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Three-Dimensional Numerical Simulation of Intrusive Density 
Currents
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Abstract

Density currents have been easily observed in environmental flows, for instance turbidity currents and pollutant plumes 

in the oceans and rivers. In this study, we explored the propagation dynamics of density currents using the FLOW-3D 

computational fluid dynamics code. The renormalization group (RNG)   scheme, a turbulence numerical technique, is 

employed in a Reynold-averaged Navier-Stokes framework (RANS). The numerical simulations focused on two different 

types of intrusive density flows: (1) propagating into a two-layer ambient fluid; (2) propagating into a linearly stratified 

fluid. In the study of intrusive density flows into a two-layer ambient fluid, intrusive speeds were compared with laboratory 

experiments and analytical solutions. The numerical model shows good quantitative agreement for predicting propagation 

speed of the density currents. We also numerically reproduced the effect of the ratio of current depth to the overall depth of 

fluid. The numerical model provided excellent agreement with the analytical values. It was also clearly demonstrated that 

RNG scheme within RANS framework is able to accurately simulate the dynamics of density currents. Simulations 

intruding into a continuously stratified fluid with the various buoyancy frequencies are carried out. These simulations 

demonstrate that three different propagation patterns can be developed according to the value of   : (1) underflows 

developed with   ; (2) overflows developed when   ; (3) intrusive interflow occurred with the condition of 

. 
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1. Introduction1)

Density currents intruding into water bodies most 

often occur in nature. Oil plumes in the oceans and 

highly turbid water intrusions in a reservoir are good 

examples of density currents. The dynamics of 

density currents play an important role in introducing 

pollutants into the water bodies which can be formed 

continually or can be marked by a denser fluid layer 

beneath a less dense fluid layer resulting in the sharp 

interface of these two layers referred to as an ambient 

two-layered fluid system. Thus, an understanding of 

their dynamics and prediction of their propagation 

speeds are very crucial for managing water quality.

Many studies have investigated various aspects of 

constant-volume density currents (also known as 

“gravity currents” or “buoyancy-driven currents”) 

using lock-exchange experiments, where a constant 

volume of dense fluid is released into a less dense 

ambient fluid. The difference in density can be 
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Fig. 2. Setup and definition of parameters for experiments on a density current intruding stratified fluid.

                                   (a) Unstratified ambient fluid                                               (b) Stratified ambient fluid

Fig. 3. Sketch of density variation in a uniform and stratified ambient fluid. 

generally created by adjusting the temperature or 

adding salt. In particular, some researchers have 

applied lock-exchange experiments to create turbidity 

currents by adding suspended particles. Density 

currents generally form due to a density difference 

between a lock fluid and ambient water. 

In such a case, the density current will propagate 

along the bottom surface (Fig. 1). The experiments of 

Keulegan (1957) proposed that initial velocity would 

be given by   ′ , where  is the 

propagation speed of a density current, ′  is the 

reduced gravity defined as ′  , and 

is the total water depth in a tank (Fig. 1). 

Fig. 1. Sketch of lock-exchange experiment for density 

currents propagating into an unstratified fluid.  

If the density of the lock fluid is equal to the 

average of the densities of the two ambient fluids, 

which are a two-layered fluid system (Fig. 2), the 

density current will intrude along the interface 

between the upper and the lower fluid layers and is 

commonly referred to an Intrusive Density Current 

(hereafter called IDC). Benjamin (1968) developed 

the theory of a density current entering a homogeneous 

fluid with a perfect fluid theory without considering 

mixing between the fluids. Thus, when a density 

current intrudes into the interface of a two-layer fluid 

symmetrically, one half of current depth ′   
and one half of total depth′  can be used to 

obtain the propagation speed of the density current. 

If an ambient fluid is stably stratified, the density 

stratification is described by the profile   as 

shown in Fig. 3. 

Considering density currents propagating in a 

stratified ambient fluid, the density currents will 

oscillate in simple harmonic with angular frequency 

(Turner, 1979) defined with   

referred to Brunt-Väisälä frequency or simply the 

buoyancy frequency. This study aims to explore the 

dynamics of density currents with both unstratified 

and stratified ambient fluids using the 3-D 

non-hydrostatic FLOW-3D CFD code (Flow-3D, 
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2007). It is well known that hydrostatic simulation 

cannot reproduce the propagation speed and the 

formation of density currents (Fringer et al., 2006) 

For turbulence modeling, the RANS approach with 

a turbulence model is mainly employed to simulate 

the density currents. In order to use experimental data 

for the validation and calibration of the numerical 

model, simulations were performed under the 

identical conditions that corresponds to the laboratory 

experimental setup in some of the published papers. 

A series of numerical simulations were performed to 

identify the effects of some parameters on the 

propagation speed of density currents. The numerical 

simulations were focused on two different types of 

IDC: (1) IDC intruding into a two-layer fluid; and (2) 

IDC intruding into a continuously stratified fluid. The 

simulation results of IDC intruding into a two-layer 

fluid were compared with the experimental 

measurements from Britter and Simpson (1981). 

2. Numerical methodology 

2.1. Overview of FLOW-3D code 

Computational Fluid Dynamics (CFD) has been 

widely applied in the various engineering branches of 

fluid mechanics due to its high accuracy. However, 

the application of the CFD model to the research for 

density currents in a stratified ambient water body is 

a relatively difficult challenge because the 

hydrodynamics of density currents propagating into a 

stratified ambient water body is very complex and 

numerically expensive to simulate. In this study, 

three-dimensional computational fluid dynamic 

simulations were obtained with a CFD code 

(FLOW-3D) which is a commercial code capable of 

fluid-boundary tracking and resolves fluid-fluid and 

fluid-air interfaces using its grid systems (a fixed, 

Eulerian approach, and structured, well ordered by a 

rectangular cell mesh). The model provides the 

transient, 3-D numerical solutions to multi-scale, 

multi-physics flow problems, especially showing the 

capabilities for accurately simulating multi-interface 

flows with the improved Volume of Fluid (VOF) 

technique (Hirt and Nichols 1981). 

2.2. Governing equations

The model simultaneously solves the governing 

equations for three-dimensional motion of fluids, the 

conservation of mass, and the transport of scalar 

variables. The governing equations solved with 

FLOW-3D are: (1) the 3-D Reynolds-averaged 

Navier-Stokes (RANS) equations for fluid flow with 

the Boussinesq approximation; (2) the continuity 

equation; and (3) the transport equations for each 

scalar variable.
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Equation (1)

where   mean velocity components (i.e., ,  , 

  in a Cartesian coordinate system);   Cartesian 

space    ; ′′ Reynolds stress;   

reference density;   gravitational acceleration 

components in each direction;   kinematic 

viscosity; and   density of density currents, which 

should be determined as a function of temperature 

and sediment concentration. Continuity equation is 

defined as: 
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A scalar equation can be used to compute 

advection, diffusion, and dispersion of scalars, 

defined as
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Case #
H

(cm)


(cm)


(cm)


(cm)


(kg/㎥)


(kg/㎥)
′  


  

1 20 0.04 500 50

1019.9 999.8 0.197

2 20 0.10 500 50

3 20 0.14 500 50

4 20 0.18 500 50

5 20 0.20 500 50

6 20 0.30 500 50

Table 1. Simulation conditions for IDC into a two-layer fluid

Fig. 4. Sketch of IDC into a two-layer fluid. Initial conditions were set up to correspond to the experiment of Britter and 
Simpson (1981).

where  diffusivity for property ;   mean 

scalar; ′  the corresponding fluctuating scalar; and 

the overbar (-) indicates averaging of fluctuating 

quantities. Equation (3) is a scalar equation which 

can solve scalar transport such as concentration and is 

coupled with the Navier-Stokes equations only in the 

buoyancy term due to Boussinesq approximation. 

The FLOW-3D model includes several turbulence 

closure schemes, including a standard  model, 

renormalization-group (RNG)  model. In this 

study, we employed the renormalization group 

(RNG)  closure scheme (Yakhot et al., 1992). 

RNG  closure scheme successfully captured the 

dynamics of density currents and showed any 

considerable discrepancies between RNG  and 

LES closure schemes (An et al., 2012).  

3. Problem configuration and simulation cases

The comparison with the experimental measurements 

from Britter and Simpson (1981) and Bolster et al. 

(2008) was carried out and used for the validation of 

the numerical model, simulations performed under 

equal conditions to the laboratory experimental setup. 

3.1. IDC into a two-layer fluid 

In order to simulate IDC into a two-layer fluid, we 

arranged dimensions and initial conditions, which 

correspond to the experimental setup in Britter and 

Simpson (1981) as shown in Fig. 4. Britter and 

Simpson (1981) showed that the propagation speed of 

a density current was sensitive to the ratio of current 

depth to the overall depth of fluid. 

This study contains various simulation cases to 

confirm the effect of the ratio of current depth to 

overall fluid depth on propagation speed. A thinner 

or thicker intrusive density current was obtained by 

changing the initial fluid depth filled behind the lock 

gate. Table 1 shows the conditions for this simulation 

setup. 

The computational domain and grids with the 

imposed boundary conditions are shown in Fig. 5. 

The grid size in the mesh block #1 was chosen to be 

7.5 mm, 10 mm and 1.25 in the in the X, Y, and Z 
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Fig. 5. Computational domain depicting the boundary conditions and grids for the simulations equal to the experimental 
setup of Britter and Simpson (1981). 

directions, respectively. However, the grid size 

became coarser for other domains due to the memory 

limitation on a 32-bit operating system. Four mesh 

blocks were set up. The first mesh block represents a 

domain filled with the different fluid behind the lock 

gate. The second mesh block is a larger domain that 

contains a two-layer fluid. At the wall boundaries, 

wall shear stresses were modeled by defining a zero 

tangential velocity on solid surfaces. At the free 

surface, no flux conditions were imposed. For 

tracking the free surface, we used the fluid interfaces 

tracking method (i.e., unsplit and split Lagrangian 

methods).

For initial conditions in the numerical simulations, 

the velocity was set to zero and the density difference 

for each simulation was developed by adjusting 

temperature and adding concentration. Using the 

volumetric concentration , the mixture density of 

the density currents is determined by Equation 

     , where   water 

temperature ℃;   water density at the 

temperature   computed by empirical formula from 

Gill (1982);   mixture density;  the specific 

density of a sediment particle; and  volumetric 

sediment concentration. Benjamin (1968) suggested 

that for energy-conserving flows,  ′ . 

Benjamin (1968) investigated the value of   based 

on inviscid-fluid theory. He showed the importance 

of the fractional depth . Considering the 

energy-conserving flow, he obtained the formula 

predicting the propagation velocity as a function of 

the fractional depth, . 
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The maximum value of   is given when the  

approaches zero. On the other hand, the value of  

decreases with increasing the . When the  is 

0.5,   approaches  . The value of   ranges 

from   to   when the  increases from 0 to 

0.5. 

3.2. IDC into a stratified fluid

In this section, we consider intrusive density 

currents, propagating into a continuously stratified 

fluid, as frequently observed in nature (e.g., a 

reservoir, ocean, and river). The theoretical 

descriptions based on mass, momentum, and energy 

conservation were found in Cheong et al. (2006) and 

Bolster et al. (2008). We compared the numerical 

simulations with theoretically predicted values and 

experimental measurements in Bolster et al. (2008). 
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Case # 
     

Note
  (㎏/㎥)   (㎏/㎥)   (㎏/㎥)   (㎏/㎥)   (㎏/㎥)   (㎏/㎥)

7 0.145 1017.07 1011.49

=20cm

8 0.250 1014.86 1010.94

9 0.500 999.28 1019.96 1009.62 1019.96 1012.21 1009.63

10 0.750 1004.38 1008.33

11 0.855 1002.17 1007.78

12 1.000 999.28 1007.06

Table 2. Summary of the simulation setup for IDC into a stratified fluid

Fig. 6. Sketch of lock-exchange experiment for IDC into a stratified ambient water body. The density of the density current 
is determined to be      where the neutral level is at   .

In order to simulate an intrusive current into a 

stratified fluid, we arranged dimensions and initial 

conditions, which corresponded to the experimental 

setup in Bolster et al. (2008). The dimensions are 182 

cm long, 23 cm wide and 30 cm deep. The total fluid 

depth () is 20 cm. The lock gate is positioned at 30 

cm forward from the right wall (Fig. 6). 

The two different stratification gradients (, 

) are employed to evaluate the effect of the 

ambient water’s stratification on the propagation 

speed of a density current as shown Fig. 7.

When the lock gate is opened, the fluid of density 

beyond lock gate  will propagate along its level of 

neutral buoyancy , where     . We 

selected a total of 6 simulation cases and defined the 

different simulation setups using the parameters  

and . Table 2 shows the initial conditions for all 

the simulations. The densities of density currents for 

each simulation case are developed using a 

concentration. 

Fig. 7. The density stratifications for the simulation set-up. 
The density stratification is determined to be  
and , respectively. 

4. Results and discussion

In this section, the simulation results from the 

cases (case 1 through 6, shown in Table 1) are 

explained. Numerical simulations show changes in 

IDC dynamics in response to changes in the ratio of 

current depth to overall fluid depth. After that, 
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second simulation results from the cases (case 7 

through 12, shown in Table 2) are summarized. 

4.1. IDC into a two-layer fluid

One of our interests is to find the relationship 

between the propagation speed and the depth of a 

density current, because it is easier to set up a 

real-time field monitoring system for the 

measurements of the depth rather than velocity of 

density currents. Then, we can calculate the 

propagation speed of density currents approximately 

using an empirical equation. Keulegan (1957) 

described the motion of a density current with only 

the depth of density current and excess density 

between the current and ambient fluid. He suggested 

the empirical equation for predicting the propagation 

speed of a density current through many experiments 

on the density current propagating along a horizontal 

floor into fresh water. The empirical equation was 

derived from the experiments undertaken mainly 

based on the density currents occupying 

approximately 1/5 of total depth (i.e.,  = 0.2, 

where  is the thickness of a density current). Britter 

and Simpson (1981) extended the value of  in 

the range of 1/3 to 1/10. They found that the 

propagation speed of a density current was sensitive 

to the ratio of current depth to the overall depth of 

fluid.

In this simulation, we demonstrated the effect of 

the ratio of current depth to the overall depth of fluid. 

The ratio had the range from 0.045 to 0.3. The height 

of the interface of two fluid layers was chosen to be 

sharp. The range of a density current depth varied 

when adjusting the initial condition. The detailed 

simulation setup is shown in Table 2. The 

dimensionless parameter, densimetric Froude 

number, is used to show the influence of the ratio of 

current depth and total water depth on the 

propagation speed of the density current. The 

densimetric Froude number of an intrusive density is 

given by
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where ′   . If density currents intrude 

into the interface of a two-layer fluid symmetrically, 

one half of current depth ′   and one half of 

total depth ′  can be used to obtain the value 

of the Froude number. The variation of the Froude 

number () with the ratio of a current depth and 

total water depth is shown in Fig. 8. We observed 

that the Froude number varied considerably with the 

changes of  ′′ . The simulation results were 

plotted with experiments of Britter and Simpson 

(1981) and the analytical solutions from Benjamin 

(1968).

Fig. 8. Variation of Froude number with fractional depth.

We found simulation results showing good 

agreement with the theoretical curve from 

Benjamin’s analytical solutions and laboratory 

experiments of Britter and Simpson (1981). 

Especially, the numerical results are more similar to 

the analytical values suggested by Benjamin (1968). 

Decreasing Froude number with increasing the value 

of  ′′  was observed in these simulations.
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(a) Left at 18 sec, right at 50 sec when  = 0.0 (underflow)

(b) Left at 28 sec, right at 59 sec when  = 0.25 (interflow)

(c) Left at 57 sec, right at 93 sec when  = 0.5 (interflow)

(d) Left at 28 sec, right at 59 sec when  = 0.75 (interflow)

(e) Left at 18 sec, right at 50 sec when Hn/H= 1.00 (overflow)

Fig. 9. Temporal evolution of the intrusive density currents into a stratified ambient fluid where the density of fluid behind lock gate 
was created using concentration. Density currents showing temporal evolutions were shown by the concentration contour.

4.2. IDC into a stratified fluid

In a uniformly stratified fluid, Maxworthy et al. 

(2002) predicted that a density current would travel at 

a constant speed () which took the form, 

 . Maxworthy et al. (2002) and Ungarish 

(2006) experimentally determined the values of   

equal to 0.266 and 0.25, respectively, by experiments. 

Bolster et al. (2008) carried out extensive experiments 

to determine how the propagation speed of density 

currents depended on the variation of density of 

density currents (or ). They suggested an analytical 

solution for determining the propagation speed using 

the assumption that a perfect conversion of energy 

occurs between the kinetic energy and potential 

energy as the density field adjusts. 
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We simulated density currents intruding into a 

continuously stratified fluid with the buoyancy 

frequency (,). The numerical simulations 

were conducted for density currents propagating into a 

continuously stratified fluid over the entire range, 

≦  ≦ ( Fig. 9).
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The propagation speed of numerical results and 

experiments are shown and compared to the 

theoretical calculations in Fig. 10. They show good 

agreements with theoretical curves calculated by the 

energy model in Bolster et al. (2008).

Fig. 10. Comparison of dimensionless intrusion propagation 
speed  for numerical simulations (□, N= 

1s-1; ∆, N=0.5s-1) and experiments (●, from 
Bolster et al. 2008). The line and dashed line are 
the predictions by the energy model in Bolster et al. 
(2008).

In numerical simulations, we observed that the 

density current propagated slower when the current 

traveled at mid-depth, while maximum speed 

occurred when it traveled either at the top or bottom. 

5. Conclusions

In this study, we explored the propagation 

dynamics of intrusive density currents using a 

three-dimensional, non-hydrostatic numerical model. 

The numerical simulations focused on two different 

types of IDC into a two-layer ambient fluid and a 

linearly stratified fluid. In the study of IDC into a 

two-layer ambient fluid, intrusive speeds were 

compared with laboratory experiments and analytical 

solutions. The numerical model showed good 

quantitative agreement for predicting propagation 

speed of the density currents. We also numerically 

reproduced the effect of the ratio of current depth to 

the overall depth of fluid. The numerical model 

provided excellent agreement with the analytical 

values suggested by Benjamin (1968). It was also 

clearly demonstrated that RNG scheme within 

RANS framework was able to accurately simulate the 

dynamics of density currents. It indeed indicates that 

this technique is valid for field scale applications 

with fast computational times without significant loss 

in performance. We simulated density currents 

intruding into a continuously stratified fluid with the 

various buoyancy frequencies. Numerical simulations 

captured very well the formation of internal waves 

and evolution of density currents in response to the 

ratio of  to . The propagation patterns can be 

classified into three regimes: (1) underflows 

developed with   ; (2) overflows developed 

when   ; (3) intrusive interflow occurred with 

the condition of    . Extension of this 

study in ongoing to investigate pollutant transport by 

density currents in a stratified ambient water body. 
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