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Experimental observation and pressure drop modelling of plug formation in horizontal
millifluidic hydraulic conveying
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(Dated:)

The hydraulic conveying of glass beads was studied in a horizontal tube. At low flow rates, plugs
could be observed moving across the tube whereas pseudo-plugs could be seen at higher flow rates.
A statistical analysis of the plugs’ and pseudo-plugs’ velocities, and plugs’ lengths observed was
conducted. A transition of the propagation speeds distribution is established when the crossing over
from plug to pseudo-plug regime is reached, where the peaked plug velocity distribution turns into
a uniform pseudo-plug velocity distribution. On the other hand, the statistical distribution of plug
lengths exhibits a log-normal mathematical shape.
The interpretation of the measured pressure drop evolution with the imposed flow rate by means
of an effective viscosity shows an apparent shear-thinning effect coming from the dilution of the
granular material. This approach provides a predictive tool for pressure drop calculation in the
pseudo-plugs regime.

I. INTRODUCTION

In contrast to pneumatic conveying widely used in
industry to handle particulate material where solid
particles are carried by an air stream, hydraulic con-
veying relies on the use of liquids such as water to
transport solid matter over a given distance. Hydraulic
conveying still plays an important role in our indus-
trial world owing to its relatively low cost and lack
of significant energy consumption with regards to the
large distances it can potentially handle [1]. It is, for
example, used to transport coal slurry [2], iron ore
[3], phosphates [4], coal combustion products [5], and
mineral wastes [6]. Moreover, the study of hydraulic
conveying is intimately related to investigations into
the transport of sediments in rivers [7, 8] and of
sediments and sludge within sewers [9, 10]. While
numerous empirical and semi-empirical formula have
been developed for several decades alongside mechanical
models [11–13], our understanding of hydraulic con-
veying remains imperfect, especially when it comes to
the optimisation of industrial conveying solution [14, 15].

According to [1], horizontal hydraulic conveying is
characterised by several regimes such as stationary bed,
or moving-bed flow, heterogeneous suspension flow (with
a vertical concentration gradient), and finally a pseudo-
homogeneous suspension flow while the conveying speed
grows larger at a constant solid concentration. Between
the sationary-bed and moving-bed flow, we can observe
travelling fluctuations of the bed height. In [16] a phe-
nomenological description of various dense regimes is
proposed for pneumatic conveying, as granluar material
and pneumatic gas velocity is varied. Several plug flow
regimes are distinguished when the bed height fills locally
the entire tube’s cross section, forming plugs clearly sep-
arated from each other. Slug flow regime is mentioned
when the granular matter is transported alongside long
gas slugs [17] with large fluctuation in the particle con-
centration. Some authors [1, 18] also mention a dune flow

regime establishing from a dilute conditions as the fluid
velocity is decreased. Granular heaps have been seen to
form and travel at the surface of the granular bed driven
by a saltation phenomenon. In geosciences dunes have
been studied in details and a solid physical framework
explaining dunes’ displacement speed as well as dunes’
wavelength can be found in the literature [19, 20]. Phys-
ical phenomena responsible for the displacement of gran-
ular particles at the surface of the bed due to viscous drag
by the flowing fluid above is identical when it comes to
describe the transport of sand particles by the wind, or
industrial particulate material in a pneumatic conveying
line. However, the geometrical confinement existing in a
hydraulic or pneumatic conveying pipe starts to make a
major difference when solid particules accumulate so that
the tube’s or pipe’s cross-section is filled. For this reason
the knowledge successfully developped for understand-
ing dunes’ formation and displacement at the surface of
the Earth doesn’t apply for dense regimes developping in
pneumatic or hydraulic conveying.

Horizontal hydraulic and pneumatic conveying have a
lot in common so that insights into one of the processes
can often be profitably used for investigations of the
other process [15, 21, 22].
A large variety of pneumatic conveying regimes exists
[17] and the fluid superficial velocity and transported
mass rate represent controlling parameters. In both
hydraulic and pneumatic conveying the relationship
between pressure drop and superficial gas velocity is
established empirically for a series of mass rate values
for a given particulate material and a conveying line
[21]. For small superficial gas velocities the solid friction
between solid particles and conveying line walls is the
dominant dissipative phenomena and solid particles
agglomerate. In these so called dense flow regimes solid
particles agglomerate into granular waves also called
plugs. It has been shown thanks to tracers that particle
speed is smaller than the granular wave speed [23]. A
pick-up mechanism is taking place where solid particles
are collected at the front side of the propagating plug,
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FIG. 1: Sketch of the experimental setup. An horizontal
glass tube of inner diameter Dtube contains a mixture of
water and grains. A syringe pump imposes a constant
flow rate of water I0 whereas a second syringe filled

with glass beads introduces the granular material into
the stream at the tube’s inlet where a pressure sensor is

returning the measurement ∆P (t).

are transported over a given distance, before being
deposited at the rear side of the plug and left behind
[24, 25]. Although less investigated, studies have shown
that hydraulic conveying rely on saltation mechanism
as observed experimentally [26] as well as on a pick-up
mechanism too [27, 28]. Similarly to what has been
extensively studied in pneumatic conveying systems,
hydraulic conveying crosses over from dense to dilute
flow regimes [29] and pressure drop prediction has been
approached numerically [15, 29].

On the other hand, for particle-laden flows, rheo-
logical studies of suspension have provided powerful
descriptions of the complex relationship between shear
stress with shear rate and solid particle concentration
[30, 31]. A broad range of dry granular flow or granular
suspension can find a useful interpretation thanks to
recent rheological approaches in geosciences [32] or to
treat industrial issues [33].

In the present study, we set out to investigate the hor-
izontal hydraulic conveying of small glass beads at rela-
tively small flow rates in order to improve our knowledge
and comprehension of hydraulic conveying dense regimes
in a millifluidic setting. In Section II, we present our
experimental methodology. We show the results of our
analysis of the appearance, behaviour and features of
plugs and pseudo-plugs in Section III. In Section IV,
we describe our treatment and analysis of the pressure
drop profiles. We end this article with a conclusion and
an outlook in Section V.

II. EXPERIMENTAL SETUP

The experimental setup can be seen in Figure 1. The
hydraulic transport of a granular phase is obtained ex-
perimentally by means of a syringe pump (Harvard ap-

paratus) imposing a fixed flow rate I0 of filtered water in
a millifluidic tube of 590 mm length. A second syringe
filled with glass beads of diameter dgrain ∈ [70− 110]µm
is used as a granular reservoir connected to the tube’s
inlet. The granular matter is falling by gravity into the
stream of water coming from the syringe pump. A dif-
ferential pressure sensor (Keller PD-23/8666.1) measures
the pressure drop ∆P between the tube’s inlet and the
atmosphere. The flow inside the tube is recorded by a
camera with a 30 fps frequency. The experiments begin
by setting up a steady flow containing only water. The
granular matter is then poured at a constant rate into
the stream of water ahead of the tube’s inlet by open-
ing a valve. The tube is initially empty of grains and
the natural filling process leading to the formation of a
uniform layer of sedimented grains requires a long time
before completion. In order to accelerate the relaxation
towards a steady hydraulic transport of grains, a quick
granular flow is applied by pressing the syringe storing
the granular matter. Once a rapid flow of suspended
grains is obtained along the entire length of the tube the
pressure on the syringe storing the grains is released and
the suspension flow slows down. The suspended gran-
ular phase sediments then homogeneously in the tube.
This experimental manipulation accounts for the pres-
sure peak visible between the first plateau (correspond-
ing to the Hagen-Poiseuille flow of pure water) and the
second plateau (corresponding to the hydraulic transport
of granular matter), as can be viewed in Figure 2.

The experiment ends when the water syringe pump is
empty. The following flow rate values have been used: 1,
2, 3, 4, 5 ,10, 15, and 20 mL.min−1. The reproducibility
of the observations has been assessed by performing each
experiment three times. The present setup imposes a
fixed mass rate of grains, since the vertical syringe storing
the granular matter can either be closed or fully opened.

The experiments were then systematically recorded
with a camera. The image treatment procedure is il-
lustrated in Figure 3. First of all, the images are croped
and desaturated. A light intensity threshold is then em-
ployed to obtain a black and white picture, whereby the
white areas indicate the presence of the white glass beads.
For each abscissa x along the horizontal axis and at each
time t, the height of granular matter (i.e. the number
of white pixels) is calculated. This number is then con-
verted into a black-and-white light intensity. The local
amount of grains at a position x is thus converted into a
grey scale where light values correspond to large heights
of grains, whereas dark values correspond to small heights
of grains and eventually, for black values, to the absence
of grains. The temporal dynamics is then represented by
means of a spatio-temporal diagram as shown in Figure
4. All granular profiles along the tube obtained after im-
age treatment are stacked on top of each other from the
top to the bottom as a function of time. Accordingly,
the ordinate corresponds to the temporal axis develop-
ing downwards whereas the abscissae corresponds to the
longitudinal coordinates.
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(a)

(b)

FIG. 2: Pressure time series measured with an imposed
flow rate (a) I0 = 10 mL.min−1 and (b) I0 = 2
mL.min−1. The solid and dashed lines mark the

steady-state pressure plateaus obtained without any
grains and with grains, respectively.

At the temperatures in our laboratory (which fluctu-
ates between 21 ◦ C and 24 ◦ C), we can take the follow-
ing values for the density and dynamic viscosity of water:
ρw = 997.62 kg/m3 and µw = 9.33 · 10−4 Pa.s.

III. PLUG ANALYSIS

A. Plug and pseudo-plug flow regimes

In these experiments we could observe the formation
and propagation of plugs for flow rate values I0 ≤ 3
mL.min−1. These plugs correspond to accumulated gran-
ular matter filling the tube from bottom to top over a
certain length and moving in the flow direction, see the
inclined white stripes in the spatio-temporal diagram in
Fig. 4 .

At larger flow rates I0 ≥ 3 mL.min−1 the sedimented
bed appears to be dragged along the tube with no
clear plug formed. However the spatio-temporal anal-
ysis shows that granular fronts with small amplitude are

Original picture

Croping and
desaturation

Thresholding

 0

 10

 20

 0  50  100  150  200

x (mm)

Pixel counting

FIG. 3: Image treatment procedure applied to the
original picture for I0 = 1 mL.min−1.

travelling. These displacements are evidenced by inclined
lines in the spatio-temporal diagrams obtained for I0 ≥ 4
mL.min−1, and only partially visible in the ones obtained
for I0 ∈ [2−3] mL.min−1. These lines indicate that some
fluctuations of the granular layer’s height are propagat-
ing from left to right. These propagating flucutations of
the granular matter height will be denoted pseudo-plugs
in the rest of the text.
A first quantity that can be measured from the spatio-

temporal diagram is then the plugs’ or pseudo-plugs’
propagation speed vfront obtained from the slopes of
their stripes, see Fig. 5. We also looked at the plugs’
length λ. Note that in the case of pseudo-plugs with no
clearly defined extensional size, a single velocity vfront is
measured and no length can be defined in this case.

B. Statistical methodology

As can be seen in Figures 3 and 4, for flow rates smaller
than 3 mL.min−1, plugs can be observed moving through
the tube. However, for I0 ≥ 3 mL.min−1, it becomes
harder and harder to identify plugs, concurrently pseudo-
plugs events become more frequent.
As a preliminary verification we performed a Mann-
Whitney U test in order to ensure the similarities of
the statistical properties of random variables such as
the plugs’ or pseudo-plugs’ velocities vfront and plugs’
lengths λ obtained for two different experiments with the
same flow rate value. For every plug moving throughout
the tube, we computed the three quartiles of the plug’s
length : q25(λ), med(λ) and q75(λ), which are themselves
random variables as they can vary from plug to plug. In
order to test the similarity of the distribution of a ran-
dom variable Y during two trials conducted under the
same conditions, the Mann-Whitney U test considers the
null hypothesis H0: p(Y1 < Y2) = p(Y1 > Y2) against
the hypothesis H1 that p(Y1 < Y2) ̸= p(Y1 > Y2) at least
for some values [34]. The results of the Mann-Whitney
U test are shown in Table I. The experiments were con-
ducted at an imposed flow rate I0 = 1 mL.min−1 (trials
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FIG. 4: Spatio-temporal diagrams obtained from a section of the tube of length 234 mm located left from the tube
outlet for the following flow rate values (a) I0 = 1 mL.min−1, (b) I0 = 2 mL.min−1, (c) I0 = 3 mL.min−1, (d) I0 = 4

mL.min−1, and (e) I0 = 5 mL.min−1. Time goes downwards for 231 s.

Trials med(λ) q25(λ) q75(λ)
1 - 1 mL.min−1 (trial1 - trial2) 3.90E-01 3.80E-01 3.50E-01
1 - 2 mL.min−1 (trial1 - trial3) 9.51E-04 1.85E-03 2.95E-04
1 - 2 mL.min−1 (trial1 - trial4) 3.65E-03 5.29E-03 3.02E-03
1 - 2 mL.min−1 (trial2 - trial3) 4.03E-05 1.06E-04 2.10E-05
1 - 2 mL.min−1 (trial2 - trial4) 8.29E-04 1.07E-03 5.37E-04
2 - 2 mL.min−1 (trial3 - trial4) 2.79E-01 2.31E-01 1.91E-01

TABLE I: Mann-Whitney U tests for the plugs’ lengths
λ done for series of observations performed at a flow

rate I0 = 1 mL.min−1 and I0 = 2 mL.min−1.

1 and 2) and for two series of observations at an imposed
flow rate I0 = 2 mL.min−1 (trials 3 and 4). If the value
of the test becomes lower than a risk threshold set to
α = 0.05 we have a quantitative sign that the two sets
of observations may come from different statistical distri-
butions as the probability of obtaining the results we see
if the probability distributions are the same (hypothesis
H0) is smaller than α. The highest test values are ob-
tained here for observations made with similar flow rate
conditions, i.e. for trial 1 and 2 on the one hand, and for

trials 3 and 4 on the other hand. This confirms that we
can safely analyse together the results of two observations
obtained at the same flow rate.
The cumulative probability distribution function (cdf)

of a random variable X is defined as F (x) = p(X ≤ x);
i.e. the probability that X takes on a value that is equal
to or smaller than x. If we know n realisations of the
random variable X, the empirical cumulative probability
distribution function (ecdf) is defined as

Fn(x) =
Number of observations in the sample ≤ x

n

=
1

n

n∑
i=1

1{xi≤x}. (1)

Fn(x) converges towards F (x) when n tends to infinity.

C. Results of the statistical analysis
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FIG. 5: Details of the spatio-temporal diagram obtained for a flow rate I0 = 1 mL.min−1 during 85 s (left) and
I0 = 5 mL.min−1 during 79 s (right). Thin solid red lines show the boundaries of the central white stripe after
thresholding and contour detection for plugs travelling (left). The two upper and lower slopes in dashed lines

indicate respectively the front- and the rear-velocities of the travelling plug. Only the front velocity vfront will be
considered in this work. Plug’s length λ is obtained as the distance between the two front- and rear-velocity slopes.

For pseudo-plugs propagation (right) only velocities vfront can be defined.

a. Plugs’ and pseudo-plugs’ velocities. The veloci-
ties are measured from spatio-temporal diagrams. It cor-
responds to a random variable because it will vary from
plug to plug in an unpredictable fashion. med(vfront) is
then the median values of vfront when all the plugs ob-
served at the same flow rate are considered. Empirical
cumulative functions for the plugs’ and pseudo-plugs’ ve-
locities present a clear difference, see Fig. 6(a). Plugs are
progressing with very narrow velocity distributions, ex-
hibiting little variations as shown by the steep step in the
cumulative functions (solid lines in Fig. 6(a)). Pseudo-
plugs are presenting conversely some variations of their
velocities from pseudo-plug to pseudo-plug. The almost
linear behaviour of the cumulative functions for pseudo-
plugs’ velocities points to a uniform pseudo-plugs’ veloc-
ities distribution between two extreme values approxi-
mately equal to 1

2med(vfront) and 3
2med(vfront). Both

plugs and pseudo-plugs progapation dynamics appear to
be determined by a single parameter being the median
propagation velocity as shown by the collapse of cumu-
latives obtained for the plugs, i. e. for I0 ∈ [1 − 3]
mL.min−1 on the one hand, and for the pseudo plugs, i.
e. for I0 ∈ [3 − 5] mL.min−1 on the other hand. The
evolution of med(vfront) for various imposed flow rates
is shown in Fig. 6(b). Plugs have a median velocity in-
creasing with the imposed flow rate. The solid line in

Fig. 6(b) is a guide for the eye showing how the average
fluid velocity increases linearly with the flow rate if half of
the tube cross section is obstructed by sedimented grains.
This average velocity seems to be a fairly good estimate
for plugs’ velocities. Pseudo-plugs exhibit a counter in-
tuitive behaviour with a propagation velocity decreasing
with the imposed flow rate. However their values stay
within some limits given by average fluid velocity in a
fully open and 25% open cross section. This decreasing
behaviour could correspond to a decreasing obstruction
of the tube’s cross section due to the sedimented bed ero-
sion increasing with the imposed flow rate. The increas-
ing tube’s cross sectional aperture leads to a decreasing
fluid velocity displacing pseudo-plugs.

b. Plugs’ lengths. As for plugs’ and pseudo-plugs’
velocity, plugs’ length λ are measured from spatio-
temporal diagrams and corresponds to a random vari-
able as they vary from plug to plug. Its median value
is noted med(λ). Figure 7(a) shows the empirical cumu-
lative function of the plugs’ lengths λ for I0 = 1, 2 and
3 mL.min−1. The plugs’ length dimensionless variable

λ∗ = (λ/med(λ))
1/σ

is obtained from the median value
of the plugs’ lengthsmed(λ) and from the log-normal dis-

tribution parameter σ =
√

2 (ln(⟨λ⟩)− ln(med(λ))), the
plugs’ length mean value being ⟨λ⟩. An increase of the
median plugs’ length med(λ) and of the standard devia-
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FIG. 6: (a) Empirial cumulative functions for plugs’
(solid lines) and pseudo-plugs’ (dashed lines) velocities

normalized by the median velocities of each
distributions. The shade of grey indicates the imposed
flow rate ranging from 1 mL.min−1 (dark grey) to 5
mL.min−1 (light grey). (b) Median velocity values of
plugs (solid symbols) and pseudo-plugs (open symbols)
obtained for different imposed flow rate values. Error
bars associated with pseudo-plugs median velocities
correspond to the observed minimal and maximal

velocity values. The lines are guide for the eye giving
the expected fluid velocity averaged over the cross
sectional full aperture (bottom dashed line), 50%

aperture (solid line) and 25% aperture (top dashed line).

tion of the distribution can be observed with the imposed
flow rate I0, see Fig. 7 (b).
The observed plugs’ length distributions for I0 ∈ [1 − 3]
mL.min−1 fluctuate around the normalized log-normal
distribution. The assymptotic distribution of a random
splitting process corresponds to a log-normal shape [35,
36]. This observation could lead to further modelling as-
sumption about the plugs’ formation mechanism.
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FIG. 7: (a) Normalized empirical cumulative functions
of the plugs’ length (λ/med(L))1/σ (solid lines), and
normalized cumulative function for a log normal

distribution (dashed line). The shades of gray gives the
flow rate values ranging from 1 mL.min−1 (dark gray)
to 3 mL.min−1 (lighter gray). (b) Median and variance
values used for normalization, resp. solid symbols and

error bars.

IV. PRESSURE DROP ANALYSIS

A. Evolution of the pressure drop

Pressure measurements time-series during one experi-
ment show two plateaus separated by a sudden pressure
drop peak corresponding to the experimental manipula-
tion leading to the uniform introduction of the granular
material into the tube, see Fig. 2. First plateau corre-
sponds to the pressure drop due to the pure water flow
along the tube at a given flow rate I0. The final plateau
corresponds to the pressure drop resulting from the hy-
draulic conveying of granular matter. One can observe
the increase in pressure drop from pure water flow to
hydraulic conveying.

As can be seen on Figure 8 the pressure drop measure-
ments for pure water (disks) follow the Hagen-Poiseuille
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FIG. 8: Pressure drop measurements for pure water
(disks) and for hydraulic conveying of glass beads

(squares) as function of the imposed flow rate I0. Each
experiment were executed two to three times and the

error bars show the minimum and maximum
measurements. The solid line gives the expected

pressure drop for a suspension with the Maron-Pierce
correlation and a flow-rate dependent solid filling
fraction. The dash-dotted line gives the expected
pressure drop obtained with the Hagen-Poiseuille

formula for pure water.

formula (dash-dotted line) :

(∆P/L)HP =
128µwI0
πD4

tube

. (2)

Experiments have been executed two to three times to
test the reproducibility of the measurements. For each
imposed flow rate values, error bars show maximum
and minimum values and squares are located at the
mean values. After granular matter is introduced in
the flow, an increase in the pressure drop has been
observed for every imposed flow rate values. The relative
difference between the pressure drop for pure water and
for granular matter conveying is however decreasing.

In this system a competition exists between the grav-
itational force leading to the sedimentation of the gran-
ular matter on the bottom side of the tube on the one
hand, and the viscous drag leading to the conveying of
the granular matter along the tube on the other hand.
So we propose to build a dimensionless velocity from
the ratio between the mean pure fluid velocity in the
tube in the absence of grains, vG = 4I0/(πD

2
tube), and

the sedimentation velocity of a single grain in the fluid,
vsed = ∆ρgd2grains/(18µw):

v∗G =
72I0µw

πD2
tube∆ρgd2grains

. (3)

We also suggest here to consider the pressure drop mea-
surements (∆P/L)meas when granular matter is intro-
duced as a perturbation to the nominal pressure drop
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FIG. 9: (a) Reduced pressure drop (∆P/L)∗ as function
of the dimensionless velocity v∗G for pure water (disks)
and granular conveying (squares). The solid line gives
the zero ordinate base line Hagen-Poiseuille prediction.

(b) Effective viscosity ratio, calculated from the
pressure drop measurement µeff with pure fluid (disks)

and with granular conveying, to the nominal fluid
viscosity µw as function of the imposed flow rate I0.

The solid line gives the effective viscosity ratio given by
the Maron-Pierce correlation with our flow rate

dependent filling fraction model.

(∆P/L)HP for pure water given by the Hagen-Poiseuille
formula in Eq.( 2). So we consider the reduced pressure
drop : (

∆P

L

)∗

=
(∆P/L)meas − (∆P/L)HP

(∆P/L)HP

Figure 9 (a) shows the evolution of the reduced pres-
sure drop which gives the relative increase with respect
to the pressure drop for pure fluid. The measurements
made with pure fluid agree with the prediction from the
Hagen-Poiseuille formula in Eq. (2) whereas the measure-
ments made in hydraulic conveying conditions assymp-
totically converge towards the Hagen-Poiseuille predic-
tion for large velocities v∗G. On the contrary the reduced
pressure drop seems to diverge as v∗G tends to zero.
The Figure 9(b) shows the evolution of the effective

viscosity µeff divided by the nominal water viscosity.
The effective viscosity µeff corresponds to the viscosity
value required so that the Hagen-Poiseuille formula’s pre-
diction corresponds to the pressure drop measurements
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:

µeff =

(
∆P

L

)
meas

πD4
tube

128I0
. (4)

The hydraulic conveying pressure drop assymptotic
trend towards the Hagen-Poiseuille prediction could be
explained by the decreasing filling fraction in solid mate-
rials obtained for large flow rates. Indeed the solid mass
rate w is determined by the tubings and granular ma-
terial reservoir syringe diameters which does not change
with the flow rate I0. A rapid modelling of the filling
fraction ϕ could be derived from these two parameters :

ϕ =
w/ρg

w/ρg + I0
, (5)

with the solid volume rate w/ρg and the fluid volume rate
I0. The effective viscosity of a suspension is an increasing
function of the filling fraction in solid material [30, 31].
In particular the Maron-Pierce correlation [30] gives a
satisfying match to pressure drop experimental measure-
ments and numerical modelling out of a relatively simple
mathematical formula :

µeff/µw = (1− ϕ)
−2

. (6)

Putting togheter eqs. (5) and (6) an analytical formula
can be derived to predict the observed pressure drop mea-
surements in our system :(

∆P

L

)
MP

=
128I0
πD4

tube

µw

(
1− w/ρg

w/ρg + I0

)−2

. (7)

This formula reproduces the observations for hy-
draulic conveying with a rather good accuracy, see the
solid line in Fig. 9(b). For flow rate values I0 ≥ 3
mL.min−1, the decreasing concentration in granular
matter leading to a decreaseing effective viscosity is
well captured by the equation (7). For lower flow rate
values I0 ≤ 3 mL.min−1 the prediction overestimates
the measurements. Although Equation (7) provides
here a very satisfying prediction for the pressure drop
in nearly homogeneous horizontal hydraulic conveying
from very dilute conditions at large flow rates down to
semi-dense conditions with travelling pseudo-plugs, the
heterogeneous travelling plug structure may be based on
other physical phenomena.

A better estimation of the effective viscosity and
pressure drop in plugs regime would require a better
modelling of the various dissipative processes in hetero-
geneous hydraulic conveying, see [37]. The pressure drop
increase with the imposed flow rate observed in plugs
regime is consistent with the Ergun’s equation derived
for flow through packed columns [38]. The pressure drop
increase indicates then that the fluid is flowing with a
faster velocity than the plugs’ speed.

V. CONCLUSION AND OUTLOOK

While heterogeneous dense solid flows in hydraulic con-
veying systems present the advantage of causing less at-
trition and erosion than nearly homogeneous dilute flows,
they are not as well understood as the latter in part
due to the complex frictional interaction with the confin-
ing walls. The purpose of the present study was to im-
prove our understanding of these dense flow regimes, and
their transition towards dilute regimes. The hydraulic
conveying of glass beads in a millifluidic tube was in-
vestigated through the systematic measurements of the
pressure drop and the production of spatio-temporal di-
agrams from video recording. A full-fledged plug flow
regime can be seen at a flow rate of I0 ∈ [1−3] mL.min−1

whereas flow rates I0 ≥ 3 mL.min−1 exhibit pseudo-plugs
propagation regime.
For the lowest flow rate values here I0 ≤ 3 mL.min−1

the Archimede’s number Ar = 14.7 and the particle’s
Reynolnds number Re ≤ 1.6 would correspond to a plug-
1 regime according to [16]. However the phenomenology
observed here doesn’t really match this particular regime
as plug-1 type is supposed to travel across and leave be-
hind its passage an empty tube. In our observations the
phenomenology of the observed plugs is closer to the plug-
2 type despite the small Archimede’s number value. A
difference between gas flow used in pneumatic conveying
and the liquid flow used in the present hydraulic con-
veying study probably explains this unconsistency. For
larger flow rates I0 ≥ 3 mL.min−1 the Reynolds num-
ber Re ≥ 1.6 for the same Archimede’s number value,
points towards a so-called dune regime in the literature.
This regime has been studied in pneumatic [16] or in hy-
draulic conveying system [18] experimentaly or numeri-
cally [1]. It would be of great interest to revisit these
regimes, that has been denoted here pseudo-plugs as they
seem to correspond to precursors of plugs, with the phys-
ical approach developped for studying geophysical dunes
[19, 20]. Experimental observations with close-up images
capture and analysis should help to clarify this.
Plugs’ travelling velocities and length were statistically
studied for various imposed water flow rate values. Plugs’
and pseudo-plugs’ velocity distributions centered around
the median travelling velocity appeared to correspond
respectively to a very steep distribution and to a uni-
form distribution with two extrema. The averaged flow
velocity calculated with the half filled tube assumption
seems to correspond to the median velocity determining
the plugs’ velocity distribution. In the case of pseudo-
plugs, the median velocity which determines the width
of the uniform distribution as well as its center, corre-
sponds to the averaged flow velocity in the tube with a
decreasing filling fraction as the increasing imposed flow
rate is responsible for an increasing erosion of the sedi-
mented bed.
The plugs’ length distribution has been seen to follow a
log-normal distribution which is typical for random split-
ting processes. Here the median value and its variance
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increases as the flow rate increases. This statistical obser-
vation could help future modelling approaches to explain
plugs’ formation process.
Our experimental results expand numerical observations
showing an increase in plugs’ length and speed of the
front plugs as the superficial velocity increases [39] with
a statistical approach made possible with the large num-
ber of plugs studied. The effect of the flow rate on the
pressure drop of the water-solid flow has also been stud-
ied. An asymtotic trend towards solid-free fluid flow has
been recovered for large flow rate values due to the in-
creasing dilution of the solid whose mass rate remains
fixed whereas the fluid flow rate increases. In the pseudo-
plugs regime, the fluidization of the granular matter al-
lows to use filling fraction dependent effective viscosity
models for granular suspension in order to obtain a good
predictor of the pressure drop. The pressure drop mea-
surements in the plug regime resist to a simple modelling
which considers solid friction at the interface between
plugs and tube’s walls, and viscous dissipation between
two plugs. A more detailed modelling taking into ac-

count tribological description at the interface between
the travelling plug and the tube’s wall together with a
stress redirection within the granular material inside the
plug and the viscous drag seems to be necessary here [37].
Further experimental observations with different hy-
draulic or pneumatic conveying systems would be of great
interest to expend and give corrections to the present
model. This work on hydraulic conveying of glass beads
in a millifluidic tube has shown interesting analogies with
pneumatic conveying of granular materials. In the future
it would be of great interest to delve into the analogies
and differences between the two systems as some unifying
laws could be discovered [16, 21].

VI. CONTRIBUTION

Etienne Gagnepain conducted and interpreted the ex-
periments, Marc Fischer developped and applied the sta-
tistical methodology and Guillaume Dumazer supervised
the whole project.
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