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Phenomenon 



Force Analysis: Fluid inside 
the nozzle 

𝑦 

𝑥 
𝑝𝐿𝐴 

𝑞𝑆𝑙 

𝐹𝑙 

𝑀𝑔𝑙 

𝑀
𝜕2𝑦

𝜕𝑡2
𝑙 

𝑝𝐿: Internal pressure at the 
end of the hose 
𝑙: Length of the nozzle 
𝑀: Mass of fluid per unit 
length 
𝐹: Force per unit length 
between tube and fluid  
𝑞: Shear stress on the tube 
𝑆: Internal perimeter 
𝐴: Internal cross-section 
area 



Force Analysis: Nozzle 

𝑞𝑆𝛿𝑥 

𝐹𝑙 

𝑚′
𝜕2𝑦

𝜕𝑡2
𝑙 

𝑦 

𝑥 
𝑇𝐿 

𝑚′𝑔𝑙 

𝑇𝐿: Tension force at the end 
of the hose 
𝑚′: Mass of nozzle per unit 
length 
𝐹: Force per unit length 
between nozzle and fluid  
𝑞: Shear stress on the tube 
𝑆: Internal perimeter 
𝑙: Length of the nozzle 
 



Force Equation 

𝑦 

𝑥 

𝑝𝐿𝐴 

𝑞𝑆𝑙 

𝐹𝑙 

𝑀𝑔𝑙 

𝑀
𝜕2𝑦

𝜕𝑡2
𝑙 

𝑝𝐿𝐴

𝑙
− 𝑞𝑆 +𝑀𝑔 + 𝐹

𝜕𝑦

𝜕𝑥
= 0 

𝐹 +𝑀
𝜕2𝑦

𝜕𝑡2
−
𝐴

𝑙
𝑝𝐿
𝜕𝑦

𝜕𝑥
+ 𝑞𝑆

𝜕𝑦

𝜕𝑥
= 0 𝑦: 

𝑥: 



Force Equation 

𝑞𝑆𝑙 

𝐹𝑙 
𝑚′
𝜕2𝑦

𝜕𝑡2
𝑙 

𝑦 

𝑥 

𝑇𝐿 

𝑚′𝑔𝑙 

−
𝑇𝐿
𝑙
+ 𝑞𝑆 +𝑚′𝑔 − 𝐹

𝜕𝑦

𝜕𝑥
= 0 

𝐹 −𝑚′
𝜕2𝑦

𝜕𝑡2
−
1

𝑙
𝑇𝐿
𝜕𝑦

𝜕𝑥
+ 𝑞𝑆

𝜕𝑦

𝜕𝑥
= 0 𝑦: 

𝑥: 



Combined equation 
 

𝜕2𝑦

𝜕𝑡2
+ 𝑔

𝜕𝑦

𝜕𝑥
≈
𝜕2𝑦

𝜕𝑡2
+ 𝑔 sin 𝜃 = 0 

 

𝜕𝑦

𝜕𝑥
≈ 0 

𝑇𝐿 − 𝑝𝐿𝐴 = (𝑀 +𝑚
′)𝑔𝑙 

𝑥 

𝑦 



Difference between 
nozzle and hose 



Force Analysis: Fluid 

𝑝𝐴 

(𝑝 +
𝜕𝑝

𝜕𝑥
𝛿𝑥)𝐴 

𝑞𝑆𝛿𝑥 

𝑀𝑔𝛿𝑥 

𝐹𝛿𝑥 

𝑀(
𝜕

𝜕𝑡
+ 𝑈

𝜕

𝜕𝑥
)2𝑦𝛿𝑥 

𝑦 

𝑥 
𝑝: Internal pressure  
𝑀: Mass of fluid per unit 
length 
𝑈: Flow velocity 
𝐹: Force per unit length 
between tube and fluid  
𝑞: Shear stress on the tube 
𝑆: Internal perimeter 
𝐴: Internal cross-section 
area 



Non-Inertial Reference 
Frame 

𝝎 (Angular 
velocity of  
reference 
frame) 

𝑥′ 

𝑦′ 

𝑎𝑖𝑛𝑖𝑒𝑟𝑡𝑖𝑎𝑙 = 𝑀
𝜕2𝑦

𝜕𝑡2
𝛿𝑥 

𝑎𝑐𝑒𝑛𝑡𝑟𝑖𝑝𝑒𝑡𝑎𝑙 = 𝑀
𝑈2

𝑅
𝛿𝑥 

𝜅 =
1

𝑅
≈
𝜕2𝑦

𝜕𝑥2
 

∴ 𝑎𝑐𝑒𝑛𝑡𝑟𝑖𝑝𝑒𝑡𝑎𝑙 = 𝑀𝑈
2
𝜕2𝑦

𝜕𝑥2
𝛿𝑥 

𝑎𝑐𝑜𝑟𝑖𝑜𝑙𝑙𝑖 = 2𝜔𝑣𝑥′ 

= 2
𝑈

𝑅

𝜕𝑥

𝜕𝑡
= 2𝑈

𝜕2𝑦

𝜕𝑥𝜕𝑡
 

 

𝑎 = 𝑀(
𝜕

𝜕𝑡
+ 𝑈

𝜕

𝜕𝑥
)2𝛿𝑥 

 

𝑅 

𝑦 

𝑥 



Force Analysis: Hose 

𝑞𝑆𝛿𝑥 

𝐹𝛿𝑥 

𝑇 +
𝜕𝑇

𝜕𝑥
𝛿𝑥 

𝑚𝑔𝛿𝑥 

𝑚
𝜕2𝑦

𝜕𝑡2
𝛿𝑥 

𝑄 

𝑄 +
𝜕𝑄

𝜕𝑥
𝛿𝑥 

𝑦 

𝑥 𝑇: Tension force 
𝑈: Flow velocity  
𝑚: Mass of hose per unit 
length 
𝐹: Force per unit length 
between tube and fluid  
𝑞: Shear stress on the tube 
𝑆: Internal perimeter 
𝑄: Transverse shear force 
on the tube 

𝑇 



Bending Moment 

  𝐹  

𝑀 =  𝜎𝑥𝑦𝑑𝐴
𝐴

= 𝜅𝐸𝐼 

 

Bending Moment 

𝜎𝑥 

𝑀 𝑀 



Transverse shear force on 
the hose 

𝑄 

𝑄 +
𝜕𝑄

𝜕𝑥
𝛿𝑥 

𝑀 = 𝜅𝐸𝐼 = 𝐸𝐼
𝜕2𝑦

𝜕𝑥2
 

 

𝑄 = −
𝜕

𝜕𝑥
𝑀 = −𝐸𝐼

𝜕3𝑦

𝜕𝑥3
 

 

∴  
𝜕𝑄

𝜕𝑥
𝛿𝑥 = −𝐸𝐼

𝜕4𝑦

𝜕𝑥4
𝛿𝑥 

𝑦 

𝑥 



Force equation 

𝑝𝐴 

(𝑝 +
𝜕𝑝

𝜕𝑥
𝛿𝑥)𝐴 

𝑞𝑆𝛿𝑥 

𝑀𝑔𝛿𝑥 

𝐹𝛿𝑥 

𝑀(
𝜕

𝜕𝑡
+ 𝑈

𝜕

𝜕𝑥
)2𝛿𝑥 

𝑦 

𝑥 

−𝐴
𝜕𝑝

𝜕𝑥
− 𝑞𝑆 +𝑀𝑔 + 𝐹

𝜕𝑦

𝜕𝑥
= 0 

𝐹 +𝑀(
𝜕

𝜕𝑡
+ 𝑈

𝜕

𝜕𝑥
)2𝑦 + 𝐴

𝜕

𝜕𝑥
𝑝
𝜕𝑦

𝜕𝑥
+ 𝑞𝑆

𝜕𝑦

𝜕𝑥
= 0 

𝑥: 

𝑦: 



Force equation 

𝑞𝑆𝛿𝑥 

𝐹𝛿𝑥 

𝑇 +
𝜕𝑇

𝜕𝑥
𝛿𝑥 

𝑚𝑔𝛿𝑥 

𝑚
𝜕2𝑦

𝜕𝑡2
𝛿𝑥 

𝑄 

𝑄 +
𝜕𝑄

𝜕𝑥
𝛿𝑥 

𝑦 

𝑥 

𝑇 

−𝐸𝐼
𝜕4𝑦

𝜕𝑥4
+ 𝐹 −𝑚

𝜕2𝑦

𝜕𝑡2
+
𝜕

𝜕𝑥
𝑇
𝜕𝑦

𝜕𝑥
+ 𝑞𝑆

𝜕𝑦

𝜕𝑥
= 0 𝑦: 

𝑥: 
𝜕𝑇

𝜕𝑥
+ 𝑞𝑆 +𝑚𝑔 − 𝐹

𝜕𝑦

𝜕𝑥
= 0 



For the end point & 𝑇𝐿 − 𝑝𝐿𝐴 = (𝑀 +𝑚
′)𝑔𝑙 

 
𝜕2𝑦

𝜕𝑡2
= −

𝐸𝐼

𝑀 +𝑚

𝜕4𝑦

𝜕𝑥4
−

𝑀

𝑀 +𝑚
𝑈2
𝜕2𝑦

𝜕𝑥2
− 2

𝑀

𝑀 +𝑚
𝑈
𝜕2𝑦

𝜕𝑥𝜕𝑡
− 𝑔

𝜕𝑦

𝜕𝑥
 

Combined Equation 

Flexural 
Restoring 

Force 

Centrifug
al Force 

Coriolis 
Force 

Gravity 



𝑎𝑐𝑜𝑟𝑖𝑜𝑙𝑙𝑖 = −2
𝑀

𝑀 +𝑚
𝑈
𝜕2𝑦

𝜕𝑥𝜕𝑡
 

= −2
𝑀

𝑀+𝑚
𝑈
𝜕

𝜕𝑡

𝜕𝑦

𝜕𝑥
= −2

𝑀

𝑀+𝑚
𝑈𝜔ℎ𝑜𝑠𝑒 

Coriolis force is not a 
restoring force! 

𝜔ℎ𝑜𝑠𝑒 
𝜔ℎ𝑜𝑠𝑒 

𝑦 

𝑦 𝑎𝑐𝑜𝑟𝑖𝑜𝑙𝑙𝑖 



Coriolis 
Force 

𝜕2𝑦

𝜕𝑡2
= −

𝐸𝐼

𝑀 +𝑚

𝜕4𝑦

𝜕𝑥4
−

𝑀

𝑀 +𝑚
𝑈2
𝜕2𝑦

𝜕𝑥2
− 2

𝑀

𝑀 +𝑚
𝑈
𝜕2𝑦

𝜕𝑥𝜕𝑡
− 𝑔

𝜕𝑦

𝜕𝑥
 

Restoring forces are… 

Flexural 
Restoring 

Force 

Centrifug
al Force 

Gravity 
Coriolis 
Force 



Experimental Setting - 
Vertical 

Free 
Length 

Flow 
Rate 

Nozzle 
mass 
/radius 

Hose 
Rigidity 



Experimental Setting - 
Horizontal 

Clamp 

Soap 

Valve 



Free length – Oscillation 
period Tendency 

𝜃 
𝑅 

𝜃 

𝑅 

𝜃 ≈
𝑑𝑦

𝑑𝑥
 

1

𝑅
≈
𝑑2𝑦

𝑑𝑥2
 



Free length – Oscillation 
period Tendency 

𝜕2𝑦

𝜕𝑡2
= −

𝐸𝐼

𝑀 +𝑚

𝜕4𝑦

𝜕𝑥4
−

𝑀

𝑀 +𝑚
𝑈2
𝜕2𝑦

𝜕𝑥2
− 2

𝑀

𝑀 +𝑚
𝑈
𝜕2𝑦

𝜕𝑥𝜕𝑡
− 𝑔

𝜕𝑦

𝜕𝑥
 

Flexural 
Restoring 

Force 

Centrifug
al Force 

Coriolis 
Force 

Gravity 



0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0 10 20 30 40 50 60 70 80 90

Period of 
Oscillation (s) 

Free length of the hose (cm) 

Free length – Oscillation 
period Graph (Vertical) 

 
2nd 

harmonics! 



Modes of Oscillation 

30cm 70cm 



Free length – Oscillation 
period Graph (Horizontal) 

0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.4

0.45

0.5

0 10 20 30 40 50 60 70 80 90

Period of 
Oscillation (s) 

Free Length of the Hose (cm) 

Effective 
Free Length! 



Effective Free Length 

𝑳 = 𝟔𝟎cm 

FIXED 



Flow rate – Oscillation 
period Tendency 

𝜕2𝑦

𝜕𝑡2
= −

𝐸𝐼

𝑀 +𝑚

𝜕4𝑦

𝜕𝑥4
−

𝑀

𝑀 +𝑚
𝑈2
𝜕2𝑦

𝜕𝑥2
− 2

𝑀

𝑀 +𝑚
𝑈
𝜕2𝑦

𝜕𝑥𝜕𝑡
− 𝑔

𝜕𝑦

𝜕𝑥
 

Flexural 
Restoring 

Force 

Centrifug
al Force 

Coriolis 
Force 

Gravity 



Flow rate – Oscillation 
period Graph (Vertical) 

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

1 1.2 1.4 1.6 1.8

Period of 
Oscillation (s) 

Flow Rate (L/min) 



Flow rate – Oscillation 
period Graph (Horizontal) 

0

0.1

0.2

0.3

0.4

0.5

0.6

1 1.1 1.2 1.3 1.4 1.5 1.6 1.7 1.8 1.9

Period of 
Oscillation (s) 

Flow Rate (L/min) 



Nozzle mass– Oscillation 
period Tendency 

𝜕2𝑦

𝜕𝑡2
= −

𝐸𝐼

𝑀 +𝑚

𝜕4𝑦

𝜕𝑥4
−

𝑀

𝑀 +𝑚
𝑈2
𝜕2𝑦

𝜕𝑥2
− 2

𝑀

𝑀 +𝑚
𝑈
𝜕2𝑦

𝜕𝑥𝜕𝑡
− 𝑔

𝜕𝑦

𝜕𝑥
 

Flexural 
Restoring 

Force 

Centrifug
al Force 

Coriolis 
Force 

Gravity 



Nozzle mass – Oscillation 
period Graph (Vertical) 

0.4

0.45

0.5

0.55

0.6

0.65

0 2 4 6 8 10

Period of 
Oscillation (s) 

Nozzle Mass (g) 



Nozzle mass – Oscillation 
period Graph (Horizontal) 

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0 2 4 6 8 10 12

Period of 
Oscillation (s) 

Nozzle Mass (g) 



Nozzle radius – Oscillation 
period Tendency  

𝑝 +
1

2
𝜌𝑈2 =

1

2
𝜌𝑢2 

𝑟1
2𝑈𝐿 = 𝑟2

2𝑈𝑙 
 

𝑈𝐿 =
2𝑝

𝜌(
𝑟1
2

𝑟2
2 − 1)

 

 
 

𝑝 
𝑈 

𝑢 𝑟2 

𝑟1 



Nozzle radius – Oscillation 
period Tendency  

𝜕2𝑦

𝜕𝑡2
= −

𝐸𝐼

𝑀 +𝑚

𝜕4𝑦

𝜕𝑥4
−

𝑀

𝑀 +𝑚
𝑈2
𝜕2𝑦

𝜕𝑥2
− 2

𝑀

𝑀 +𝑚
𝑈
𝜕2𝑦

𝜕𝑥𝜕𝑡
− 𝑔

𝜕𝑦

𝜕𝑥
 

Coriolis 
Force 

Gravity 
Flexural 

Restoring 
Force 

Centrifug
al Force 



Nozzle radius – Oscillation 
period Graph (Horizontal) 

0

0.1

0.2

0.3

0.4

0.5

0 0.5 1 1.5 2 2.5 3 3.5

Period of 
Oscillation (s) 

Nozzle Radius (mm) 



Hose Rigidity– Oscillation 
period Tendency 

𝜕2𝑦

𝜕𝑡2
= −

𝐸𝐼

𝑀 +𝑚

𝜕4𝑦

𝜕𝑥4
−

𝑀

𝑀 +𝑚
𝑈2
𝜕2𝑦

𝜕𝑥2
− 2

𝑀

𝑀 +𝑚
𝑈
𝜕2𝑦

𝜕𝑥𝜕𝑡
− 𝑔

𝜕𝑦

𝜕𝑥
 

Centrifug
al Force 

Coriolis 
Force 

Gravity 
Flexural 

Restoring 
Force 



Hose Rigidity– Oscillation 
period Graph (Vertical) 

0

0.1

0.2

0.3

0.4

0.5

0 0.0005 0.001 0.0015

Period of 
Oscillation (s) 

Flexural Rigidity (N∙m2) 

𝑚 = 0.019kg/m 
𝑟𝑖𝑛 = 4.5mm 

𝑚 = 0.020kg/m 
𝑟𝑖𝑛 = 4.0mm 

𝑚 = 0.040kg/m 
𝑟𝑖𝑛 = 5.5mm 



Why does instable  
motion occur? 



Instability 1 :  
Centrifugal Force 

𝐹𝑐 =
𝑚𝑈2

𝑅
 

𝐹𝑐 

𝑅 

𝑅 

𝐿, 𝑈 



Instability 2: Friction 

𝐹 

𝜇𝑠 𝜇𝑘 



Conclusion 

Free Length 
of the Hose 

Flow Rate Nozzle Mass 

Rigidity of the 
Hose 

Nozzle Radius 

Friction 
Centrifugal 

Force 



 

Thank You 



Consider a hose with a water jet 
coming from its nozzle. Release 
the hose and observe its 
subsequent motion. Determine 
the parameters that affect this 
motion. 

Problem statement 



Flow rate – Oscillation 
period Graph 

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

1 1.2 1.4 1.6 1.8

Period of 
Oscillation (s) 

Flow Rate (L/min) 

50cm

Critical 
Flow Rate 



Nozzle radius – Critical flow 
rate Graph 

0

0.5

1

1.5

2

2.5

3

0 0.5 1 1.5 2 2.5 3

Critical Flow 
Rate (L/min) 

Radius of Nozzle (mm) 

30cm

50cm

70cm



Solving the Differential 
Equation 

𝑦 0, 𝑡 = 0 
𝜕

𝜕𝑥
𝑦 𝑥, 𝑡 ｜𝑥 = 0 =

𝜕2

𝜕𝑥2
𝑦(𝑥, 𝑡)｜𝑥 = 0 =

𝜕3

𝜕𝑥3
𝑦 𝑥, 𝑡 ｜𝑥 = 0 = 0.01

 



Bending Moment and 
Curvature 

𝐿 

𝑅 

𝜃 

∆𝐿 

𝑦 

𝜃 

𝜃 =
𝐿

𝑅
=
∆𝐿

𝑦
 .  𝑦 = 𝑅

∆𝐿

𝐿
= 𝑅휀 .  𝜎 = 𝐸휀 = 𝐸

𝑦

𝑅
 

𝑀 =
𝐸

𝑅
 𝑦2𝑑𝐴 = 𝜅𝐸𝐼 



𝑇𝐿 − 𝑝𝐿𝐴 = (𝑀 +𝑚
′)𝑔𝑙) 

 
𝜕2𝑦

𝜕𝑡2
= −

𝐸𝐼

𝑀 +𝑚

𝜕4𝑦

𝜕𝑥4
−

𝑀

𝑀 +𝑚
𝑈2 + 𝐿 + 𝑙 − 𝑥 𝑔

𝜕2𝑦

𝜕𝑥2

− 2
𝑀

𝑀 +𝑚
𝑈
𝜕2𝑦

𝜕𝑥𝜕𝑡
− 𝑔

𝜕𝑦

𝜕𝑥
 

Combined Equation – 
Length term included 

Pressure & Tension term 
Included! 



Different oscillation 
modes in same length 



Nodes and Antinodes 

1st harmonic oscillation 2nd harmonic oscillation 

Nodes Antinodes 


