and jet-induced shock wave [1.2].

In 1994, there wus a study of auto-ignition over high speed fuel jet by Shi's study [3] In this
study. the auto-ignition were investigated using visuahization by double exposure holographic
mterferometry technigue. From holographic images, auwto-igniton of the diesel fuel jet at the jet
velocity of 2 km/s in normal ambient condition was claimed to be occured. It was supposed that the
heat gencrated by the Jeading edge shock was able to ignite the hiquid diesel fuel jets based upon gas
dvnamies theory,

Subsequentty. more detail studies on the auto-ignition feasibilty over the high speed hguid fucl
jet have been carried out by Pranthong’s study [4]. Using shadowgraph optical system visualizaton.
the auto-gnition of supersonic diesel fuel jet at the jet velocity of around 2 km/s was not tound at
normat ambient conditions. even though the air in test chamber was heated up to be around 110 °C
using a 600 w electric heater. This contlicts with Shi's study,

[n 2007, the argument of auto-ignition over high speed Tuel jets was concluded by Matthujak’s
study [3]. The autc-ignition over the fuel jets in the atmospheric air was carclully re-examined
using double exposure holographic interferometry and shadowgraph technique. Inthis stady - it was
also found that no auto-ignition took place on all hquid fuel jets injected imto ambient air even



though the estimated temperature and pressure at the jet tip across the shock wave to induee auto-
ionition was sufficiently high. This study concluded that in high-speed Viquid fuch jets experiments
the jet speed alone is not sufficient to initiate the auto-ignition of the high speed hiquid tuel jet
The discrepancy between the experiments and the estimation is attributable to the unsuitability of
the high temperature distribution around the jet. the mixing condition. the air-fuel ratio. and the
ignttion delay time.

Although. the auto-ignition over the high speed liquid tuel jet hus been concluded that i does
not occur at the ambient condition by Pianthong’s and Mutthujak’s study . no study has presented.
visualized. and deseribed the ienition over the liquid fuel jet so far. Hence. this study aims tointiate
the ignition of the high speed liquid fuel jet in order to obtain the initial condition of the rgmition.
Also. it aims to present. visualize, and describe the mechanism of the tgnition over the tuel jet
which has never been achieved in the previous studies. In order to enhance the fgnition. the n-
Hexadecane jet having a cetane number of 100 were used as liguid jets and impinged against the hot
column at temperature of 650 °C K for enhancing the vaporization process and heating up the air m
the test chamber. Moreover, the high intensity CO2 laser was also applied to inttiate the ignition,

Experimental apparatus

In this study. high speed fuel jet is generated by a technique known as the projectife mpuct
driven method [6]. The liquid fuel retained in the nozzle cavity is tmpacted by u high velocity
projectile. The liquid fuel. absorbing the momentum and energy transmitted from the projectife. are
injected trom the nozsle orifice. The high speed projectife needed in this technique has been
launched by the vertical two stage light gas gun (VTSLGG). shown in Fig la. The VISLGG
consists of a 50 mm diameter and 1.50 m long high pressure reservoir, and a 50 mm diameter pump
tube (2 m in length). The faunch tube has a diameter of 15 mm and length of 1 nu The pressure relief
section has i lenath of 53 cm. which is designed to diminish the blast wave m front of the projectife.
The pressure retiet section has 3 columns of the reliet holes, cuch hole having a diameter of 8 mn.
The tatal height of the VTSLSS is around 6 m. The projectile velocity of around 323.5 mi/s was
used to generate all jet in this study. The component detait and the operation procedure of the
VTSLGG have been described in Muatthujak’s study [5].
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Figures 1b-d show the piston. the projectile and the nozzle used in this study. The projectile. 20
mm long and 15 mm in diameter, is made of polycurbonate and weights 4.2 g The piston used 1n
the pump tube is made of high density polyethylene (HDPE) has a diameter ol 50 mm and length
of 75 mm (weight of 130 g). The nozzle that is connected 1o launch tube is made of mid-steel. and
its dimension is shown in Fig. 1c.

In order to enhance the ignition over high speed fuel jets, n-Hexadecane having o cetane number
of 100 was used instead of diesel fuel (cetane number of 52) as liquid jets. The copper metal
column having a diameter of 25 mm and 180 mm long wus used as o heat column. The column
surface at temperature of 630 "C was heated up by the clectric wire being spiraled around the
column as shown in Fig 2. Heat from the column made the air temperature in the test chamber to be
450 “C. The heat column was inserted in two metal cylindrical tubes for heat insulation. Moreover.,
the high intensity CO» laser (Synrad, type j48-5SW), which the output encrgy is 50 walls, was
applied to initiate the ignition. In order to precisely detect the ignitton. not only the high-speed
video digital with shadowgraph optical system. but also pressure sensor (Kistler type SO was
uscd 1n this experiment.
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Figure 3 Arrangement of shadowgraph opticat and high-speed digital video system

Visualization

Figure 3 shows a high speed digital video camera with shadowgraph optical arrungement used
for visualization in this study. A flash lamp is used as light source. The source light is collimated
passing through a circular stit and w concave fens. The flash tight interval 1s 2 ms and rise time of
250 ps. The laboratory space is so limited that plane mirrors of diameter 150 mm. 200 ma. and 360




mm and o rectangular plane mirror of 240 mm x 600 mm were combined. Two parabolordal
«chlieren mirrors of diameter 500 mm were used for collimating source light beam passing the test
section area. A convex lens was used to focus the object image on the camera screen. The high
speed digital video camera is a Shimadzu HPV-1 at frame rate of 1,000,000 f/s, exposure time of
/4 of imter-frame time. and the total number of images of 104, The test section has 20 mm thick
aerylic windows and its view field is 150 mm x 630 mm.

Results and discussion

In this study, n-Hexadecane wus used as a liquid jet. Its tire and explosion properties we
shown in Table 1. Four experimental conditions were conducted and investiguted are shown in
Table 2. Using a high speed digital video camera, it could record shadowgraph images with frame
rate of 10" fps with 102 frames in series. Therefore, it is possible to visualize the whole jetting
process from its emergence from the nozzle orifice until it passes front the test scene, Since not all
frames can be displayed in the paper, six sequential ones are selected to represent the stages in jet
development. as shown in Fig. 4. The physical width of each frame is always 150 mn. the width of
the test window. which provides a scale in the vertical direction as weil.

Table 1 Fire and explosion properties of n-lexadecane used in the experiment

Cetane no.  Boiling point (°C)  Flash point ("C) _ Auto-ignition point "¢y
100 286 > 100 203

Table 2 Experimental conditions

Condition A B C D
CO, Laser OFF ON OF I ON
Heat column OFF OFF ON ON

Figure 4a shows various stages of high speed n-Hexadecane jet for condition A. The n-
Hexadecane jet shows the slimmest width and looks more elongated to be over 350 mnt at 295 ws.
Its averaged speed at 295 ps is 1186 km/s with Mach number of 3.41 in room temperature ar. The
jet motion is supersonic so that oblique shock waves are created over its top purt and also the jet's
nodes. The multipte jet pulse (described the detail in the previous study [51) 1s more obviously seen
betore the emerging time ot 234 s,

Base upon gas dynamic theory. temperature ucross the shock waves over supersonte n-
Hexadecane jet tips at its velocity of 1186 km/s is estimated to be 588.5 “C. which is much higher
than the auto-ignition point of n-Hexadecane tuel at 205 °C us shown in Table H However. no sign
of ignition took place even though the estimuted temperature at the jet tp behind the shock wave
was sufficiently high enough to induce ignition. Hence, it can be concluded that the jet velocity
alone can not be a sulficient condition of ignition or auto-ignition. The discrepancy between the
experiments and the estimation s altributable to the unsuitability of the high temperature
distribution around the jet. the atomization condition, the vuporization condition. the mixing
condition. the air-fuet ratio and the delay time.

Therefore, a high intensity CO; laser was shot continuously on the jet at 125 mm below
from the nozzle tip 1o initiate ignition over the jet for condition B. Still no sign of 1enition ook
place as shown in Fig 4b. The jet development in Fig db was similar to that in Fig da even though
the jet received the heat energy from CO2 laser. It can be implied that the high intensity COx laser
alone could not initial any ignition over the jet.

Further ignition enhancement over the jet was conducted by installing a heat cotumn imside
the test chamber. For condition C. the jet was injected and impinged avainst the heat column i
shown in Fig d¢. In order to extensively investigate the ignition after the jet being heated up from
the heat column. the duration time of visualization was extended by changing the interval time ol




the high speed digital video camera from 4 ps 10 4 ms (millisecond). From the images. there wus no
ignition over the jet even though the temperature of heat column and air being 650 "C and 350 "C.
respectively, was much higher than the auto-ignition point ol n-Hexadecane at 205 "C. It can be
implied that the heat column alone could not initial any ignition over the jet.
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From the previous experiments for conditions B and C. the CO- laser or the heat column
alone could not initiate the ignition over the fuel jet. Hence. in condition D. both of the CO» taser
and the heat column were applied to enhance the ignition as shown in Fig 4d. The igniton over the
jet was successfully achieved in this condition. Signs of luminous spots or flames. readily indicated
the presence of ignitions. was started observing from the elapsed time of 388 ms. Even though the
ienition ook place. its pressure being built up due to the ignition or the combustion was not high
enough for being sensed by the pressure sensor. It was found that this 1gnition 1s force igniton. not
auto-ignition, because the ignition was initialed at the passage position of the faser beam.

Therefore. base upon combustion theory for liguid fuel and four experiment conditrons. the
mechanisms of the ignition over the high-speed fuel jet for this study can be desenbed as foltows,
After the fuel was injected from the nozzle. it was broken up from 4 ms o 64 mis in Fig 4d. being
atomization process. Then. the liquid fuel was enhanced to be fuel vapor by heat from the heat
column until 384 ms. being vaporization process. During such process. the fuel vapor mixed with
the hot air to appropriate air/fuet ratio . being mixing process. Finally. the atr-fuel vapor wis ignited
by CO- laser beam at 392 ms. being ignition process. The combustion provess continuoushy took
place, which it can be observed the tlame propagation from 388 ms 1o 488 ms. unul the fucl vapor
was completely buined,

Concluding remarks

The ignition over high speed n-Hexadecane jet was examined using a high speed digial video
camera with shadowgraph system. Results obtained are summarized as fotflows:

(1) The temperature behind the shock waves over supersonic n-Hexadecane jet tps could not
initiat the iwnition over the jet even though it was much higher than the auto-ignition pomt

(2) The heat column or the high intensity CO; laser alone cannot initial the ignition over the jet.

(3) The ignition over the fuel jet was achieved using both the heat column and the hich mtensity
CO- laser. which the heat column enhanced the vaporization process while the CO: laser mitaled
the 1gnition process.

(4) The occurance of the ignition over the tuel jet was confirmed by signs ol fuminous spots or
flames. these indicate the presence of ignitions obviously observed i the shadowgraph imagces,

(5) The ignition over the jet in this study is the force ignition. not the auto-1gnition.
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Abstract. This paper describes the study of supersonic non-Newtonian liquid jets injected in
ambient air from an orifice. The main focus is to visualize three types of ime-independent non-
Newtonian liguid jet and 1o deseribe their characteristics. Moreover, the comparison between therr
dynamic behaviors with Newtonian liquid jet was reported. The supersonic lguid jets are gencerated
by impact driven method in @ horizontal single-stage power gun. The jets have been visualized by
the high speed digital video camera and shadowgraph method. The effects of diftferent higuid types
on the jet penetration distance. average jet velocity and other characteristics have been exanuned.
From the shadowgraph images. the unique dynamic behaviors of cuch non-Newtonian fiquid jets
were obviously observed, which were different from that of Newtonian liquid jet. The maximum
average jet velocity of 1,.802.18 m/s (Mach no. 5.30) has been obtained. The jet penetrution distance
and average velocity are significantly varied when the liquid types are different.

Introduction

Recentiy, high speed liquid jets are well known i extensive engineering applications such as the
Cleaning and cutting technologies. mining. and wnneling, SCRAM (Supersonic Combustion RANMN)
jets. direet injection (DI diescl. drug injection, the tissue cutting. and the removing of u cerebral
thrombus {1-4]. Hence, their characteristics or dynamic behaviors huve been intensively vamed
altention and continuouslty studied by many researcheres [5-9].

However, most of the previous studies have been interested at only high speed Newtoniun liquid
jets such as water, dieset fuel, gasotine, kerosene, and alcohol jets while there have been tew studies
about high speed non-Newtontan liguid jet [7]. Therefore. dynamic behaviors ol high speed non-
Newtonian hquid jet at its speed in supersonic range is still needed to clearly understand. In this
study. supersonic non-Newtonian fluid jets were generated by impact driven method and visualized
by shadowgraph technique. Three types of time-independent non-Newtonian tluid jets. which ure
pseudo plastic. dilatant, and bingham plastic fluids, are clarified. Effect of verious jet types on jet
penelsation distance and average jet velocity are also analyzed. Moveover. the distinction of
charateristics between newtonian and non-Newtonian fluid jets are described.

Experimental apparatus

In this study. supersonic liquid jets are generated by impact driven method |51 Using this
technique, the liquid retained inside the nozzle cavity is impacted by o hight velocity projectile. The
liquid obtains the momentum transfer from the projectile and is injected from the nozzie. The high
velocity projectile in this technique has been generated by the Horizontal Single Stage Powder Gun
(HSSPG) as shown in Fig. 1a. The HSSPG consists of fauncher. faunch wbe. pressure refief seetion,
and test chamber, The faunch twbe has a diameter of 8 mm and length ol 1.5 m. The pressure rehief
section has a length of 40 ¢m, which is designed to diminish the blast wave in front of the projectile.
The pressure velief section has 3 slots. which cach sfot has a diameter of 4 mm and @ length of 36




cm. The test chamber has a diameter of 48 cm. It is enclosed by polymethyl methacrylute (PMMA)
windows on two sides for visualization. The projectile is made of polymethyl methaerylate
(PMMAY), is cylindrical shape with diameter of 15 mm and length of 8 mm (weight of 0.92 g) us
shown in Fig. Ib. This HSSPG has been employed to generate the high speed liquid jet \Li()kl[\
ranged from 550 to 2.290 m/s injected into air in each gunpowder we ight. The nozzte being
connected to pressure relief section is made of mid-stech. and its dimension is shown m Fig. te.
Gunpowder of S g is used in this study, which can launch the projectile speed of about 952 + 32
m/s.
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Figure | (a) Horizontal Single-Stage Powder Gun, (b) projectife. und () Nozzle geonetry

Visualization method

In this study. a high speed digital video camera and shudowgraph optical arrangement was used
for visualization as shawn in Figure 2. The dynamic formation of supersonic jets is quantitutively
measured by sequential observations. A Xenon lamp is used as a lght source. Thercalter. the source
light is passed through a concave lens and a circular slit. The labaratory space 1s Himited so that two
plane mirrors of diameter 190 mm are combined in this arrangement. Two parabofoidul schlieren
mirrors of diameter 300 mm were used for collimating source light beam passing the test section
area. A Nikon 60 mm Macro lens was used to focus the object image on the camera sercen. The
high slucc( t digital video camera is a Photron SAS at frame rate of 30.000 1/s. minmmum shutter
speed of | ps. and 5.46 seconds record time at full resolution.
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Figure 2 Arrangement of shadowgraph optical system and high speed digital video camera

Results and discussion

Using a high speed digital video camera, Photron SAS could record shadowgraph mmages at
frame rate of 30,000 f/s and shutter speed of 1 ps. Such a sequential recording is very usetul 1o
observe the jet formation. Four liquids. which are water. milk, salad dressing, and toothpaste being



classified as newtonian, pseudo plastic, dilatant, and bingham plastic Muids, respectively. are
investigiated in this study. Since not all {rames from the camera cun be displayed in the paper. only
twelve sequential ones are selected to represent the stages in jet development. as shown in Fig. 3
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Figure 3 Jet formation (a) water jet (b) milk jet (¢) salad dressing jet (d) toothpatse jet



In order to compare with non-Newtonian liquid jet. a water jet formation being classified as
newtonian liguid jet is shown in Fig 3a. Its dynamic behaviors have been clearly described
Anirut’s study | 10]. The water jet shows the slim width and looks more elongated o be over 213
mm at 166 s, s averaged speed at 166 ps 15 1,282 mi/s and Ms = 3.77 tn room teniperature air.
The jet motion is supersonic so that oblique shock waves are created over its top puart and also the
jet's nodes as shown in the figure.

Figure 3b shows a milk jet formation. which milk is classified as pscudo plastic fluid. The milk
jet is similar to the water jet at the earfier stage. being the elasped time (6) of 33 to 133 us. The
second shock wave and the change in shock angle was obviously observed at t = O6-133 s and t =
200 ps, respectively. Such both behaviors were implied that the second jet took place trom a single
impact of the projectile (this behavior has been described in Kulachate's and Anirut’s study [8.9]).
Base upon rheology of pseudo plastic fluid. which its dynamic viscosity decreases us the rate of
shear increases. therefore. the nodes created over the milk jet look more bulkier thun those in water
jetat t= 166-333 s and the atomization of milk jet look more stronger than that of water jetat t =
400-660 ps.

Figure 3¢ shows a salad dressing jet formation. which salad dressing s classified s dilatant
fluid. The gencral trend is much different from water and milk jets. The jet was quickly und
strongly atomized once it was injected from the orific while the strong atomization of the water and
the milk jets took place at the fater stage. 1t may be because of the rheology of ditatants fluid. which
its dynamic viscosity increases as the rate of shear increases. From the images. the second shock
wave and the chunge in shock angle was obviously observed ut t= 100-200 ps and t = 166-2060 Ls.
respectively. Such both behaviors were implied that the second jet took place being similur to the
milk jet. After 333 ps the jet boundary on images Tooks blhurred. A shock wave s attached ut the
jet's Teading edge but after 333 ps 1t becomes a detached shock wuve because the jet penetration is
slower than the shock motion. The atontization mechanism of the salad dressing jetwas seentingly
quicker than that of water and milk jets since that of the satlad dressing jet was nearly fimished at v =
J00-666 s white that of water and mitk jets was not at those times.

Figure 3d shows toothpaste jet formation. which toothpaste is classified as bingham plastic thard.
Its general trend is not much different from water and milk jets at the carlier stage. being the
clasped time of 33-133 us. After t = 166 ps. a shear layer accurring around the toothpaste jet 1s
simitarty strongest, which is implied that its atomization are strongest. It may be due to rheology of
bingham plastic fluid. which the shear stress must reach a certain mininmum value betore flow
commences. Thereatter, dynamic viscosity decreases as the rate of shear increases, being stmilar to
pseudo plastic tluid, After t = 260 ps, ashock wave wias detached at the jets leading edee due 1o the
<low jet penetration and such shock was still undulated far trom the jet tip even though the jet did
not penctrate. A strong atomization of the jet was clearty seenatt = 333-6060 L.
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Fig. 4a shows the effect of different liquid jets on the average jet velocity. During the
maximum velocity point at the emerging time of around 33 ps. the velocity of alt fiquid jets drops
eradually as obviously seen tn the figure. The maximum averag velocity of milk jet is fastest being
estimated to be 1,802.18 m/s. The next one is water, salad dressing, and toothpatse jets.
respectively. which are estimated to be 1.669.03 m/s, 1,262.38 m/s, and 1.024.35 m/s. respectively.
That effects on the penetration distance. In Fig. 4b, it is found that the fuster the average jet velocity
is, the longer the jet penetrates. Hence. the penetration distance of the milk jet is the fongest at the
same elapsed time as shown in the figure. The second one is water and sulad dressig jets,
respectively. The shortest penetration distance is toothpatse jet. It can be noticed that at the fater
stage the average velocity of the salad dressing jet and the toothpaste jet is quite equivalent at the
same elasped time.

Concluding remarks

This study reports the formation of supersonic water, milk, sulad dressing and tothpaste jets
injected in air. being defined as newtonian, pseudo plastic. dilatant. and bigham plastic ffuids.
Using a high speed digital video camera with shadowgraph optical arrangement. the dynamie
behaviors of all jets have been clearly revealed. From the visualization results. the shock wave
around the jet is clean and smooth. The milk jet is similar to the water jet at the eurlier stage. heing
narrow and long. The salad dressing jet was quickly and stronely atomized once it was injected
from the orific. However. a shear layer of the toothpaste jet occurring around the jet or the
alomization was seemingly strongest. The jet penetration distance and average jet velocity e
sienificantly varied when the liquid types are different. The maximum average jet velocity of
1.802.1% m/s (Mach no. 5.30) has been obtained being occurred at the mitk jet. That effects on the
milk jet having the longest penetration distance at the same elusped ume.
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