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Sliding flow or fully stratified flow means 
that all the solids remain in a sort of sliding 
bed. No or hardly any particles will be in 
suspension. Although at high line speeds the 
porosity of the bed may exceed 50% and will 
increase further with increasing line speed, 
a porosity above which one cannot speak of 
a bed anymore, the hydraulic gradient is still 
dominated by sliding friction.

Based on the assumption that sliding flow 
requires stronger deposition than erosion, 
the criterion terminal settling velocity is larger 
than the friction velocity is applied. Based 
on this criterion, an equation is derived for 

the conditions of sliding flow to occur. It is 
remarkable that this criterion results in a particle 
diameter to pipe diameter ratio. However, 
this ratio is not a constant, but depends on 
the particle shape factor, the particle drag 
coefficient and the relative spatial volumetric 
concentration.

For spheres and medium concentrations this 
ratio is close to 0.015, however for sand particles 
this ratio can be 0.035. A comparison with 
experimental data shows that the transition 
of heterogeneous flow to sliding flow starts 
at about 0.015 and is fully mobilised at about 
0.035, matching the fundamental equation.

Introduction
The Delft Head Loss & Limit Deposit 
Velocity Framework (DHLLDV) is a 
framework based on constant spatial 
volumetric concentration curves and 
uniform sands or gravels for five flow 
regimes in a Newtonian fluid (Miedema & 
Ramsdell, 2014A); (Ramsdell & Miedema, 
2013). These five flow regimes are the 
stationary or fixed bed regime (Miedema 
& Matousek, 2014) the sliding bed regime 
(Miedema & Ramsdell, 2014B), the 
heterogeneous regime (Miedema, 2014C), 
(Miedema, 2015C) & (Miedema & Ramsdell, 
2013), the homogeneous regime (Miedema, 

In slurry transport, several flow regimes are 
distinguished. The fixed or stationary bed regime, the 
sliding bed regime, the heterogeneous flow regime, 
the homogeneous flow regime and the sliding flow 
regime or fully stratified flow. These flow regimes 
each have their own physics. For the first four flow 
regimes, many fundamental or empirical analytical 
models exist, however for the sliding flow regime or 
fully stratified flow, there is only a simple criterion, the 
particle diameter should be larger than about 0.015 
times the pipe diameter. No good explanation is given 
for this criterion, nor a good definition is given.

The particle diameter
to pipe diameter ratio
is not a constant, but
depends on the
particle shape factor,
the particle drag
coefficient and the
relative spatial
volumetric
concentration.
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Sliding flow or fully
stratified flow means
that all the solids
remain in a sort of
sliding bed.

TECHNICAL

2015A) and the sliding flow regime 
(Miedema & Ramsdell, 2014A). 

For the first four flow regimes many 
fundamental or empirical analytical models 
exist, however for the sliding flow regime 
or fully stratified flow there is only a simple 
criterion, the particle diameter should be 
larger than about 0.015 times the pipe 
diameter. No good explanation is given for 
this criterion, nor a good definition is given.

First a definition of the sliding flow regime 
is given. Sliding flow or fully stratified flow 
means that all the solids remain in a sort of 
sliding bed. No or hardly any particles will be 
in suspension. Although at high line speeds, 
the porosity of the bed may exceed 50% 
and will increase further with increasing line 
speed, a porosity above which one cannot 
speak of a bed anymore, the hydraulic 
gradient is still dominated by sliding friction. 
Because of the lack of suspension, there 
is no transition to homogeneous flow at 
high line speeds, which is present for the 
heterogeneous flow regime. The particles 
are too large to be carried by the turbulent 
eddies.

Based on the assumption that sliding flow 
requires stronger deposition than erosion, 
the criterion terminal settling velocity is 
larger than the friction velocity is applied. 

Based on this criterion, an equation is 
derived for the conditions of sliding flow 
to occur. It is remarkable that this criterion 
results in a particle diameter to pipe diameter 
ratio. However, this ratio is not a constant, 

but depends on the particle shape factor, 
the particle drag coefficient and the relative 
spatial volumetric concentration.

Experimental evidence
Figure 1 shows some relative solids effect 
(relative excess hydraulic gradient) data of 
Durand and Condolios (1952) of fine, medium 
and coarse particles. From the data it is clear 
that fine and medium sized particles show a 
curve with decreasing relative solids effect 
with an increasing hydraulic gradient. It is also 
clear from this figure that the coarser particles 
show less steepness. 

The coarsest particles with d=4.2 mm have a 
particle to pipe diameter ratio of 0.0276, which 
is larger than the Sellgren & Wilson (2007) 
criterion of 0.015-0.018. These particles still 
show some steepness, which may be the 
result of the fact that the data are for constant 
delivered volumetric concentration. It may also 
be the result of not yet fully mobilised stratified 
flow. 

Figure 2 shows experimental data of 
Boothroyde et al. (1979) with a particle 
diameter to pipe diameter ratio of 0.05. The 
data are for constant spatial volumetric 
concentration and show a more or less 
horizontal line with the ordinate equal to the 
sliding friction coefficient. If there would not 
be fully stratified flow, the data points would 
have followed the blue dash-dot-dot line for 
heterogeneous flow. It is very clear that this 
was not the case. 

So apparently coarse particles do not follow 
heterogeneous flow behaviour, but they follow 

FIGURE 1

Durand and 
Condolios (1952), 
fine, medium and 
coarse particles.
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sliding bed behaviour, dominated by the sliding 
friction coefficient. Since the bed porosity at 
higher line speeds will exceed 50%, one cannot 
talk about a sliding bed anymore, so this is 
named sliding flow behaviour. Bed porosities 
below 50% give a bed where the particles 
actually rest on each other. Bed porosities 
above 50% are possible at high line speeds, 
because of the dynamics, but this will not be a 
bed one could walk on.

Figure 3 shows observed heterogeneous, 
homogeneous and sliding flow (fully stratified) 
behaviour. Heterogeneous behaviour means 
that the heterogeneous curve is followed 
under operational conditions. Homogeneous 
behaviour means that the homogeneous 
curve is followed under operational conditions. 
Sliding Flow behaviour means that the sliding 
friction curve is followed. The transition 
between the Heterogeneous and the Sliding 

Flow regimes is close to 0.015 as mentioned 
by Sellgren & Wilson (2007). However, 
only experiments in small diameter pipes 
were found for fully stratified flow. Some 
experiments close to the 0.015 ratio show 
transition behaviour. The hydraulic gradient 
curves lie between the heterogeneous and 
sliding flow curves. Most experiments were 
carried out with natural particles. Some 
experiments were carried out with glass and 
aluminum beads. Since the latter experiments 
had particles far above the 0.015 ratio, a 
difference between natural particles and 
beads could not be distinguished. Also, the 
influence of the volumetric concentration 
could not be determined, since most 
experiments were carried out at medium 
relative volumetric concentrations.

The data in Figure 3 are from Blatch (1906), 
O’Brien & Folsom (1939), Durand & Condolios 

(1952), Newitt et al. (1955),  Worster & Denny 
(1955), Silin & Kobernik (1958), Fuhrboter 
(1961), Wiedenroth (1967), Yagi et al. (1972), 
Thomas (1976), Kazanski (1978), Boothroyde 
et al. (1979), Clift et al. (1982), Roco & Shook 
(1983), Doron & Barnea (1987), Gillies (1993), 
Kaushal et al. (2005), Matousek (2009), 
Polosky et al. (2010), Ravelet et al. (2012) 
and Vlasak et al. (2014).

The figure also shows the boundaries of 
d=0.04 mm for homogeneous flow and  
d=0.2 mm  for the start of heterogeneous 
flow, according to the 4 component model 
of Sellgren & Wilson (2007) and the 
boundary between homogeneous flow and 
heterogeneous flow based on the Stokes 
number, according to Miedema (June 2016).

Particle diameter to pipe diameter 
ratio
The particle diameter to pipe diameter ratio, 
d>0.015·Dp, of Sellgren & Wilson (2007), is 
to simple. Also, no physical background has 
been found. So here an attempt is described 
to find a more fundamental background. The 
question is, does this ratio only depend on 
the diameter ratio, or are other parameters 
like the relative submerged density or the 
viscosity also involved.

The Sliding Flow Regime is described as a 
high concentrated flow of particles at the 
bottom of the pipe, behaving like a sliding 
bed, but with a lower concentration compared 
to the bed concentration. The top of this 
sliding flow may show sheet flow, like the 
sliding bed behaviour. Sliding flow means that 
there is no or hardly any suspension above 
the sliding flow, the low concentrated bed. 
This implies that there is an equilibrium of 
deposition and suspension at the top of the 
sliding flow layer. The number of particles 
being suspended are equal to the number 
of particles depositioning. Particles being 
suspended is related to the bed shear stress 
or the Shields Number (dimensionless 
bed shear stress). Particles depositioning 
(settling) is related to the terminal settling 
velocity. Since sliding flow means, hardly any 
suspension above the bed, hindered settling 
does not have to be taken into account. 
Since the flow results in sliding friction 
(sliding bed behaviour), an indication of the 
bed shear stress is available. So, the criterion 
for the particle diameter to pipe diameter is, 
see Bagnold (1966):

FIGURE 2

An example of sliding 
flow behaviour, 
Boothroyde et al.  
(1979). 

FIGURE 3

Observed 
Heterogeneous, 
Homogeneous and 
Sliding Flow regimes 
under operational 
conditions.
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2

t s * sv u      with: 1.5α α= ⋅ =  
 

(1)

The terminal settling velocity is equal to the 
so-called friction velocity. This is often used as 
a criterion for suspension vs. no suspension. 
This criterion can be translated in terms of the 
Shields parameter by:

 

sd
t s *

D

4 g R d
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ψ

α
⋅ ⋅ ⋅ ⋅

= = ⋅
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2
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(3)

For spheres this gives a Shields parameter 
of about 3 and for real sand particles about 
1, with αs=1. Using αs=1.225 by Bagnold, this 
gives 2 for spheres and 0.67 for real sand 
particles.

For the derivation, first the equilibrium of 
forces on the layer of liquid above the sliding 
flow is derived, in order to have an expression 
for the pressure difference (see Figure 4). The 
geometrical definitions are given in Figure 6.
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The bed shear stress equals the carrier liquid 
density times the friction velocity squared. 
Now assume the pipe wall shear stress τ1 is 
a factor times the bed shear stress τ12, this
gives:

( )

2
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2
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(5)

Now we find for the pressure difference:
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For the equilibrium of forces on the bed, the 
pressure difference force Δp·A2 and the shear 
force on top of the bed F12,l are the driving 
forces. The sliding friction between the bed 
and the pipe wall F2,sf and the viscous friction 
of the pore water with the pipe wall F2,l are 
the resisting forces, where the latter can be 
neglected. The equilibrium of forces on the 
bed is:

( )

( )

12,l 2 2,sf 2,l
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2
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(7)

FIGURE 4

The forces on the 
layer of liquid above 
the bed.

FIGURE 5

The forces on the 
bed.

For the derivation,
first the equilibrium
of forces on the layer
of liquid above the
sliding flow is derived.

TECHNICAL
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Substituting the pressure difference gives:

( )

( ) ( )( )
( )

( )

2
l * p

2
l * p

p vr
p vr

sf s l p vb vr

u D sin L

u D L sin
A C

A 1 C

g A C C L

t

r b D

r D b α p b

µ r r D

⋅ ⋅ ⋅ ⋅ +

⋅ ⋅ ⋅ ⋅ + ⋅ −
⋅ ⋅

⋅ −

= ⋅ − ⋅ ⋅ ⋅ ⋅ ⋅

 

 

(8)

This can be simplified to:
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The friction velocity squared is now:
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The terminal settling velocity equation is:
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(12)

This gives for the particle diameter to pipe 
diameter ratio:
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(13)

In this equation all parameters are known 
except the ατ ratio. This ratio depends on the 
relative concentration, the line speed, the 
particle diameter and the pipe diameter and 
maybe also on the relative submerged density. 

To determine an equation for this ratio, many 
simulations with the 3 Layer Model are carrier 
out, resulting in the following empirical equation:
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      (14)

Figure 7 shows the shear stress ratio for a 
specific case, which is used for the derivation 
of the semi-empirical equation. 

If the wall shear stress is ignored, the following 
equation is valid:

( )
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sf vb vr vr2 D
s

p

C C 1 CCd 3
D 16 sin

µpα
ψ b

⋅ ⋅ ⋅ −⋅
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(15)

Since the Sliding Flow Regime only occurs 
for large particles, the drag coefficient is 
about 1 for sand particles and 0.445 for 

FIGURE 6

Geometrical 
definitions.

FIGURE 7

The shear stress 
ratio versus the rela-
tive line speed.
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spheres. The shape coefficient is about 0.77 
for sand particles and 1 for spheres.

For spheres, using αs=1, CD=0.445, Ψ=1, 
μsf=0.44 and Cvb=0.6, Figure 8 can be 
constructed. Figure 8 shows a particle 
diameter to pipe diameter ratio in the 
relative concentration range of 0.2-
0.8 (operational range) of 0.013-0.018, 
matching Sellgren & Wilson (2007) 
mentioning 0.015-0.018 in several 
publications. A fundamental derivation 
of Sellgren & Wilson (2007) could not 
be found, but it is remarkable how close 
equation (15) approaches these values. 

TECHNICAL

FIGURE 8

The particle diameter 
to pipe diameter ratio 
for spheres without 
wall shear stress.

FIGURE 9

The particle diameter 
to pipe diameter ratio 
for spheres.

FIGURE 10

The particle diameter 
to pipe diameter ratio 
for natural sands and 
gravels without wall 
shear stress.
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Adding the wall shear stress, equation (13), 
gives slightly smaller values for spheres, see 
Figure 9. For sands and gravels larger values 
are found, see Figures 10 and 11. Without wall 
shear stress values between 0.032 and 0.044, 
with wall shear stress from 0.026 to 0.036.

Figures 9 and 11 show the resulting particle 
diameter to pipe diameter ratio, both for 
spheres and real sand and gravel particles 
with wall shear stress. Apparently, this 
ratio is not just a fixed number (0.015-
0.018), but it depends strongly on the 
relative concentration. There is also a linear 
proportionality with the sliding friction 

FIGURE 11

The particle diameter 
to pipe diameter ratio 
for natural sands and 
gravels.
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based on the particle diameter to pipe 
diameter ratio of 0.015-0.018. This criterion 
is fixed and does not depend on other 
parameters. A physical background of this 
criterion could not be found. 

Based on the assumption that the sliding 
flow regime will occur if the deposition flux 
is larger than the erosion flux, an equation is 
derived for this criterion, see Bagnold (1966). 
If there are no particles in suspension, the 
concentration above the bed will be almost 
zero, resulting in a deposition flux being 
proportional to the unhindered terminal 
settling velocity. The erosion flux is assumed 
to be proportional to the friction velocity (or 
the Shields parameter). 

Setting the terminal settling velocity equal 
to the friction velocity times a factor results 
in an equation for the particle diameter to 
pipe diameter ratio. This ratio is proportional 
to the particle drag coefficient, the sliding 
friction coefficient, the bed concentration and 
reversely proportional to the particle shape 
factor. This ratio is also strongly dependent 
on the relative concentration and slightly 
dependent on the wall shear stress to bed 
shear stress ratio. 

The presence of the particle drag coefficient 
and the particle shape factor in the equation 
give different results for spheres and for real 
sands and gravels. This makes sense, because 
spheres with the same diameter have a larger 
terminal settling velocity because of a smaller 
drag coefficient and a shape factor of 1. So, 

it is expected that the sliding flow regime for 
spheres will start at a smaller particle diameter 
to pipe diameter ratio compared to real sands 
and gravels. The ratio range found for spheres 
matches the ratio range given by Sellgren 
& Wilson (2007). For real sands and gravels 
however, the ratio found is about twice the 
ratio given by Sellgren & Wilson (2007).

Since the starting assumption is indicative, 
αs=1, also the equation derived is indicative. 
Figure 3 however shows that the range given 
by Sellgren & Wilson (2007) matches the 
start of sliding flow or fully stratified flow. 
Most probably a higher ratio is required for 
full mobilisation of sliding flow, matching the 
equation derived. 

Now suppose the equation derived is correct, 
there will not be a sudden transition from 
heterogeneous flow to sliding flow. In general 
nature will generate a smooth transition, also 
because with real sands and gravels there is 
a particle size distribution. To apply equation 
(13) this transition ratio range starts at half 
the ratio found, with still heterogeneous flow 
and ends at the double ratio found, with fully 
mobilised sliding flow. This gives a good match 
with experimental data.

The equation derived only considers 
one criterion based on deposition flux 
equals erosion flux. At very low and/or high 
concentrations, there may be other physical 
phenomena dominating the slurry flow and 
resulting in a different ratio compared to 
equation (13).

coefficient, the bed concentration and the 
particle drag coefficient and a reversed 
proportionality with the particle shape factor. 
The proportionality with the pipe diameter 
is weak, while the proportionality with the 
particle diameter is very weak. The latter 2 
proportionalities are because of the influence 
on the shear stress ratio. The proportionality 
of the line speed is also because of the 
presence in the shear stress ratio. Since 
sliding flow occurs above the Limit Deposit 
Velocity, the LDV/LSDV ratio is used in the 
shear stress equation, however instead of the 
LDV any line speed can be chosen to see the 
effect.

Since the starting assumption that the 
terminal settling velocity equals the friction 
velocity on top of the bed is only indicative 
for the occurrence of suspension, Figures 9 
and 11 are also indicative. For normal relative 
concentrations the particle diameter to pipe 
diameter ratio in sand and gravel is between 
0.026 and 0.036, roughly twice the value as 
used by Sellgren & Wilson (2007).

Conclusions and discussion
Fully stratified flow or the sliding flow regime 
is defined as the flow of coarse particles in 
the bottom part of the pipe, without particles 
in suspension. At low line speeds the bed 
porosity is low (less than 50%), so one can 
talk about a sliding bed. At higher line speeds 
the porosity may exceed 50%, so one can 
no longer talk about a bed. That’s why this 
is named sliding flow or fully stratified flow. 
Sellgren & Wilson (2007) use a criterion 

Fully stratified flow or the sliding flow regime
is defined as the flow of coarse particles in
the bottom part of the pipe, without particles
in suspension.
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Summary
Five flow regimes for slurry transport are 
distinguished. The fixed or stationary 
bed regime, the sliding bed regime, the 
heterogeneous flow regime, the homogeneous 
flow regime and the sliding flow regime or fully 
stratified flow. For the first four flow regimes, 
many fundamental or empirical analytical 
models exist in literature, however for the 
sliding flow regime or fully stratified flow there 
is only a simple criterion, the particle diameter 
should be larger than about 0.015 times the 
pipe diameter. No good explanation is given for 
this criterion, nor a good definition is given.
 
Sliding flow or fully stratified flow means 
that all the solids remain in a sort of sliding 
bed. No or hardly any particles will be in 
suspension. Based on the assumption that 
sliding flow requires stronger deposition 
than erosion (Bagnold 1966), the criterion 
terminal settling velocity is larger than the 
friction velocity (shear stress) is applied. 
Based on this criterion, an equation is derived 
for the conditions of sliding flow to occur. It 
is remarkable that this criterion results in 
a particle diameter to pipe diameter ratio. 
However, this ratio is not a constant, but 
depends on the particle shape factor, the 
particle drag coefficient and the relative 
spatial volumetric concentration.
 
The equation derived only considers 
one criterion based on deposition flux 
equals erosion flux. At very low and/or high 
concentrations, there may be other physical 
phenomena dominating the slurry flow and 
resulting in a different ratio compared to 
equation (13).

A1 Cross section above the bed m2

A2 Cross section of the bed m2

Ap Cross section of the pipe m2

CD Particle drag coefficient -

Cvb Bed volumetric concentration -

Cvr Relative concentration Cvs/Cvb -

Cvs Spatial volumetric concentration -

d Particle diameter m

Dp Pipe diameter m

F1,l Viscous wall friction force kN

F12,l Bed friction force kN

F2,sf Sliding friction force bed-pipe wall kN

F2,l Pore water viscous friction force kN

g Gravitational constant (9.81) m/s2

ΔL Length of pipe m

Δp Pressure difference kPa

Rsd Relative submerged density -

u* Friction velocity m/s

vt Particle terminal settling velocity m/s

vls,ldv Limit Deposit Velocity m/s

vls,lsdv Limit of Stationary Deposit Velocity m/s

αs Factor -

ατ Shear stress ratio 1/12 -

β Bed angle rad

ψ Particle shape factor -

θ Shields number -

ρl Carrier liquid density ton/m3

ρs Solids density ton/m3

τ1 Pipe wall shear stress kPa

τ12 Bed shear stress kPa

μsf Sliding friction coefficient -

TABLE 1

Nomenclature
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