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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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  Neoprene  

   1 mm 

 1200 m/s 

 
 

 2.2  Bowden  Brunton [3] 



 

 4 

 Bowden  Bruton  O’Keefe  [9] 

 (Hypersonic jet)  4580 m/s 

   

 1900 m/s   Bowden – Bruton [3]  O’Keefe 

 [9]  
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 [14, 15] 
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 (Two Stage Light Gas Gun, TSLG) 

  TSLG 

     

(Piston)  (Pump tube) 

   

  (Projectile)  

 (Diaphragm)  

  [16]    
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(Unsteady and compressible liquid flow)  O’ Keefe  [9] 

 

  . . 1973 Ryhming [17] 

 O’ Keefe  

(Incompressible liquid flow) 

   

  O’ Keefe  

Ryhming    . . 1977 Lesser [18] 

 

 (Guide acoustic waves) 

  

 1995 Shi  [10] 

 

 

  Shi  2.5  

  (Projectile)  (Brass piston)  (Rubber diaphragm) 
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 (Pressure chamber)   (Pressure transducer  PVDF gauge)   

  

 Shi  2.6  414 m/s 

 125 MPa  (Pressure pluses) 

  

 

 
 2.5  Shi [10] 

 

 
 2.6  Shi 

 

   . . 2003 Pianthong [19] 

 

 (Step nozzle) 

 2.7   

  2.8 

 (x-t diagram)  
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 2.1  x-t  Pianthong  [13]  

1100 m/s  64:1 
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 10 

  
 2.9  Mutthujak   [5] 
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(Corner compression signals, C)  

  (Air relief waves, R) 
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   Field  Lesser  2.12  

(D)   (S)  (C’)  
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 2.12  

 

 Field  Lesser [20] 

    . . 

1995 Lesser [18]   

   (2.1)   
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j
VV

d D
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jV   iV  D  d  

   (2.1)  Field  Lesser 

 

 

  

  (Pulsed jets) 

 Pianthong  [13]  2.13 

  

 [5, 19, 21-24] 

  

   

 

 2.13  [13] 

  

1.2.5  

 (

)   

  

  

  . . 1966 Leach  Walker [25]  

 1000 m/s   
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 [26-33]   

  

  

  (  700 MPa) 

 

 

 

 GPa    

  5  [3]    

(Circumferential surface fracture)  (Surface flow and fracture) 

 (Large-scale plastic deformation)  

(Shear deformation around the periphery of the impact zone)  (Fracture)  

 [34-39]  3 

   

  2.14 

 Polymethylmethacrylate (PMMA)   

 (  3.2 s )  PMMA (

 4.0  5.6 s )  2.15  

   

  [40]    

   

 

 
 

 2.14  PMMA  680 m/s [34] 
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 2.15  (950 m/a)   

(a) PMMA  (b)  [34] 

 

1.3  

1.3.1  

 (Integumentary system) 

 3    (Epidermis) 

  (Dermis)   (Subcutaneous  

Hypodermis)  2.16  0.1 – 4 mm  1.5 mm 

    

  

  

  

 
 

 2.16  [41] 
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  0.007-0.12 mm [42] 

 2    (Stratum corneum)  

 30 - 40 m  0.5 m  15-20 m  

 (Viable epidermis)    

   56.6 m  

 70.3 m [43] 

 

 
 2.17  

 

  

  (Basement 

membrane)     (Sweat 

gland)  (Sebaceous gland)  (Blood vessel)  

   1.1 mm 

     

    

  

   1 mm 

    

    2.2 

  Geerligs [43]     (Young’s 

Modulus)  (Shear)  (Tensile) 

 (In vitro)   
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 2.2  [43] 

Young’s Modulus  [kPa] Layer Conditions 

Shear Tensile 

Stratum corneum 25% RH 

98% RH 

30 

10 

0.04 - 10 106 

6 - 10 104 

Viable epidermis 25% RH 

98% RH 

30 

10 

- 

- 

Dermis - 8 1 - 20 103 

Hypodermis - 24 - 

 

 Young’s Modulus  

  (Threshold pressure or penetration pressure) 

  

 Oliver  [44]   0.1 – 0.5 mm 

 1.5 104 kPa  

 

1.3.2   

  3  

   1  (Intradermal injection) 

  2  (Subcutaneous or hypodermis injection) 

   3  (Intramuscular injection) 

  

 

   

 . . 1940 [6]  2.18 

  

   

 

   

  

 [7]  

 [7, 8]  Baxter  [45, 46] 
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 2.18  

 

  

  

    

 [47, 48]  

   

  [6, 7, 49, 50] 
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1.3.3  

 

   2.3 

[44, 51]   

  

    

 

   

  

   

 

    Actuator [52, 53]  

Piezoeletric transducer [54-56]   Piezoeletric 

  50 – 160 m/s  40 – 130 m 

   

 (Intradermal injection )  

  

 

 2.3  [44, 51]* 

Company Injector name Disposable 

nozzle 

Energy 

source 

Drug Delivery 

location 

Bioject Vitajet yes Spring Insulin SC 

Bioject (With serano) SeroJet yes Spring Serostim SC 

Bioject Biojector 2000 yes Gas (CO2) 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 AdvacetaJet no Spring Insulin SC 
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Active Brand Product GentleJet no Spring Insulin SC 

Active Brand Product AdvacetaJet 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 (CO2) Insulin NA 

Crossject SA Crossject yes Gas NA ID, SC,IM 

PenJet Corp. PenJet NA Gas (N2) Vaccines ID, SC,IM 

Aradigm Intraject NA Gas (Co2) NA SC 

Valeritas Inc. Mini-Ject yes NA Wide range ID, 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. Bl-100 no Spring Vaccines SC, IM 

Felton Medical Inter. Bl-3M no Spring Vaccines SC, IM 

Aventis Pasteur Mini-imojet yes Gas (CO2) Vaccines NA 

DCI Inc. LectraJet yes Spring Vaccines SC, IM 

MIT Inc Med-Jet NA Gas (CO2) Wide range ID, SC,IM 

Endos Pharma Hipirin yes Spring NA NA 

Pharmajet Pharmajet yes Spring Vaccines SC, IM 
* :  “ID”   (Intradermal injection) “SC”   

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

 “NA”   

 

1.3.4  

1)  

  

 ( )  

 (Compressibility effect) [57] 

  

   [58, 59]  

  



 

 21 

 

  

 [60] 

 

  

(Stagnation pressure)   ( stP ) 

   (2.2)  (2.3)  

 

21

2
stP v      (2.2) 

 

    v    

 

121
1

2
stP M
p

   (2.3) 

 

P       

M    

 

  Shergold   [44] 

 2.19  

   

  15 - 35 MPa   

    

   [59]  

 

  

  

(Jet power, oP )   (W)  (2.4)  

 

2 3

0 0

1

8
oP D v     (2.4) 
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 ,
 
D

 
  v    

  

 [61] 

 

 

 
 2.19  [44] (a) 

 (b)  5 ms   
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2)  

  

    

  

    

     

[45]  [55, 56, 62]  [63] 

 Baxter  Mitragotri [46]  

  Asymptotic value  

 

   

  

 (In vitro)       

Polyacrylamide gel  

  Baxter  Mitragotri [45] 

 4   2.20  1 Lower hemisphere  (  2.20a-c)  2  

Ellipsoid (  2.20d)   3 Upper hemisphere (  2.20e)  4 Cylinder (  2.20f) 

   1 

 3  4  2 

  

 

  

 [46, 64, 65]  2.20   
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 2.20  [45] 

   

 
 

 2.21  (a)  (b)   (c) 

 [65] 



 3
 

 (CFD) 

 

  

 (Computational fluid dynamics) 

 “CFD”  Fluent  

(Finite volume)    

    

 

  

  

 

1.1  IDM 

 

  2  

  (Mechanical device driving)   

    

(Driving object)   

  (Impact 

driven method)    

  3.1  

 2    1  (Direct impact method) 

  (

 3.1 (a))    2  (Momentum exchange method) 

 (  3.1 (b))  

  

    Pianthong [22, 

23] [1-2] Mattujak [5]  Shi[4, 10] 

 



 
 

  3.1  (a)   (b) 

  
 

 

1.2  

 

   (Governing 

equation)   

    

 

 

 

 



1.2.1   Mixture 

 

 Mixture  

  

  

  (Unsteady state continuity equation) 

 

 

   
, 0m m im

i

u
t x

   (3.1) 

 

 

 (3.2)  

 

, , ,
, , , , , ,

1

nm m j m i m k
m m i m j m j k k dr k i dr k j

ki j i k i i

u u upu u F u u
t x x x x x x

 

              (3.2) 

 

 i  j    (Coordinate index) F   

(body force) k    (Volume fraction)  k   

 (3.1  3.2)  m   m  

  

 

1

n

m k k
k

    (3.3) 

 

1

n

m k kk
    (3.4) 

 

 mu    (Mass-averaged velocity) 

  ,dr ku    (Drift velocity)  k   

 

1

n

k k kk
m

m

u
u     (3.5) 



 

,dr k k mu u u      (3.6) 

 

 ( dru )  (Relative velocity or 

slip velocity) pqu   (3.7)   

 

,
1

n

dr p pq k qk
k

u u c u     (3.7) 

 

 kc   (Mass fraction) k    ( pqu ) 

 (Secondary phase) p  (Primary 

phase) q   

  

pq p qu u u     (3.8) 

 

 FLUENT [66],  

 
2

18
p mp p

pq
q drag p

d
u a

f
   (3.9) 

 

p   (Particle relaxation time) d  

p   (Drag function) dragf    

 
0.6871 0.15Re  Re 1000

0.0183Re         Re 1000dragf    (3.10) 

 

  ( a )  

m m
m

i

u ua g u
x t

    (3.11) 

 

 

 

,
1 1

( ) ( ) ( )
n n

k k k k k k k i eff
k k i i i

TE E p u k
t x x x  

(3.12) 



 effk  (Effective conductivity)  

 

( )eff k k tk k k    (3.13) 

 

 kk    (Thermal conductivity) tk   

 (Turbulent thermal conductivity)  

 standard k   tk   

 

Pr
p t

t
t

c
k     (3.14) 

 

pc   Prt   Prandlt  

(Turbulent Prandlt number)  Prt  = 0.85      t  (Turbulent viscosity) 

k  (Turbulence kinetic energy)  

  (Rate of dissipation)  

 
2

t m
kC     (3.15) 

 

 C   

  standard k  

    k

   (Transport 

equations)  

 
2 2

,, , 2
, 2m jm i m i

m m m i m m t
i i i l i l

uu uk k kk ku C C M
t x x x x x x

           (3.16) 

 
2 2

, , ,
, 1 2

m i m l m i
m m m i m m

i i i l i l

u u uku C C C k C
t x x x x x x k

           (3.17) 

 



  1C , 2C ,  C   (3.16)  (3.17) 

 

1C = 1.44, 2C = 1.92, C  = 0.09 

 

 tM    (Turbulent Mach number) 

   

   

 

, , ,
1

n

p p p p m i p p dr p i qp pq
qi i

u u m m
t x x

� �

 (3.18) 

 

 qpm
�

  q p   pqm
�

 

 p  q   

 

1.2.2  (Cavitation) 

 (Evaporation)  (Cavitation) 

   

 

  (Full cavitation 

models)  (  Singhal  [67]  . . 2002) 

 (Vapor  pressure)  

 (Cavitation rate)   

  

   

 

   

 

   (Phase change) 

 (Bubble dynamics)  (Turbulent pressure 

fluctuations)  (Non-condensable gases) 
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  m    vu      

 (Effective exchange coefficient)  

eR   cR   (Vapor generation rate)  

(Condensation rate)   (3.20)  (3.21) 

 p    
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 eC  cC   0.02  0.01   

k        (Surface tension coefficient) 

  l , v  g      

  

 

1.2.3  

 

   

   

 Pianthong  [22, 23] Mattujak [5] Shi [4, 10] 

 CFD   3.2  3.3 



   3.2  Pianthong  [22, 

23] Mattujak [5]  2    (Stepped nozzle)  

(Conical nozzle)  4.68 cm3  6.54 cm3    3.3 

 Shi [4, 10]  (Parabolic cavity)  

0.42 cm3  2    (Direct 

impact)  3.3(a)   (Momentum exchange)  3.3 (b)  

 
 

 3.2  (a)  (Conical nozzle)  (b)  (Stepped nozzle) 
 

 
 3.3  H. H. Shi (a)  (b)  

 

 3.1  3.1  

(Closed system domain)  (Axi-symmetric geometry) 

     

  50 mm   250 mm  60,000   

  

  

 (Moving mesh)  

 (Moving wall)  3.4  



 
 

 3.4  

 

1.2.4  

 

  

  

 

0 0

t t

t t

dV = F(t)/m  dt    (3.22) 

 

 V    F     m   

   t    (Explicit Euler formula) 

 

t t- tV =V +(F(t)/m) t     (3.23) 

 

   (3.23) 

  t    (User Define Function, UDF) 

 Fluent    4.2  0.038  

 Pianthong  [22, 23] Mattujak [5] Shi [4, 10] 

 

  



 300 700  414 m/s   

 

 

 

  

 

  

 

1.2.5  

 

  (Ideal gas) 

 (Compressible flow)  

   

    

Fluent  UDF    

  (3.24)  (3.25)  

 

1
1 01.0 /

o

P P B
   (3.24) 

 

1 0
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1
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P P Ba
B

    (3.25) 

 

 P      B    

 (Bulk modulus of elasticity)  0  1  

   3    

  3.1 

 

 

 

 

  



 3.1  

 

Liquid 

 

Bulk 

modulus 

(GPa) 

 

Vapor pressure 

( 10-6 GPa) 

 

Molecular 

weight 

(g) 

 

Specific heat 

 (J/(kg.K) 

Surface 

tension 

coefficient 

(N/m) 

Water 2.24 3.17 18 4,182 0.0717 

Diesel 1.6 1.378 170 1,850 0.0244 
 

1.2.6  

 CFD  Fluent  

 (Finite volume method)  

 (First order upwind)  

     Body-

force weighted  (Pressure-

velocity coupling)  SIMPLE    10-7 

  

 

1.3  

  CFD  

 

     

     

  3.5 - 3.10 

 3.5   

  CFD  Pianthong  [22, 23] 

 300 m/s  3.2(a) 

   30 s 

  CFD      

 CFD    

 

  



   

 (Surface tension)   (

)    

 

 
 

 3.5.  

 

 3.6  

 CFD  Mattujak [5]   300 m/s 

  

  CFD  3    

  (Shock wave) 

   20 s   CFD 

   

  CFD   

   3   1.24, 0.6  0.27 

GPa  CFD  1.1, 0.4  0.3 GPa (  3.6) 

    2  3  CFD 

 20 – 30 s 

 (Supercavitation) 

    



 
 

 3.6.  

 

 
 

  3.7  

 

 

 



 3.7  

  700 m/s 

 3.2 (b)  Pianthong [22, 

23]   CFD   1,100 

m/s   

  0  60 s 

 CFD   CFD 

    

  

   CFD   

 

 

  Shi [4, 10] 

  3.2.3 

 0.384   414 m/s  

 CFD   3.8 - 3.10  

 

 
 

 3.8  Shi [4, 10] 



 CFD   Shi [4, 10] 

   3.8 

  

 CFD  

   

CFD   

    0.3 mm (  

 7.8 mm  7.18 mm )   

  

 

  

  3.8 

  Shi 

   140 MPa 

 CFD  160 MPa  3.9 

 

  3.10  

   CFD 

  

  

  

    

  

  

 CFD   

  

  CFD 

   

CFD    

  



 

 3.9  Shi [4, 10] 

 

 
  

 3.10   

 

 



1.4  

1.4.1  

   CFD 

   3.11 

 

  4.68 cm3  300 m/s 

 

  (Jet pulses)  20 s 

 x    40 s 

  820 m/s  80 s  

  

 0.68 GPa   1 GPa    

 980 m/s  (  3.11) 

 

  

(  3.11  120  160 s)  120 s  980 m/s 

  160 s   

 

(Multiple pulses)  



 

 3.11  (GPa)   (km/s) 

 

 

 

 



1.4.2  

  

 CFD  

  

  3.12 - 3.15 

 

 
 

 3.12  (GPa)  

 

 3.12  3.13   

 300 m/s  4.68 cm3 

  

  15 s (  3.12(a))  0.3 GPa 

  30 s 



  

 

  

  (  3.12(b)  3.12(f) )  

  

 

 
 

 3.13  (GPa)  

 

  CFD 

  

   3.13  (  3.13(a)) 

  

 



 (  3.13(c))  

  

  

  

    

  

 
 

 3.14  (GPa)  Shi   

 

 3.14  3.15  Shi 

   414 m/s 

  (  3.14 ) 

   (

 3.9)   1.8 mm 

 



   

  

  

 3.10    

 

 
 

 3.15  (GPa)  Shi   

 

  3.15 

  

  

 

  

 

   



1.4.3   

 (Breaking up)  

 

   (Vaporization) 

  CFD 

 3.16  80 120  160 s 

 

 (Pulse) 3   3.4.1  3.16 

 80 s  

  

  

     

   

 120 s  160 s 

  

 

 
 

 3.16  

 

 

 



1.4.4   

 

     

 

  

   1 mm 

 15 mm  26.5 mm  7.857  4.2 g  300 m/s 

   

 

 

1)  

   CFD 

  0.5 1.0 1.5  2 mm  

  3.17 

 

  

   

 5 s  

 

 100 s    

  

  

 

 

2)  

 CFD  

  

  10 20 30  40 mm  1 mm   300 m/s 

 3.18    

 10 mm  1300 m/s 

 1.3 GPa  



 

  

     

  

   

 

 

 3.17  

 3.18  



3)  

 

   0.5 mm  

20 mm  

  3.19   

   

  

   

   5  10 mm 

 20 - 80 s  (

)  

  

 

 
 3.19  

 

4)  

 

  

  

 



   

 

   

 400 800 1200  1600 kg/m3  3.20  

  

  1200 m/s  0.9 GPa   

 (1600 kg/m3) 

    

   

  

 

 
 

 3.20  

 

5)  

   

 

   

  

    CFD  



  

  300  700 m/s  3.21  

   

 10 s   600 m/s 

  

 

  

  

 

 3.21  



 4
 

  

    

   

 2     1 

   2     (Jet velocity) 

 (Impact pressure)  Photo detector  PVDF film  

  (High Speed Video Camera, HSVC) 

 

 

1.1   

  2  

   1  

 Merck  Bioject  Cool.Click   2  

 

  

 

1.1.1  : Cool. Click 

 Cool.Click   Saizen  

Merck   Bioject Medical Technologies 

 4.1  

 0.02 ml 

 (  Subcutaneous  Intramuscular)   

 Cool.Click  4.1 

 4    1  (Nozzle)  2  (Driving rod)  3  

(Spring)    (Catching trigger)  

 0.17 mm 

  

  



 

 4.1  Cool.Click1 

  

 155 mm 

 158 g 

 14°-38° C 

  

 0.02 – 0.5 ml 

 300 ms 

 Subcutaneous 
1    Bioject Medical Technologies (http://www.bioject.com) 

 

 
 

 4.1  

 



 

  

   

 

(RIMAC)     4.2  4.3   

  

 
 4.2  

 

 
      4.3  

 

  4.3  

   (Spring constant) 

 17.8 N/mm 



 

1.1.2 : Med-jet NFIS 

  

  

 Med-jet NFIS   “Medical Jet Needle Free Injection 

System”    4.4  

  

   

 

 
 4.4 Med-jet NFIS 

 

1)  

 Med-jet NFIS  4.5 (a) 

   (Power unit)  

(Hydraulic cylinder)     

     

 1    3/4  -

 -  

  



 

 
 

 4.5 : (a)  Med-jet NFIS  

(b)   (c)  

 

  

  4.5 (b) 

  2  

 (High pressure gas) 

  (Initial gas suction valve) 

   



 

   

 4.5 (c)   4.6  3    

1)  (Convergence) 

  

  

   –    

 

 
 4.6  Med-jet NFIS (a)  (b)   

 (c)  

 

2)  (Constant area) 

  

  

 

3)  (Jet driven connector)  

  

 43    3    4.6 (b) 

  1  (Non-impact)    2 

 3   10  

 (Impact with no o-ring)   (Impact with o-ring)   


