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Abstract

This study investigates on characteristics of high-speed diesel fuel jets affected by
the increase of temperature and pressure in the test chamber. The horizontal single stage powder gun
was constructed to generate high speed liquid jet by the method called “projectile impact driven
method”. In experiments, projectile velocity around 800 m/s and nozzle with 30° of conical angle and
0.7 mm of orifice diameter are used, and high speed video camera and optical system with
shadowgraph technique were used to capture the dynamics characteristics of the jets. The high speed
diesel fuel jets are injected into test chamber in which temperature and pressure were varied over

range of 30 — 150 °C and 1 - 8.2 bar respectively.
From experimental results, it is found that at room condition (30°C, 1 bar) the maximum
average jet velocity and jet penetration distance are around 1,400 mv/s and 230 mm respectively, and
these are lower than that at the high temperature and pressure condition. In addition, intensive

atomization of high speed diesel jets can be observed from the results at higher temperature inside test

chamber.
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Abstract

Injectlon of fued ot ab ultra-high pressore can Bensddt tha
combustion efficlency and emissioh reduction iR irirmal
combugtion engine cspecially the dissst enging. Howewer, wery
fewy slnclies had been caried oW in the paszl, especially when
itjec¥ion prassure is in the order ol GPa {10,000 bar) and tha
et wulacities are in hypersanic and BUPErSenio ranges. In bhis
#ludy, fundamentat characteristios of high speed fuol jets are
calculated ard visualized by Compatational Eluid Diynamie:

PSFOY. Compulalional domain, oongisled of ligguid fued and air,
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modeled on the basis of o phasa fiow, The liquid jet is=
injected al welngity of around 1300 m's, while the air is
guiescent. The CFD results show quite simidar frend ta ihe
pravivig  caperimental  rasults. Tha  simulation s e
repender or unsteady. The fundamental charactaristios which
are penetration distance and velodity attenuation of fuel jul are
the main forus, From this study, more Llindurstanding on the
characlesristics of high speed tusl jet can ebiained and will he

useful furlher developmend.
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Fevasliyations of high speed liguid jet characteristics

beneft 1+ many lechnology  developments  such  as

combution, material  cutng, driling, or oven  medical
eldlingering.  Generation of high speed liguid j=i which has
velootty over speed of sound iz the barrier against the
rasearcher fom s study and devaloprient. desullng very
few researches in thuse areas espodially in Thailand.
Therclena, high spesd liquid jet best rig is consiructed in the
Depammant ¢ Mechanical Engineering, Ubon Falehatan
University. The impact driving methed is used (o generating
the: guid jel bacause the high velocity projectlo will produce
the: impulsive liquid jet, Thers ara four main components in
this tesl rg; launcher, launch tohe. pressure relief seolion
and test chamber. In general, the flauncher can giharale the
projectiles al velooity above 800 mis aveiaguely. Therefora,
the: liquid jet velocity lrom the projectile impact could be myer
e speed of scund. However cakbration of the high apead
impact lest rig is necessary before exparirments. This paper
preserts the maximum speed of projectiie and liguid jet
which dpparalus can produce.  In addition, ralationship
belween the gun powder mass and projectile valority was
datermined, The projeciile vebocily is measured by dime of
flight method and madmum  veloety  §s 1100 mls.
Expeviental dala are plotled and fited by lhe second arder
of pelynomiat curve. Howswer_ the wncortainty of projaciile
velneity is somelimes affocdad by many faclors such as
combustion in launcher, behaviet of projectiie movoment and

conditien of apparatus, espedially inside of tha tube,
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The study of high-speed liquicd fet and its droplets sfriking on the solid surface has important application in
many industrial areas, such as jet culting technology, jet cleaning, fuel injection, and combustion, High

speed liquid impact can cause damage or permanendy deform of structure materials, Such damage can

ocelr on the surface uf aircraft during high-speed fight in the rain. This “rain erosion”™ problam began to

attract researchers in the filed of impact engineering.

This study focuses an an sxperiment of the calibration and measursment of an bnpact prossure

of high-speed water jats, The high-speed water jals were generated by using fite momentum exchangs

from the impact of a high velocity projectife on liquid package contained in the nozzls. Water et velocitios

ranging from 1240 m/s ko 2291 m/s were generated by a horizontal single stage powder gun {HSSPG)

with three difference nozzle curve angles and 0.7 mm orifice diameter. The impact pressure on

pulymethyl methacrylate (PMMA) caused by water jets impact was measured using a piezoslectric

pelyvinylidenedifluorida {PYDF) filn, The maximurm impacl pressore of abuut 3.4 GPa at sland-off

dislance 3 cm was obtained. Howaver, at mare than 3 om stand-off distance, the impaet pressure

significantly decreases because of aerodynamic drag, je! core break-up, and atomization of the walsr jet,

Hey words: high-speed water jets, imparct pressurs, PVDF,
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Abstract

iligh specd Hyuid jets may be applicd 1o Jel cuteing, drilling and cleaning, Recently, in the avtcmotive
indusines, the spray injection pressure becomes ligher and higher to enhance the foel mixing for the improved
eombustion efficiency. Howeever, the ullra high mijeetion Pressurc may cause the damuge to the nozzle snd also the
combustion chamber. In the medical application, the high specd liguid injection might be applied lor the drug
delivery throuph the skin where the needle is nat requircd anymore.

From Lhe above menlioned application, the mvestigsdion on the impact pressure of fhe Ligh specd hoauid jet
relative o the sland-off distant is sipnificant, The high specd liquid jets ure generated by the prujectile immpact
driven method, The bigh speed profecrile is launched by the horizontal single stage powder gun. The experimental
study facuses on the stand-off belween |3 cm to 6.0 cm, while the nozzle contsing approximately 1.3 cm® ol water
i its cavily. The nozee conical anles are 30° and 607 with the ori fee dimmeter of 007 mm. The jet velociues are
measured by laser heam interruptions method. The target malerial is the Polymethyl Methacrylale (PMMA) which
the impact pressure is measured by usmg a plezoclectric Pulyvinylidene Fluoride (PVDF) fitn.

From the experiments, e maximun water jel veloeity of 2290 m/s can be obtained from the 307 conical amgle
twzzle, The tnaximem impuct presswres of nozzle canical angle of 30" and 60° are 3.4 (iPa and 2.6 Gla
respeetively, at stand-olf distance 3 un. Howewer, at the stand-aff distanee more than 3 em, the impact pressure
significantly decreases, because ot aerodynamic drag, jets core break-up, and stomization of the water.

Koy words: high-spoed water jots, impact prossure, water-hammer, PYDFE film

1. Introduction

The mnpact phenomenon of high- speed liquid jet on swtace have been studied far MLy enginesring application, such
a8 waler jet cleaning and cutting technology [ 1. 2] wet strearmn turbine erosion, mining and eneling, fuel injection and
Supersonic Combustion Ram (SCRAM) jets |3-7]. Tlowever, high speed liguid phenomenon van canse domiape ur
permanently dedorng of strueture materials, Tf the high-speed liguid sirikes oo solid surface, it van generate a great
humber of pressures on solid surface. This pressure causes stresses. which can create damage in matcrial, Such damage
can oceor on the surtace ol airerafi during high-speed flighl in rain, steam turhine Blades, surthce cleaning, fucl
mjection pant, ote |R- V6], In case of aireeali, it i3 referred to as “ruin erosion™. The first experimenal investipation of the
rhysical of drop mpact began with the funous experiments of Worthipton {(190%) [13] wh for the fiest time wsed high
speed photapraph 1o study liguid impact, Investigation o the mechanism of rain erosion has been caricd aut by Enpel
andd Jenking (19573 [17], Sinee 1961, F.F Bowden e of, [13] studied, the deformation of sulid by the impact ul'a liquid
et on the solid surface. it is found that there are [ve general types of deformation produced in the solid. There are in
that; §§) circumferential surface fraclares, (i) subsurface flow and Saclures, {iii} Iarpe-scale plustic deformarien, (jv)
shear detbrmation around the periphery the itipact zone and (v} Facture due to the reflexion of siress wave, A fter thal,
LIE Brumton (1966) [12) generate lguid jet at speed up to 1,200 m/s for investigate e mode of deformation o heitde




andl plastically deforning material. It was found that the predofunating mechanism of deformation depends oo
mechanical propertios of the solid and the velacity ol impace. In the last 10 years, HLIL Shi of af [24] meusured high
spetd liguid jet impact preswure on solid targers by using a polyvinglideneditluoride (PVDF) pressure ransdocer al
varlons stand-ofl distances from nozele exit 1o the ¥gel A sinple size nozzle diameter 2 man was for generating impact
veloeity of 270 mfs,

M lileratare review, the studies of high speed liguid impact v a solid surface have been purpose for inyestigarion of
the durmags out across the surface |5-11,13-16,2 1-23], calenlation water-hanuner pressute for 2-3 lme spead of sonnd
[2,11,14,24-25]_ Tlowever, the impact pressure measurcmeit of high speed liguid jer is difliculr becanse of the
limitation pressure ransducer.

by this study high impact pressure is measmred by 2 pressure transducer made from FVIDF plezoclectric G A Sy
of an impact pressare of supersonic o hypersonic water Jets at various stand-oft distances fram nossle exil io the PVDF
Pressurc sensor is carried out. The nozzles fr experiment are three ditference shapes. Fmally, the value of nupact
pressure found from experiments can be eomparcd with that determined rom water-hummer equation,

2. Experimental apparatus

2.1 Testrig

In: this study, high-speid liquid jel is generated by a special technique known as the projectile impact driven method
{13 By Lhis technigue, the Tiguid retained in te nozzle cavity is impacted by a high velaciey projectile, The liquid
ublains the momentum ransfer from the prajeclite and is wjccted iromt e nozzle. The high velecity projective needed
m this technique has been generated by the Horizontal Single Stape Powder Chn {HSSPO. shown in Fi B0 The HSST;
comsiats ol launcher, launch mbe, pressure relief section, tesi chamber and dump tank. The launch wbe has 2 dismeter of
L3 mm and length of 1.5 m. Fhe pressure rebief section has a fength of 40 con_ which is designed 10 diminish (he hinst
wivi in lront of the projectile as Shown in Fip, 2, The pressure relief section has 3 slats; each having a diameter ol 4
min anet 0 length of 36 cin. The test chamber has a diamcter of 48 cm. It is enclosed by paly methyl methacrylate
(PMMAY and windows on two sides for visualization. The proeciile w made of Polyinethy] Methacrylate (PBMA), Is
cylindricat shape with diaeter o 15 mim snd lon geh ol 8 mum (weight of .92 py. This HSSPG has been ernploved o
tenerate e high-speed water jct velooily ranged froo 550 to 2,290 m's.

Fig. 1 The HSSPG fucihty: (1) Tamicher, (2) 1 aunch ube, (3) Pressire Relicl Sectiom, (4) Teat Chamber wd (5) Dump
Tank,
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Fig. 2 The blast pressure or shock wave effect cause slow Jul

2.2 Nopzele peametries

Locimvesligatiom the elfect of noezle peomeirics on the impact pressure of the high speed water jet, three nozzie
geeaneivies: (i cvlindrical nozzhe (A) and two econical nozzle (R, C) which has apex angles of 30° and 4417,
respecrively, Lave been Lested. Al noweles have 1 0.7 mim of orilice diamerer (d}. & mm. of entrance diameter (D). and
4.2 mm of noxxle arifice lengrh {1, The length of the norzle orifice is usually defined in werms of the ozele diameler as
el cone angles, and 1d as an impertance parameter in desigiing nnceles [26] as shown in Fig, 3.

j ret—— 42 mm — | }424 Mm;*

amm
-~ - f :
D=8 mm | f
1 n |
37.8mm 30
ﬁ 60
T I=4.2mm
it | 4 -2 4 1T
d=0.7mm

(A) (B} (C)
Fig. 3 nozrle shape, (A) Cvlindneal nozzle (B) 310 cone angle nozzle und (1) 60°cune ungle norzle

2.3 Jet velocity measurcment

The jets vebocity is measured by Jaser beam inwrruption methad, Two diodc Jaser beams are put across the jot path in
the tesl chamber as shown in Fig. 4. The 1¥ laser beam is placed at 15 mm fom the nozzle exil and the second laser
bearws arc at 33 mm away from the 1% one. When the Jet tip interrupded laser beams, the comesponding output signals
were recorded and displayed in a digilal oscilloscope.




Fig. 4 Water Jet velocity measurcment HITANEEIN Ent

When water jut Hp infermypts the laser heains, the jet travelling duravion between two baser beums is ineasured by an

L_mcﬂlusunpe s shivwn in Fig, 3. From the ume inturval botween Lhe water jet bip crassed the two laser beam, the waler
Jot velocities ¥} can be caloulated by,

vy =28 (1)

Whore As s the distances between wo laser beains (33 muon, in this cased and At s e fine of tlight of water jet ip over
the distanee Az

Fig. 5 Oscifloscope trace for the time of flight measurement

2.4 Impact pressore measnrement

The high speed water jers generated Fom HBESSPG s impulsive jer. Oncee the water jor impinges on solid surface, their
impact pressure reaches a high value in a very short time. This jressure is dynamics preasure or water-ilmmmer pressure
created by impact of impulsive water jet. This dynamics pressure is a pressure of high MPa up o GPa. Henee, 7t i not
posithle to measare by conventional pressure measurement.

To measure very high pressure which can not use COBVCRLIONAL pressure mMeasurement, the pressore scnsor was designed,
manuactred and culibrated in this study. The pressure scnsar is construcralf with Polyvinylidenee Fhooride {FW T




picroeleeric Blm. a 6 mm thick of PMMA and a 8 mmm thick
assetnlled moa & mm thickness and an outer drarmcter

comnponent which comprises a 28 pm thick of pteroc]
as shows in Fig, 7.

of support rubber, The constricted Dressure sensor is
75 mm howsing as shown i Fig 6 This PYDF filn 15 a fexible
cetric PYDF polymer film with screen printed Apcink clegtrodes

Heuawpg -

Yig 7 Polyvinylidence Fluoride (FVIDN) piezocleoeric [lm

The characleristios ourve ol PYDE PTEssure sensur was measured by fest set-up shown in Vig 8. The PV pressure
sensar was calibrated by using dvaemics priessure from injector nozae tesler. One side of the PTessuUre SesmT s exposed
Lo the Enpingeaent from diescl el generated by ljector nozzte wster, and other side is exposed o ambient air
pressure. The pressure Teve] was nereasing from 2,500 pai to 4,000 paElT2. 27 6 MPa) by 500 pai step interval.
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Fig. 8 Characteristics corve of the PVIYF pressurc sensor

The sxperimenl ccrup for measuring the impact pressure of hauid jots by using a PYDF is shen in Fig. 9. Once the
Waler jot impaits on the PWIMMA sacface, the PYDT Gm will respond to impacl pressure and Lhen the pressure signal of
PRVTH il is revorded by oscitloscope as shown in Tig. 10, In the experiment, the slund-off distance fom nossle exit to
the PVIOT prossure sensor is varied changed by adjusting the pressere sensor holder buckwards or forwards.

Housing

.
|

Tesl Chami;ter -

Projectila Piezoeleciric

.~ PYIF fail
-

Liquid Jet

Electric Contacls

Fig. % Cxperimental sewup tor Impack prossure measurement




Fig. 10 A lnad-lime mace for a water je Lmipadt

Fruam the culibration curve in Fig, &, the line an the figure is tnear fit 1o the data und the imnpact pressure can be
vuleulated sy the Equation:

P=17975 V) - 26144 {2i

Where P s the unpact pressure (MPa) of water jel and ¥ s voltape signul (mV) from FyDF Pressiere Sensor.

3, Results
A The Water jei velogity

Ini this expesiment. the projectile velocity (956-1.358 s} is varted by variant the propellant mass from a4 gRplo T g
al smakeleas punpowder. In Fig. 11, the water jet velocilics from tree shapes noeele are compared. Tn this smdy, 0 7 It}
{3,358 o Vo of punpowder is used tor geuerating the maximurm water jet velocly, The max imum velocity of araummd
2292w LA mds and 1,241 mids wore generated trom a 30° conical wngle nozzle, a 60 conical angle and a
cvlindrical vosade, respectively, The elfeet of nozde shape and propellanl mass on waler jer velovilics are shown in Fig.
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Tig. 11 The effect of noxzle shape and propellant mass on water Jet veboitics

3.2 The Tmpact Pressure

Fhe impaci prossures of the waler jets 57 1,5, 3. 4 and 6 om stand-olT disrmce fom nozele exit with three nozzle shapes
ure anvestigated. The maximwn waler jer velocilics generated from nozzle {Ad nozzle (13Y and nozzle 407 are 1,240,
2,202 and | 349 ms, respectively, The eltect of stand-off distant and nowede gemmetries on the Impace prossurcs is
showers i #7p. 10 From the figure. we found that (he maximom impact pressure obtained from the 307 conical nozzle,
B0° gomiul nowsde and cylindrical nozrle are 3.4 GPa. 2.3 GPaand 1.8 GPa, respectively. The masdmum mpact
pressure ceours at 3 o for 6409 conical nozele and cylindrical novsde while it oeeurs at 4.5 for 30"conical nozede,

fmpact pressure (GFa)

4 - —#— 30° Caonical Nozzle

—&— B0” Canical Nozzle

—— o T
3 — —8— Cylindricat Nozzle
- f__‘___hhﬁ"“‘x
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k-- ___,_,—'—__'_ _\_‘_‘—‘——__\_\_
— T
._F__,__,-'-"" .a-_____ﬂ
1 - B
"'\-\.\_\_\_\_\-\-\----\-
e
a | | i
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Stand-off distant from nozzle {cm)

Fig. 12 Impact pressus e d stand-oF distance from novele

3.3 The waler-hammer effect

Whoen a droplet ol liguid ¢rash on a ngid surtace ender higher velociny or the fronal liquid in colugin 1% stopped
instantancousty and sideways Quw is prevented. In these cases, the pressure developed in thaving colwmn or the high




Pressure oceur i liquit impact as a result of the water-hammer effect. Ihe water-hamumer pressure (P) for a liguid
siriking 3 rigid wurface is piven by the equation [1F-16, 23 24|

F—pCv . (3

Where p is the densily (kgim ) of the lyuid, C e speed of suund {m/s) in liquid and V is the velogity (m/s) of the
liguid, The water-hammer cquation can be wied for caleutating the maximum pressure developed when a water jut
collides on 2 rigid surface. The value of P frund from the experiments can be campared with Lthat determined from
Equation {3). From the cquation, s water jet with an impact velocitics V of the maximm velocity from cach nozzles
(1,240 2292 and 1,549 10/s), C= 1,500miand p 1,000 kp'm?, Results n¥ impact pressure from cxperimet are
comparing with thar of the calculation as shown in Table 1.

Talle 1 Caleutate-cxperiment comparison for impact prossure

Mozzle Shapes Crvlindrical 3° Conical &0° Conieal
SO Nozile Nozzle MNoxzle
{(7P4) {{iFa)} {(iPa)
{CCalenladion
{1.5-48cm.) 1.9 3.57 2.57
Distance n
FExperianeet Jom. L& 4 2.3
Distanee T
4.5 em. l.4 33 2

4. Coneluding Remarks

A horizontal single-stape powder gun was designed and manufacturcd for the bigh-speed liguid jets peneraton. From
the: high-speed jel gencration, the maximum water jot velacily of 2,292 m/s can be vhlained from 307 conical anphe
wrzzde with 7 poof gunpowder, In thas study, e BV D¥F filng is gsed e measuring the impaet pressure of the high-speed
water jet at four stand-oft distance with thres nozele geometries. The maximum mpact prezsire is 3.4 GPa al 3 cm
stand-ull distance. These results wre compared with the water-harmmer pressure equalion from comparison, the pressure
PVTIT sensor was successfully performed to measure dynamics pressure of high-speed water jel. Bosides, the inpact
pressures of water jets depend on Lhe velocities of water jet. while the velocity ol water jet depends on nozzle shapes
aed projectite itnpact velociny.
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