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Abstract

TITLE : Drug delivery through skin using pulsed high-speed jets
BY : Assoc. Prof. Dr. Kulachate Pianthong
KEYWORDS : High speed liquid jet, Needle-free jet injection, Drug delivery,

Computational Fluid Dynamics (CFD)

High speed liquid jets can be applied to many fields including engineering and
biomedical applications. This research focus on investigating the characteristics of high speed
liquid jets especially for the application called “Needle free jet injection”. To build the injection
pressure, the driving object method is used by both impulse driving and continuous compression.
Jet characteristics in air and in simulant tissue are investigated from Cool. Click (Bioject2000)
and Med-jet NFIS (prototype test rig). The Cool. Click uses the spring compression to drive the
drug through the nozzle orifice while the Med-jet NFIS uses the impact from the projectile driven
by high pressure gas. In addition, the Computational Fluid Dynamics (CFD) technique is
employed to calculate and validate the previous studies. CFD results are useful to elucidate the
behavior and data on the generation of the jets and helpful to design the test rig. From the study,
the appropriate exit velocity and injection pressure from Cool. Click are 80-150 m/s and 15-55
MPa respectively. The drug delivery into tissue can be separated into 3 phases; initial stage
(pressure build up), penetration, and dispersion. For the Med-jet NFIS, case of non-impact driving,
the jet velocity and the driving pressure are slightly varied with the volume of the liquid. In the
case of impact driving, the exit velocity and the injection pressure are 150 m/s and 25 MPa
respectively, but always fluctuates during the injection process. These results agree well with the
CFD predictions. These are new findings associated with needle free jet injection behaviors and

can be applied to further development of the needle free jet injection equipments.
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L!ﬁ%ﬂ?WNLi?qﬁlﬁlﬁﬁﬂﬁgﬂU GPa uag Lﬂuﬂ')’lllli')!;?fﬁl\i ALY ﬂ'JUJL?fEIWWU"U@QW'J'Jﬁﬂ%Wﬂ
o 1 < ] I @ a <3|
fﬂiﬂ‘i$L!‘1/]ﬂGU’E]\1ﬁ'I°V!\1ﬂ'J'IiJL§"J’LI\3 mmmumaamﬂu 5 ankay [3] ‘ﬁ'ﬁ] N'Jlmﬂlﬂu')x‘l
(Circumferential surface fracture) a lvauazuan (Surface flow and fracture) Lﬁagﬂzm‘u
a g a . . =
naaanuusnanig (Large-scale plastic deformation) L?rﬂgﬂzguuzﬁauﬁaumnmﬂimmﬂ
Y 4
(Shear deformation around the periphery of the impact zone) HaZUUVIFeNIY (Fracture) N91
vinmsAneuIsenruneail 1 [34-39] sesuanuuiaqmeninnse 3 eelaun
4 4 ) 1 o 1 4
L!'tNﬂ§$LWIﬂllﬁgﬂausﬁ’ﬂﬂﬂ%']ﬂllﬁ%gluaTWﬂ Lmtﬁeumﬂmi"lwammmwﬂ L!a$ﬂ§Uﬂ'J"I‘JJL??{1J
2 A a o 1 [ { % g o 1
luveadsimaanmsnszunnvesd s aaaaslugili 2.14 Fuilumsnszunnvesd s
] < J a o [ o ]

UHY Polymethylmethacrylate (PMMA) a21fiu 1871 A1TeaApIsuMInszunnvesdIng ms
o ! v & v
ulﬁﬁﬂlﬂﬂ‘ll@ﬂlﬁa')ﬁaﬂﬂﬁmlﬂﬂ (NYI 3.2 us L‘]Ju@'lullﬂ) uazﬂaummmualu PMMA (10

1 = I Y A o 1 <3

B3 4.0 O3 5.6 ps Lﬂuﬂullﬂ) Z“]J‘VI 2.15 HEATRYLANIINNITNISUNNUBDIATWIANINLIIFI
<3 ' a 1 o J o J A o o 4 (K]
MU INATDULANLANANNUTIEHINITAAANTUANY uaﬂﬂwﬂaﬂymzmaaiammmzﬁuagﬂu

v AA

a @ v A A 1 A <
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! o 1 < a
TIJﬁ 2.15 ﬂ??ﬂlﬁﬂﬁ']fﬁ]"lﬂﬂ?ﬁﬂﬁgllﬂﬂﬂlﬂﬁa"l‘ﬂﬂﬂ')"mﬁl]qq (950 m/a) YUNW?

_Y

(a) PMMA 11a% (b) 0giittio [34]

o \ < d' Y k4 ad o v o 1V | a U4
1.3 dmsanasigafiadiemedtmsnadimSnihdsensnuiinia
1.3.1 aDHUSNIMEMNUAZAUANTATINAVIITURNINA
Aa YR~ 1 = [ £ Y
Avluiludiunileuesszuulnaqusenie (Integumentary system) #91A59e319009
Y 4 4 [
Amisiznoudie 3 du ldun Fuuengaseniimisimi (Epidermis) Fuiogaisasly
4 v Y
3011 Wi (Dermis) Fuhogldnmiwaclifondn suldriviia (Subcutancous 13

v 4 [
Hypodermis) Adta@aalu3iin 2.16 #ivialinnumundg 0.1 — 4 mm @maslszana 1.5 mm

dg‘ (Y Aa [ a YR~ o ~ 9 4 dy A a =]
"lluflﬁlﬂ‘lJ’ﬂf]ﬂUiL’Jﬂliﬂﬂlﬂ\ﬁNﬂWﬂ W’Jﬁuﬂlﬂuﬂﬂﬂﬂgﬂﬂﬁgﬂﬂﬂﬂﬁﬂ LFAQUDLIED A1V UA

u U

o @ Aa 9 o o o 1 9 = ] =< 9
Lﬂummzmuﬂnhmmmnmsn Iﬂﬂlﬂ1$ﬂ’3€lﬂﬁﬂﬂ !,Wi1$§1iﬂ1ﬂﬁ1ll1§ﬂ@jﬂ°l)’ﬂulﬂiﬂEl@]i\‘i

1 J J dy
WITHLSAR AT

Hair shaft
Pore of sweat
gland duct

Epidermal
ridge

Dermal papilla

Sebaceous
gland

Arrector pili
muscle

Sweat gland
duct

Epidermis { iz

Dermis -

Touch and
pressure
receptors

Hair follicle
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Vein

Subcutaneous
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Sweat gland
Nerve fibers

v k4
57 2.16 TaseasauazruiImia o 19ne [41]
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A o w

3 v o 9 = Y A [ dy Y 1 [
FUAUININGT UHUINA mﬂflﬂflﬂﬂuﬁfﬂiiﬂﬁﬂﬁi%ﬁﬂ1ﬂ LLﬁZﬂ@\‘]ﬂu"U’é}\‘llﬂﬁ’lﬂflﬂiﬂﬂ

U
Y

[ A o @ v o 9 = =
TNHNNYNIUDN T@EJ‘m"liJ%uwmmwawmmmwmagmﬂizmm 0.007-0.12 mm [42]

Y o o A o P v & a o ¢
L]Jﬁgﬂﬂllﬂ'lﬂf]ﬂ 2 ¥UYDY AD BULEAQANAN1YLAD (Stratum corneum) Lﬂl&ﬂi!,am“l/mmr’umlﬁma

=

JUTEM RGN 30 - 40 pm BATHWI 0.5 pm 1ABIINILLANNHUITEWY 15-20 pm tag

3 sy AAa . . . £ g Qs: ~ J a g 9 =

FULFEAANGINTIN (Viable epidermis) Gﬁﬂlﬂu“ﬁum%ﬁﬁﬁﬁw“lfuﬂlﬂujﬂi\iﬁﬂ\i UANUUUN
(=

uanaany lamuuausna efusnanY TANYHUIREY 56.6 pm tazuTHUN e §

ANUNUIRABU T 70.3 pm [43]

Stratum
corneum

Viable
epidermis

Y
% 1

517 2.17 Fudosuoaniiasing

3 @ 9 I qaj a o A 19 9 v o 9 4 dy A A @ A
FUHUILN nJuevusummwumaglwmmws1ﬂi$ﬂaummuammmwu INDAANIT
ATLUNAVINLTIAIA wﬁmﬁ’%aﬂﬁ’uwﬁ’aﬁm%’msimuiuwuﬂﬂm%gm (Basement
=) @ Y 1 ] 1 d'
membrane) tazidaedszamunning Tumilwniiaeuaznonnug 1¥U AONIHID (Sweat
Y
gland) sy Ty (Sebaceous gland) azviaeALann (Blood vessel) ANUUUIVDITU
Y Y da’ 1% o 1 1 = d‘
WUAUN SVYUDYNUA UV UIVUIT NG Tagiaunaelszua 1.1 mm
3 ya @ I :II A 1 1 a YY) Y dy 9 4 o I~
Fuldraniia L'}J‘L!W‘W@gi%ﬂqmwmﬂmmmua Usznevldde wad lviiu 1iu
[ o 9 d' [ [ 1 d‘ ya Y 1 o ya v A 1 ::! d‘
wan imihntlestuedonzdiudug 1damis Gmﬁmﬂwmwummmwumazuw FIAUN
[ <3 Y o 1 A 1 :/‘ dyd? (Y] A o 1
gﬂinaamzmu"lmmmmuwgﬂﬁnw’em mmwmmawuumuagﬂuﬂimm"lmuummgmaz
yana Aurisuuseme Taen ldaznuminndl 1 mm
4 4 Y
ﬂmﬁuusmcmﬂamawumwmmmﬂzﬁfjueﬂﬂuwmaﬂmﬂ HA1e0Ee1e  1FU  ANUTY

U

a o 1 qaj a o I 1 A A 3 a o
gl tagdwrusesFuimie udy M3l 2.2 uaaeguantATInaveFuRIMIT
NIWAMSANEINOY  Geerligs [43]  laoamauianuany Ao ANOAGAUDIIY (Young's
Modulus) TMAAIINAITNATOUAGUT IO (Shear) UAZUTIAN (Tensile) TATNATOULLUUON

-Q' aaa . v A % 1 Y
NI (In vitro) NUNINUITIUND
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] k4
MM319N 2.2 LAAINUAVTAITINAVOIFUAINII [43]

Layer Conditions Young’s Modulus [kPa]
Shear Tensile
Stratum corneum 25% RH 30 0.04 - 10x10°
98% RH 10 6-10x10"
Viable epidermis 25% RH 30 -
98% RH 10 -
Dermis - 8 1-20 %10’
Hypodermis - 24 -

' {1 < a %

UDNVINAT Young’s Modulus LL%’Jﬁ‘LN‘LI’EJﬂﬂ’JTiJLLElNLLSQGU?NW'J‘VT‘L!\HLEE{'J Glumsiﬂmé’f’m
o 1 < J @ . i
A1YNANNETIPN 2 UAINNUAUE (Threshold pressure or penetration pressure) [UAEITD
Y [ Y J o 1 A Y A A a v A @ 9 Y
7738 TﬂmeJummﬂuwamﬁmmmmwmuaﬂmqﬂ‘nmmmmxN’mmmwuﬂﬁmq"lﬂ N

1 Ao 1 1 4 a o 4

ﬂ'liﬁﬂ‘leﬂ"ll@x‘i Oliver LlagAMY [44] wmﬁmwuﬁ’umuquﬂﬂmq 0.1 - 0.5 mm AINUINYBY

A dy S v 4
mmuawmzummwmzﬂizmm 1.5x10 kPa

1.3.2 MNaenmuAInTsded 1N s 1g9
o < T ° '

Tasia lmsfaediedy ensautady 3 Uszan audumusvesnnuanyesms
= A A = Aa @ .. . < = 9 1 = oaj @
AA AD LUUN 1 MIRNAYINNINUY (Intradermal injection) Wumsnalnensnsz e nTuniia
o 9 A z @ 9 A = A dy A .. . <
MWITHIDFUHUILUN LUUN 2 NITRAINIUBLYD (Subcutaneous or hypodermis injection) 11u

i
=)

= A 3 Jya v A o A g dy .. .
ﬂTiﬂﬂﬂWﬂN!ﬁWWNWﬂ'ﬂQﬂGﬁuﬁl@]WTﬁuﬁ HAY LUUN 3 NMIRANNATNUD (Intramuscular injection)
= a9y A 2z & A 1= o " & g ya o
lJLﬂ?ﬁﬂ?ﬂil&ﬂWiﬂﬂl"lﬂﬂaﬁJlu@ G]NLﬂu%uﬂagaﬂaﬂﬂmmwu%mﬁm
o 1 o 1 < . T W

fﬂilﬂﬁ\iEﬂf'%j'J‘(’JaWV\Nﬂ'ﬂllli')i:‘f\iﬁ'"I‘JJ1iﬂ‘ﬁﬂ$LL‘]_Nﬁﬂ‘l&lﬂ!gﬁ"lﬂﬂ’nmﬁﬂsllﬂﬁﬂTiaﬂ N3
Y 1A o 2 o oA Y3 Y o 1 < 2 Y
Ulﬂmfulﬂﬂ')ﬂﬂﬂTiﬂﬂll‘U‘Uﬂ'Jul‘]J LL@]L‘IJafJufﬂ?ﬂfﬂﬁ6161)'!‘1111Lﬂua'lw‘ﬂﬂ'l'mli?q\il!ﬂu N1TNAYINIY
Qddyal = 9}031} 1= 1Y o 1 Y o 1 [ d' J d'
'J‘ﬁulﬁiJiJﬂ']ﬁGlsb'GNLm‘l] f.71. 1940 [6] ﬁaﬂﬂ”ﬁiﬂﬁ\i‘c’ﬂﬂ')‘c’]ﬁ"l“l/!ﬁllﬁﬂﬁﬂﬂgﬂﬂ 2.18 Iﬂﬂll“ﬂ\iﬂﬂ“ﬂ
o " 9 o w @ A v A YA 1Y d? 9 o 1
TFUHLIIAINAINLHAIAUN TN ’emmm‘ﬂwummmﬁlumnﬂiwmmﬂuqwu HAZEI WA

<3 A a o Y @ o 1 @ o [l d’ﬂ} ) 9 1 o @
ANNITIPI IWDDISHINU Wif’)llﬂ‘lllﬂﬁﬂfﬂ]lﬂfl\WﬂLWi‘Ll\i‘V]@ﬂ\iﬂTﬁ ‘I/I'JthLLﬁ'JLLWﬁQﬂTaQQTM

A o o

4 9 a
‘UE’NQIIﬂﬁﬂ!‘l]Zblﬂ‘ﬂ']ﬂﬁﬂﬁﬂﬁﬁﬂﬂT‘ﬂfﬂ'JTﬂJﬂul:iJ'Q
= Y] ) tiydﬂl = Y Jq Yo Aoy <3 Y
NITRAYINIYNANNITU Nm@ﬂﬁa’]ﬂﬂﬁgﬂ'ﬁ llﬂl!,ﬂ ﬁ']iJ']ﬁﬂ‘]JﬁgQﬂ@i%ﬂﬂﬂ?ﬂﬂﬂﬂﬂm‘uﬂqﬂ
19 =\ (% d' = d' 1 U 1 Yo Y
LafJUlﬂJG]i’JﬂilﬂWﬁJﬁ‘U!f]JafJ‘L!ﬁﬂ']WGU’O\‘]fJ"I ANMITANHINNIUNINUIN ff']iJ']ﬁﬂﬁ]"lfJfﬂGl‘Hﬂ‘U@‘l]'JfJ
) A v o = Y 1 2y g A
Ulﬂﬁluﬂimmmn“lunm@uﬁu [7] ff']ll']ﬁflE]'6ﬂE]Vl‘ﬁfﬂllﬂﬂﬂ'J']LHﬁJﬂﬂﬂ'JﬂHﬂJ IHBIIINNIT

N3210UBIONANTT [7, 8] FIVINMSANHIUDI Baxter UazAME [45, 46] NUIINTAAAIGAINS
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o A o a = < ' o
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Force form
power source

Liquid jet

Liquid
dispersion

Skin / tissues

~ [ = 9 o 1 ]
i‘l.]‘n 2.18 HANNITRAYIAIYAIWINNNLTIGN

Y

v A J

] 1 I a9y o ] I I = [l v A o
uaed 1 lsnay msdadiedjsnnusigedsnesudumaTuTad Iny nagdelimsaun
Yy 1 o Y = 9 ) ] 3 a9y A =1 9 (YY)
@l dldmsaeendiedmeanusige Tdedonazigiassaludmmsuaisduny
= o 1 1 P = 1 [ <
msaaewuun leg 1y s1a1vegUnsainiisnAme 1IMIANEINUI TZAVANVAUIIN
1 < ™ . a 4 U J o
msaadiganimunlddunall [47, 48] luvagimsaasovesdiheninnsldginseisuiu
Sv a dgl a9 o ] Aa < a v o Y A
NEUNATY NFIZMINAAIAINIVDIHAINTANWGIGINING MINTzUNNAIMIIIIN 1A
A Y a o s & g a dy
msnszisuveudenandiena liiuginsel Fuiluawiguoansaaye [6, 7, 49, 50]
dy @ v A T 1 o A A [ = @
UBNINY el unnigaiusinasanseusunouINNTZUIUMIAIn BTN
Aa a A ] A @ A & A aaa < dy o Y
UszanTnmvesemieli  ioanindnunstiatuddidmiavnaan - Mnmgiionni i
a A I <] 4 o A 1 A A
Uszaninmvesenanadla edilsnaw iesnniiiliiehdinandelszaninimueinsia
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< Y 4 1 tdyd 3 ~ = Y :}1 =Y 1 = ua.:} A A
[44, 51] ﬁ]%!fl’iuulﬂ’ﬂ QﬂﬂﬁﬂllﬁﬂWHNﬂﬂ‘ﬂﬁ?h?ﬁﬂﬂﬂllﬂﬂi\i!ﬂﬂ’lﬂ@ﬂﬁ‘Uiiﬁgm‘Huﬁﬂﬁx‘] nIgna
v v
[ o [ 4 o a
ulfgl}ﬁﬁiﬂﬂi\m’f)ﬂﬁ‘ﬂﬁSﬂﬂTﬂiQLaﬂﬂ gﬂaﬂymmﬂu@mmzﬂa”lﬂmimqmmﬂ“lu SIEETRLTRTTRIS

1 [ 09/} dyd? (K 9 a <3 T 4
U339 Lmﬂ@n\iﬂu@’[’)ﬂulﬂ NIHYUOEAUMS IHNULAZLUIAANTOONUUL %mquﬂﬂim

U

o 1 =

Y o 1 < o 1 Y 1 = v I A )
mmEnﬂ3ﬂawwmammqﬂmmmmmm"lﬂnﬂﬂﬁzmm%ummnmmmﬂmm"lﬂ i\

Y o 1 1" o W I A 1 u’/‘ ~ Y o A (2]
Gll@ﬁ\‘lLﬂﬂ'l']i!ﬁﬁ\?ﬂ'lﬁ\i\i']uellﬂ\iq1JﬂﬁﬂlNL‘Wﬂﬂﬁﬂ\‘]ﬂﬁ&ﬂﬂlﬂ”l“llﬂﬁl%ﬂu A9 HUUNIY Lagtiuy

a1l34
P 9 a (4] I o w = A 1T o o ]
Q‘}Jﬂimmhﬁﬂimazmmﬂumm%umaﬂaﬂ fo ﬂmmmuﬂﬂumiﬂmﬂumwﬁ tag

[ o ) 1 a ] ] a <3 1
ﬂ??ﬂﬁﬂﬁﬁ\?fﬂiﬁ]'\% ‘VI”IGL‘VS?}G]1LL‘W1!\1ﬂ']ﬁﬁﬂLﬂﬂﬂ'J']llllllLL'L!u’ﬂL!LLﬁglﬂﬂﬂﬂ'llllfﬂ‘ﬂﬂ'lﬂﬁgﬁ'ﬂﬂﬂ15

k4
[ Y

= =K A 9 = ] ] A
na mummmiwmﬂm%szuu'1W17111ﬂnmmmgumsm YU WU Actuator [52, 53] 139
. . ~ o 9 Ao @ a A Y ~a 9 . .
Piezoeletric transducer [54-56] PazmnNTUINAUNUaTIrTen s NIAN1F Piezoeletric

v
@ o ] < 1 1 1
T §wjeaglinnu1egiznang 50 — 160 m/s tazlidurIuguina1auLIa 40 — 130 pm A2Y

1 4 <3 o 1 1 1 o (R <3
Waﬂﬂﬁﬁ mmmmuqummwmazszﬂzmzmmmwﬂﬁafmmmsn Lmamq"lsﬂmm

]
L=t

A ) = <3 =1 < 1 o aladdy 79 Y o ) 1 9
L‘LA@Q%”IﬂﬁWWQTI?JEU‘anﬁﬂLLanﬂ’JNJLS’JUhJQWIﬂW’J‘ﬁuﬁﬂﬂiﬂﬂizEJﬂ@ﬂ"’Ifﬂ‘]Jﬂ"liu1ﬁQEJﬂﬂ

q

{ o ' 09/1 a @ .. . 1 o’j oa/' 4% '
MWIZMIRANAWHUIUUFUAINIG (Intradermal injection ) WU Dnieginsaidaeglu

1 o ]

Y
TUADUUBINIANYIINY 3 luld e luiosnain

a 9y dy 9 4 = 9 o Ao 1 9 *
M1TN 2.3 ﬂl@ga!ﬂ@ﬁﬂuﬂl@ﬂq‘ﬂﬂﬁmﬂTﬁﬂﬂfJ']ﬂ')fJaWWQVINﬂ']ﬁu'lflﬁlucﬂﬂﬂﬁa']ﬂ [44, 51]

q

Company Injector name Disposable Energy Drug Delivery
nozzle source location
Bioject Vitajet yes Spring Insulin SC
Bioject (With serano) SeroJet yes Spring Serostim SC
Bioject Biojector 2000 yes Gas (CO,) Wide range SC, IM
Bioject (With saizen) Cool.Click yes Spring GH SC
Bioject Iject NA Gas Wide range ID, SC,IM
Bioject ZetaJet yes Spring Vaccines SC,IM
Antares Pharma Medi-Jector VISION yes Spring Insulin SC
Antares Pharma Medi-Jector Choice yes Spring Insulin SC
Antares Pharma MJ6 yes Spring Insulin SC
Injex Injex yes - Insulin and GH SC
Active Brand Product AdvacetalJet no Spring Insulin SC
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Active Brand Product GentleJet no Spring Insulin SC
Active Brand Product Advacetalet ES no Spring Insulin SC
Mada Medical Products ~ MadaJet XL Medical no Spring Anestasia All
Mizzy and Keystone Ind. SytiJet Mark II no Spring Anestasia Dental
R.P. Schere Corp. Hyprospray no Spring Insulin SC
R.P. Schere Corp. Hyprospray Pro. no NA Vaccines NA
National Medical Product J-Tip NA Gas (CO,) Insulin NA
Crossject SA Crossject yes Gas NA ID, SC,IM
PenJet Corp. PenJet NA Gas (N,) Vaccines 1D, SC,IM
Aradigm Intraject NA Gas (Co,) NA SC
Valeritas Inc. Mini-Ject yes NA Wide range 1D, SC,IM
Robbins Instrument Dermojet no Spring Wide range NA
SICUM Medical jet Sicum Jet 2000 no Spring NA NA
Med-E-Ject Corp. Med-E-Jet no NA NA NA
Felton Medical Inter. BI-100 no Spring Vaccines SC, IM
Felton Medical Inter. BI-3M no Spring Vaccines SC, IM
Aventis Pasteur Mini-imojet yes Gas (CO,) Vaccines NA
DCI Inc. LectralJet yes Spring Vaccines SC, IM
MIT Inc Med-Jet NA Gas (CO,) Wide range 1D, SC,IM
Endos Pharma Hipirin yes Spring NA NA
Pharmajet Pharmajet yes Spring Vaccines SC, IM

* A = Aa o L. A = A & A

HYiA:  “ID” A9 NITRAYINAINU (Intradermal injection) “SC” A9 N1TNAYTNIUBLYD
o A 4 4 9 X L

(Subcutaneous or hypodermis injection) “IM” A9 NIFRANNAINIUD (Intramuscular injection)

A =)
ez “NA” Ain lifidoya

1.3.4 paanyamsiaendigd1nennusig
1) ANNAUAAUAZNIINITZUNNVBIAINA

1 =

Y] v A I v @ o w A 1 Aa a o
anuanluiRasznIumsdasuuilitednynadinadelssaninmveginssiay
) 1 A A v Aav ~ o 9 = o v A
msihdee drvniindtensewiszianudnlasaz@ny Taena lgUupuanuaun

d' v A d' o ) o 1 nd! A v 1 Ad?’ d‘ a a

wasuudasluima @dwmdsladuianily) wlanyuzunUas 119NN TNavos
M3naoa lAv09v0unad (Compressibility effect) [57] Taoazlimgegalugiwsnuazizana

4 [ Y] Y 4 "o A o w 3 A
Fooamnal jUnuuanuauluidatiszluegnuguantiaueaiasny ANuSUTUUDT

o a o IS a 4
Wana Ysuavesveuriad ng"UUTﬂ“UﬂQW'ﬁaﬂ [58, 59] 1Uﬂa1uLﬂUﬂiQ Lﬁﬂ\‘ﬁ]”lﬂ"]]i!”lﬂﬂﬂﬂlf’)ﬂ

A g v A o Y A g o A = dy
NIANUINUBIYIINGA ‘VI']rlﬁﬂ"li‘]Jﬁﬁi]5U'E)\1Eﬂ‘VlL‘]Jum@ﬁlﬁajuﬂﬂwaﬂi’)TﬂTﬂWﬁN@Q 9vlo991N1AN
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. o 1 8 = [ o 4 @
(Stagnation pressure) VBIAINI FITININAVBUANUTUTUTUOIANUAUNTZUNN (P,) NI

M3 auuy ludadd uaznsaims wanuusadl la Taseaums (2.2) tag (2.3) audieu
1 2
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1o O Ao ANUNUILUYBIVOUNAI 1A v AD AW IVDIR I
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N Y Ve (2.3)
P 2
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