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Debris flows 

¨  Fast moving, subaerial gravitational 
flows of water, sediments and coarse 
material (rocks, trees boulders) 

¨  A general term encompassing lahars, 
landslides, jökulhlaups. 



e.g. Vargas, Venezuela 1999 



¨  With our debris flow experiments we 
want to 

n Understand the effect of various flow 
variables, e.g. surface roughness, particle 
size 

n Use large particle sizes to (try and) achieve 
Froude and particle Reynolds number 
similarity 

n Simultaneously measure velocity profiles, 
pore pressure and basal shear and normal 
stress 



Design Criterion - Similarity 

¨  Always difficult in particle laden flows! 
 

Data from 
Iverson Richard M., 1997, Physics of debris flows, Rev. Geophys 35, 3, 245-296 



Experiment Design 

2D CHUTE  

Lock release 

 



Experiment 



What happens? 

I I I I100 200 300 400mm

¨  Snout formation 
¨  Longitudinal and vertical particle size 

and volume fraction variation 
¨  Distinct collisional and continuum regions 



Flow regimes 

Quivers scaled 
by 0.1 

SD>150 mm s-1 

Granular region, 
dark grey 

Low SD, 
viscoplastic, pale 
grey 

14 frame      
(0.2 s) averages 

Velocities 600--      
1000 mm s-1  
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Power law profiles 

By particle 
size 

Roughness 
increases in the 
order circles, 
triangles, 
squares 
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Power law profiles 

By roughness 
length 

Particle size 
increases with 
black, red, blue. 
Green is a 
mixture 
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Pressures 

4mm particles 

8mm roughness 



¨  This is a method for systematically 
determining the extent of continuum 
versus intermittent/collisional behaviour 
within a laboratory debris flow 

¨  Roughness is only important in the when 
the roughness length is greater than or 
equal to the mean particle size 

¨  But, we see that snout-body architecture 
formation does not require mixtures of 
particle sizes 

 



What about saturation? 

¨  So if all that snout and body architecture 
needs is for the may-or-may-not be larger 
material at the top to be moving more 
quickly than the rest of the flow, then the 
level of saturation should be important  

¨  While rebuilding the chute to investigate 
this, I was wondering over what range a 
particle leaving a fluid surface remained 
‘in touch’ with the surface 



To start with, consider one…. 

Winch to spindle 
on motor 

Pulley, to pull ball 
vertically 

Steel ball bearing on  
a needle, threaded to winch. 
Initially submerged in fluid   



Experiments 

¨  Particle diameters: 4, 6, 8, 10, 12 mm 
¨   Winch speeds:  02, 0.3, 0.4, 0.5, 0.6, 

0.7 m/s 
¨  Fluids: Water, Kaolin solution (10% vol) 
 



What happens? 
i) ii) iii) iv) v) iv)

Table 9: 12mm, 12V. If i) is at time zero, the subsequent snapshots are at ii) 38ms, iii) 76ms, iv) 133ms, v) 193ms
and vi) 218ms.

i) ii) iii) iv) v) iv)

Table 10: 12mm, 4V. If i) is at time zero, the subsequent snapshots are at ii) 16ms, iii) 32ms, iv) 47ms, v) 54ms
and vi) 63ms.

8

0  38  76  133  193  218  ms 



Variation with winch speed, 12 mm 
i) ii) iii) iv) v) iv)

Table 5: 12mm particle, [4 6 8 10 12 14]V to winch

i) ii) iii) iv) v) iv)

Table 6: 12mm particle, exiting 10% by volume kaolin suspension [4 6 8 10 12 14]V to winch

7

0.2 0.3 0.4 0.5 0.6 0.7 m/s 



Variation with particle size (0.7 m/s) 

i) ii) iii) iv)

Table 7: i–ii) 8mm particle, 14V to winch, repeated experiments. iii–iv) 6mm particle, 10V to winch repeated
experiments - in this pair the winch went slack as the particle passed through the surface.

i) ii) iii) iv) v) iv)

Table 8: i–v) [4 6 8 10 12]mm particles exiting water, with a 14V to winch. vi) 12mm particle, exiting 10% by
volume kaolin suspension, with a 14V to winch.

7

4 10 12 8 
12 mm 
(kaolin) 6 



Ejection jet 

¨  As the particle exits the 
surface, it leaves behind a 
little vortex ring 

¨  This continues to accelerate 
fluid through it after the 
particle has left 

¨  It may even accelerate the 
particle 

¨  A force balance allows to 
estimate a timescale  

T



Draining flow 

Stokes flow in a thin layer, invoke lubrication 
assumptions. Short time asymptotics… 
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Thus, the rate of strain tensor, e, is given by
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Initially we will be interested in the axisymmetric, swirl-free versions of these results, giving:

u = u(r , θ, t) = u(r , θ, t) r̂ + v(r , θ, t) θ̂ = (u(r , θ, t), v(r , θ, t), 0) (15)
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Figure 2: A vertical slice through the initial conditions. A thin layer of viscous fluid of uniform thickness, s,
covers a spherical boundary of radius R . Gravity is acting vertically downwards such that g = −g ẑ. No-slip and
no-penetration conditions apply on the boundary of the sphere, continuity of stress applies on the free-surface of
the fluid layer. The free-surface, S , obeys a kinematic boundary condition.

The stress tensor for a viscous liquid in this axisymmetric swirl-free case is therefore
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or equivalently

σ = −pI + 2µe =
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Finally, the equations of motion for axisymmetric, swirl-free flow are:
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We also enforce incompressibility, ∇ · u = 0.

Governing equations and boundary conditions
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Draining timescale 

This draining flow has a layer Reynolds 
number that looks like 

  
                
and, without surface tension, that leads to a 
timescale 
 
 
Clearly, this depends on the original layer 
thickness 
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Figure 1: Pinch off time versus particle speed, for various particle sizes. Estimated errors, corresponding to a
cumulative uncertainty of approximately 7 frames in identifying both the break out frame (± 5) and pinch frame
(± 2 frames), are shown for one particle size. These have the samemagnitude for all particle sizes - bars not shown
to reduce clutter. Lines show various time scales: the ejection jet, capillary, draining - with an inertial estimate of
the draining layer thickness, draining - with a capillary estimate of the daring layer thickness.

If evenly spread over the sphere on exiting the fluid, this added mass would lead to an initial layer of thickness

s0 ⇡ 0.14R. (8)

Corresponding to MMS solution, this suggests that " ⇡ 0.14, irrespective of fluid, speed etc.... We can’t get a
timescale for draining this layer from the short time asymptotics. But, if this assumption of inertial mass creating
the layer is the case, then the draining time depends only on the layer Reynolds number as defined by MMS

Rel =
g("R)3

⌫

2
(9)

Rel =
g(0.14R)3

⌫

2
(10)

For the particles in the experiments here, in water, the corresponding layer Reynolds numbers are
Rmm 2 3 4 5 6

Rel ⇥ 103 0.2 0.7 1.7 3.4 5.8.
with a corresponding draining time scale

Td =
⌫

"Rg

, (11)

which for the above ‘intertial’ coating estimate leads to a

Tdi =
⌫

0.14Rg

. (12)

Rmm 2 3 4 5 6
Rel ⇥ 103 0.2 0.7 1.7 3.4 5.8

Tdi ⇥ 10�3 s 5.3 6.5 7.6 8.4 9.3

Coating flow

Weber numbers for the particle breaking out of the surface vary between ⇡ 1 and 40, where

We =
⇢u

2
R

�

. (13)

At the lower end of this range, we are in a regime where the surface tension is much more important in the
dynamics than the fluid inertia. In this case, we can borrow from literature on We ⇡ 1 behaviour of impact on
surfaces Vella and Metcalfe [2007] (fig. 3). In this case the basic equation of motion is a vertical force balance

2



Coating 

¨  So how thick is the initial layer in 
this draining problem? i.e. ε

¨  1. Inertial?  
¨  2. Capillary? 
¨  If inertial, then I can imagine that 

the fluid that gets dragged with the 
particle is the added mass 

¨  If capillary, (Ca<<1, ours are 
~10-2), the coat thickness varies 
with Ca2/3 

     (Landau Levitch 1942) 



Timescales 

¨  Ejection jet   
 
¨  Draining    
 

n where ε = Ca 2/3 

n or ε = 0.14 



Raw data 
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Ejection jet scaling 
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Draining scaling, ‘inertial coating’ 
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Draining timescale, ‘capillary coating’ 
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So… 

¨  The sustaining of the tendril scales more 
convincingly with time scales inferred 
from analysis of the draining flow 

¨  But this itself depends on the way in 
which the particle became coated 

¨  Include surface tension in the draining 
flow 

¨  I would have done the experiments a bit 
differently if I had known this! 



In reality? 

¨  Rarely have real debris flows where a 
particle could eject in this way 

¨  But this might give a handle on the 
extent of the ‘intermittent’ zone 

¨  Or why particles stay in the flow 
¨  More significant for lab flows 


