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In many important natural and industrial systems, gravity currents of dense fluid
feed basins. Examples include lakes fed by dense rivers and auditoria supplied
with cooled air by ventilation systems. As we will show, the entrainment into such
buoyancy driven currents can be influenced by viscous forces. Little work, however,
has examined this viscous influence and how entrainment varies with the Reynolds
number, Re. Using the idea of an entrainment coefficient, E, we derive a mathematical
expression for the rise of the front at the top of the dense fluid ponding in a basin,
where the horizontal cross-sectional area of the basin varies linearly with depth. We
compare this expression to experiments on gravity currents with source Reynolds
numbers, Res, covering the broad range 100 < Res < 1500. The form of the observed
frontal rises was well approximated by our theory. By fitting the observed frontal rises
to the theoretical form with E as the free parameter, we find a linear trend for E(Res)
over the range 350 < Res < 1100, which is in the transition to turbulent flow. In the
experiments, the entrainment coefficient, E, varied from 4 × 10−5 to 7 × 10−2. These
observations show that viscous damping can be a dominant influence on gravity
current entrainment in the laboratory and in geophysical flows in this transitional
regime. C 2015 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4930544]

I. INTRODUCTION

A number of important natural phenomena are influenced by turbulent entrainment into in-
clined gravity currents. Examples include the downwelling component of the Atlantic meridional
overturning circulation, the rise of fresh water from subglacial discharges at glacial termini, the
discharge of brines to the coastal ocean, the flow of toxic dense gases in the atmosphere, and the
inflow of dense river water into lakes.1 Much literature has examined the amount of entrainment and
associated dilution that occurs in these currents.2,3

Existing research has mainly focussed on the stabilizing influence of gravity on entrainment
and parameterized the entrainment coefficient in terms of the densimetric Froude number. The
densimetric Froude number, Fr =


u3/B0, is the ratio of the inertia of the current over the buoyancy

of the current, where u is the along-slope velocity of the current, B = g′Q the buoyancy flux per
unit width in the current, g′ the reduced gravity of the current, and Q the volume flux per unit width
in the current. The entrainment coefficient, E, is the ratio given by u over the induced velocity, v ,
perpendicular to the slope with which ambient fluid is entrained into the current,4 such that v = Eu.
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Fernandez and Imberger5 compared various empirical parameterizations of the coefficient E
based on Fr and bottom drag coefficient, Cd, with data from field measurements of river inflows
to reservoirs. In their most accurate parameterization of E, the standard deviation of the error in
the predictions from observations was 31% of the average measurement. Reducing this uncertainty
is important to many applications. For example, predictions of ecologically significant processes,
such as the provision of nutrients to phytoplankton in the surface layer of a lake, change drastically
depending on the assumptions made about the mixing of the inflowing river water.6 Furthermore,
global climate models are sensitive to the dilution that occurs in the downwelling limb of the
meridional overturning circulation.7

There has been a recent resurgence in research into entrainment by gravity currents.8 Work has
begun to investigate the reduction of entrainment by viscous forces.9 It may be the case that in the
limnological field site of Fernandez and Imberger,5 the value of E was dependent on the Reynolds
number, Re, which describes the ratio of inertia over viscous forces. In this study, the river inflow
had a Re of around 10 000. The suggestion that Re has a significant influence on E motivates our
present work to measure this influence in the laboratory, where conditions can be more carefully
controlled than in the field.

The experiments described in this paper measured E by fitting the theoretical prediction for the
amount of dense fluid which accumulated at the bottom of a basin to experimental observations,
with E as the free parameter in the fitting procedure. The accumulated fluid was measured by
tracking the rise of the front at the top of the accumulated dense fluid. A follow-up paper will
describe the motion of the fluid below the front, within the stratified ponded fluid. In Section II
of the present article, the experimental apparatus will be described. In Section III, the qualitative
and then quantitative results of the experiments will be presented. In Section IV, a newly derived
equation for the filling of a triangular basin by an entraining gravity current will be described,
and the experimental results will be compared with the theoretical curves to find an expression for
E(Re). Finally, Section V will discuss the observed variation in E in the context of previous work
and the significance of these results.

II. EXPERIMENTS

The experimental apparatus is shown in Figure 1. A triangular basin was formed by inclining
a rectangular tank. The tank was 2.35 m long, 0.15 m wide, and 0.50 m tall. All experiments were
carried out at an inclination of 8.6◦ from the horizontal. The region with a triangular vertical cross
section below the source unit formed the working section of the experiment.

The basin was filled with water to the top of the weir. Source fluid—an aqueous sodium chlo-
ride solution—of constant density was delivered from a header tank. The reduced gravity of the
source fluid was 0.20 m s−2, to within 0.01 m s−2. The flow rate, measured at the weir, was constant,
varying by less than 1%. The source fluid was delivered to a source unit, drawn in detail in Figure 2,

FIG. 1. Schematic of the laboratory apparatus. The source unit is shown in more detail in Figure 2.
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FIG. 2. Schematic of the source unit.

at the top of the inclined base of the tank. The source fluid passed through a foam strip at the exit
of the source unit, giving an even supply across the width of the tank. The upper boundary of the
source unit was an upwards sloping plate, which formed an expanding section through which the
source fluid flowed. The inflow separated from the upper boundary and formed a gravity current.
This method gave the current a thickness set by the flow, rather than a thickness imposed by the
height of the source outlet. Little mixing occurs at such a separation point,10,11 as shown by images
of the flow from the source unit in Hogg.12 The density of the source fluid was measured with an
Anton Paar densitometer (model DMA5000) to within a density of 5 mg l−1.

The position of the front of the fluid ponding at the bottom of the basin (shown diagrammati-
cally in Figure 1) was found from an aspirated conductivity probe on a belt-driven linear traverse.13

The traverse was oriented perpendicular to the base of the tank. The probe measured density profiles
every 13 s, taking a sample every 0.5 mm. The signal from the probe electrodes was connected
via a Wheatstone bridge to a UEI analogue-to-digital acquisition card (model PD2-MF). To reduce
signal noise, the data were filtered using a median filter over a window of 3 samples. The probe was
calibrated in solutions of known density at temperatures within 1 ◦C of the working fluid, giving an
error in the density measurements with a standard deviation during calibration of 0.8 g l−1, or 4%
of the reduced gravity of the source fluid. The traverse was driven by a stepper motor allowing the
probe tip to be moved up and down to within 0.2 mm accuracy. The software package DigiFlow was
used to control the traverse and measure the voltage across the conductivity probe.

During the experiments, the ambient stratification developed as dense fluid collected in the
ponded region at the bottom of the basin. When the front above the ponded region reached the
source unit, the experiment was ended. The front above the ponded region was defined as the first
sample, searching from the bottom of the profile, with a reduced gravity less than 10% of the
source reduced gravity. The threshold of 10% was chosen because it was the smallest value which
still avoided erroneous heights being identified due to noise in the conductivity measurement. The
evolution of the front produced by this analysis formed the main quantitative data from the exper-
iments. The flow conditions in the series of experiments are shown in Table I. Run 3 was repeated
in run 4 and run 13 was repeated in run 14 with nominally similar conditions. These repeated runs
gave an indication of how much variation there was between nominally identical experiments.

Qualitative experiments were carried out separate to the quantitative experiments to visualize
the turbulent features at the boundary of the gravity current. In these visualizations, the profiler was
not used, and dilute milk was added to the source fluid. By adding the opaque milk, the shape of the
upper boundary of the current was made visible. The concentration of milk was such that a black
plastic rod submerged in the solution was obscured at a distance of approximately 0.5 mm.

III. RESULTS

A. Qualitative results

The opaque dye visualization allowed structures at the boundary of the gravity current to be
seen. The structure observed included waves, eddies, and filaments. The visualization indicated
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TABLE I. Parameter values for experiments.

Run Source flow rate (m2 s−1)

1 0.11 × 10−3

2 0.13 × 10−3

3 0.25 × 10−3

4 0.26 × 10−3

5 0.28 × 10−3

6 0.36 × 10−3

7 0.37 × 10−3

8 0.45 × 10−3

9 0.59 × 10−3

10 0.62 × 10−3

11 0.63 × 10−3

12 0.74 × 10−3

13 0.99 × 10−3

14 1.00 × 10−3

15 1.10 × 10−3

16 1.50 × 10−3

marked differences in the character and intensity of entrainment occurring at the different Res used.
Here, Res = Qs/ν is the Reynolds number at the source unit, Qs the volume flux per unit width at
the source, and ν the kinematic viscosity. The Res is the control parameter in the experiments, not
the local Re along the slope, although these values are of similar magnitude. Entrainment into the
current causes the flow rate in the current and the local Re to increase with distance down the slope.
The kinematic viscosity of water at 20 ◦C is 1.0 × 10−6 m2 s−1. The gravity currents ranged from
appearing turbulent at the highest Res to appearing laminar at the lowest Res.

The photograph in Figure 3(a) shows a gravity current at Res = 900. The boundary of the
current was a diffuse, disordered field of unsteady, turbulent eddies. Immediately upon leaving the
source, the flow was in this turbulent state. The opaque dye visualization cannot show whether this
was a fully developed turbulent flow with a full separation of inertial and Kolmogorov scales. The
variation in E with Res in the quantitative results in Section IV A shows that Reynolds number
independence did not occur at the Res used in these experiments.

The photograph in Figure 3(b) shows a gravity current at Res = 300. The boundary of the
current was smooth and distinct, not diffuse like at Res = 900. There were regular, periodic pertur-
bations across the whole length of the current. A similar regime was observed by Cenedese et al.14

and other references therein. The perturbations were V shaped, had a wavelength of approximately
20 mm, and propagated downslope. We presume that these were roll waves15 which, after initiat-
ing, spread laterally to form V shapes. Roll waves were previously observed by Cenedese et al.14

in similar experiments. Occasionally, localized mixing events occurred on the surface, and dilute
filaments of dye were temporarily seen in the upper ambient layer.

The photograph in Figure 3(c) shows a gravity current at Res = 100. The boundary of the cur-
rent was a smooth, flat sheet. The flow appeared laminar with no visible turbulence or perturbations
at the interface of the current.

The observed change in the character of the turbulence and the visible engulfment of ambient
fluid suggests that entrainment decreased as the source Reynolds number decreased. Measurements
of the rising front of dense fluid in the ponded region, described in Section III B, quantitatively
show the same trends in E(Res).

In the quantitative experiments, dilute methyl blue dye was added to the source to allow addi-
tional qualitative observation. The head of the gravity current ran down the slope, followed by the
thinner tail of the gravity current. When the head reached the bottom of the basin, the head crashed
against the end wall. This overturning caused mixing and waves at the interface of the ponded
region. This established the ponded region which then gradually rose to fill the entire basin. The
profiling probe measured the density stratification during this filling process.
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FIG. 3. Current boundary visualized with milk, taken from above, looking across the current. In (a) Res = 900, (b) Res = 300,
and (c) Res = 100. The white current flowed from right to left, and obscured the black base of the tank in all cases.

B. Quantitative results

To measure the filling process quantitatively, the height of the front at the top of the ponded
region was calculated from each density profile, as described in Section II. A typical density profile
is shown in Figure 4 with the front, defined by a threshold density, indicated by the red cross.
Alternative definitions for the front are discussed in Hogg,12 but they do not materially alter the
results or conclusions. The profile departed from a smooth, stable density profile both because of
noise in the measurement of conductivity, and overturning eddies in the actively turbulent fluid in
the basin. These perturbations did not significantly change the height identified as the front.

For all of the experimental runs listed in Table I, the time evolution of frontal heights is plotted
in Figure 5(a). The profiling probe measured the frontal height at 13 s intervals. The fronts rose
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FIG. 4. A typical profile of reduced gravity measured by the conductivity probe (run 13, 5th profile). The front above the
ponded region, defined by a density threshold, is located at the red cross. The source fluid had a reduced gravity of 0.20 m s−2.

FIG. 5. The height of the front above the ponded region in all experimental runs. The color scale indicates the source flow
rate. In (b), the data are plotted with a logarithmic scale on the abscissa to show the curves for all source flow rates more
clearly.
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monotonically from the bottom of the basin, apart from some noise. The probe could only measure
frontal positions more than 0.052 m above the bottom of the basin, because the position of the
traverse was slightly upslope of the weir.

Within each run, the speed of ascent after the pond had formed gradually slowed as the front
rose towards the source. Two reasons contributed to this reduced frontal velocity: the larger cross-
sectional area at the top of the basin reduced the upwelling velocity, and the upwelling volume flux
reduced, because the downwelling gravity current had a smaller volume flux. In runs with a higher
source flow rate and thus larger Res, the basin filled faster. This was not only because more fluid
was provided by the source, but also because the entrained volume increased at the higher Res. The
entrainment coefficient was measured from the filling time, as shall be discussed in Section IV A.
The data from Figure 5(a) are replotted with time on a logarithmic scale in Figure 5(b) to more
clearly show the curves at all source flow rates.

Interfacial waves caused the front at the top of the ponded region to rise and fall at the loca-
tion of the profiler, introducing some noise to the rising curves. This made the frontal rise curves
non-monotonic. The error in the front height measurements, as seen by the oscillations in the data,
was less than approximately 10 mm. A small error was also introduced by noise in the conductivity
measurements, which was minimised by the median filter.

In Sec. IV, we will compare the curves of the observed frontal rises with the theoretical solution
we will derive for triangular filling boxes fed by entraining gravity currents. This will show how
much fluid was entrained as the basin filled and allow E to be calculated for the different runs.

IV. THEORY

Here, we analytically consider a two-dimensional (2D), turbulent, entraining gravity current.
The current deposits fluid in a ponded region at the bottom of a triangular basin, shown schemat-
ically in Figure 6. This basin shape is typical of many lakes.16 Our approach uses a similar model
to the seminal work of Baines and Turner.17 They considered a constant width basin, not typical
of a lake. We use density and velocity profiles for the gravity current that have “top hat” forms,4

i.e., they are a Heaviside step function falling from the mean value in the current to the ambient
value at a distance h perpendicular from the slope. This analysis can be reproduced (with a change
of prefactor) for any form of the density and velocity profiles within the gravity current that remain
self-similar along the current.18

Within the gravity current, the volume flux increases as fluid is entrained, the momentum flux
increases due to the weight of the current, and the buoyancy flux is conserved because the gravity
current runs beneath a uniform density environment. The density variations are small, allowing the
Boussinesq assumption to be made. The bottom drag is neglected in the momentum equation. This
simplification is an approximation to the flow on inclines which are steep enough that bottom drag
is negligible compared to the force required to accelerate entrained fluid at the shear layer. On steep
inclines there is a momentum balance between inertia and buoyancy, with negligible contribution
from bottom drag. For parameters typical of the experiments (g′ = 0.2 m s−2, h = 0.01 m, θ = 8.6◦,
u = 0.1 m s−1, and Cd = 0.006), the drag term, ρrCdU2, is a factor of 5 smaller than the buoyancy

FIG. 6. Schematic of the basin. The gravity current is shown in light gray and the ponded region is shown in dark gray. The
displacements z and x describe the vertical displacement below the virtual source and along slope displacement. Note that
therefore they are not perpendicular.
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term. There is some uncertainty in these values, particularly Cd and h, as they are difficult to mea-
sure in our apparatus. When drag is neglected, a closed form solution can be found and compared
to the observations. In laminar regime flows, where entrainment drag is negligible, bottom drag may
be significant. These quasi-steady fluxes evolve along the slope according to

d
dx

(uh) = Eu, (1)

ρr
d
dx

�
u2h

�
= ρrg

′h sin θ, (2)

d
dx

(uhg′) = 0, (3)

where x is the distance downwards along the slope, u the velocity in the gravity current along the
slope, h the thickness of the gravity current normal to the slope, E the entrainment coefficient,
g′ = g(ρp − ρa)/ρr the reduced gravity of the fluid in the current, g the acceleration due to gravity,
θ the acute angle the incline makes with horizontal, ρp the density in the gravity current, ρa the
density of the ambient, and ρr a constant reference density. The value of E is to be determined from
the experiments.

Mass transport in the ambient fluid is assumed to be dominated by upwards return flow in
the basin balancing the downwards gravity current flow along the slope. Other mass transport pro-
cesses, such as diffusion in the ambient, are assumed to be negligible. Conservation of the volume
delivered to the ponded region by the gravity current therefore gives

dz f
dt
=

−qf

[1 − (z f /D)]A , (4)

where z f is the depth of the front beneath the virtual source of the gravity current, t time, D the depth
of the bottom vertex beneath the virtual origin, and qf = uh the volume flux in the current at the depth
of the front. In the right angled triangle case considered in these experiments, the horizontal length
at the top of the basin is A = D/(sin θ cos θ). The virtual origin is the origin for a source of buoyancy
alone that would give rise to the volume and buoyancy flux that occurs at the physical origin.

Equations (1)-(4) can be made dimensionless using the scalings

ζ = 1 − η = zD−1, (5)
τ = tB0

1/3 sin−2/3θA−1, (6)
f = g′uhB−1

0 , (7)

q = uh sin2/3θD−1B−1/3
0 , (8)

m = u2h sin1/3θD−1B−2/3
0 , (9)

where η is the dimensionless height above the bottom of the basin, B0 the source buoyancy flux per
unit width, and z = x sin θ is the vertical distance beneath the source. The corresponding dimension-
less system of equations is

dq
dζ
=

Em
q

,
dm
dζ
=

f q
m

,
df
dζ
= 0, (10)

dζ f
dτ
=
−q

1 − ζ f
. (11)

Boundary values of f = 1 and q = 0 at ζ = 0 give fluxes along the gravity current of q = E2/3ζ and
m = E1/3ζ . Substituting for q in (11), and integrating, we obtain

τ = E−2/3 �ζ f − ln(ζ f ) − 1
�
, (12)

which can be rearranged to

η f = 1 − ζ f = 1 +W(−e−1−E2/3τ), (13)

where η f is the height of the front above the bottom of the basin and W is the Lambert-W
function,19 sometimes called the product-log function. Figure 7 includes a plot of η f .
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FIG. 7. Rise of the front in all experiments using dimensionless parameters. The dashed black line plots (13) using a value
of E = 0.012.

A. Analysis

We now examine the experimental data in terms of the theoretical dimensionless parameters
described in (5) and (6). The experimental data are plotted in Figure 7 in dimensionless coordinates,
with a constant value of E = 0.012. This value for E was suggested by the results of Ellison and
Turner2 for the inclination of 8.6◦ used here. The position of the virtual origin was set to give
the correct volume flow rate at the physical source, assuming that E = 0.012. These dimensionless
coordinates did not successfully collapse the data onto the theoretical curve given by (13). The
high flow rate experiments filled more quickly than the theoretical curve and the low flow rate
experiments filled more slowly than the theoretical curve. The model does, however, qualitatively
capture the observed behaviour. Using this value for E, the theoretical curve lies in the middle of
the dimensionless data. This is expected because in the experiments of Ellison and Turner2 Res was
approximately 1000, which lies in the middle of the range of Res used in the present experiments.
In light of the qualitative observation that the volume of fluid entrained increased at the higher flow
rates, the value of E should vary with source flow rate or, equivalently, Res.

As the gravity current moves down the slope and entrains fluid, Q and Re increase. The assump-
tion of a relationship E(Re) implies that, if Re increases down the slope, E will also change down
the slope. Allowing E to vary as a linear function of x, however, leads to a more complicated set of
differential equations. Our first order approximation, that E is set only by the source flow rate and
does not change along the gravity current, is reasonably successful.

The value of E was calculated for each flow rate from the rise of the front in each experiment.
Using E as the free variable, (13) was fitted, in the least squares sense, to the observed height of
the front as it rose through the basin. The trend in E with source flow rate across the different
experimental runs is plotted in Figure 8. The plot suggests that E is negligible below a source
flow rate of approximately 0.35 ± 0.1 × 10−3 m2 s−1, at which flow the source Reynolds number is
Rec ≈ 350. This is a critical Reynolds number, above which E increases appreciably. The source
Reynolds number, Res, depends on 2D source flow rate, Qs, alone when viscosity is constant. This
is, to within the accuracy of the qualitative experiment in Figure 3(b), the Res at which periodic
perturbations were observed in the gravity current. At Res > Rec, E rises, and is well described by a
linear trend. This trend may be expressed in terms of Res as

E = 6.22 × 10−5(Res − 350) Res > Rec. (14)

A linear trend in E(Res) such as this is close to the previously observed trend for rotating gravity
currents.20 The previous authors suggest that rotation does not change the entrainment because the
turbulent eddies, which mix the fluid, are significantly smaller than the Rossby radius.

There was no trend in E in these experiments with Fr in the turbulent regime, over the range
Rec < Res < 1100. This was because Fr was nominally constant across all the experiments. The

 This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded

to  IP:  131.111.16.57 On: Fri, 30 Oct 2015 10:24:16



096602-10 Hogg et al. Phys. Fluids 27, 096602 (2015)

FIG. 8. Variation in E with source flow rate and Res. Crosses show experimental observations and line shows the linear fit,
(14).

change in E occurred because Res varied across a wide range in the experiments. The value of Fr =
(u3/B0)1/2 in the steady current was estimated from the front speed, u f , observed when the gravity
current was initiated. Britter and Linden21 showed empirically that u f = 3u/5 for gravity currents
on inclines above 5◦. The Fr observed in these experiments over the range 350 < Res < 1100 had
a mean of 3.1 and a variance of 0.01. These values fall within the range of Fr observed by Britter
and Linden.21 The coefficient of determination between E and Fr was R2 = 3 × 10−5, showing that
in these experiments there was no correlation between the two variables.

Parameterisation (14) for the variation in E with Res collapses data from the different exper-
imental runs onto a single curve. The fact that the length scale and time scale of the experiments
collapse when using the linear parameterisation is expected because values of E found by the least
squares fit matched well with the parameterisation. The form of the experimental curve agrees well
with the Lambert-W form of the theoretical prediction. This result was not enforced by the least
squares fit. The match between the data and the form of the curve demonstrates that the entraining
gravity current is a good model of the flow. In Figure 9, the data for which Res > Rec are plotted,
together with the theoretical curve. The data closely follow the form of the Lambert-W function
predicted by the entraining gravity current theory, as shown in Figure 9. When a constant value of E
was used, as in Figure 7, the departure from the theoretical curve was correlated with Qs; this trend
was not present when parameterisation (14) was used.

FIG. 9. Rise of the first front in all experiments with Res > Rec using dimensionless parameters with a linearly varying value
of E given by (14).
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V. DISCUSSION AND CONCLUSIONS

Using linear relationship (14) for E(Res) improves the collapse of the experimental obser-
vations to the theoretical filling curve. The residual sum of squares error between the observed
dimensionless height and the theoretical dimensionless height is 0.055, compared to 0.102 when
using a constant value for E taken from Ellison and Turner.2 Numerous measurements of E have
previously been made in laboratory and field settings, as shown in Figure 2 of Cenedese and Ad-
duce.9 The present measurements of E fall within the range of the previous measurements. Few
previous studies have discussed the influence of Re on E; we found no field studies that investigated
the influence of Re. Viscous damping may have played a role in the field results of Fernandez and
Imberger5 in river inflows to lakes. Their data showed a trend in E with Re for Re < 20 000. In
that study Re ranged from 10 000 to 31 000, which is low compared to typical oceanographic field
studies.

Only the work by Cenedese and Adduce9 has put forward a detailed parameterisation of E(Re).
Their work was based on experiments where rotation had a strong influence. Rotation played no
role in our experiments. However, in order to compare our experiments with those of Cenedese and
Adduce,9 we must take account of the impact that rotation had on their experiments. In the regime
in which the flow appeared turbulent (i.e., Re & Rec), the present data are in reasonable agreement
with previous measurements. In the low Re regime, the present measurements found much lower
values of E than predicted by the Cenedese and Adduce9 parameterisation or the data set which it
is based on; at Res = 100 the present measurements of E are more than 1000 times smaller than
predicted by the Cenedese and Adduce9 parameterisation. The reduced entrainment in the low Re
regime in the present measurements occurs because the transition to a turbulent state began at a
higher value of Re than in the Cenedese and Adduce20 experiments. In the rotating experiments
conducted by Cenedese and Adduce,20 the laminar-turbulent transition began at Re between 15 and
40. In the present study, the laminar-turbulent transition began at an Res between 100 and 250. A
more precise onset was not identified.

A potential explanation for the transition beginning at lower Re in the Cenedese and Adduce20

experiments is that rotation may cause the laminar current to be unstable at lower values of Re
than in the non-rotating experiments. An alternative explanation is that the steeper incline in the
Cenedese and Adduce20 experiments—greater than 25◦ in comparison with 8.6◦ in the present
experiments—may destabilise the current.

In the turbulent regime (i.e., Re & Rec), both the rotating experiments and the present exper-
iments showed an approximately linear variation in E with Re. This agreement between the two
experiments adds weight to the evidence for the linear trend observed in this range of Re. Previous
authors20 suggest that rotation does not alter this trend because the length scales of turbulent mixing
are much smaller than the Rossby radius. Scales below the Rossby radius are not dominated by
rotation. It is an interesting observation that the trend of E(Re) is so close to linear in both sets of
experiments, although the reason for the linear form of this trend is not yet clear. In a related study,
Prastowo et al.22 examined hydraulically controlled buoyancy-driven exchange flows. Increasing Re
was found to increase the buoyancy flux caused by turbulent mixing and reduce the proportion of
the available potential energy transferred to viscous dissipation. In the gravity currents studied here,
the same effect may explain why increasing Re increases the entrainment coefficient.

The exact value of E calculated from the present experiments depends on the threshold value,
φ, used to define the front above the ponding region. If fluid that is more dilute is considered to
have been entrained into the gravity current, then the volume of entrained fluid will increase and
so will E. The constant value of φ = 0.1 was used consistently throughout the present experiments.
This threshold included as much dilute fluid as possible without allowing noise in the density
measurements to influence the height of the front above the ponded region.

Measuring E from the depth of the ponded region means that extraneous sources of mixing,
such as mixing at the source unit and end wall, are included in the estimate of the entrainment.
Qualitative observation suggested that the mixing into the current along the slope was significantly
larger than these extraneous sources of mixing. The fact that these other sources of mixing were
present at the lowest flow rate experiments, but did not raise the calculated value of E above 0.0002,
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suggests that extraneous sources were minimal. The use of the ponded region depth is attractive,
despite this problem, because it is a time-integrated and space-integrated measure of E. This means
that it is statistically a more robust measurement. Similar experiments, such as those by Prastowo
et al.22 and Cenedese and Adduce,20 have also ignored these other mixing processes.

We now discuss the range of Res over which (14) is valid. From visual observations, it is clear
that at low Res (i.e., Res ∼ 100) the gravity current is qualitatively different, appearing laminar.
The quantitative observations show that in this range E reduces as Res reduces. For Res < Rec, the
linear trend in (14) gives a negative value for E, which is clearly invalid because E must not be
negative. The value of E for Res < Rec is not identically zero, but this study is not able to give a
more accurate parameterisation over this range. There must also be an upper limit of Res for which
(14) is valid, because E cannot rise without limit. There is no indication from the results in Figure 8
that the gradient dE/d(Res) reduces over the range examined in these experiments, although the
data point at Res = 1500 is based on only 4 measurements of the ponded region depth and could
therefore reasonably be disregarded. A conservative approach on this basis would therefore restrict
the validity of (14) to the range Rec < Res < 1100. Many geophysically significant gravity currents
occur in the regime of transition to turbulence at intermediate Re, such as small river inflows to
lakes. The influence of viscous effects should be accounted for in these flows by using Re dependent
parameterisations of entrainment.

These results do not show what happens at Res > 1100. Based on the well established literature
on buoyant plumes in this limit,4,18 it is likely that the asymptotic limit for E would be of order 0.1.
The linear fit to E(Re) shown in Figure 8 suggests that gravity currents of Res ∼ 2000 would closely
approach this limit. Further experiments at Res > 2000 should be possible with an apparatus with
a slightly larger source flow rate and basin volume. Such experiments to investigate the behaviour
at this limit would be valuable. An alternative view, supported by the studies of Prastowo et al.22

and Dimotakis,23 is that not until above the mixing transition, approximately Re & 50 000, does the
entrainment rate become constant. There are many gravity currents in geophysical settings with
1100 < Re < 50 000, such as the river inflows studied by Fernandez and Imberger.5 These flows
would be understood better with further experimental data in this range.

Within the ponded region below the front, the behaviour of the gravity current was very
different to the behaviour described in this article. The ambient fluid in the ponded region was
stratified and therefore allowed peeling detrainment to transfer fluid from the gravity current to the
ambient.12,24 The behaviour of the gravity current in the ponded region will be described later in the
series of papers on this experiment.

Future work could measure the density and velocity fields within gravity currents at different
Re, which was not possible with the apparatus described here. The mechanisms within the gravity
currents which give rise to the observed changes in E with Re could then be identified.

The qualitative appearance of the turbulent state at the upper interface of the gravity current
suggests that at Res . 100 the current is laminar with little entrainment. At Res > Rec, where we
found Rec ∼ 350, the gravity current transitions to a turbulent state, as shown in both qualitative
visualisations and the measured value of E. At Rec < Res < 1500, a linear increase in E with Re
was observed. Using the linear variation for E(Res) which accounts for viscous damping, the rise of
the front in the basin was predicted by theory. Laboratory and field studies of gravity currents with
moderate Re, such that they are in the regime of transition to turbulence, should similarly account
for viscous damping of entrainment.
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The density profile measurements are available at the website http://www.repository.cam.ac.uk/
handle/1810/249124.
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