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Abstract. We present a series of detailed experimental observations of saline and turbidity currents 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 fxed bed
with a uniform slope of 0.005. Longitudinal velocity profiles are measured in ten cross sections, 1 m apart,
employing an ultrasound Doppler velocity profiler. We also measure the density of the mixture using a rake
of siphons sampling at fierent heights from the bottom in order to obtain the vertical density distributicns in

a cross section where the flow already attained a quasi-uniform configuration. We performed 27 expzriments
changing 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
coordinate 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 suspension. Unexpectedly, the densimetric Froude
number of the current turned out to have no influence on the dimensionless velocity profiles.

1 Introduction in some circumstances, highly disruptive. A notable excep-
tion is the recent field observation performed Xy et al.
Turbidity currents flowing in submarine canyons are rec-(2004, who successfully measured vertical profiles of down-
ognized as preferential conduits for sediment transfer fromstream velocity for four flow events over the space of 1 year,
shallow to deep water. They have a tremendous impact on that three locations down Monterey Canyon, California. Due
deep-sea environment since thefeat the ecosystem in var- to these diiculties, the majority of the investigations aimed
ious ways, including burial by sediment deposition, exposureat understanding the dynamic of turbidity currents has been
by sediment removal, and food supply. Moreover, they are ofeither through theoretical investigations or through experi-
great engineering relevance due to their ability to reach eximental observations.
tremely high velocities that represent a serious geohazard for From a theoretical point of view it is certainly worth men-
deep water installations. Additionally, since the majority of tioning the milestone paper of Parker et al. (1986) where a
sandstones in the geologic record were deposited from rivergheory for slowly varying flows was first derived describing
or from turbidity currents, they are also extremely significant the dynamics of a turbulent flow through a set of four layer-
in the research and exploitation of hydrocarbon reservoirs. averaged equations: continuity and momentum equations for
In spite of their relevance, direct observation of the ac-the fluid phase, continuity equation of the suspended sed-
tive process has proven extremelyfidiult since these events iment and equation describing the balance of turbulent ki-
are short lived, located at specific sites, unpredictable andpetic energy. Such theoretical framework demonstrated that
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turbidity currents could initiate larger and faster flows ca- the currents. This will be done performing a large number of
pable of transporting coarser material by the resuspensioexperiments in a straight flume with a fixed sloping bed. The
of particles from the bed. Such theoretical results were redinflow conditions, namely the flow discharge, the fractional
cently substantiated by the experimental observations of Sedensity excess, the nature of the current (saline or turbidity),
queiros et al. (2009). In terms of laboratory investigations,and the bed roughness will be varied over a wide range in or-
Parker et al(1987 performed a series of experimental ob- der to cover both subcritical and supercritical flows, and both
servations on turbidity currents flowing over an erodible bed.turbulent and nearly laminar flows.

Such pioneering experiments were employed to establish ap-

proximate similarity laws for the velocity and concentration

distributions. Normalized velocity and concentration profiles

showed a similarity collapse indicating little systematic vari-

ation in grain size or bed slope. However, only supercritical

currents were studied and the vertical structure was strongl\j/_ ] .

affected by the presence of bedforms invariably found at thel "€ experiments are performed in a 30m long flume, com-
end of experiments. In a subsequent experim@atcia and PoSed by two straight reaches 12m long joined by a°180
Parker(1993 studied the spatial evolution of saline under- bend with a constant radius of 2.5m. Inside the plexiglass
flows allowed to flow down a nonerodible 5m long sloping flume, 0.6 m wide and 0.5m deep, a constant bottom slope
bed with the slope fixed to 0.08, followed by an horizontal of 0.005 is realized with concrete starting from the inlet
reach. In the first reach a trench filled with sediment was cre-£70Ss section of the flume and proceeding 3 m after the bend
ated to allow accurate experimental determination of the abil-€Xit where the bottom keeps horizontal until the end of the
ity of the current to entrain sediments. The same experimenflume (Fig.1). Here we will focus our attention on the first
tal setting was then employed IBarcia(1994 to study the stralght r_each, only, whgre the.flow is papgble to reach a
depositional structure of turbidity currents laden with poorly duasi-uniform flow condition. With quasi-uniform flow we
sorted sediments. The similarity collapse of measured flowmean a flow characterized by a flow thickness that is slowly
velocity was quite good for the supercritical region of the Varying in the downstream direction. The reason for the pre-
flows, but, on the other hand, the data collapse for the subfix quasi stems from the observation that a perfect uniform
critical region of the flows showed a fair amount of scatter. flow (flow thickness constant in space) is never met due to
Altinakar et al.(19963 performed a large number of exper- Water entrainment from above. . _

iments on turbidity currents employing either salt or sedi- At the upstream end of the flume a sluice gate is placed to
ments to generate the current. However, they primarily fo-iSolate a small portion of the channel where the dense mix-
cused their attention on the head rather than on the body dfre is injected. In this way, the mixture debouching in the
the current. The same authorsitinakar et al, 19961 later |nle_t chamber is forced to pass through _the sluice gate, al-
showed that velocity and concentration distributions could!OWing us to control the upstream flow thickness of the cur-
be well represented by similarity profiles independently on"€nt by changing its heigli. At the downstream end of the
the values attained by the main dimensionless parametef@ume a dumping tank with a bottom drain is placed in order
(namely densimetric Froude number, Rouse number, relativ&® avoid upstreamfects induced by the filling of the tank
bed roughness, etc.), once both profiles are scaled with th¥ith the dense mixture during the experiment.

values attained by the corresponding quantities at the veloc- 1ne mixture of water and sediment (odsalt) is created

ity peak. RecentlySequeiros et a{2010 somehow contra- N tWo mixing tanks, each one approximately equal to®2m
dicted the previous findings showing that the vertical profilesadd]ng to t_he fresh water _the prgscrlped amount of salt gnd
of streamwise flow velocity and fractional excess density,SEd'me_”tv_ m_order to obtain a fIL_Jld with the c_ieswed density.
due to salt, sasuspended sediment or suspended sedimenthe fIU|_d inside the tank was st|rred_ by a mixer that _allows
alone, of the flow can be consistently represented dependinge sedlment to be taken_m suspension and the salt_dlssolyed.
on the Froude number, the grain size of the bed material an efore starting thg experiments, the flume was pre-filled with
the presence or absence of bed forms. Here we wish to intf€sh water, and its density and temperature were measured
grate these experimental observations with a new set of obSuch to determine the exact value of excess density between
servations specifically aimed at make some progress on thi€ mixture and the ambient fluid. The dense fluid is put in
dimensionless parameterfiexting the dynamics of turbid- the channel using a hydraulic pump through a pipe conduit.
ity and saline currents. Our main interest is on the verticalhe flow discharge was adjusted before every experiment,
structure of both velocity and concentration profiles. BesidesUSing a recirculation conduit (Fid)) where a control valve
reconsidering the well known influence of the densimetric Was opened the required amount to obtain the specified value
Froude number and of the relative bed roughness on the veRf flow discharge. The flow rate is measured during the ex-
tical profiles, we will also investigate thefect of the Rouse ~Periment by an orifice flowmeter.

and Reynolds number on the vertical structures as well as the

effects of the presence of sediment on the velocity profiles of
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Figure 1. (a) Sketch andb) plan view of the turbidity current flume.

A rake of siphons sample a volume of 0.25L at ten dif- 2.2 Experiments performed and experimental procedure
ferent elevations along the vertical in order to measure th
density distribution in cross section C5 in every run. The den
sity of the fluid is then measured using a density hydrometer . ; .
The siphons are operated manually, and start sampling Whenave ;ummanzed the main parameters that characterize each
the current head reaches the end of the flume and the curreﬁf(p.e“mem' In the f“?‘ column we report the label of the ex-
reaches quasi-steady conditions. This allows us to obtain th eriments, whereas in the' next three columns we show the
density distribution of the flow body, averaged over the timeva_Iues of the excess densny,_ flow rate a_nd the na_lture of the
necessary to get the samples. The siphons are placed at 3, ixture corresponding to the inlet. In particular, saline under-

15. 25. 40, 55, 70, 100, 150, and 200 mm from the bottom, dws are characterized by a mixture of salt (90 % in weight)

; o i ) . g
and sample simultaneously. The suction velocity is set sucf"fmdt sed:ﬂr?e_ntst (10% Irt] ert'ght)’ '? ortc:]er EJODr\]/aF\:e |r: th.e cur
to be similar to the current velocity, in order to obtain realis- rent a stricient amount of tracer for the velocime-

tic samples at the height each siphon is located. ter. In the fifth and si>_<th columns we present the values of
The ultrasound Doppler velocity profiler (UDVP) depth averaged velocqy and flow fchlcl_mess. Such values cor-
DOP2000 is employed to measure longitudinal velocity respond to cross section C5, which is the reference section
profiles of the flow. We employ 10 probes simultaneously of the str_alght reach where the_resu!ts are presented. The cor-
located in diferent cross sections (from C1 to C10 in Fiy. responding values of the den§|metrlc Froude number and the
during each experiment. To record the longitudinal profile Reynolds number calculated mthe same reference Cross sec-
every probe is placed along the centerline of the flume,tlon are reported on C‘?'“F“”S e|ght and nine, respectively. Fi-
partially immersed in the water, pointing upstream andna"y' the last colum_n |nd|cate§ if th(_e bed was made of con-
towards the bottom of the flume, with an inclination of 60 crete (smooth) or, vice versa, if sediments were glued to the

with respect to the horizontal. bed (rough).

ﬁn this work we focus our attention on 27 experiments whose
main characteristics are summarized in Tablavhere we
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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 no. number  roughness
Aplp o (MPST) (%) U (ms™) h (m) Frq Rex10®  (-)
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 25 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 35 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

For every experiment the density excess is generated in In any cross section we employ the relations proposed by
two different ways depending on the mixture employed. InEllison and Turne(1959 to evaluate the mean values of ve-
the case of saline underflows the mixture was obtained byocity U and height of the current. They read
adding salt to clear water, with a small percentage of sedi-
ment, added to the mixture as tracer for the UDVP. In the

case of turbidity currents the mixture was made by addingUh= | udz (1)
only sediments to clear water. Each experimeffeds from 0

the others in terms of the nature of the current, salinity or tur- .

bidity, the value of the fractional excess density (o), the U2h = fuzdz @)
flow discharge at the inlet conditiap, and bed roughness.

Every UDVP probe employed in the experiments is able 0

to acquire the instantaneous velocity profile along its axis inThe upper limit of integratiorz., is chosen as the height at
each section where it is placed. Employing the DOP2000 inwhich u = 0.3U. Such choice was motivated by the observa-
multiplexer mode, the system is not able to acquire veloc-tjon that if that upper limit of integration was employed, then
ity profiles from every probe simultaneously, but can only there was a good agreement between the flow thickness com-
acquire in sequence from each probe. As a consequence thgited from the integration of the longitudinal velocity profile
time between two consequent profiles at the same cross segnd that extracted visually from the lateral sidewallf&ient
tion is equal to the sum of the recording times of all the choices, however, would not have led to qualitativel§ei
probes employed in the experiment. ent results. These flow properties were employed to scale the
velocity profiles and also to evaluate the flow discharge per
unit width g and the buoyancy flux per unit wid®, defined
as
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place where the dense fluid coming from the body meets 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
B=gUh (4) ambient fluid takes placé\{len, 1972, Middleton, 1993.

The experimental procedure is the same for all the exper- It is well.know that the body of the current is.fa.ster than
iments performed. The experiment started when the valvéhe headNiddleton 1966ab; Best et al.200). This is con-
of the flume conduit was opened such to feed the channéiifmed from our experiments as reported in FAgwhere we
with the mixture. At the same time the bottom drain valve Show that the average downstream body velocity is roughly
placed at the end of the flume was opened an amount sucRC % greater than the head velocity. N
as to remove the same flow discharge from the system and to Didden and Maxworthy1982) proposed an empirical ex-
keep the free surface elevation constant in time and in spacBression concerning the value of the head veladityn con-
during the experiment. We verified that the maximurfiesi ~ Stant flux gravity currents where the entrainment of a_mb@nt
ence in free surface elevation between the inlet and the outlefuid is neglected. The authors related the head velocity with
was only a few millimeters high. It is also worth mentioning the volume flux per unit widtly and the reduced gravity
that an overflow drain was present at the downstream end dff the form
the flume, in order to prevent the free surface from reachin ¢ =C(g'9)*, (5)
the top of the sidewalls of the flume. Once the fluid mixture
reaches the inlet chamber, which has a sluice gate at the botvith C an order one constant. The value of the constamntis
tom, the current starts flowing on the bed along the channel.found byOzgékmen and Chassign@002, who performed

The head of the current starts moving downstream thea series of numerical experiments, with a two-dimensional
flume through the first straight reach, proceeds along th€x,z) nonhydrostatic model, yielding the val@e= 1.05+0.1.
bend and continues to the end of the channel. A few min-The relation proposed above is confirmed by our experi-
utes after the head of the currents has passed it is possiblaental results: in Fig3 the theoretical prediction (E®) is
to observe that the current reaches a quasi-steady state. Wittompared with the experimental velocity measured during
guasi-steady flow we mean a flow that is approximately con-our experiments. The theoretical prediction tends to slightly
stant in time at a specified cross section. Indeed some smadiverestimate the experimental values of front velocity.
oscillations were present in the flume, hence the prefix quasi.

This is the time at which we start measurements of velocity

profiles and we take fluid samples to determine the density

distribution of the current. Depending on the value of flow

discharge, each test had #fdrent duration varying between

about 10 and 30 minutes. . ] )

In the vast majority of the experiments (23 out of 28) the The velocity profiles were computed averaging from 30 up to
flow thicknessh was less than 12 cm. In five cases (S8, 39,1.2.0 instantaneous velocity profiles. Dependmg on the acqui-
S14, S25 and S27), corresponding to experiments with relSition mode employed of the UDVP, the time windows where
atively high flow discharge and low excess dendityvas  Velocity was averaged varied between 5 and 15 min.
between 15 and 17 cm. We have then computed the rela- Figure4 shows a typical example of the longitudinal ve-
tive submergence = h/h, with h, the depth of the ambient locity profile, once the _tlme averaging operation has already
fluid. Considering the reference cross section C5 located apP€en performed. The interface between the current and the
proximately in the middle of the straight reach, it turned out ¢l€ar water is located roughly 9 cm above the rigid bed. Mov-
that the relative submergence ranges between 0.065 and 0.469 up from the bottom we can notice that the velocity rapidly
The value of® equal to 0.46 corresponds to experiment S8, increases reaching the maximum Ioca_ltet_j in t_he lower part of
while the other four experiments mentioned above have a relthe current. Above the peak, the velocity invariably decreases
ative submergence about 0.4. In all the other experiments th@PProaching the current interface. Above the interface there
value of® is less than 0.31. These values are somehow simiS Still @ small layer of ambient fluid that is dragged down-
ilar to those corresponding to the experimentSefjueiros ~ Stréam by the und_erlyir!g current, whereas abov_e such fluid
et al.(2009 (@ between 0.1 and 0.4) arfitter and Simp- layer, a back flow is typically observed characterized by ve-

son(1978 andSimpson and Brittef1979 (® between 0.025  locities much smaller than the underlying current.
and 0.3). The vertical structure of longitudinal velocity is not the

same in the longitudinal direction. This is shown in Fig.

where we report a sequence of longitudinal velocity pro-

files evidencing the spatial development of the average ve-
Once the experiment is started, the heavier fluid starts flowlocity profiles in a typical saline current (experiment S4:
ing under the ambient fluid. The front of the current is the gp = 0.0034nfs™, Ap/p = 0.6 %). Starting from the inlet,

q=Uh, ®3)
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sponding to the flow thickness computed employirfigdent values
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face computed from velocity profiles and that measured visu-
ally during the experiment. It is worth noting, however, that
the blue dots in the initial four profiles are consistently below
the flow interface extracted visually during the experiments,
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whereas the agreement between line and dots improves sig-
nificantly in other profiles. Such particular behavior is likely

due both to the influence of the inlet condition on the distri-
Figure 3. Comparison between the experimental values and the thebution of longitudinal flow velocity in the first portion of the
oretical predictions obtained by the empirical expression proposedlume and to the presence of the hydraulic jump. Not con-
by Didden and Maxworthy1982 with C = 1.05. sidering the profile close to the inlet and upstream from the

hydraulic jump, in Fig.6a the velocity profiles at tlierent

cross sections are compared. It is evident that the velocity
where the shape of velocity profile is jet-like, the profiles changes only slightly proceeding downstream.
attain a similar vertical distribution proceeding downstream From the data acquired during each test it is possible to
where the flow is quasi-uniform (Figb). Unfortunately the  find out some average characteristics of the currents ob-
DOP was not able to measure the velocity profile in the re-tained some distance ahead from the flume inlet. Indeed, the
gion close to the sluice gate where the flow was supercriticalflow is supercritical at the upstream cross section, but be-
The cross section C1 closest to the inlet was already locatedomes quasi-uniform downstream the hydraulic jump form-
in the region downstream from the inlet where the flow wasing a short distance from the flow entrance. In particular,
already quasi-uniform. Every run has a similar behavior, de-from Table1 it can be noticed that the densimetric Froude
spite the flow thickness and velocity intensity change in dif- numberFry = U/ \/ﬁ with g’ = gAp/p representing the re-
ferent experiments. duced gravity calculated in the reference cross section C5,

The light blue line in Fig5 represents the interface be- remains supercritical in many cases, but is less than unity in

tween the current and the ambient fluid observed during thesome other cases.
experiment. This was extracted by visually identifying the Time averaged velocity profiles have been calculated in
interface between the clear water and the turbid underflow. lievery measuring cross section. Both the longitudinal velocity
is possible to observe that the interface is almost parallel tand the vertical coordinate were then scaled employing the
the bottom slope, thus suggesting that the current reaches\alues of depth averaged velocity and flow thickness corre-
guasi-uniform condition quite close to the inlet. The blue dotssponding to Egs.1) and @) in order to obtain dimensionless
are the values of the flow heightobtained by the averaged velocity profiles. It is evident from Figéb that, neglecting
velocity profile, using Eqs1) and @); it is possible to notice  the profile too close to the inflow condition, velocity profiles
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Figure 5. Velocity profiles measured in experiment S4 (saline flow, Figure 6. Example of velocity profiles(a) dimensional velocity

Qo =0.0034n?s1, Ap/p = 0.6 %). (a) Spatial distribution of longi-  profiles and(b) dimensionless velocity profiles in ftiérent cross
tudinal velocity and flow interface (blue line) measured during the sections from experiment S2y(= 0.0069 n¥s™; Ap/p = 0.6 %).
experiment. The interface height obtained from the correspondindgThe points corresponding to the experimental observations of su-
velocity profile (blue dots) employing Egsl)(and @) is also re- percritical currents dParker et al(1987 and both supercritical and
ported.(b) Dimensionless velocity profiles. subcritical currents oBarcia(1994) are also reported.

corresponding to the same experiment, once made dimers.2 Flow discharge and water entrainment

sionless, tend to collapse on a narrow band. Far from the ini-F h lculati  the deoth 4 velodihand
tial section where the flow structure is determined by inflow -0 the calculation of the depth averaged velotityan

condition and by the eventual presence of a hydraulic jump,ﬂOW thicknessh of the currents we calculated the flow dis-

the flow adjusts to a quasi-uniform flow characterized by thechlarg_e per unit widthg = Uh, in e\f/ery c(rjosls_schor_\b\l/vhere
existence of a self-similar velocity profile on the vertical. In Ve 0?'t3|’:,me7""srl]”en;ems were p(;)r ormhe .h t(;s pcIJ.ss.| € t? no-
Fig. 6b we have also reported the points corresponding to thdice In Fig. 7 that, _ownstream rom t € hydraulic jJump fo-
experimental observations of supercritical currentBarker cated close to the inlet, the current adjusts its characteristics
et al. (1987 and both supercritical and subcritical currents © @ duasi-steady condition where flow discharge slightly in-
of Garcia(1994 that bracket our results within the body of creases downstream due to entrainment of clear water from
the current, in spite of the quite low longitudinal bed slope aboye. Suph increase in flow discharge is also reflected in
of our experiment$ = 0.005), much smaller than that cor- & slight thickening _of the current proceeding downstream,
responding to the above mentioned experimests: 0.05 whereas flow velocity) tends to keep almost constant.

and S = 0.08, respectively). In the following we will con- From the calculation of the flow discharge in the down-
sider the vertical profiles measured along the channel axi§:|resm direction it |shp053|ble| to notice thart], ashexpeicted,
and corresponding to cross section C5 located 5.25m fronf! the experiments show a value gigreater than the inlet

the upstream inflow where the flow is fully developed and value. This is related to water entrainment from above, par-
has attained a quasi-uniform configuration ticularly intense in the first few meters after the supercritical

inlet condition, where a hydraulic jump was in some exper-
iments present. Water entrainment from above was however
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Figure 7. Experiment S4: spatial development of the mean velocity, Figure 8. Comparison between the experimental value of the en-

:Ei?izrl]vr:lljgeht and flow discharge of the current, compared with thelrtrainment (entr.) ca@cient €, obtained calculating the average

variation of flow discharge along the straight reach and the calcu-
lated values, obtained from Eq.&). The horizontal bars represent
different in the various experiments performed, highly de_the root mean square deviation associated with the spatial variability
pendent on the initial valugy imposed upstream. In particu- of the densimetric Froude number.
lar, series characterized by low valuegipfnaintain the flow
discharge approximately constant along the flume, whereasf saline currents characterized by the same upstream dis-
the increase of flow discharggoroceeding downstream was charge ¢o = 0.0026 nf s1) but different values of the excess
more intense in those experiments with high valueggadt density at the inlet. It can be immediately noticed that the
the inlet. This is related to the character of the current, moremaximum value of the excess densityfdis from the cor-
prone to entrain fresh water as the flow becomes more superesponding inlet condition. This is primarily due the strong

critical.

Eq. 20) to estimate the entrainment ffagent that reads

~ 0.075
B = (1+ 718Ri24)05°

mixing effect occurring close to the flow inlet in correspon-
In Parker et al(1987) the authors suggest a relation (their dence of the hydraulic jump and secondly to the water en-
trainment of ambient fluid downstream of the hydraulic jump
where the current has attained a quasi-uniform configuration.
Though the entrainment has a secondary role compared with
the mixing dfects in the region close to the input section, itis

Such equation has been used emp|oying the values of th@sponSible for current dilution in the downstream direction.
Richardson number averaged over the straight reach. The valthe density distribution along the vertical, in all the experi-
ues ofe, obtained from Eq.€) have been compared with the Ments performed, has a similar structure: it is approximately
experimental value of the entrainment fiagenté, obtained ~ constantin the dense current, and rapidly decreases in the re-
calculating the average variation of flow discharge along thegion near the interface to reach the value equal to the ambient
same straight reach. The comparison reported indsgows  fluid further up along the vertical.

that the empirical prediction d?arker et al(1987 provides This if further demonstrated in Figb and c, where the

a good estimate of water entrainment. profiles of excess density are scaled with their correspond-
ing depth averaged valugp and vertical distances are scaled
with flow thickness. The averaged excess density was com-
puted from the definition of buoyancy flux per unit width:
Density profiles are obtained from the measurements per-

3.3 Density profiles

formed on the flow samples taken by the siphons. Each mea- __ Zo
sure taken at dierent heights from the bottom provides the Ug%h _ gfu%(z) dz @)
time averaged value of fluid density at that elevation: indeed ~ p J p

every sample has a density value that is the mean temporal
value on a time frame necessary to fill the sample. Each samI'he upper limit of integration was set equal to that employed
ple takes about 10 min to be collected, and the ten siphon0 compute the depth averaged velocity and flow thickness
work simultaneously. (i.e., the height at whiclu is equal to 0.3J). Note that the

In Fig. 9a we show a comparison between the density pro-vertical segments of the profiles are related to the precision
files measured in the same cross section in four experiment@f the density hydrometer, which is equal to 0.5 kgm
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(@ 02 . ; ; ; ; ; ification on the vertical within the current is nearly absent.
SI18 —&— The excess density distribution of our experiments is com-
016 N S19 ,_ parable to that obtained fro®equeiros et a2010 in the
S20 —e— o . . .
e flow interface v case of subcritical flows, with a minorféérence close to the
<~ o012 Ho R P | interface where the density profiles are more stratified in our
g experiments than those obtained $gqueiros et a2010
§ 008 M | characterized by a more abrupt decrease in excess density.
s On the contrary, we did not observe notabl@eatences in
| the case of normalized density profiles in supercritical cur-
0.04 P T i rents (Fig.9c) that are still uniformly distributed inside the
0 ' ' current, whereas in the work &equeiros et al2010 the
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profiles are more stratified, showing a relative excess density
maximum near the bed and a minimum in the upper half of
the current. This dierence may be related to the fact that in
our experiments we covered a smaller range of supercritical
flows (maximum densimetric Froude numbér47).

Conversely, if one observes Fit0, which presents a com-
parison between the profile of excess density of a saline cur-
rent and the corresponding profile of a turbidity current, we
can see that the latter has a higher density in the lower part,
while it decreases gradually towards the interface. In fact,
in the upper part of the profile the saline flow has a higher
density value. This fact is due to the presence of suspended
sediments inside turbidity currents, which tend to settle and
move the higher value of the density profile towards the bot-
tom. In the experiments performed the sediments were very
fine (ds=50um), which could be the reason why this ten-
dency is not very clear. Also, it is worth pointing out that
the samples taken with the syphons dteaed by a measur-
ing error larger than the fierences in excess density 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. Veloc-

ity measurements are 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

Figure 9. (a) Dimensional andb) dimensionless density profiles
measured in cross section C5 in experiments wiffedént values
of the inlet excess density, and the same value of flow discharge
Qo = 0.0017 nts™X. The black triangles indicate the flow interface
level of each current(c) Similarity plot of dimensionless density

profiles measured in all the experiments performed (both saline an(bne of the crucial parameter§ecting the structure of the
turbidity currents) and classified in terms of the densimetric Froude

number current is the Reynolds number of the current. To quantify its
' effects on the velocity profile we varied flow discharge at the
inlet. Indeed the Reynolds numbReis proportional to the

. _ ) ) specific flow rateg in the form
Even if the initial value of the density at the inlet sec-

tion changes, dimensionless profiles collapse on each other q
(Fig. 9b). Indeed, in the case of density currents density stratRe= - Ty 8)

in the body of the current.

4.1 Effect of the Reynolds number
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wherey is the kinematic viscosity of the fluid atdlandh are B 0.6 e TSN
respectively the average velocity and height of the currents,g ‘ ‘ ‘ 3
calculated in the cross section from the longitudinal velocity 2 03 b I > ,,,,, |
profile. g ’ :
We show in Fig1lathe vertical profiles of dierent saline 3 0 [ i
experiments performed by keeping the value of the excess :
density at the inlet constant and equal to 0.3 %. It is evident 0.3 O. 0306 _0'9 1.2 1.5
that increasing the flow rate the velocity intensity increases Dimensonless velocity u/U [-]

and simultaneously the current becomes thicker. The increas . . . .

. . . . igure 11. Dimensionala) and dimensionles) averaged veloc-
of velocity, flow thlcknes_s an_d EIGVE‘“OU of veloc!ty peak, as 2t profiles: fects of the variation of the flow ratg saline currents
consequence of increasing inlet flow discharge is an expectegin Ap/p = 0.3% measured in cross section C5 (experiments S5,
result that has already been observed (&gqueiros et al. g6, 57,517, S9 and S8). The black triangles indicate the flow inter-
2010. However from this graph it is not possible to derive face level of each current.
some common characteristicsffdrences and analogies are
more clearly evidenced if we scale all velocity profiles mea-
sured in the fully developed region with their characteristic Simulations (DNS) of sediment-laden channel flowzaug-
values of velocityU and flow thicknes#. They are reported tero et al, 2009. In this case the authors observed that the
in Fig. 11b, with colors corresponding to filerent experi-  presence of suspended sediments induces a self-stratification
ments; furthermore, the series have been indicated accordinifiat damps the turbulence and can either lead to a reduction
to the Reynolds number of the current. In Figb it is pos-  of turbulence or to a complete relaminarization of the flow
sible to distinguish two dierent shapes of the velocity pro- in a region near the bottom wall. In both cases a gradual de-
files. In particular, currents characterized by a low value ofviation of the velocity maxima toward the bottom wall with
the Reynolds number (red and green lines) exhibit a velocincreasing values of sediment concentration was obtained.
ity maximum related to their averaged value higher than the
series with higher value dRe As a direct consequence the 4.2 Effect of the presence of suspended sediments
former shape results to be sharper than the latter.

It is also possible to observe that there is fiedlence in  Although the fuel that induces and sustains these kinds of
the part of the velocity profiles up to the peak; in particu- phenomena is the fierence in density between the flow and
lar, the concavity is upwards for loReand opposite in the the ambient fluid, density currents show &elient behavior
other case. Moreover, the part of the external ambient fluidwhether they are induced by the presence of dissolved salt or
that follows the flow in the downstream direction, compared suspended sediment. The reason for thigedgénce is related
to the thickness of the current itself, increases with decreasto two aspects. The firstis due to the well knowieet of sus-
ing value of the Reynolds number of the flow. Similar results pended sediments on turbulence dumping. Indeed, in a classi-
were recently found in the framework of direct numerical cal paper of open channel flowganoni(19469 documented
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experimentally that an increase in the mean concentration of L4k T Saline ]
suspended sediment was associated with an increasing ve— ’ Turbidity
locity gradient at the wall. It was first hypothesized and then § 1.2 :

confirmed by theoretical investigationsil{aret and Trow- & L — ,
bridge 1991, Herrmann and Madse2007 Bolla Pittaluga S o
2011, experimental observations/(iste et al, 2009 and 5 08 ' :
numerical simulationsZantero et aJ 2009 that the latter ef- f, 06 -

fect might originate from suspended sediments damping tur-- >
bulence and decreasing turbulent mixing. The second reasorg 0.4 /’
is related to sediment entrainment from the bed. Both salineE ¢, |- : :
and turbidity currents can indeed modify their density en- A //
training ambient fluid that dilutes them from above. In the 03 0 03 0.6 0.9 12
case of sediment laden currents, however, the flow can also ' . B o ' ’
exchange sediments with the erodible bed either decreasing Dimensionless velocity u/U [-]
bulk density through sediment deposition or, vice versa, in- Comparison between a saline density current (experi-
creasing bulk density through erosion from the bed of thement S14) and a turbidity current (experiment S25) with suspended
submarine canyon. sediment performed under the same conditi@gs=(0.0069 nf s
Figure 12 shows the dterence in the velocity profile be- andAp/p, = 0.6 %), measured in cross section C5.
tween a saline (S14 red line) and a turbidity (S25 green line)
current in two experiments performed under the same condi-
tions with the exception of the way the same value of excesgnaximum speed of the current was greater and located closer
density was generated (salt or sediments). It can be immeto the bed in the smooth configuration with respect to the
diately noticed that the shape of the two dimensionless profough case. The velocity intensity at the bottom was reduced
files show some significantfiierences. Sediment laden flows as a result of increased bed friction; in addition the velocity
have an higher value of velocity, compared with the averagedrofile increased its thickness.
one, that is located closer to the bed; as a consequence the ve-Observing Fig13it is interesting to note that the dimen-
locity profile appears quite sharp at the velocity peak. On thesionless longitudinal velocity is characterized by a velocity
contrary, the flow speed of the saline current is more spreagheak that is higher in the rough bed experiment with respect
on the vertical, resulting in a flatter velocity distribution char- to the smooth one. Indeed, the height of the velocity peak
acterized by a lower value of peak velocity compared to themoves from roughly 0.2B in the smooth case to roughly
previous case. Finally, in the case of the turbidity current,0.4h in the rough case. Also, the dimensionless flow veloc-
velocity gradually decreases with distance from the interfacety is slightly reduced in the lower part close to the bed, as a
whereas the velocity gradient is much more abrupt in the caseonsequence of the increase in bed resistance, and is slightly
of the saline currenSequeiros et a(2010, from comparing  faster above the velocity peak. It is also worth noting that the
their experimental results with fiérent data sets, come to a two profiles show the same value of the maximum dimen-
similar conclusion that the average height of peak velocitysionless velocityynax/U) and that the elevation of the inter-
for turbidity currents is lower than for saline flows. face is not &ected significantly by the change in bed rough-
ness. Such scenario is consistent to that originally found by
Sequeiros et a[2010 on higher longitudinal bed slopes.

10N

We also investigated theffects of the presence of a rough
bed on the velocity distribution. Most of the experiments per-
formed were carried out on a smooth plane bed. We therAnother aspect that we wanted to investigate is tiiece of
performed a new set of experiments placing a uniform layerthe value of the excess density on the velocity profile. We
of fine gravel, characterized bydgg = 3 mm, on the smooth then performed three saline experiments generating currents
fixed bed. The sediment size was choseflic@antly rough  characterized by éierent values of excess density and keep-
such that particles remained fixed during the flow event. ing all the other input values constant. Figa#a shows that,
Results are shown in Figl3 where we compare two increasing the value of excess density, the flow increases its
classes of density currents performed under the same excepgak velocity and also the depth averaged velocity, and at the
density at the inlet4p/p, = 0.6 %), similar values of flow same time becomes thinner with a velocity peak closer to the
discharge at the inlegjg = 0.0034—- 0.0069 n¥s™*) but over  bottom. Again such results are consistent to those found by
a smooth (experiments S4, S23 and S25) and a rough beflequeiros et a(2010 on higher longitudinal bed slopes.
(experiments S26, S27 and S28), respectively. Although the &ect that an increase in density has on the
We first noticed (not shown) that féiirences in velocity current is evident (Figl4a), observing the dimensionless
profiles between the two cases were evident. Primarily theprofiles in Fig.14b, the shape of the velocity profile does
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Figure 13. Comparison between density currents flowing over a = =
smooth (experiments S4, S23 and S25) and rough (experiments S26% N
S27 and S28) bed. All the profiles refer to cross section C5 located § :
in the middle of the straight reach. g
E 0.9 e
()
not seem to beftected by this change. It should be noted Eﬁ 0.6
however that the variations of excess density are small, as§ ; ; ; ‘
they are limited to a few percent. They are theffisient to k2 03 b
influence the overall flow dynamics of the current but the é’
values of excess density are not large enough to produced 0
significant changes on the dimensionless shape of longitudi- -0.3 0 03 06 09 1.2 15

nal 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 thejgure 14. Dimensionala) and dimensionlesé) comparison be-
shape of the longitudinal velocity profiles. Actually, a mod- tween density current velocity profiles withfiéirent density excess
erate influence of the subcritical or supercritical character of(Ap/p) and same flow dischargel(= 0.0026 n¥s') at the inlet

the current on the similarity density profiles was found by (experiments S18, S19 and S20).The profiles are measured in cross
Sequeiros et a2010, who pointed out that the fractional section C5.

excess density varies more strongly near the bed in supercrit-

Dimensionless velocity u/U [-]

ical flow. The accuracy of our velocity measurements near 1.5 . . — T
the bed might have obscured to us such wegce o \\\ Sllspercr¥tf°a] (Frg>1) —
ubcritical (Fry<1) —

S 12 e

4.5 Effect of the densimetric Froude number §
s 09 —

Finally, we investigate the influence of the densimetric 3 \

Froude numbeFr4 on the velocity profile. We selected the g 06

experiments characterized byferent values ofr 4, but with £

similar characteristics of the other parameters examined be-£ 03

fore. In particular, they have a valueRélarger than 8x10° E '

up to a maximum of 15 10°, and they are all saline currents - 0

flowing on a smooth bed. The experiments considered here 0 03 0.6 0.9 12 15
have a value oFrq falling in the range of 0.65—-0.88 for the
subcritical flows, and in the range of 1.07-1.18 for the su-
percritical cases. As it can be seen in Fi, the dimension-  Figure 15. Comparison between subcritic&g < 1) and supercrit-
less profiles of velocity do not show an evidenffelience ical (Frq > 1) experiments.

related to the character of the current (subcritical or super-

critical). According to the present experimental observations,

the densimetric Froude number does nidéet significantly  rent body. However significantfiéerences arise in the veloc-
the dimensionless shape of the velocity profile inside the curity profile above the flow interface. Indeed, flows with low

Dimensionless velocity u/U [-]
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values offrq show a slower transition of the velocity profile to the natural property of the sediments to settle down. On

from the current to the ambient fluid, while the currents with the contrary, increasing the bed roughness we observed that

high Frq are characterized by dimensionless velocity profilesthe peak velocity was higher that in the case of a smooth bed.

that abruptly decrease near the flow interface. This behav- We are presently extending the measurements to the

ior could be useful to understand the mixing processes at theurved bend, located downstream from the first straight reach

interface and consequently could play a key role in under-in order to investigate the vertical structure of secondary flow

standing water entrainment. in currents flowing in a constant curvature bend, and their
Itis also worth point out that the independence of the den-possible influence on the structure of longitudinal velocity as

simetric Froude number of the dimensionless velocity pro-well as on the overall dynamics of the current.

file is a new and unexpected result. In fact, in the literature

there has been a general consensus on the notabée- di

e.nces between §ubcr|t|cal and supercritical flows (&gr; of Genova within the project Morphodynamics of turbidity currents

,C'a’ 1994 Sequeiros et al2010. IF h",’ls been observed that flowing in submarine meandering channels (Progetto di Ateneo,

in the former case the peak velocity is lowest and located far’2011) and by Shell International Exploration and Production is

thest above the bed, whereas in the latter case it is highegfratefully acknowledged. This work is also part of the Ph.D. Thesis

and located closest to the bed. Only recerBiglla Pittaluga  of M. Stagnaro to be submitted to the University of Genova in

and Imran(2014), in the framework of a theoretical model, partial fulfillment of his degree.

found that the influence of the densimetric Froude number on

the vertical profiles of velocity and concentration is felt only Edited by: F. Metivier

if stratification dfects, induced by the concentration gradient

that leads to damping of turbulence, are accounted for. On

the contrary, they found that if stratificatioffects are ne-

glected, the densimetric Froude number does fiacathe Allen, J. R. L.: Mixing at turbidity current heads, and its geological

vertical profiles. More investigations are then needed to fur- implications, J. Sediment. Res., 41, 97-113, 1971.
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