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ABSTRACT
Coastal and marine environments are impacted by inflows of varying types and chemical 
compositions. This novel study experimentally investigated the dynamics of a particular type of 
inflow—crystalline gravity currents (CGC) produced by the lock release of over-saturated brine 
solutions (i.e., they contain a proportion of suspended salt crystals) into a non-stratified ambient. 
Such flows may occur from desalination and chemical plant discharges. CGCs were found to 
show two distinguishing characteristics from normal under-saturated gravity currents (UGC). 
One was that CGCs have longer slumping distances than UGC while the other was that during 
the self-similar phase, CGCs have a decreasing trend in their velocities, and the current’s height 
is no longer constant. These differences result because the CGCs drop crystals onto the bed as 
they advance. Their flow behaviour was also found to be dependent on the flow head density or 
local density; whereas, UGC flow is a function of the initial fluid density. This unique study gives 
a significant insight into crystalline gravity currents showing how they can impact the coastal 
environments they are encountered in, e.g., the discharge vicinity of desalination and chemical 
plants.

1. Introduction

Gravity currents, which are also known as density cur-
rents, are established when one fluid flows into another 
with different density, and the flows are driven by their 
density difference. These very common and important 
phenomena occur within numerous natural and con-
structed systems, including the heating and cooling of 
rooms (23) in water treatment plant clarifiers (19), in 
reservoir destratification systems (Lemckert & Imberger, 
15, 16), and in the operation of water regulating lock 
structures designed to modify and control estuarine and 
lake systems (17; 30; 31). These currents are also rele-
vant to engineering sciences such as in industrial safety 
and environmental protection. A common method of 
creating gravity currents in the laboratory is by quickly 
removing a vertical barrier (lock) separating two fluids 
of different densities in a channel. Using this technique 
and with salt water and fresh water solutions as the 
fluids, many researchers have conducted lock release 
gravity current experiments to understand their fun-
damental behaviour (1; 4; 5; 8; 12; 14; 17; 20; 22; 24; 26; 
28). However, crystalline gravity currents have not been 
studied extensively yet, and there is very little fundamen-
tal knowledge of their behaviour. Crystalline gravity cur-
rents are suspensions of dense particles that spread into 
an ambient fluid due to the difference in the density of 
the suspension and that of the ambient fluid. During the 
evolution of the crystalline gravity current, the particles 

continually dissolve, thus reducing the excess density of 
suspension and therefore reducing the driving buoyancy 
force.

The UGC has different physical phases across their 
propagation (8). The first is the initial slumping phase 
(Figure 1, panels’ b–e). During this, the front of the grav-
ity current, which is known as the head, moves with a 
constant speed (U) and maintains nearly constant depth 
(h) (8). After the first phase, the head collapses (Figure 
1 panel f). At slumping distance (Xs), the head becomes 
well-formed because the reflective wave catches up with 
the front thus giving its characteristic inertial semicir-
cular cross section. This phase is known as self-similar 
phase (24).

Here, the theoretical slumping distance is defined by 
(24) –

 

where, x0 = lock length, h = height of the head of the 
gravity current from the bed and H = initial height of 
water, which is same as the height of lock fluid in this 
study.

After this self-similar stage, even though the head 
was continuously entraining ambient fluid, its volume 
decreases with downstream distance due to the mixed 
fluid being left behind in the tail (Figure 1 panels’ g to k).  

(1)Xs = x
0

(

3 + 7.4
h

H

)
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The third phase may be reached if the flow continues 
far enough when the viscous effects are dominant, 
which means low Reynold’s number (Re) (27). The 
Reynolds number can be defined as Re = URh/ν, where, 
Rh  =  hydraulic radius in m; ν  =  viscosity of the fluid 
in m2s−1. For a rectangular cross-section channel, the 
hydraulic radius can be calculated by Rh = Area / Wetted 
perimeter = Bh/ (B + 2 h). Here, B = width of the tank 
in m.

During the current’s progress, several studies have 
found the most significant feature of shallow water grav-
ity current is the uniformity of the densimetric Froude 
number (Fd), based on initial flow conditions, and it can 
be defined as 

 

where, g′ is the reduced gravity and can be defined as
 

Here, ρ1 = lock fluid density in kgm−3, ρ0 = ambient water 
density in kgm−3 and g = acceleration due to gravity in 
ms−2.

Using an extensive array of laboratory experiments, 
1 found that for a rectangular lock and channel, Fd is 
0.46, while 7 obtained 0.456, and 14 derived 0.41 from 
detailed laser Doppler anemometry (LDA) measure-
ments. The differing values of Fd appear to arise from 
the scale of the experiments, which influence the mix-
ing between the two fluids and the gravity current Re 
and this scale feature had been found to be important 

(2)Fd =
U

√

g �H

(3)g � = g
�
1
− �

0

�
0

in describing the mixing that occurs within the gravity 
current flow (Hartel, Carlsson, & Thunblom, 9; 6; Hartel, 
Meiburg, & Necker, 10; 11; 14).

Apart from the normal and crystalline gravity current, 
there is another type, which is turbidity current which 
has received extensive attention from researchers (18; 
21; 25; 27). These gravity currents, where the increase 
in density of the gravity current is due to non-dissolving 
particles (possible salinity and temperature differences), 
are often referred to as particle-driven gravity currents 
or suspension flows. However, the behaviour of turbidity 
currents can be very similar to gravity currents caused 
by dissolved materials if the suspended material is very 
fine and rate of fallout is small (27).

There is a profound scarcity of research regarding the 
effect of the presence of dissolving salt crystals in the 
initiation and behaviour of CGC. The work presented 
in this paper is focused on the dynamics of crystalline 
gravity currents generated through the lock-exchange 
approach. Salt crystals of two different sizes were used 
(L—average diameter 0.73 mm and S—average diameter 
0.51  mm) with solutions used up to a supersaturated 
state. This paper comprises an introduction, and then 
related theories and research findings from previous 
studies are discussed. After that, the methodology and 
finally, the results and discussions are outlined—fol-
lowed by the conclusions.

2. Materials and method

The lock release experiments were conducted in a flume 
made of Plexiglas with a smooth horizontal bed. The 
flume was a 4 m × 0.1 m × 0.3 m rectangular cross sec-
tion tank. The lock chamber dimension was 0.235 m × 
0.1 m × 0.3 m. The front of the tank was marked at 20 
equal interval points. A schematic of the flume is pre-
sented in Figure 2.

The back wall of the flume was fitted with baking 
paper, and behind that, a LED SMD-5050 strip with 12 V 
power supply was attached to a frame for the backlight-
ing purpose. The salt water mixture was prepared and 
mixed separately in a bucket with a paint mixer attached 
to a drill, and dye was added at the end to make the solu-
tion opaque. The lock chamber was filled with the saline 
solution while the rest of the tank was filled with fresh 
homogenous water; both sides were filled up to the same 
depth of 20 cm (H), which was true for all the exper-
iments conducted in this study. Two different sizes of 
salt crystals were used for comparison purposes—larger 
particle L (600 μm to 1.18 mm, average size 0.73 mm) 
and smaller particle S (425 μm to 600 μm, average size 
0.51 mm). Raw salt crystals were sieved to obtain the 
needed amount for each experiment. The temperature 
was measured using a thermometer and was used to 
estimate the density and kinematic viscosity of the fresh 
water. For measuring the density of the unsaturated lock 
fluid, hydrometers was used, and for over-saturated lock 

Figure 1.  phases of a lock-release gravity current (following 
the style of 8) (the non-uniform white streak is due to the led 
backlighting and the crippled baking paper in front of the led 
strip, this did not affect the data analysis).
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fluid, the density was calculated by the mass balance 
method with a 3% error. The propagation of gravity cur-
rents was monitored and recorded by a video camera at 
60fps, and the footage was then analysed using a media 
player with high-precision timing enabled. In total 33, 
experimental runs were conducted in this study (each 
replicated twice).

3. Results and discussion

Several lock release experiments were conducted using 
lock solutions of varying density. The following Tables 
1–3 summarize the parameters of the experiments con-
ducted in this work. In the tables, the theoretical slump-
ing distance (Xst) from Equation (1), the experimentally 
derived slumping distance (Xsp) and other flow charac-
teristics are shown for each test.

Tables 2 and 3 contain the data for CGC experiments. 
The former contains data for L crystals, and the later 
comprises the data for S crystals.

Table 4 shows the overall and local Fd data for both 
L and S crystals.

Examples of the velocity vs. distance data from three 
experiments are given in Figure 3. The velocity was 
measured at 20 equal distance points, i.e., after the lock 
gate was removed, the current was allowed to progress 
through 18.65  cm before it reached the first marked 
point, which is the reason for the lines not starting from 
when the distance is zero. As seen, right after remov-
ing the gate, there is a gradual increase in the starting 
velocity of the UGC whereas, for CGC, velocity shows a 
decreasing trend for both L and S.

Figure 3 shows that this gradual increase in start-
ing velocity exists until 0.6 m from the lock gate for the 
UGC whereas, for CGC, negligible fluctuation in velocity 
is observed until 1.5 m distance from the lock gate for 
particle L and until 2 m for particle S. The slight fluc-
tuation on velocities maybe due to the fact that they 
were measured at points of an equal interval from each 
other and the velocities of flow in between two points 
is not recorded. The self-similar phase occurs after the 
head of the gravity current had advanced about 8 to 10 
lock lengths for the unsaturated solution (24), which 
is also true for up to 300 g salt/L. However, for other 
unsaturated solutions having lower salt concentration, 
the slumping distance is shorter than what 24 had found 
in their study. Furthermore, the UGC showed an initial 

increase in velocity right after the removal of the lock 
gate followed by an increasing trend until self-similar 
phase started whereas, CGC (both L and S) showed a 
decreasing trend in velocity from the start. The initial 

Figure 2. schematic of the lock release flume. 1: high-density lock solution, 2: lock gate, 3: gravity current formed due to lock-gate 
removal, 4: freshwater and p1, p5, p10 and p20 are equally distanced marked points.

Table 1. experimental conditions and other characteristics of 
experiments (UGC).

Salt 
conc. 
(gL−1)

Xst 
(m)

Xsp 
(m)

ρ1 
(kgm−3)

ρ0 
(kgm−3) Fd

U 
(ms−1) Re

30 1.34 1.67 1019 997.42 0.38 0.08 2696
60 1.36 2.23 1041 997.42 0.37 0.11 3558
90 1.36 1.86 1057 998.1 0.39 0.13 4514
120 1.33 2.23 1075 997.42 0.38 0.15 5026
150 1.36 1.67 1080 997.42 0.41 0.17 5576
180 1.36 2.05 1110 998.1 0.38 0.18 6203
210 1.35 1.86 1123 997.42 0.39 0.19 6597
240 1.36 2.05 1147 998.1 0.38 0.20 6906
270 1.35 2.05 1159 997.42 0.39 0.22 7342
300 1.37 1.68 1172 997.42 0.40 0.23 7717

Table 2. experimental conditions and other characteristics of 
experiments (CGC with l crystals).

Salt 
conc. 
(gL−1)

Xst 
(m)

Xsp 
(m)

ρ1 
(kgm−3)

ρ0 
(kgm−3) Fd

U 
(ms−1) Re

340 1.27 1.68 1181 998.1 0.41 0.23 7541
370 1.25 1.68 1192 998.1 0.38 0.23 7300
400 1.17 1.86 1203 998.1 0.39 0.25 7104
430 1.25 1.86 1214 998.1 0.36 0.23 7395
460 1.33 1.86 1224.5 998.1 0.37 0.25 7924
490 1.32 1.68 1234 998.1 0.35 0.24 8018
520 1.30 1.68 1244 998.1 0.34 0.24 8041
550 1.31 2.05 1253 998.1 0.36 0.25 8446
580 1.40 1.86 1263 998.1 0.33 0.23 8011
610 1.31 2.24 1273 998.1 0.33 0.24 8259
640 1.29 1.68 1281 998.1 0.31 0.23 8109
670 1.30 1.68 1290 998.1 0.32 0.24 8321
700 1.30 1.31 1298.5 997.42 0.30 0.23 8314
730 1.27 1.31 1307 997.42 0.29 0.23 8274
760 1.27 1.31 1316 997.42 0.29 0.23 8412
790 1.26 1.31 1323 997.42 0.27 0.22 7905
820 1.26 1.31 1331 997.42 0.26 0.22 8042
850 1.26 1.49 1339 997.42 0.28 0.24 8483
880 1.23 1.31 1347.01 997.42 0.27 0.23 8473

Table 3. experimental conditions and other characteristics of 
experiments (CGC with s crystals).

Salt 
conc. 
(gL−1)

Xst 
(m)

Xsp 
(m)

ρ1 
(kgm−3)

ρ0 
(kgm−3) Fd

U 
(ms−1) Re

340 1.5 1.68 1210 997.05 0.38 0.25 8898
520 1.46 2.6 1288 997.05 0.35 0.27 9457
610 1.46 2.05 1310 998.31 0.36 0.28 8742
700 1.44 1.49 1330 997.05 0.34 0.27 9620
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Fd for particle S is also plotted on the same graph for 
easier comparison, and it is observed that for smaller 
size particles, Fd has higher values than particle L. 
When smaller particles are in the current, they sus-
pend for longer than bigger particles. Large crystals 
tend to settle very quickly and hence reduce the density 
of the gravity current, whereas, particle S being smaller 
remains suspended in the current for a longer duration. 
In doing so, the driving density difference between the 
two solution remains higher, which explains why Fd 
for particle S solutions is larger than those of particle 
L solutions (salt concentration of 340, 520, 610, and 
700  gL−1). For two particle L (820 and 880g salt/L) 
solutions, Fd was found to be 5% higher than parti-
cle S value. One explanation for this could be parallax 
error while recording the video footage, sudden shake 
in the slider caused hindrance in the recording, which 
later contributed to the 5% error in reading the h of 
the gravity current. The local density Fd was calculated 
following Equation (2) from h instead of H for both 
crystal sizes (L and S) in saturated salt solution and 
plotted in Figure 4 to show a direct comparison. From 
this, it can be seen that the CGC, after a certain time 
that is required to dump all the suspended salt crys-
tals, behaves like a normal gravity current and entirely 
forgets the presence of crystals. It maintains a steady 
Fd throughout the entire self-similar phase afterward. 
It also means that the initial flow conditions do not 
contribute to the behaviour of the crystalline gravity 
current after all the particles had settled down. Only 
the local effect then governs its behaviour. The mean 
of Fd for CGC and UGC showed a difference in values, 
which can be merited to the presence of salt crystals, 
which contributes to the driving force of the currents. 
The reason for the mean Fd of unsaturated current being 
lower than CGC is that there are no salt crystals inside 
the current, which make the density lower than CGC 
and hence reduces the Fd.

17 noted that Fd varies (0.40–0.53) as a result of the 
scale of the experiment as this influences the mixing 
between the two fluids and the gravity current Re. This 

velocity of CGC for all densities is much higher than 
UGC. The gravity current containing fewer suspended 
salt crystals such as 340  g/L and 400  g/L solutions 
showed an increase in velocity in the early stages of 
advancement until 1.5 m. On the other hand, currents 
containing larger masses of suspended salt crystals were 
more likely to exhibit a decrease in the velocity after 
passing 2 m distance. After passing 2 m, gravity current 
for all densities showed a continual decrease in velocity. 
This deceleration was more dramatic for the over-sat-
urated suspended gravity currents. This behaviour of 
gravity current is expected and is in good agreement 
with previous studies (1; 7; Hartel et al., 10; 13; 14; 26; 
29) as this marks the near-constant velocity slumping 
phase. Then, as the inertial forces became dominant, the 
velocity started to decrease.

In order to investigate whether or not traditional 
gravity currents are different to crystalline gravity cur-
rents, the Fd pattern was also examined alongside with 
slumping distance. Fd was calculated using Equation (2) 
and plotted against the density ratio (ratio of lock fluid 
density to ambient water density) in Figure 4.

Table 4. overall and local Fd For CGC with l and s crystals.

Density ratio

Overall 
Fd for L 
crystals

Local Fd for 
L crystals

Overall 
Fd for S 
crystals

Local Fd for 
S crystals

1.18 0.397 0.44
1.19 0.375 0.43
1.21 0.391 0.45
1.22 0.357 0.43
1.23 0.374 0.45 0.347 0.42
1.24 0.348 0.45
1.25 0.339 0.45
1.26 0.358 0.47
1.27 0.326 0.44
1.275 0.328 0.46
1.285 0.309 0.46
1.29 0.319 0.47
1.30 0.299 0.46 0.315 0.44
1.31 0.295 0.47
1.32 0.294 0.47 0.294 0.47
1.326 0.276 0.46
1.334 0.268 0.46
1.34 0.289 0.45 0.294 0.45
1.35 0.279 0.44

Figure 3. average front velocity vs. distance—circles are for unsaturated gravity currents, squares are for over-saturated crystalline 
gravity currents (l) and blocked triangles are representing over-saturated crystalline gravity currents (s).
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considerably longer time to catch up with the current 
head of a CGC. For the conditions used in this study, 
the theoretical and experimental slumping distance data 
show that the experimental values are always higher than 
the theoretical slumping distances.

The non-dimensional Fd showed a good relationship 
with the density ratio for CGCs. Fd followed a decreasing 
trend with a high correlation coefficient of 0.944 for L 
crystals and 0.810 for S crystals with the increase of the 
density ratio from 1.18 to 1.41 focused in the self-simi-
lar phase. However, Fd for UGC remains almost similar 
(0.37 to 0.41) while data extracted from sediment-laden 
flow show a more or less similar trend to that of CGC. 
This feature shows the fundamental difference between 
crystalline and non-crystalline gravity currents includ-
ing sediment-laden ones. Another significant finding 
was that initial flow conditions do not contribute to the 
behaviour of the crystalline gravity current after that 
all crystals have settled down. In other words, only the 
local effects govern its behaviour, not the initial flow 
characteristics. A difference was also observed in slump-
ing distance and the start of the self-similar phase. In 
UGC, it was 0.6 m from the lock gate whereas for the 
over-saturated suspended salt gravity currents, slump-
ing phase finished at 1.5 m from the lock gate (particle 
L) and at 2 m for particle S, which is logical because 
smaller crystals stay suspended for a longer time thereby 
accounts for the excess density difference. In addition, 
the non-crystalline gravity current showed an initial 
increase in velocity right after the removal of the lock 
gate followed by an increasing trend until self-similar 
phase started whereas, crystalline (both L and S) flows 
showed a decreasing trend in velocity from the start.

The outcomes of this experimental study showed that 
dynamics of crystalline gravity currents are quite differ-
ent from those of unsaturated. The temporal change in 
the driving buoyancy affects the velocity. The results of 
this study can be used to improve guidelines to ensure 
that salinity levels after desalination discharge are 

is in agreement with the literature [e.g., 1, 7, 10, 15, 16, 
17, 25, 30, and 33]. Data extracted for sediment-laden 
gravity currents (3; 15) under similar experimental 
conditions as this study shows that the values for Fd lie 
below what was found here. This shows an important 
feature of crystalline gravity currents and its difference 
from sediment-laden currents. The average Fd leading 
up to supersaturation meets with expected values as 
discussed by 2. The energy conservation theory dis-
cussed in 2 paper predicts that the Froude number will 
be about 0.5 regardless of the Reynolds number of the 
flow, with 12 finding that this value could fluctuate from 
0.42 to 0.48 at low and high Re, respectively. Figure 4 
shows a good agreement and relationship between Fd 
and density ratio when the CGC is in the self-similar 
phase. As it can be seen from figure 3, the front veloc-
ity decreases gradually after the observed slumping 
distance due to mixing and entrainment (27), which 
changes the density and slows down the front, therefore 
the merit for decreasing Fd can be given to this factor. 
From this relationship, Fd can be easily obtained for 
any given density ratio to know if the flow is subcritical 
or not.

4. Conclusions

The dynamics of lock release crystalline gravity cur-
rents containing suspended salt crystals were studied 
experimentally. The results were compared with those of 
unsaturated brine gravity currents under similar experi-
mental conditions. Data were also extracted from the lit-
erature for sediment-laden lock release gravity currents 
and compared to the findings from this study focusing 
on the self-similar or constant speed phase.

It was found that the slumping distances of UGCs are 
shorter than those of CGCs. This is due to the fact that 
when CGCs are created, their initial densities are much 
higher than UGCs and therefore, their velocities are also 
higher. As a result of which, the reflective bore required 

Figure 4. non-dimensional Fd vs. density ratio for CGC’s self-similar phase (hollow rectangles are data from experiments for particle 
l, blocked triangles are data from experiments for particle s; hollow circles are data in similar experimental conditions extracted 
from (3; 14) sediment-laden flow), X’s are local Fd calculated from settling velocity data for particle l, blocked rectangles are local Fd 
calculated from settling velocity data for particle s and the blocked squares are for UGC.
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minimized to reduce environmental harm. The growing 
demand for a safe and reliable water supply has resulted 
in the construction and/or proposal of numerous desal-
ination plants. Each plant requires the disposal of saline 
brines that may have adverse effects on the environment 
should the plants be overloaded and the brine solution 
not fully dissolved before entering the natural environ-
ment. However, their operation is essential, particularly 
in times of drought.
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