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Abstract

We present a series of detailed experimental observations of saline and turbidity cur-
rents flowing in a straight channel. Experiments are performed by continuously feeding
the channel with a dense mixture until a quasi-steady configuration is obtained. The
flume, 12 m long, is characterized by a concrete fixed bed with a uniform slope of 0.005.5

Longitudinal velocity profiles are measured in ten cross sections, one meter apart, em-
ploying an Ultrasound Doppler Velocimeter Profiler. We also measure the density of
the mixture using a rake of siphons sampling at different heights from the bottom in
order to obtain the vertical density distributions in a cross sections where the flow al-
ready attained a quasi-uniform configuration. We performed 27 experiments changing10

the flow discharge, the fractional excess density, the character of the current (saline or
turbidity) and the roughness of the bed in order to observe the consequences of these
variations on the vertical velocity profiles and on the overall characteristics of the flow.
Dimensionless velocity profiles under quasi-uniform flow conditions were obtained by
scaling longitudinal velocity with its depth averaged value and the vertical coordinate15

with the flow thickness. They turned out to be influenced by the Reynolds number of
the flow, by the relative bed roughness, and by the presence of sediment in suspen-
sion. Unexpectedly the densimetric Froude number of the current turned out to have
no influence on the dimensionless velocity profiles.

1 Introduction20

Turbidity currents flowing in submarine canyons are recognized as preferential conduits
for sediment transfer from shallow to deep water. They have a tremendous impact on
the deep-sea environment since they affect the ecosystem in various ways, including
burial by sediment deposition, exposure by sediment removal, and food supply. More-
over, they are of great engineering relevance due to their ability to reach extremely25

high velocities that represents a serious geohazard for deep water installations. Addi-
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tionally, since the majority of sandstones in the geologic record were deposited from
rivers or from turbidity currents, they are also extremely significant in the research and
exploitation of hydrocarbon reservoirs.

In spite of their relevance, direct observation of the active process has proven ex-
tremely difficult since these events are short lived, located at specific sites, unpre-5

dictable and, in some circumstances, highly disruptive. A notable exception is the re-
cent field observation performed by Xu et al. (2004), who successfully measured verti-
cal profiles of downstream velocity for four flow events over the space of 1 yr, at three
locations down Monterey Canyon, California. Due to these difficulties, the majority of
the investigations aimed at understanding the dynamic of turbidity currents has been10

either through theoretical investigations or through experimental observations.
Altinakar et al. (1996a) performed a large number of experiments on turbidity cur-

rents employing either salt or sediments to generate the current. However, they pri-
marily focused their attention on the head rather than on the body of the current. The
same authors (Altinakar et al., 1996b) later showed that velocity and concentration dis-15

tributions could be well represented by similarity profiles independently on the values
attained by the main dimensionless parameters (namely densimetric Froude number,
Rouse number, relative bed roughness, etc.), once both profiles are scaled with the
values attained by the corresponding quantities at the velocity peak. Recently, Se-
queiros et al. (2010) somehow contradicted the previous findings showing that the20

vertical profiles of streamwise flow velocity and fractional excess density, due to salt,
salt/suspended sediment or suspended sediment alone, of the flow can be consistently
represented depending on the Froude number, the grain size of the bed material and
the presence or absence of bed forms. Here we wish to integrate these experimental
observations with a new set of observations specifically aimed at make some progress25

on the dimensionless parameters affecting the shape of velocity and concentration pro-
files in quasi-uniform turbidity and saline currents. Besides considering the well known
influence of the densimetric Froude number and of the relative bed roughness on the
vertical profiles, we will also consider the effect of the Rouse and Reynolds number on
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the vertical structures. This will be done performing a large number of experiments in
a straight flume with a fixed sloping bed. The inflow conditions, namely the flow dis-
charge, the fractional density excess, the nature of the current (saline or turbidity), and
the bed roughness will be varied over a wide range in order to cover both subcritical
and supercritical flows, and both turbulent and nearly laminar flows.5

2 Description of the experimental apparatus and procedure

2.1 Experimental apparatus

The experiments are performed in a 30 m long flume, composed by two straight
reaches 12 m long joined by a 180◦ bend with a constant radius of 2.5 m. Inside the
plexiglass flume, 0.6 m wide and 0.5 m deep, a constant bottom slope of 0.005 is re-10

alized with concrete starting from the inlet cross section of the flume and proceeding
3 m after the bend exit where the bottom keeps horizontal until the end of the flume
(Fig. 1). Here we will focus our attention on the first straight reach, only, where the flow
is capable to reach a quasi-uniform flow condition.

At the upstream end of the flume a sluice gate is placed to isolate a small portion of15

the channel where the dense mixture is injected. In this way, the mixture debouching
in the inlet chamber is forced to pass through the sluice gate, allowing us to control the
upstream flow thickness of the current by changing its height h0. At the downstream
end of the flume a dumping tank with a bottom drain is placed in order to avoid upstream
effects induced by the filling of the tank with the dense mixture during the experiment.20

The mixture of water and sediment (and/or salt) is created in two mixing tanks, each
one approximately equal to 2 m3 and provided with a mixer which allows the sediment
to be taken in suspension and the salt dissolved. The dense fluid is put in the channel
using an hydraulic pump through a pipe conduit. The flow rate is measured during the
experiment by an orifice flow-meter, and a set of valves in the pipes allow us to set the25

needed flow discharge before the start of each experiment.
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A rake of siphons sample the current along the vertical in order to measure the den-
sity distribution in cross sections C5 in every run. The siphons are operated manually,
and start sampling when the current head reaches the end of the flume and the current
reaches quasi-steady conditions. This allows us to obtain the density distribution of
the flow body, averaged over the time necessary to get the samples. The siphons are5

placed at 3, 9, 15, 25, 40, 55, 70, 100, 150, and 200 mm from the bottom, and sample
simultaneously. The suction velocity is set such to be similar to the current velocity, in
order to obtain realistic samples at the height each siphon is located.

The Ultrasound Doppler Velocity Profiler (UDVP) DOP2000 is employed to measure
longitudinal velocity profiles of the flow. We employ 10 probes simultaneously located10

in different cross sections (from C1 to C10 in Fig. 1) during each experiment. To record
the longitudinal profile every probe is placed along the centerline of the flume, partially
immersed in the water, pointing upstream and towards the bottom of the flume, with an
inclination of 60◦ with respect to the horizontal (Fig. 2).

2.2 Experiments performed and experimental procedure15

In this work we focus our attention on 27 experiments whose main characteristics are
summarized in Table 1.

For every experiment the density excess is generated in two different ways depend-
ing on the mixture employed. In the case of saline underflows the mixture was obtained
by adding salt to clear water, with a small percentage of sediment, added to the mix-20

ture as tracer for the UDVP. In the case of turbidity currents the mixture was made by
adding only sediments to clear water. Each experiment differs from the others in terms
of the nature of the current, saline or turbidity, the value of the fractional excess density
(∆ρ/ρ), the flow discharge at the inlet condition q0, and bed roughness.

Every UDVP’s probe employed in the experiments is able to acquire the instanta-25

neous velocity profile along its axis in each section where is placed. Employing the
DOP2000 in multiplexer mode, the system is not able to acquire velocity profiles from
every probe simultaneously, but can only acquire in sequence from each probe. As
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a consequence the time between two consequent profiles at the same cross section is
equal to the sum of the recording times of all the probes employed in the experiment.

In any cross section we employ the relations proposed by Ellison and Turner (1959)
to evaluate the mean values of velocity U and height h of the current. They read:

Uh =

z∞∫
0

udz (1)5

U2h =

z∞∫
0

u2dz (2)

The upper limit of integration z∞ is chosen as the height at which u = 0.3U . These
flow properties were employed to scale the velocity profiles and also to evaluate the
flow discharge per unit width q and the buoyancy flux per unit width B, defined as:10

q = Uh (3)

B = g′Uh (4)

The experimental procedure is the same for all the experiments performed. In the
two tanks (each characterized by a volume capacity of 2 m3) the mixture was prepared15

adding to the fresh water the prescribed amount of salt and sediment, in order to obtain
a fluid with the desired density. The fluid inside the tank was stirred by a mixer to avoid
sediment deposition and density stratification inside the tank. Before starting the exper-
iments, the flume was pre-filled with fresh water, and its density and temperature were
measured such to determine the exact value of excess density between the mixture20

and the ambient fluid.
The flow discharge was adjusted before every experiment, using a recirculation con-

duit (Fig. 1) where a control valve was opened of an amount such to obtain the specified
value of flow discharge. The experiment started when the valve of the flume conduit
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was opened such to feed the channel with the mixture. At the same time the bottom
drain valve placed at the end of the flume was opened of an amount such to remove the
same flow discharge from the system and to keep the free surface elevation constant
in time during the experiment. Once the fluid mixture reaches the inlet chamber, that
has a sluice gate at the bottom, the current starts flowing on the bed along the channel.5

The head of the current starts moving downstream the flume through the first straight
reach, proceeds along the bend and continues to the end of the channel. A few minutes
after the head of the currents has passed, it is possible to observe that the current
reaches a quasi-steady state. This is the time at which we start measurements of
velocity profiles and we take fluid samples to determine the density distribution of the10

current. Depending on the value of flow discharge, each test had a different duration
varying between about 10 and 30 min.

In Fig. 3 we report the temporal evolution of depth averaged velocity U and flow
thickness h in cross section C5 where it is possible to notice the passage of the flow
head, characterized by a rapid increase in flow thickness followed by a region where15

the flow is quasi-steady with minor temporal oscillations.

3 Observations on the structure of velocity and concentration profiles and
global flow properties

3.1 Velocity profiles

Velocity profiles are obtained by performing averaging operations on the instantaneous20

profiles in a time interval of 10 s.
Figure 4 shows a typical example of the longitudinal velocity profile, once the time av-

eraging operation has already been performed. The interface between the current and
the clear water is located roughly 9 cm above the rigid bed. Moving up from the bottom
we can notice that the velocity rapidly increases reaching the maximum located in the25

lower part of the current. Above the peak, the velocity invariably decreases approach-
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ing the current interface. Above the interface, there is still a small layer of ambient fluid
which is dragged downstream by the underlying current, whereas above such fluid
layer, a back flow is typically observed characterized by velocities much smaller than
the underlying current.

The vertical structure of longitudinal velocity is not the same in the longitudinal direc-5

tion. Starting from the inlet, where the shape of velocity profile is jet-like, the profiles
attains a similar vertical distribution proceeding downstream where the flow is quasi-
uniform. This is reported in Fig. 5 where we show a sequence of longitudinal velocity
profiles evidencing the spatial development of the average velocity profiles in a typ-
ical saline current (experiment S4: q0 = 0.0034 m2 s−1, ∆ρ/ρ = 0.6%). Unfortunately10

the DOP was not able to measure the velocity profile in the region close to the sluice
gate where the flow was supercritical. The cross section C1 closest to the inlet was
already located in the region downstream from the hydraulic jump where the flow was
already quasi-uniform. Every run has a similar behaviour, despite the flow thickness
and velocity intensity change in different experiments.15

The light blue line in Fig. 5 represents the interface between the current and the am-
bient fluid observed during the experiment. This was extracted by visually identifying
the interface between the clear water and the turbid underflow. It is possible to observe
that the interface is almost parallel to the bottom slope, thus suggesting that the current
reaches a quasi-uniform condition quite close to the inlet. The blue dots are the values20

of the flow height h obtained by the averaged velocity profile, using the Eqs. (1) and
(2); it is possible to notice the good correspondence between the elevation of flow inter-
face computed from velocity profiles and that measured visually during the experiment.
Not considering the profile close to the inlet and upstream from the hydraulic jump, in
Fig. 6a the velocity profiles at different cross sections are compared. It is evident that25

the velocity changes only slightly proceeding downstream.
From the data acquired during each test it is possible to find out some average

characteristics of the currents obtained some distance ahead from the flume inlet.
Indeed, the flow is supercritical at the upstream cross section, but becomes quasi-
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uniform downstream the hydraulic jump forming a short distance from the flow en-
trance. In particular, from Table 1 it can be noticed that the densimetric Froude number
F rd = U/

√
g′h, with g′ = g∆ρ/ρ representing the reduced gravity, remains supercriti-

cal in many cases, but is less than unity in some other cases.
Time averaged velocity profiles have been calculated in every measuring cross sec-5

tion. Both the longitudinal velocity and the vertical coordinate were then scaled employ-
ing the values of depth averaged velocity and flow thickness corresponding to Eqs. (1)
and (2) in order to obtain dimensionless velocity profiles. It is evident from Fig. 6b that,
neglecting the profile too close to the inflow condition, velocity profiles correspond-
ing to the same experiment, once made dimensionless, tend to collapse on a narrow10

band. Far from the initial section where the flow structure is determined by inflow con-
dition and by the presence of an hydraulic jump, the flow adjust to a quasi-uniform flow
characterized by the existence of a self-similar velocity profile on the vertical. In the
following we will consider the vertical profiles measured along the channel axis and
corresponding to cross section C5 located 5.25 m far from the upstream inflow where15

the flow is fully developed and has attained a quasi-uniform configuration.

3.2 Flow discharge

From the calculation of the depth averaged velocity U and flow thickness h of the cur-
rents we calculated the flow discharge per unit width q = Uh in every cross section
velocity measurements were performed. It is possible to notice from Fig. 7 that, down-20

stream from the hydraulic jump located close to the inlet, the current adjust its char-
acteristics to a quasi-steady condition where flow discharge slightly increases down-
stream due to entrainment of clear water from above. Such increase in flow discharge
is also reflected in a slight thickening of the current proceeding downstream, whereas
flow velocity U tends to keep almost constant.25

From the calculation of the flow discharge in the downstream direction it is possible
to notice in Fig. 8 that all the experiments show a value of q greater then the inlet value.
This is related to water entrainment from above, particularly intense in the first few me-
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ters after the supercritical inlet condition, where an hydraulic jump was present. Water
entrainment from above was however different in the various experiments performed,
highly dependent on the initial value q0 imposed upstream. In particular series charac-
terized by low values of q0 maintain the flow discharge approximately constant along
the flume, whereas the increase of flow discharge q proceeding downstream was more5

intense in those experiments with high values of q0 at the inlet. This is related to the
character of the current, more prone to entrain fresh water as the flow becomes more
supercritical.

3.3 Head velocity

Once the experiment is started, the heavier fluid starts flowing under the ambient fluid.10

The front of the current is the place where the dense fluid coming from the body meet
the still lighter fluid that fills the environment. This is a place of great turbulence, in
which the most important phenomena of bed sediment erosion and mixing between
the current and the ambient fluid take place (Allen, 1971; Middleton, 1993).

It is well know that the body of the current is faster than the head (Middleton, 1966a,15

b; Best et al., 2001). This is confirmed from our experiments as reported in Fig. 9,
where we show that the average downstream body velocity is roughly 20 % greater
than the head velocity.

Didden and Maxworthy (1982) proposed an empirical expression concerning the
value of the head velocity Uf in constant flux gravity currents where the entrainment of20

ambient fluid is neglected. The authors related the head velocity with the volume flux
per unit width q and the reduced gravity g′ in the form:

Uf = C(g′q)1/3 (5)

with C an order one constant. The value of the constant C was found by Özgökmen
and Chassignet (2002) who performed a series of numerical experiments, with a two25

dimensional (x,z) non-hydrostatic model, providing a value C = 1.05±0.1. The relation

826

http://www.earth-surf-dynam-discuss.net
http://www.earth-surf-dynam-discuss.net/1/817/2013/esurfd-1-817-2013-print.pdf
http://www.earth-surf-dynam-discuss.net/1/817/2013/esurfd-1-817-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/


ESURFD
1, 817–853, 2013

Vertical profiles in
turbidity currents

M. Stagnaro and
M. Bolla Pittaluga

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

proposed above is confirmed by our experimental results: in Fig. 10 the theoretical
prediction (Eq. 5) is compared with the experimental velocity measured during our
experiments. The theoretical prediction tends to slightly overestimate the experimental
values of front velocity.

3.4 Density profiles5

Density profiles are obtained from the measurements performed on the flow samples
taken by the siphons. Each measure taken at different heights from the bottom provides
the time averaged value of fluid density at that elevation: indeed every sample has
a density value that is the mean temporal value on a time frame necessary to fill the
sample (typically 10 min).10

In Fig. 11a we show a comparison between the density profiles measured in the
same cross section in 4 experiments of saline currents characterized by the same
upstream discharge (q0 = 0.0026 m2 s−1) but different values of the excess density at
the inlet. It can be immediately noticed that the maximum value of the excess density
differs from the corresponding inlet condition. This is primarily due the strong mixing15

effect occurring close to the flow inlet in correspondence of the hydraulic jump and
secondly to the water entrainment of ambient fluid downstream the hydraulic jump
where the current has attained a quasi-uniform configuration. Though the entrainment
has a secondary role compared with the mixing effects in the region close to the input
section, it is responsible for current dilution in the downstream direction. The density20

distribution along the vertical, in all the experiments performed, has a similar structure:
it is approximately constant in the dense current, and rapidly decreases in the region
near the interface to reach the value equal to the ambient fluid further up along the
vertical.

This if further demonstrated with Fig. 11b where the profiles of excess density are25

scaled with their depth averaged value and vertical distances are scaled with flow thick-
ness. Changing the initial value of the density at the inlet section, profiles collapse on
each other. Indeed, in the case of density currents density stratification on the vertical
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within the current is nearly absent. Conversely, if one observes Fig. 12, where it is rep-
resented a comparison between the profile of excess density of a saline current, and
the corresponding profile of a turbidity current, we can see that the latter has a higher
density in the lower part, while decreases gradually towards the interface. In the upper
part of the profile in fact the saline flow has a higher density value. This fact is due to the5

presence of suspended sediments in side a turbidity currents, that tend to settle down
and move the higher value of density profile towards the bottom. In the experiments
performed the sediments were very fine (ds = 50 µm), this could be the reason why this
tendency is not very clear. Also, it is worth pointing out that the samples taken with the
syphons are affected by a measuring error larger than the differences in excess density10

that we would like to detect with the present comparison.

4 Velocity profiles under quasi-uniform conditions

Our attention is here focused on the quasi-steady conditions attained by the current
some time after the passage of the current head. As already pointed out the body of the
current is characterized by a quasi-uniform flow condition. Velocity measurements are15

recorded during the whole duration of each experiment, including the head. However,
here we just consider velocity measurements corresponding to the body of the current.
Similarly, density measurements are sampled in the body of the current.

4.1 Effect of the Reynolds number

One of the crucial parameters affecting the structure of the current is the Reynolds20

number of the current. To quantify its effects on the velocity profile we varied flow
discharge at the inlet. Indeed the Reynolds number Re is proportional to the specific
flow rate q in the form:

Re =
Uh
ν

=
q
ν

(6)
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where ν is the kinematic viscosity of the fluid and U and h are respectively the average
velocity and height of the currents, calculated in the cross section from the longitudinal
velocity profile.

We show in Fig. 13a the vertical profiles of different saline experiments performed
by keeping the value of the excess density at the inlet constant and equal to 0.3 %. It is5

evident that increasing the flow rate the velocity intensity increases and simultaneously
the current becomes thicker. However from this graph is not possible to find out some
common characteristics, differences and analogies are more clearly evidenced if we
scale all velocity profiles measured in the fully developed region with their characteristic
values of velocity U and flow thickness h. They are reported in Fig. 13b, with colors10

corresponding to different experiments; furthermore the series have been indicated
according to the Reynolds number of the current.

In Fig. 13b is possible to distinguish two different shapes of the velocity profiles.
In particular currents characterized by a low value of the Reynolds number (red and
green lines) exhibit a velocity maximum related to their averaged value higher than the15

series with higher value of Re. As a direct consequence the former shape results to be
sharper then the further.

It is also possible to observe that there is a difference in the part of the velocity
profiles up to the peak; in particular the concavity is upwards for low Re and opposite
in the other case. Moreover, the part of the external ambient fluid that follows the flow20

in the downstream direction, compared to the thickness of the currents itself, increases
with decreasing value of the Reynolds number of the flow.

4.2 Effect of the presence of suspended sediments

Although the fuel that induces and sustains these kind of phenomena is the difference
in density between the flow and the ambient fluid, density currents show a different25

behavior whether they are induced by the presence of dissolved salt or suspended
sediment. The reason for this difference is related two aspects. The first is due to the
well known effect of suspended sediments on turbulence dumping. Indeed, in a clas-
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sical paper of open channel flows, Vanoni (1946) documented experimentally that an
increase in the mean concentration of suspended sediment was associated with an
increasing velocity gradient at the wall. It was first hypothesized and then confirmed
by both theoretical investigations (Villaret and Trowbridge, 1991; Herrmann and Mad-
sen, 2007; Bolla Pittaluga, 2011) and experimental observations (Muste et al., 2009)5

that the latter effect might originate from suspended sediments damping turbulence
and decreasing turbulent mixing. The second reason is related to sediment entrain-
ment from the bed. Both saline and turbidity currents, indeed, can modify their density
entraining ambient fluid that dilutes them from above. In the case of sediment laden
currents, however, the flow can also exchange sediments with the erodible bed either10

decreasing bulk density through sediments deposition or, vice versa, increasing bulk
density through erosion from the bed of the submarine canyon.

Figure 14 shows the difference in the velocity profile between a saline (S14 red
line) and a turbidity (S25 green-line) current in two experiments performed under the
same conditions with the exception of the way the same value of excess density was15

generated (salt or sediments). It can be immediately noticed that the shape of the two
dimensionless profiles shows some significant differences. Sediment laden flows have
an higher value of velocity, compared with the averaged one, that is located closer to
the bed; as a consequence the velocity profile appears quite sharp at the velocity peak.
On the contrary the flow speed of the saline current is more spread on the vertical,20

resulting in a flatter velocity distribution characterized by a lower value of peak velocity
compared to the previous case. Finally in the turbidity current case, velocity gradually
decreases with distance from the interface whereas the velocity gradient is much more
abrupt in the case of the saline current.

4.3 Effect of bed roughness25

We also investigated the effects of the presence of a rough bed on the velocity distribu-
tion. Most of the experiments performed were carried out on a smooth plane bed. We
then performed a new set of experiments placing a uniform layer of fine gravel, char-
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acterized by a d50 = 3 mm, on the smooth fixed bed. The sediment size was chosen
sufficiently rough such that particles remained fixed during the flow event.

Results are shown in Fig. 15 where we compare two classes of density currents
performed under the same excess density at the inlet (∆ρ/ρ0 = 0.6%), similar values of
flow discharge at the inlet (q0 = 0.0034−0.0069 m2 s−1) but over a smooth (experiments5

S4, S23, S25) and a rough bed (experiments S26, S27, S28), respectively.
We first noticed that differences in velocity profiles between the two cases were

evident. Primarily the maximum speed of the current was grater and located closer
to the bed in the smooth configuration respect to the rough case. The velocity intensity
at the bottom was reduced as a results of increased bed friction; in addition the velocity10

profile increased its thickness.
Observing Fig. 15 it is interesting to note that the dimensionless longitudinal velocity

is characterized by a velocity peak that is higher in the rough bed experiment respect
to the smooth one. Indeed, the height of the velocity peak moves from roughly 0.25h
in the smooth case to roughly 0.4h in the rough case. Also, the dimensionless flow15

velocity is slightly reduced in the lower part close to the bed, as a consequence of
the increase in bed resistance, and is slightly faster above the velocity peak. It is also
worth noting that the two profiles show the same value of the maximum dimensionless
velocity (umax/U) and that the elevation of the interface is not affected significantly by
the change in bed roughness.20

4.4 Effect of excess density

Another aspect that we wanted to investigate is the effect of the value of the excess
density on the velocity profile. We then performed three saline experiments generating
currents characterized by different values of excess density and keeping all the other
input values constant. Figure 16a shows that, increasing the value of excess density,25

the flow increases the peak velocity, and also the depth averaged velocity, and at the
same time becomes thinner with a velocity peak closer to the bottom. Although it is
evident the effect that an increase in density has on the current (Fig. 16a), observing
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the dimensionless profiles in Fig. 16b the shape of the velocity profiles do not seem
to be affected by this change. It should be noted however that the variations of excess
density are small, as they are limited to a few percent. They are then sufficient to
influence the overall flow dynamics of the current but the values of excess density
are not large enough to produce significant changes on the dimensionless shape of5

longitudinal velocity. This suggests that the excess density is, among the parameters
here considered and in the range of variation here employed, the one that has a smaller
influence on the shape of the longitudinal velocity profiles.

4.5 Effect of the densimetric Froude number

Finally we investigate the influence of the densimetric Froude number F rd on the ve-10

locity profile. We selected the experiments characterized by different values of F rd but
similar characteristic of the other parameters examined before. In particular they have
a value of Re larger than 4.8×103 up to a maximum of 15×103, they are all saline
currents flowing on a smooth bed. The experiments considered here have a value of
F rd falling in the range 0.65–0.88 for the subcritical flows, and in the range 1.07–1.1815

for the supercritical cases. As it can be seen from the Fig. 17 the dimensionless pro-
files of velocity do not show an evident difference related to the character of the current
(subcritical or supercritical). According to the present experimental observations, the
densimetric Froude number does not affects significantly the dimensionless shape of
the velocity profile.20

5 Conclusions

In this work we reported the results of 27 experiments on turbidity and saline den-
sity currents. Every experiments was performed by changing either the value of flow
discharge at (q0) at the inlet, or the fractional excess density (∆ρ/ρ) at the inlet, or
the way in which the excess density was generated (with salt or sediments) or, finally,25
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the roughness of the bed. We were interested in quantifying how these parameters
affect the dynamics of the current flowing in a straight channel, and if it was possible
to identify some dimensionless parameter responsible for the vertical shape of the di-
mensionless longitudinal velocity. Indeed we focused our attention on the development
of the currents in the first straight reach of our flume, where we observed the achieve-5

ment of a quasi-uniform state of the current characterized by self-similar dimensionless
velocity profiles. Their turned out to be affected by the Reynolds number of the flow,
by the relative bed roughness and by the presence of sediment in suspension. The
densimetric Froude number, apparently, turned out to have a negligible effect on the
vertical structure of the dimensionless velocity profile. More specifically, currents with10

low values of the Reynolds number were characterized by sharper profiles close to
the peak velocity with respect to those corresponding to large values of the Reynolds
number. The presence of suspended sediment in the currents, which distinguish tur-
bidity from saline currents, was responsible for the downward movement of the peak
velocity; this was due to the natural property of the sediments to settle down. On the15

contrary, increasing the bed roughness we observed that the peak velocity was higher
with respect case of smooth bed.

We are presently extending the measurements to the curved bend, located down-
stream from the first straight reach in order to investigate the vertical structure of sec-
ondary flow in currents flowing in a constant curvature bend, and their possible influ-20

ence on the structure of longitudinal velocity as well as on the overall dynamics of the
current.
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Table 1. Summary of the principal characteristics of the 27 experiments performed.

Exp. Excess Flow Mixture Average Average Densimetric Reynolds Bed
no. density discharge salt–sand velocity flow depth Froude n. number roughness

∆ρ/ρ q0 (m2 s−1) (%) U (ms−1) h (m) F rd Re×103 (–)

S1 0.023 0.0034 90–10 % 0.086 0.069 0.88 5.6 smooth
S2 0.012 0.0034 90–10 % 0.063 0.081 0.65 4.8 smooth
S3 0.012 0.0034 0–100 % 0.074 0.069 0.82 4.8 smooth
S4 0.006 0.0034 90–10 % 0.072 0.087 1.10 5.9 smooth
S5 0.003 0.0009 90–10 % 0.022 0.047 0.59 0.98 smooth
S6 0.003 0.0017 90–10 % 0.043 0.061 1.01 2.5 smooth
S7 0.003 0.0026 90–10 % 0.060 0.085 1.47 4.8 smooth
S8 0.004 0.0121 90–10 % 0.084 0.185 0.99 15.0 smooth
S9 0.004 0.0069 90–10 % 0.074 0.160 1.08 11.0 smooth
S10 0.023 0.0069 90–10 % 0.106 0.093 0.91 9.3 smooth
S11 0.013 0.0069 90–10 % 0.106 0.091 1.07 9.1 smooth
S12 0.013 0.0009 90–10 % 0.043 0.036 0.69 1.5 smooth
S13 0.013 0.0017 90–10 % 0.061 0.047 1.00 2.7 smooth
S14 0.006 0.0069 90–10 % 0.075 0.168 1.07 12.0 smooth
S15 0.006 0.0009 90–10 % 0.034 0.036 0.81 1.2 smooth
S16 0.006 0.0017 90–10 % 0.054 0.044 1.16 2.2 smooth
S17 0.004 0.0034 90–10 % 0.056 0.115 1.18 6.1 smooth
S18 0.006 0.0026 90–10 % 0.054 0.079 0.97 4.0 smooth
S19 0.012 0.0026 90–10 % 0.071 0.056 1.01 3.8 smooth
S20 0.023 0.0026 90–10 % 0.087 0.043 1.06 3.5 smooth
S21 0.023 0.0009 90–10 % 0.044 0.026 0.80 1.1 smooth
S22 0.023 0.0017 90–10 % 0.059 0.042 0.75 2.3 smooth
S23 0.006 0.0034 0–100 % 0.056 0.114 0.97 6.0 smooth
S25 0.006 0.0069 0–100 % 0.073 0.153 1.09 11.0 rough
S26 0.006 0.0034 0–100 % 0.049 0.122 1.42 5.6 rough
S27 0.006 0.0069 0–100 % 0.061 0.167 0.87 9.6 rough
S28 0.006 0.0034 90–10 % 0.063 0.091 1.05 5.4 rough
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M. Stagnaro and M. Bolla Pittaluga: Velocity and concentration profiles of saline and turbidity currents. 3

(a)

(b)

Figure 1. (a) Sketch and (b) plan view of the turbidity current flume.

the others in terms of the nature of the current, saline or tur-121

bidity, the value of the fractional excess density (∆ρ/ρ), the122

flow discharge at the inlet conditionq0, and bed roughness.123

Every UDVP’s probe employed in the experiments is able124

to acquire the instantaneous velocity profile along its axisin125

each section where is placed. Employing the DOP2000 in126

multiplexer mode, the system is not able to acquire veloc-127

ity profiles from every probe simultaneously, but can only128

acquire in sequence from each probe. As a consequence the129

time between two consequent profiles at the same cross sec-130

tion is equal to the sum of the recording times of all the131

probes employed in the experiment.132

In any cross section we employ the relations proposed by133

Ellison and Turner (1959) to evaluate the mean values of ve-134

locity U and heighth of the current. They read:135

Uh =

z∞
∫

0

udz (1)136

137

U2h =

z∞
∫

0

u2dz (2)138

The upper limit of integrationz∞ is chosen as the height139

at whichu = 0.3U. These flow properties were employed to140

scale the velocity profiles and also to evaluate the flow dis-141

charge per unit widthq and the buoyancy flux per unit width 142

B, defined as: 143

q = Uh (3) 144

145

B = g′Uh (4) 146

The experimental procedure is the same for all the exper-147

iments performed. In the two tanks (each characterized by a148

volume capacity of 2m3) the mixture was prepared adding149

to the fresh water the prescribed amount of salt and sedi-150

ment, in order to obtain a fluid with the desired density. The151

fluid inside the tank was stirred by a mixer to avoid sediment152

deposition and density stratification inside the tank. Before 153

starting the experiments, the flume was pre-filled with fresh154

water, and its density and temperature were measured such155

to determine the exact value of excess density between the156

mixture and the ambient fluid. 157

The flow discharge was adjusted before every experiment,158

using a recirculation conduit (Figure 1) where a control valve 159

was opened of an amount such to obtain the specified value160

of flow discharge. The experiment started when the valve of161

www.earth-surf-dynam.net Earth Surf. Dynam.

Fig. 1. (a) Sketch and (b) plan view of the turbidity current flume.
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2 M. Stagnaro and M. Bolla Pittaluga: Velocity and concentration profiles of saline and turbidity currents.

the values attained by the main dimensionless parameters34

(namely densimetric Froude number, Rouse number, relative35

bed roughness, etc...) , once both profiles are scaled with the36

values attained by the corresponding quantities at the veloc-37

ity peak. Recently, Sequeiros et al. (2010) somehow contra-38

dicted the previous findings showing that the vertical profiles39

of streamwise flow velocity and fractional excess density,40

due to salt, salt/suspended sediment or suspended sediment41

alone, of the flow can be consistently represented depend-42

ing on the Froude number, the grain size of the bed material43

and the presence or absence of bed forms. Here we wish to44

integrate these experimental observations with a new set of45

observations specifically aimed at make some progress on46

the dimensionless parameters affecting the shape of veloc-47

ity and concentration profiles in quasi–uniform turbidity and48

saline currents. Besides considering the well known influ-49

ence of the densimetric Froude number and of the relative50

bed roughness on the vertical profiles, we will also consider51

the effect of the Rouse and Reynolds number on the vertical52

structures. This will be done performing a large number of53

experiments in a straight flume with a fixed sloping bed. The54

inflow conditions, namely the flow discharge, the fractional55

density excess, the nature of the current (saline or turbidity),56

and the bed roughness will be varied over a wide range in or-57

der to cover both subcritical and supercritical flows, and both58

turbulent and nearly laminar flows.59

2 Description of the experimental apparatus and pro-60

cedure61

2.1 Experimental apparatus62

The experiments are performed in a 30 m long flume, com-63

posed by two straight reaches 12 meters long joined by a 18064

degree bend with a constant radius of 2.5 m. Inside the plex-65

iglass flume, 0.6 m wide and 0.5 m deep, a constant bottom66

slope of 0.005 is realized with concrete starting from the in-67

let cross section of the flume and proceeding 3 m after the68

bend exit where the bottom keeps horizontal until the end of69

the flume (Figure 1). Here we will focus our attention on the70

first straight reach, only, where the flow is capable to reach a71

quasi–uniform flow condition.72

At the upstream end of the flume a sluice gate is placed to73

isolate a small portion of the channel where the dense mix-74

ture is injected. In this way, the mixture debouching in the75

inlet chamber is forced to pass through the sluice gate, al-76

lowing us to control the upstream flow thickness of the cur-77

rent by changing its heighth0. At the downstream end of the78

flume a dumping tank with a bottom drain is placed in order79

to avoid upstream effects induced by the filling of the tank80

with the dense mixture during the experiment.81

The mixture of water and sediment (and/or salt) is created82

in two mixing tanks, each one approximately equal to 2 m3
83

and provided with a mixer which allows the sediment to be84

taken in suspension and the salt dissolved. The dense fluid is85

(a) (b)

Figure 2. DOP2000 probe: (a) scheme of the probe installation, and
(b) the probe in operation during one experiment.

put in the channel using an hydraulic pump through a pipe86

conduit. The flow rate is measured during the experiment by87

an orifice flow–meter, and a set of valves in the pipes allow88

us to set the needed flow discharge before the start of each89

experiment. 90

A rake of siphons sample the current along the vertical in91

order to measure the density distribution in cross sectionsC5 92

in every run. The siphons are operated manually, and start93

sampling when the current head reaches the end of the flume94

and the current reaches quasi–steady conditions. This allows 95

us to obtain the density distribution of the flow body, aver-96

aged over the time necessary to get the samples. The siphons97

are placed at 3, 9, 15, 25, 40, 55, 70, 100, 150, 200 mm from98

the bottom, and sample simultaneously. The suction velocity 99

is set such to be similar to the current velocity, in order to100

obtain realistic samples at the height each siphon is located. 101

The Ultrasound Doppler Velocity Profiler (UDVP) 102

DOP2000 is employed to measure longitudinal velocity pro-103

files of the flow. We employ 10 probes simultaneously lo-104

cated in different cross sections (from C1 to C10 in Figure105

1) during each experiment. To record the longitudinal profile 106

every probe is placed along the centerline of the flume, par-107

tially immersed in the water, pointing upstream and towards108

the bottom of the flume, with an inclination of 60◦ with re- 109

spect to the horizontal (Figure 2). 110

2.2 Experiments performed and experimental procedure 111

In this work we focus our attention on 27 experiments whose112

main characteristics are summarized in Table 1. 113

For every experiment the density excess is generated in114

two different ways depending on the mixture employed. In115

the case of saline underflows the mixture was obtained by116

adding salt to clear water, with a small percentage of sedi-117

ment, added to the mixture as tracer for the UDVP. In the118

case of turbidity currents the mixture was made by adding119

only sediments to clear water. Each experiment differs from 120

Earth Surf. Dynam. www.earth-surf-dynam.net

Fig. 2. DOP2000 probe: (a) scheme of the probe installation, and (b) the probe in operation
during one experiment.
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4 M. Stagnaro and M. Bolla Pittaluga: Velocity and concentration profiles of saline and turbidity currents.

Table 1. Summary of the principal characteristics of the 27 experiments performed.

Exp. Excess Flow Mixture Average Average Densimetric Reynolds Bed
n◦ Density Discharge salt - sand Velocity Flow Depth Froude N. Number Roughness

∆ρ/ρ q0 [m2/s] [%] U [m/s] h [m] Frd Re ·103 [-]

S1 0.023 0.0034 90% - 10% 0.086 0.069 0.88 5.6 smooth
S2 0.012 0.0034 90% - 10% 0.063 0.081 0.65 4.8 smooth
S3 0.012 0.0034 0% - 100% 0.074 0.069 0.82 4.8 smooth
S4 0.006 0.0034 90% - 10% 0.072 0.087 1.10 5.9 smooth
S5 0.003 0.0009 90% - 10% 0.022 0.047 0.59 0.98 smooth
S6 0.003 0.0017 90% - 10% 0.043 0.061 1.01 2.5 smooth
S7 0.003 0.0026 90% - 10% 0.060 0.085 1.47 4.8 smooth
S8 0.004 0.0121 90% - 10% 0.084 0.185 0.99 15.0 smooth
S9 0.004 0.0069 90% - 10% 0.074 0.160 1.08 11.0 smooth
S10 0.023 0.0069 90% - 10% 0.106 0.093 0.91 9.3 smooth
S11 0.013 0.0069 90% - 10% 0.106 0.091 1.07 9.1 smooth
S12 0.013 0.0009 90% - 10% 0.043 0.036 0.69 1.5 smooth
S13 0.013 0.0017 90% - 10% 0.061 0.047 1.00 2.7 smooth
S14 0.006 0.0069 90% - 10% 0.075 0.168 1.07 12.0 smooth
S15 0.006 0.0009 90% - 10% 0.034 0.036 0.81 1.2 smooth
S16 0.006 0.0017 90% - 10% 0.054 0.044 1.16 2.2 smooth
S17 0.004 0.0034 90% - 10% 0.056 0.115 1.18 6.1 smooth
S18 0.006 0.0026 90% - 10% 0.054 0.079 0.97 4.0 smooth
S19 0.012 0.0026 90% - 10% 0.071 0.056 1.01 3.8 smooth
S20 0.023 0.0026 90% - 10% 0.087 0.043 1.06 3.5 smooth
S21 0.023 0.0009 90% - 10% 0.044 0.026 0.80 1.1 smooth
S22 0.023 0.0017 90% - 10% 0.059 0.042 0.75 2.3 smooth
S23 0.006 0.0034 0% - 100% 0.056 0.114 0.97 6.0 smooth
S25 0.006 0.0069 0% - 100% 0.073 0.153 1.09 11.0 rough
S26 0.006 0.0034 0% - 100% 0.049 0.122 1.42 5.6 rough
S27 0.006 0.0069 0% - 100% 0.061 0.167 0.87 9.6 rough
S28 0.006 0.0034 90% - 10% 0.063 0.091 1.05 5.4 rough

the flume conduit was opened such to feed the channel with162

the mixture. At the same time the bottom drain valve placed163

at the end of the flume was opened of an amount such to re-164

move the same flow discharge from the system and to keep165

the free surface elevation constant in time during the experi-166

ment. Once the fluid mixture reaches the inlet chamber, that167

has a sluice gate at the bottom, the current starts flowing on168

the bed along the channel.169

The head of the current starts moving downstream the170

flume through the first straight reach, proceeds along the171

bend and continues to the end of the channel. A few minutes172

after the head of the currents has passed, it is possible to ob-173

serve that the current reaches a quasi-steady state. This isthe174

time at which we start measurements of velocity profiles and175

we take fluid samples to determine the density distribution of176

the current. Depending on the value of flow discharge, each177

test had a different duration varying between about 10 and178

30 minutes. In Figure 3 we report the temporal evolution of179

depth averaged velocityU and flow thicknessh in cross sec-180

tion C5 where it is possible to notice the passage of the flow181

head, characterized by a rapid increase in flow thickness fol-182
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Figure 3. Experiment S4: time evolution of the mean velocity and
the mean height of the current in cross section C5.

Earth Surf. Dynam. www.earth-surf-dynam.net

Fig. 3. Experiment S4: time evolution of the mean velocity and the mean height of the current
in cross section C5.
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Figure 4. Example of a longitudinal velocity profile once the
time averaging operation has been performed. Experiment S7(q0 =

0.0026 m2/s and∆ρ/ρ = 0.3%) at cross section C5.

lowed by a region where the flow is quasi–steady with minor183

temporal oscillations.184

3 Observations on the structure of velocity and con-185

centration profiles and global flow properties186

3.1 Velocity profiles187

Velocity profiles are obtained by performing averaging oper-188

ations on the instantaneous profiles in a time interval of 10189

seconds. Figure 4 shows a typical example of the longitudi-190

nal velocity profile, once the time averaging operation has191

already been performed. The interface between the current192

and the clear water is located roughly 9 cm above the rigid193

bed. Moving up from the bottom we can notice that the ve-194

locity rapidly increases reaching the maximum located in the195

lower part of the current. Above the peak, the velocity invari-196

ably decreases approaching the current interface. Above the197

interface, there is still a small layer of ambient fluid which198

is dragged downstream by the underlying current, whereas199

above such fluid layer, a back flow is typically observed char-200

acterized by velocities much smaller than the underlying cur-201

rent.202

The vertical structure of longitudinal velocity is not the203

same in the longitudinal direction. Starting from the inlet,204

where the shape of velocity profile is jet–like, the profiles at-205

tains a similar vertical distribution proceeding downstream206

where the flow is quasi–uniform. This is reported in Fig-207

ure 5 where we show a sequence of longitudinal veloc-208

ity profiles evidencing the spatial development of the av-209

erage velocity profiles in a typical saline current (experi-210

ment S4:q0 = 0.0034 m2/s,∆ρ/ρ = 0.6%). Unfortunately the211

DOP was not able to measure the velocity profile in the re-212

gion close to the sluice gate where the flow was supercrit-213

ical. The cross section C1 closest to the inlet was already214
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Figure 5. Spatial distribution of velocity profiles measured in ex-
periment S4 (Saline flow,q0 = 0.0034 m2/s, ∆ρ/ρ = 0.6 %). The
flow interface (blue line) measured during the experiment isalso
represented as well as the interface height obtained from the corre-
sponding velocity profile (blue dots) employing equations (1) and
(2).

located in the region downstream from the hydraulic jump215

where the flow was already quasi–uniform. Every run has a216

similar behaviour, despite the flow thickness and velocity in- 217

tensity change in different experiments. The light blue line218

in Figure 5 represents the interface between the current and219

the ambient fluid observed during the experiment. This was220

extracted by visually identifying the interface between the 221

clear water and the turbid underflow. It is possible to observe 222

that the interface is almost parallel to the bottom slope, thus 223

suggesting that the current reaches a quasi-uniform condi-224

tion quite close to the inlet. The blue dots are the values of225

the flow heighth obtained by the averaged velocity profile,226

using the equations (1) and (2); it is possible to notice the227

good correspondence between the elevation of flow interface228

computed from velocity profiles and that measured visually229

during the experiment. Not considering the profile close to230

the inlet and upstream from the hydraulic jump, in Figure 6a231

the velocity profiles at different cross sections are compared.232

It is evident that the velocity changes only slightly proceed- 233

ing downstream. From the data acquired during each test it is234

possible to find out some average characteristics of the cur-235

rents obtained some distance ahead from the flume inlet. In-236

deed, the flow is supercritical at the upstream cross section, 237

but becomes quasi–uniform downstream the hydraulic jump238

forming a short distance from the flow entrance. In particu-239

lar, from Table 1 it can be noticed that the densimetric Froude 240

numberFrd = U/
√

g′h, with g′ = g∆ρ/ρ representing the re- 241

duced gravity, remains supercritical in many cases, but is less 242

than unity in some other cases. 243

Time averaged velocity profiles have been calculated in244

every measuring cross section. Both the longitudinal veloc- 245

ity and the vertical coordinate were then scaled employing246

www.earth-surf-dynam.net Earth Surf. Dynam.

Fig. 4. Example of a longitudinal velocity profile once the time averaging operation has been
performed. Experiment S7 (q0 = 0.0026 m2 s−1 and ∆ρ/ρ = 0.3%) at cross section C5.
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time averaging operation has been performed. Experiment S7(q0 =

0.0026 m2/s and∆ρ/ρ = 0.3%) at cross section C5.

lowed by a region where the flow is quasi–steady with minor183

temporal oscillations.184

3 Observations on the structure of velocity and con-185

centration profiles and global flow properties186

3.1 Velocity profiles187

Velocity profiles are obtained by performing averaging oper-188

ations on the instantaneous profiles in a time interval of 10189

seconds. Figure 4 shows a typical example of the longitudi-190

nal velocity profile, once the time averaging operation has191

already been performed. The interface between the current192

and the clear water is located roughly 9 cm above the rigid193

bed. Moving up from the bottom we can notice that the ve-194

locity rapidly increases reaching the maximum located in the195

lower part of the current. Above the peak, the velocity invari-196

ably decreases approaching the current interface. Above the197

interface, there is still a small layer of ambient fluid which198

is dragged downstream by the underlying current, whereas199

above such fluid layer, a back flow is typically observed char-200

acterized by velocities much smaller than the underlying cur-201

rent.202

The vertical structure of longitudinal velocity is not the203

same in the longitudinal direction. Starting from the inlet,204

where the shape of velocity profile is jet–like, the profiles at-205

tains a similar vertical distribution proceeding downstream206

where the flow is quasi–uniform. This is reported in Fig-207

ure 5 where we show a sequence of longitudinal veloc-208

ity profiles evidencing the spatial development of the av-209

erage velocity profiles in a typical saline current (experi-210

ment S4:q0 = 0.0034 m2/s,∆ρ/ρ = 0.6%). Unfortunately the211

DOP was not able to measure the velocity profile in the re-212

gion close to the sluice gate where the flow was supercrit-213

ical. The cross section C1 closest to the inlet was already214
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Figure 5. Spatial distribution of velocity profiles measured in ex-
periment S4 (Saline flow,q0 = 0.0034 m2/s, ∆ρ/ρ = 0.6 %). The
flow interface (blue line) measured during the experiment isalso
represented as well as the interface height obtained from the corre-
sponding velocity profile (blue dots) employing equations (1) and
(2).

located in the region downstream from the hydraulic jump215

where the flow was already quasi–uniform. Every run has a216

similar behaviour, despite the flow thickness and velocity in- 217

tensity change in different experiments. The light blue line218

in Figure 5 represents the interface between the current and219

the ambient fluid observed during the experiment. This was220

extracted by visually identifying the interface between the 221

clear water and the turbid underflow. It is possible to observe 222

that the interface is almost parallel to the bottom slope, thus 223

suggesting that the current reaches a quasi-uniform condi-224

tion quite close to the inlet. The blue dots are the values of225

the flow heighth obtained by the averaged velocity profile,226

using the equations (1) and (2); it is possible to notice the227

good correspondence between the elevation of flow interface228

computed from velocity profiles and that measured visually229

during the experiment. Not considering the profile close to230

the inlet and upstream from the hydraulic jump, in Figure 6a231

the velocity profiles at different cross sections are compared.232

It is evident that the velocity changes only slightly proceed- 233

ing downstream. From the data acquired during each test it is234

possible to find out some average characteristics of the cur-235

rents obtained some distance ahead from the flume inlet. In-236

deed, the flow is supercritical at the upstream cross section, 237

but becomes quasi–uniform downstream the hydraulic jump238

forming a short distance from the flow entrance. In particu-239

lar, from Table 1 it can be noticed that the densimetric Froude 240

numberFrd = U/
√

g′h, with g′ = g∆ρ/ρ representing the re- 241

duced gravity, remains supercritical in many cases, but is less 242

than unity in some other cases. 243

Time averaged velocity profiles have been calculated in244

every measuring cross section. Both the longitudinal veloc- 245

ity and the vertical coordinate were then scaled employing246

www.earth-surf-dynam.net Earth Surf. Dynam.

Fig. 5. Spatial distribution of velocity profiles measured in experiment S4 (Saline flow, q0 =
0.0034 m2 s−1, ∆ρ/ρ = 0.6%). The flow interface (blue line) measured during the experiment is
also represented as well as the interface height obtained from the corresponding velocity profile
(blue dots) employing Eqs. (1) and (2).
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Figure 6. Example of velocity profiles: (a) dimensional velocity
profiles and (b) dimensionless velocity profiles in different cross
section from experiment S7 (q0 = 0.0025 m2/s;∆ρ/ρ = 0.3 %);

the values of depth averaged velocity and flow thickness cor-247

responding to equations (1) and (2) in order to obtain dimen-248

sionless velocity profiles. It is evident from Figure 6b that,249

neglecting the profile too close to the inflow condition, veloc-250

ity profiles corresponding to the same experiment, once made251

dimensionless, tend to collapse on a narrow band. Far from252

the initial section where the flow structure is determined by253

inflow condition and by the presence of an hydraulic jump,254

the flow adjust to a quasi–uniform flow characterized by the255

existence of a self–similar velocity profile on the vertical. In256

the following we will consider the vertical profiles measured257

along the channel axis and corresponding to cross sectionC5258

located 5.25 m far from the upstream inflow where the flow259

is fully developed and has attained a quasi–uniform configu-260

ration.261

3.2 Flow discharge262

From the calculation of the depth averaged velocityU and263

flow thicknessh of the currents we calculated the flow dis-264

charge per unit widthq = Uh in every cross section veloc-265

ity measurements were performed. It is possible to notice266
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Figure 7. Experiment S4: spatial development of the mean velocity,
mean height and flow discharge of the current, compared with their
initial value.
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Figure 8. Flow discharge: spatial distribution of flow discharge per
unit with q(x) along the flume and corresponding linear regression.

from figure 7 that, downstream from the hydraulic jump lo-267

cated close to the inlet, the current adjust its characteristics 268

to a quasi–steady condition where flow discharge slightly in- 269

creases downstream due to entrainment of clear water from270

above. Such increase in flow discharge is also reflected in271

a slight thickening of the current proceeding downstream,272

whereas flow velocityU tends to keep almost constant. From273

the calculation of the flow discharge in the downstream di-274

rection it is possible to notice in Figure 8 that all the exper- 275

iments show a value ofq greater then the inlet value. This276

is related to water entrainment from above, particularly in- 277

tense in the first few meters after the supercritical inlet con- 278

dition, where an hydraulic jump was present. Water entrain-279

ment from above was however different in the various exper- 280

iments performed, highly dependent on the initial valueq0 281

Earth Surf. Dynam. www.earth-surf-dynam.net

Fig. 6. Example of velocity profiles: (a) dimensional velocity profiles and (b) dimensionless ve-
locity profiles in different cross section from experiment S7 (q0 = 0.0025 m2 s−1; ∆ρ/ρ = 0.3%).
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Figure 6. Example of velocity profiles: (a) dimensional velocity
profiles and (b) dimensionless velocity profiles in different cross
section from experiment S7 (q0 = 0.0025 m2/s;∆ρ/ρ = 0.3 %);
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responding to equations (1) and (2) in order to obtain dimen-248

sionless velocity profiles. It is evident from Figure 6b that,249

neglecting the profile too close to the inflow condition, veloc-250

ity profiles corresponding to the same experiment, once made251

dimensionless, tend to collapse on a narrow band. Far from252

the initial section where the flow structure is determined by253

inflow condition and by the presence of an hydraulic jump,254

the flow adjust to a quasi–uniform flow characterized by the255

existence of a self–similar velocity profile on the vertical. In256

the following we will consider the vertical profiles measured257

along the channel axis and corresponding to cross sectionC5258

located 5.25 m far from the upstream inflow where the flow259

is fully developed and has attained a quasi–uniform configu-260

ration.261

3.2 Flow discharge262

From the calculation of the depth averaged velocityU and263

flow thicknessh of the currents we calculated the flow dis-264

charge per unit widthq = Uh in every cross section veloc-265

ity measurements were performed. It is possible to notice266
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Figure 7. Experiment S4: spatial development of the mean velocity,
mean height and flow discharge of the current, compared with their
initial value.
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from figure 7 that, downstream from the hydraulic jump lo-267

cated close to the inlet, the current adjust its characteristics 268

to a quasi–steady condition where flow discharge slightly in- 269

creases downstream due to entrainment of clear water from270

above. Such increase in flow discharge is also reflected in271

a slight thickening of the current proceeding downstream,272

whereas flow velocityU tends to keep almost constant. From273

the calculation of the flow discharge in the downstream di-274

rection it is possible to notice in Figure 8 that all the exper- 275

iments show a value ofq greater then the inlet value. This276

is related to water entrainment from above, particularly in- 277

tense in the first few meters after the supercritical inlet con- 278

dition, where an hydraulic jump was present. Water entrain-279

ment from above was however different in the various exper- 280

iments performed, highly dependent on the initial valueq0 281

Earth Surf. Dynam. www.earth-surf-dynam.net

Fig. 7. Experiment S4: spatial development of the mean velocity, mean height and flow dis-
charge of the current, compared with their initial value.
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the values of depth averaged velocity and flow thickness cor-247

responding to equations (1) and (2) in order to obtain dimen-248

sionless velocity profiles. It is evident from Figure 6b that,249

neglecting the profile too close to the inflow condition, veloc-250

ity profiles corresponding to the same experiment, once made251

dimensionless, tend to collapse on a narrow band. Far from252

the initial section where the flow structure is determined by253

inflow condition and by the presence of an hydraulic jump,254

the flow adjust to a quasi–uniform flow characterized by the255

existence of a self–similar velocity profile on the vertical. In256

the following we will consider the vertical profiles measured257

along the channel axis and corresponding to cross sectionC5258

located 5.25 m far from the upstream inflow where the flow259

is fully developed and has attained a quasi–uniform configu-260

ration.261

3.2 Flow discharge262

From the calculation of the depth averaged velocityU and263

flow thicknessh of the currents we calculated the flow dis-264

charge per unit widthq = Uh in every cross section veloc-265

ity measurements were performed. It is possible to notice266
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from figure 7 that, downstream from the hydraulic jump lo-267

cated close to the inlet, the current adjust its characteristics 268

to a quasi–steady condition where flow discharge slightly in- 269

creases downstream due to entrainment of clear water from270

above. Such increase in flow discharge is also reflected in271

a slight thickening of the current proceeding downstream,272

whereas flow velocityU tends to keep almost constant. From273

the calculation of the flow discharge in the downstream di-274

rection it is possible to notice in Figure 8 that all the exper- 275

iments show a value ofq greater then the inlet value. This276

is related to water entrainment from above, particularly in- 277

tense in the first few meters after the supercritical inlet con- 278

dition, where an hydraulic jump was present. Water entrain-279

ment from above was however different in the various exper- 280

iments performed, highly dependent on the initial valueq0 281

Earth Surf. Dynam. www.earth-surf-dynam.net

Fig. 8. Flow discharge: spatial distribution of flow discharge per unit with q(x) along the flume
and corresponding linear regression.
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Figure 9. Comparison between the value of the experimental head
velocity and the value of the velocity of the body averaged intime.

imposed upstream. In particular series characterized by low282

values ofq0 maintain the flow discharge approximately con-283

stant along the flume, whereas the increase of flow discharge284

q proceeding downstream was more intense in those experi-285

ments with high values ofq0 at the inlet. This is related to the286

character of the current, more prone to entrain fresh water as287

the flow becomes more supercritical.288

3.3 Head velocity289

Once the experiment is started, the heavier fluid starts flow-290

ing under the ambient fluid. The front of the current is the291

place where the dense fluid coming from the body meet the292

still lighter fluid that fills the environment. This is a placeof293

great turbulence, in which the most important phenomena of294

bed sediment erosion and mixing between the current and the295

ambient fluid take place (Allen, 1971; Middleton, 1993).296

It is well know that the body of the current is faster than297

the head (Middleton, 1966a,b; Best et al., 2001). This is298

confirmed from our experiments as reported in Figure 9,299

where we show that the average downstream body velocity300

is roughly 20 % greater than the head velocity.301

Didden and Maxworthy (1982) proposed an empirical ex-302

pression concerning the value of the head velocityU f in con-303

stant flux gravity currents where the entrainment of ambient304

fluid is neglected. The authors related the head velocity with305

the volume flux per unit widthq and the reduced gravityg′306

in the form:307

U f = C(g′q)1/3 (5)308

with C an order one constant. The value of the constantC309

was found byÖzgökmen and Chassignet (2002) who per-310

formed a series of numerical experiments, with a two di-311

mensional (x,z) non-hydrostatic model, providing a value312

C = 1.05± 0.1. The relation proposed above is confirmed by313
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Figure 10. Comparison between the experimental values and the
theoretical predictions obtained by the empirical expression pro-
posed by Didden and Maxworthy (1982) withC = 1.05.

our experimental results: in Figure 10 the theoretical predic- 314

tion (equation 5) is compared with the experimental veloc-315

ity measured during our experiments. The theoretical predic- 316

tion tends to slightly overestimate the experimental values of 317

front velocity. 318

3.4 Density profiles 319

Density profiles are obtained from the measurements per-320

formed on the flow samples taken by the siphons. Each mea-321

sure taken at different heights from the bottom provides the322

time averaged value of fluid density at that elevation: indeed 323

every sample has a density value that is the mean temporal324

value on a time frame necessary to fill the sample (typically325

10 minutes). In Figure 11a we show a comparison between326

the density profiles measured in the same cross section in 4327

experiments of saline currents characterized by the same up- 328

stream discharge (q0 = 0.0026 m2/s) but different values of 329

the excess density at the inlet. It can be immediately noticed 330

that the maximum value of the excess density differs from 331

the corresponding inlet condition. This is primarily due the 332

strong mixing effect occurring close to the flow inlet in cor- 333

respondence of the hydraulic jump and secondly to the wa-334

ter entrainment of ambient fluid downstream the hydraulic335

jump where the current has attained a quasi–uniform config-336

uration. Though the entrainment has a secondary role com-337

pared with the mixing effects in the region close to the in-338

put section, it is responsible for current dilution in the down- 339

stream direction. The density distribution along the vertical, 340

in all the experiments performed, has a similar structure: it 341

is approximately constant in the dense current, and rapidly342

decreases in the region near the interface to reach the value343

equal to the ambient fluid further up along the vertical. This344

if further demonstrated with Figure 11b where the profiles345

of excess density are scaled with their depth averaged value346

www.earth-surf-dynam.net Earth Surf. Dynam.

Fig. 9. Comparison between the value of the experimental head velocity and the value of the
velocity of the body averaged in time.
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imposed upstream. In particular series characterized by low282

values ofq0 maintain the flow discharge approximately con-283

stant along the flume, whereas the increase of flow discharge284

q proceeding downstream was more intense in those experi-285

ments with high values ofq0 at the inlet. This is related to the286

character of the current, more prone to entrain fresh water as287

the flow becomes more supercritical.288

3.3 Head velocity289

Once the experiment is started, the heavier fluid starts flow-290

ing under the ambient fluid. The front of the current is the291

place where the dense fluid coming from the body meet the292

still lighter fluid that fills the environment. This is a placeof293

great turbulence, in which the most important phenomena of294

bed sediment erosion and mixing between the current and the295

ambient fluid take place (Allen, 1971; Middleton, 1993).296

It is well know that the body of the current is faster than297

the head (Middleton, 1966a,b; Best et al., 2001). This is298

confirmed from our experiments as reported in Figure 9,299

where we show that the average downstream body velocity300

is roughly 20 % greater than the head velocity.301

Didden and Maxworthy (1982) proposed an empirical ex-302

pression concerning the value of the head velocityU f in con-303

stant flux gravity currents where the entrainment of ambient304

fluid is neglected. The authors related the head velocity with305

the volume flux per unit widthq and the reduced gravityg′306

in the form:307

U f = C(g′q)1/3 (5)308

with C an order one constant. The value of the constantC309

was found byÖzgökmen and Chassignet (2002) who per-310

formed a series of numerical experiments, with a two di-311

mensional (x,z) non-hydrostatic model, providing a value312

C = 1.05± 0.1. The relation proposed above is confirmed by313
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Figure 10. Comparison between the experimental values and the
theoretical predictions obtained by the empirical expression pro-
posed by Didden and Maxworthy (1982) withC = 1.05.

our experimental results: in Figure 10 the theoretical predic- 314

tion (equation 5) is compared with the experimental veloc-315

ity measured during our experiments. The theoretical predic- 316

tion tends to slightly overestimate the experimental values of 317

front velocity. 318

3.4 Density profiles 319

Density profiles are obtained from the measurements per-320

formed on the flow samples taken by the siphons. Each mea-321

sure taken at different heights from the bottom provides the322

time averaged value of fluid density at that elevation: indeed 323

every sample has a density value that is the mean temporal324

value on a time frame necessary to fill the sample (typically325

10 minutes). In Figure 11a we show a comparison between326

the density profiles measured in the same cross section in 4327

experiments of saline currents characterized by the same up- 328

stream discharge (q0 = 0.0026 m2/s) but different values of 329

the excess density at the inlet. It can be immediately noticed 330

that the maximum value of the excess density differs from 331

the corresponding inlet condition. This is primarily due the 332

strong mixing effect occurring close to the flow inlet in cor- 333

respondence of the hydraulic jump and secondly to the wa-334

ter entrainment of ambient fluid downstream the hydraulic335

jump where the current has attained a quasi–uniform config-336

uration. Though the entrainment has a secondary role com-337

pared with the mixing effects in the region close to the in-338

put section, it is responsible for current dilution in the down- 339

stream direction. The density distribution along the vertical, 340

in all the experiments performed, has a similar structure: it 341

is approximately constant in the dense current, and rapidly342

decreases in the region near the interface to reach the value343

equal to the ambient fluid further up along the vertical. This344

if further demonstrated with Figure 11b where the profiles345

of excess density are scaled with their depth averaged value346

www.earth-surf-dynam.net Earth Surf. Dynam.

Fig. 10. Comparison between the experimental values and the theoretical predictions obtained
by the empirical expression proposed by Didden and Maxworthy (1982) with C = 1.05.
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Figure 11. Dimensional (a) and dimensionless (b) density profiles:
comparison between series with different inlet condition of density
excess, and same value of flow dischargeq0 = 0.0017m2/s, mea-
sured in C5 cross section.

and vertical distances are scaled with flow thickness. Chang-347

ing the initial value of the density at the inlet section, profiles348

collapse on each other. Indeed, in the case of density cur-349

rents density stratification on the vertical within the current is350

nearly absent. Conversely, if one observes Figure 12, where351

it is represented a comparison between the profile of excess352

density of a saline current, and the corresponding profile ofa353

turbidity current, we can see that the latter has a higher den-354

sity in the lower part, while decreases gradually towards the355

interface. In the upper part of the profile in fact the saline flow356

has a higher density value. This fact is due to the presence of357

suspended sediments in side a turbidity currents, that tend358

to settle down and move the higher value of density profile359

towards the bottom. In the experiments performed the sedi-360

ments were very fine (ds = 50 µm), this could be the reason361

why this tendency is not very clear. Also, it is worth pointing362

out that the samples taken with the syphons are affected by a363

measuring error larger than the differences in excess density364

that we would like to detect with the present comparison.365
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Figure 12. Density profiles: comparison between a saline current
(experiment S14) and a turbidity current (experiment S25),mea-
sured in cross section C5.

4 Velocity Profiles under quasi–uniform conditions 366

Our attention is here focused on the quasi–steady conditions 367

attained by the current some time after the passage of the368

current head. As already pointed out the body of the current369

is characterized by a quasi–uniform flow condition. Veloc-370

ity measurements are recorded during the whole duration of371

each experiment, including the head. However, here we just372

consider velocity measurements corresponding to the body373

of the current. Similarly, density measurements are sampled 374

in the body of the current. 375

4.1 Effect of the Reynolds number 376

One of the crucial parameters affecting the structure of the 377

current is the Reynolds number of the current. To quantify its 378

effects on the velocity profile we varied flow discharge at the379

inlet. Indeed the Reynolds numberRe is proportional to the 380

specific flow rateq in the form: 381

Re =
Uh
ν
=

q
ν

(6) 382

whereν is the kinematic viscosity of the fluid andU andh are 383

respectively the average velocity and height of the currents, 384

calculated in the cross section from the longitudinal velocity 385

profile. 386

We show in Figure 13a the vertical profiles of different 387

saline experiments performed by keeping the value of the388

excess density at the inlet constant and equal to 0.3 %. It389

is evident that increasing the flow rate the velocity intensity 390

increases and simultaneously the current becomes thicker.391

However from this graph is not possible to find out some392

common characteristics, differences and analogies are more393

clearly evidenced if we scale all velocity profiles measured394

Earth Surf. Dynam. www.earth-surf-dynam.net

Fig. 11. Dimensional (a) and dimensionless (b) density profiles: comparison between se-
ries with different inlet condition of density excess, and same value of flow discharge q0 =
0.0017 m2 s−1, measured in C5 cross section.
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excess, and same value of flow dischargeq0 = 0.0017m2/s, mea-
sured in C5 cross section.

and vertical distances are scaled with flow thickness. Chang-347

ing the initial value of the density at the inlet section, profiles348

collapse on each other. Indeed, in the case of density cur-349

rents density stratification on the vertical within the current is350

nearly absent. Conversely, if one observes Figure 12, where351

it is represented a comparison between the profile of excess352

density of a saline current, and the corresponding profile ofa353

turbidity current, we can see that the latter has a higher den-354

sity in the lower part, while decreases gradually towards the355

interface. In the upper part of the profile in fact the saline flow356

has a higher density value. This fact is due to the presence of357

suspended sediments in side a turbidity currents, that tend358

to settle down and move the higher value of density profile359

towards the bottom. In the experiments performed the sedi-360

ments were very fine (ds = 50 µm), this could be the reason361

why this tendency is not very clear. Also, it is worth pointing362

out that the samples taken with the syphons are affected by a363

measuring error larger than the differences in excess density364

that we would like to detect with the present comparison.365
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Figure 12. Density profiles: comparison between a saline current
(experiment S14) and a turbidity current (experiment S25),mea-
sured in cross section C5.

4 Velocity Profiles under quasi–uniform conditions 366

Our attention is here focused on the quasi–steady conditions 367

attained by the current some time after the passage of the368

current head. As already pointed out the body of the current369

is characterized by a quasi–uniform flow condition. Veloc-370

ity measurements are recorded during the whole duration of371

each experiment, including the head. However, here we just372

consider velocity measurements corresponding to the body373

of the current. Similarly, density measurements are sampled 374

in the body of the current. 375

4.1 Effect of the Reynolds number 376

One of the crucial parameters affecting the structure of the 377

current is the Reynolds number of the current. To quantify its 378

effects on the velocity profile we varied flow discharge at the379

inlet. Indeed the Reynolds numberRe is proportional to the 380

specific flow rateq in the form: 381

Re =
Uh
ν
=

q
ν

(6) 382

whereν is the kinematic viscosity of the fluid andU andh are 383

respectively the average velocity and height of the currents, 384

calculated in the cross section from the longitudinal velocity 385

profile. 386

We show in Figure 13a the vertical profiles of different 387

saline experiments performed by keeping the value of the388

excess density at the inlet constant and equal to 0.3 %. It389

is evident that increasing the flow rate the velocity intensity 390

increases and simultaneously the current becomes thicker.391

However from this graph is not possible to find out some392

common characteristics, differences and analogies are more393

clearly evidenced if we scale all velocity profiles measured394

Earth Surf. Dynam. www.earth-surf-dynam.net

Fig. 12. Density profiles: comparison between a saline current (experiment S14) and a turbidity
current (experiment S25), measured in cross section C5.
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Figure 13. Dimensional (a) and dimensionless (b) averaged veloc-
ity profiles: effects of the variation of the flow rateq; saline currents
with ∆ρ/ρ = 0.3 % measured in cross section C5 (experiments S5,
S6, S7, S17, S9 and S8).

in the fully developed region with their characteristic val-395

ues of velocityU and flow thicknessh. They are reported396

in Figure 13b, with colors corresponding to different experi-397

ments; furthermore the series have been indicated according398

to the Reynolds number of the current. In Figure 13b is pos-399

sible to distinguish two different shapes of the velocity pro-400

files. In particular currents characterized by a low value of401

the Reynolds number (red and green lines) exhibit a veloc-402

ity maximum related to their averaged value higher than the403

series with higher value ofRe. As a direct consequence the404

former shape results to be sharper then the further.405

It is also possible to observe that there is a difference in406

the part of the velocity profiles up to the peak; in particular407

the concavity is upwards for lowRe and opposite in the other408

case. Moreover, the part of the external ambient fluid that409

follows the flow in the downstream direction, compared to410

the thickness of the currents itself, increases with decreasing411

value of the Reynolds number of the flow.412
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Figure 14. Comparison between a saline density current (experi-
ment S14) and a turbidity current (experiment S25) with suspended
sediment performed under the same conditions (q0 = 0.0069 m2/s
and∆ρ/ρ0 = 0.6 %), measured in cross section C5.

4.2 Effect of the presence of suspended sediments 413

Although the fuel that induces and sustains these kind of phe- 414

nomena is the difference in density between the flow and415

the ambient fluid, density currents show a different behav- 416

ior whether they are induced by the presence of dissolved417

salt or suspended sediment. The reason for this difference 418

is related two aspects. The first is due to the well known419

effect of suspended sediments on turbulence dumping. In-420

deed, in a classical paper of open channel flows, Vanoni421

(1946) documented experimentally that an increase in the422

mean concentration of suspended sediment was associated423

with an increasing velocity gradient at the wall. It was first424

hypothesized and then confirmed by both theoretical investi- 425

gations (Villaret and Trowbridge, 1991; Herrmann and Mad-426

sen, 2007; Bolla Pittaluga, 2011) and experimental observa- 427

tions (Muste and Ettema, 2009) that the latter effect might 428

originate from suspended sediments damping turbulence and429

decreasing turbulent mixing. The second reason is related to 430

sediment entrainment from the bed. Both saline and turbidity 431

currents, indeed, can modify their density entraining ambi- 432

ent fluid that dilutes them from above. In the case of sed-433

iment laden currents, however, the flow can also exchange434

sediments with the erodible bed either decreasing bulk den-435

sity through sediments deposition or, vice versa, increasing 436

bulk density through erosion from the bed of the submarine437

canyon. 438

Figure 14 shows the difference in the velocity profile be- 439

tween a saline (S14 red line) and a turbidity (S25 green-line) 440

current in two experiments performed under the same con-441

ditions with the exception of the way the same value of ex-442

cess density was generated (salt or sediments). It can be im-443

mediately noticed that the shape of the two dimensionless444

profiles shows some significant differences. Sediment laden445

www.earth-surf-dynam.net Earth Surf. Dynam.

Fig. 13. Dimensional (a) and dimensionless (b) averaged velocity profiles: effects of the varia-
tion of the flow rate q; saline currents with ∆ρ/ρ = 0.3% measured in cross section C5 (exper-
iments S5, S6, S7, S17, S9 and S8).
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ity maximum related to their averaged value higher than the403

series with higher value ofRe. As a direct consequence the404

former shape results to be sharper then the further.405

It is also possible to observe that there is a difference in406

the part of the velocity profiles up to the peak; in particular407

the concavity is upwards for lowRe and opposite in the other408

case. Moreover, the part of the external ambient fluid that409

follows the flow in the downstream direction, compared to410
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Figure 14. Comparison between a saline density current (experi-
ment S14) and a turbidity current (experiment S25) with suspended
sediment performed under the same conditions (q0 = 0.0069 m2/s
and∆ρ/ρ0 = 0.6 %), measured in cross section C5.

4.2 Effect of the presence of suspended sediments 413

Although the fuel that induces and sustains these kind of phe- 414

nomena is the difference in density between the flow and415

the ambient fluid, density currents show a different behav- 416

ior whether they are induced by the presence of dissolved417

salt or suspended sediment. The reason for this difference 418

is related two aspects. The first is due to the well known419

effect of suspended sediments on turbulence dumping. In-420

deed, in a classical paper of open channel flows, Vanoni421

(1946) documented experimentally that an increase in the422

mean concentration of suspended sediment was associated423

with an increasing velocity gradient at the wall. It was first424

hypothesized and then confirmed by both theoretical investi- 425

gations (Villaret and Trowbridge, 1991; Herrmann and Mad-426

sen, 2007; Bolla Pittaluga, 2011) and experimental observa- 427

tions (Muste and Ettema, 2009) that the latter effect might 428

originate from suspended sediments damping turbulence and429

decreasing turbulent mixing. The second reason is related to 430

sediment entrainment from the bed. Both saline and turbidity 431

currents, indeed, can modify their density entraining ambi- 432

ent fluid that dilutes them from above. In the case of sed-433

iment laden currents, however, the flow can also exchange434

sediments with the erodible bed either decreasing bulk den-435

sity through sediments deposition or, vice versa, increasing 436

bulk density through erosion from the bed of the submarine437

canyon. 438

Figure 14 shows the difference in the velocity profile be- 439

tween a saline (S14 red line) and a turbidity (S25 green-line) 440

current in two experiments performed under the same con-441

ditions with the exception of the way the same value of ex-442

cess density was generated (salt or sediments). It can be im-443

mediately noticed that the shape of the two dimensionless444

profiles shows some significant differences. Sediment laden445
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Fig. 14. Comparison between a saline density current (experiment S14) and a turbidity cur-
rent (experiment S25) with suspended sediment performed under the same conditions (q0 =
0.0069 m2 s−1 and ∆ρ/ρ0 = 0.6%), measured in cross section C5.

850

http://www.earth-surf-dynam-discuss.net
http://www.earth-surf-dynam-discuss.net/1/817/2013/esurfd-1-817-2013-print.pdf
http://www.earth-surf-dynam-discuss.net/1/817/2013/esurfd-1-817-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/


ESURFD
1, 817–853, 2013

Vertical profiles in
turbidity currents

M. Stagnaro and
M. Bolla Pittaluga

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

10 M. Stagnaro and M. Bolla Pittaluga: Velocity and concentration profiles of saline and turbidity currents.

 0

 0.3

 0.6

 0.9

 1.2

 1.5

 0  0.3  0.6  0.9  1.2

D
im

en
si

o
n

le
ss

 e
le

v
at

io
n

 z
/h

 [
-]

Dimensionless velocity u/U [-]

Re* < 70
Re* > 70

Figure 15. Comparison between density currents flowing over a
smooth (experiments S4, S23, S25) and rough (experiments S26,
S27, S28) bed.

flows have an higher value of velocity, compared with the446

averaged one, that is located closer to the bed; as a conse-447

quence the velocity profile appears quite sharp at the veloc-448

ity peak. On the contrary the flow speed of the saline current449

is more spread on the vertical, resulting in a flatter velocity450

distribution characterized by a lower value of peak velocity451

compared to the previous case. Finally in the turbidity current452

case, velocity gradually decreases with distance from the in-453

terface whereas the velocity gradient is much more abrupt in454

the case of the saline current.455

4.3 Effect of bed roughness456

We also investigated the effects of the presence of a rough457

bed on the velocity distribution. Most of the experiments per-458

formed were carried out on a smooth plane bed. We then per-459

formed a new set of experiments placing a uniform layer of460

fine gravel, characterized by ad50 = 3 mm, on the smooth461

fixed bed. The sediment size was chosen sufficiently rough462

such that particles remained fixed during the flow event.463

Results are shown in Figure 15 where we compare two464

classes of density currents performed under the same excess465

density at the inlet (∆ρ/ρ0 = 0.6 %), similar values of flow466

discharge at the inlet (q0 = 0.0034− 0.0069m2/s) but over467

a smooth (experiments S4, S23, S25) and a rough bed (ex-468

periments S26, S27, S28), respectively. We first noticed (not469

shown) that differences in velocity profiles between the two470

cases were evident. Primarily the maximum speed of the cur-471

rent was grater and located closer to the bed in the smooth472

configuration respect to the rough case. The velocity inten-473

sity at the bottom was reduced as a results of increased bed474

friction; in addition the velocity profile increased its thick-475

ness. Observing Figure 15 it is interesting to note that the476

dimensionless longitudinal velocity is characterized by ave-477

locity peak that is higher in the rough bed experiment respect 478

to the smooth one. Indeed, the height of the velocity peak479

moves from roughly 0.25 h in the smooth case to roughly480

0.4 h in the rough case. Also, the dimensionless flow veloc-481

ity is slightly reduced in the lower part close to the bed, as a482

consequence of the increase in bed resistance, and is slightly 483

faster above the velocity peak. It is also worth noting that484

the two profiles show the same value of the maximum di-485

mensionless velocity (umax/U) and that the elevation of the 486

interface is not affected significantly by the change in bed487

roughness. 488

4.4 Effect of excess density 489

Another aspect that we wanted to investigate is the effect of 490

the value of the excess density on the velocity profile. We491

then performed three saline experiments generating currents 492

characterized by different values of excess density and keep-493

ing all the other input values constant. Figure 16a shows that, 494

increasing the value of excess density, the flow increases the 495

peak velocity, and also the depth averaged velocity, and at the 496

same time becomes thinner with a velocity peak closer to the497

bottom. Although it is evident the effect that an increase in 498

density has on the current (Figure 16a), observing the dimen- 499

sionless profiles in Figure 16b the shape of the velocity pro-500

files do not seem to be affected by this change. It should be501

noted however that the variations of excess density are small, 502

as they are limited to a few percent. They are then sufficient 503

to influence the overall flow dynamics of the current but the504

values of excess density are not large enough to produce sig-505

nificant changes on the dimensionless shape of longitudinal506

velocity. This suggests that the excess density is, among the 507

parameters here considered and in the range of variation here 508

employed, the one that has a smaller influence on the shape509

of the longitudinal velocity profiles. 510

4.5 Effect of the densimetric Froude number 511

Finally we investigate the influence of the densimetric512

Froude numberFrd on the velocity profile. We selected the513

experiments characterized by different values ofFrd but sim- 514

ilar characteristic of the other parameters examined before. 515

In particular they have a value ofRe larger than 4.8·103 up to 516

a maximum of 15·103, they are all saline currents flowing on517

a smooth bed. The experiments considered here have a value518

of Frd falling in the range 0.65–0.88 for the subcritical flows,519

and in the range 1.07–1.18 for the supercritical cases. As it520

can be seen from the Figure 17 the dimensionless profiles521

of velocity do not show an evident difference related to the 522

character of the current (subcritical or supercritical). Accord- 523

ing to the present experimental observations, the densimetric 524

Froude number does not affects significantly the dimension- 525

less shape of the velocity profile. 526

Earth Surf. Dynam. www.earth-surf-dynam.net

Fig. 15. Comparison between density currents flowing over a smooth (experiments S4, S23,
S25) and rough (experiments S26, S27, S28) bed.
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Figure 16. Dimensional (a) and dimensionless (b) comparison be-
tween density current velocity profiles with different density excess
(∆ρ/ρ) and same flow discharge (q0 = 0.0026m2/s) at the inlet (ex-
periments S18, S19 and S20).
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5 Conclusions 527

In this work we reported the results of 27 experiments on528

turbidity and saline density currents. Every experiments was 529

performed by changing either the value of flow discharge at530

(q0) at the inlet, or the fractional excess density (∆ρ/ρ) at 531

the inlet, or the way in which the excess density was gener-532

ated (with salt or sediments) or, finally, the roughness of the 533

bed. We were interested in quantifying how these parame-534

ters affect the dynamics of the current flowing in a straight535

channel, and if it was possible to identify some dimension-536

less parameter responsible for the vertical shape of the di-537

mensionless longitudinal velocity. Indeed we focused our at- 538

tention on the development of the currents in the first straight 539

reach of our flume, where we observed the achievement of540

a quasi–uniform state of the current characterized by self–541

similar dimensionless velocity profiles. Their turned out to be 542

affected by the Reynolds number of the flow, by the relative543

bed roughness and by the presence of sediment in suspen-544

sion. The densimetric Froude number, apparently, turned out 545

to have a negligible effect on the vertical structure of the di-546

mensionless velocity profile. More specifically, currents with 547

low values of the Reynolds number were characterized by548

sharper profiles close to the peak velocity with respect to549

those corresponding to large values of the Reynolds number.550

The presence of suspended sediment in the currents, which551

distinguish turbidity from saline currents, was responsible for 552

the downward movement of the peak velocity; this was due553

to the natural property of the sediments to settle down. On the 554

contrary, increasing the bed roughness we observed that the555

peak velocity was higher with respect case of smooth bed.556

We are presently extending the measurements to the557

curved bend, located downstream from the first straight reach 558

in order to investigate the vertical structure of secondaryflow 559

in currents flowing in a constant curvature bend, and their560

possible influence on the structure of longitudinal velocity as 561

well as on the overall dynamics of the current. 562
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critical (Frd > 1) experiments.
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