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Abstract 

Rayleigh-Taylor Instability (RTI) is a typical occurrence in natural events, engineering, and industrial 

applications. When the lighter fluid (bottom medium) is forcing the heavier fluid (top medium) on top 

of the lighter fluid because of a gravitational field, then that phenomenon is called Rayleigh-Taylor 

instability (RTI). Despite extensive records of investigating this common phenomenon i.e., RTI with 

several unique boundary conditions, apparently, there are no prior investigations for the RTI with 

horizontal crossflow effect. In this paper, numerical simulations have been performed using volume of 

fluid (VOF) method for the reorientation of the interface. Here, we have chosen an open-source Gerri’s 

software for this RTI phenomenon to execute all the investigations. In this situation, the physical 

boundary that permits the exchange of certain entities between two phases (lighter and heavier fluid) 

is known as the interface. The region where it primarily emerges is the layer of stability between phases 

that permits the progressive transmission of constrained entities established as the result of an emphasis 

on the dominant influence. This study reveals how the horizontal crossflow of the top medium, which is 

a heavier fluid, as well as the density ratio (𝜌𝑟) established deviations in the complex interfacial 

structures. Horizontal crossflow of the upper layer (heavier fluid) has been expressed by the non-

dimensional number, Reynolds number (𝑅𝑒𝑓). The variation in the vertical (𝑌) and angular positions 

(𝜃) of the spike from the initial undisturbed interface is also a topic of this present investigation. To 

examine the flow patterns closer to the interface, we displayed velocity vector diagrams for various 

combinations of Reynolds number (𝑅𝑒𝑓) and density ratio (𝜌𝑟).  
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INTRODUCTION 

When the lighter fluid (bottom medium) is 

forcing the heavier fluid (top medium) on top of the 

lighter fluid because of a gravitational field, then 

that phenomenon is called to be Rayleigh-Taylor 

instability (RTI). It generally develops at the 

interface between the two fluids of different 

densities [1]. Generally, Rayleigh [2] examined first 

about the RTI in a fluid with the help of 

gravitational effect. After that, Taylor [3] further 

extended this RTI phenomena to many fluids with 

the help of acceleration effect. In a variety of 

geophysical, engineering and aerospace related 

applications, and astrophysical flows [1], 

atmospheric physics [4], chemical reactor process 

[5], oceanography [6], atomic bomb blast [7], 

supernova remnant [8], supernova star blast [9], and 

cosmic and stellar dynamics related applications 

[10], the RTI is very crucial. Thus, it is crucial to 
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develop a precise and effective numerical methodology for the RTexplain natural occurrences and 

commercial applications. Numerous researchers have carried out numerous experimental and numerical 

studies for the RTI [1-17]. The fingers which include bubbles and spikes, of heavier fluid penetrating 

into the lighter fluid medium are the real evidence of RT instability. The bubble formation and 

development and turbulent mixing are caused because of RTI with initial random disturbances [1]. Tian 

and Yuan [11] adopted the Runge-Kutta discontinuous Galerkin approach for simulating the RTI 

problem with large density ratios. Based on the incompressible smoothed particle hydrodynamics 

technique, Rahmat et al. [12] computationally investigated about the external electric filed for the RTI 

analysis. Using diffuse interface methodology, Ding et al. [13] used higher density ratios in 

incompressible two-phase flows for RTI problem. Using a phase-field based lattice Boltzmann 

hypothesis, Zu, and He [14] investigated the variations/alterations of density and viscosity for 

incompressible binary fluid systems Xiang et al. [15] numerically investigated about disintegration of 

gas-liquid interface by employing shear-layer flows to the both the phases. To carry out all the 

simulations using the volume of fraction (VOF) method, they have employed the free open source 

Gerris software. Later, the Rayleigh-Taylor instability phenomenon is widely used to explain rotational 

induced occurrences [16-29]. Panda et al. [16] analyzed about the interaction between rotational flux 

and horizontal crossflow of gaseous medium which generally causes a significant impact on the liquid 

wrapping thickness and air entrainment thickness for various combinations of immiscible gas-liquid 

pairs. They looked into the effects of the Capillary number (𝐶𝑎 = 𝜇𝑙𝜔𝐷 2𝜎⁄ ) and Archimedes 

number (𝐴𝑟 = 𝑔𝐷3𝜌𝑙
2 𝜇𝑙

2⁄ ) on the configuration of the interfacial layer, and they also discovered the 

formation of spherical gas bubbles from air filaments. To illustrate the dynamics of cusp-shaped 

entrained air filaments due to the same speed and counter-rotating solid horizontal rollers with an 

additional effect of horizontal crossflow on the gaseous phase, Panda, and Rana [20-21] has employed 

two counter rotating cylinders that are completely submerged in a highly viscous liquid pool. They also 

established that formation of upper rounded crest type structure due to lower speed of rollers, [27] as 

well as reduction in horizontal distance between rollers. Panda and Rana [28] illustrated about 

development of cusp-shaped air filament structure inside a liquid viscous pool because of two vertically 

aligned clockwise revolving rollers arrangement. They noticed some noteworthy interfacial 

characteristics and divided them into three zones by altering the submerged depth (𝑊 𝐷⁄ ). Namely, the 

no-effect (single roller), the bent filament,[29] and the cuspoidal filament zone. After a careful 

investigation of previous studies, we developed a computational model for Rayleigh–Taylor instability 

(RTI) by employing horizontal crossflow (𝑅𝑒𝑓) in the heavier fluid (top medium) for analysis of 

interesting and complex interfacial structures.  

 

OBJECTIVES OF PRESENT RESEARCH 

The prime research of this investigation is to understand the dynamics of interfacial configurations 

in presences of additional horizontal cross flow of heavier fluid, and the effect of 𝑅𝑒𝑓 and 𝜌𝑟 vertical 

(𝑌(m)) and angular (𝜃(degree)) positions of interfacial configurations. Finally, we exhibited velocity 

vectors for different combinations of 𝑅𝑒𝑓 and 𝜌𝑟 to anticipate the interfacial dynamics by observing the 

flow patterns near the interface.  

 

NUMERICAL METHODOLOGY 

Computational domain 

Using a Eulerian approach-based volume of fluid (VOF) framework, numerical simulations of the 

Rayleigh-Taylor instability problem have been carried out with the supplementary effect of uniform 

steady horizontal cross flow (𝑈) of heavier fluid (top medium). The energy equation is neglected since 

it is assumed that the flow (𝑈)  in this situation is isothermal/ temperature independent. A non-

dimensional number i.e. Reynolds number (𝑅𝑒𝑓 = 𝜌ℎ𝑈𝐿 𝜇ℎ⁄ ), where 𝜌ℎ and 𝜇ℎ are the density and 

viscosity of the heavier fluid, and 𝐿 is the width of the computational domain, is used to delineate the 

uniform steady horizontal cross flow (𝑈) passing over left to right side of top medium (heavier fluid). 

The simulation domain is depicted symmetrically in Figure 1(a) as being 1m × 4m, with the heavier 
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fluid is in the top and the lighter fluid is in the bottom medium. Two phases are often separated by an 

initial sinusoidal interface that is translated by 0.5 along the positive y-axis, and uniform steady 

horizontal cross flow (𝑈) has employed to top medium (heavier fluid) from left to right portion. In this 

case, we used the free open-source Gerris solver (Popinet [30]) and a multilevel, adaptive, structured 

mesh to carry out the current investigation as shown in Figure 1(b). For the present study, 

incompressible Newtonian fluid pairs are used, and the corresponding parameters are listed in Table 1. 

 

Table 1. Fluid properties [11] adapted for the present simulation. 

Rayleigh-Taylor instability Name of the fluid ρ (kg/m3) μ (Pa. s) g (m/s2) 

Heavier fluid 1.225  

0.00313 

9.81 

Lighter fluid 0.1694 

 

  

Figure 1. (a) Schematic representation of computational domain for Rayleigh-Taylor instability, and 

(b) assessment of adaptive cells based on the gradient of volume fraction. 

 

Formulation of the Problem 

In the current study, Gerris solver (Popinet [30]) is employed to locate and observe intriguing 

interfacial structures for the Rayleigh-Taylor instability problem. We commonly employed a Volume 

of Fluid (VOF) based technique that comprises an incompressible and density-based Navier-Stokes 

solver to computationally estimate complex interfacial structures. Here, momentum, continuity 

equations as well as body and surface forces are shown as follows: 

𝜌 (
𝜕𝑢𝑖

𝜕𝑡
+ 𝑢𝑗

𝜕𝑢𝑖

𝜕𝑥𝑗
) = −

𝜕𝑝

𝜕𝑥𝑗
+

𝜕

𝜕𝑥𝑗
[𝜇 (

𝜕𝑢𝑖

𝜕𝑥𝑗
+

𝜕𝑢𝑖

𝜕𝑥𝑖
)] + 𝜎𝑘𝛿𝑠𝑛 

(1) 

𝜕𝑝

𝜕𝑡
+ ∇. (𝜌𝑢) = 0 

(2) 

Equation (2) can be transformed into the appropriate form at outside of the interfacial regime by 

considering fluid density remains constant: 

𝜕𝑢𝑖

𝜕𝑥𝑖
= 0 

 

(3) 

Therefore, the density of fluid, velocity, and dynamic viscosity are ρ = ρ(x, t), ui = (u, v), and μ =
μ(x, t) respectively. The interfacial dynamics are involved with by the Dirac distribution function 𝛿𝑠 (a 

(a) (b) 
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surface tension term), where 𝑘, 𝑛, and 𝜎 are the curvature, normal to the heavier-lighter fluid interface, 

and coefficient of surface tension, respectively. 

 

Using the volume fraction term 𝑐(𝑥, 𝑡), the density and viscosity of a generalised fluid at locations 

are as follows: 

𝜌(𝛼̂) =  𝛼̂𝜌ℎ + (1 −  𝛼̂)𝜌𝑙 
(4) 

𝜇(𝛼̂) =  𝛼̂𝜇ℎ + (1 − 𝛼̂)𝜇𝑙 
(5) 

The abbreviations 𝜌𝑙, 𝜇𝑙, 𝜌ℎ and 𝜇ℎ, respectively, stand for the densities and viscosities of lighter and 

heavier fluid phases. 

 

Equation (2) can be changed to give the volume fraction term shown below: 

𝜕𝛼

𝜕𝑡
+ ∇. (𝛼𝑢) = 0 

(6) 

The above equations 1, 2, and 6 are discretized through a second-order accurate staggered spatial grid 

technique. 

 

Validation 

We have compared the present vertical positions (𝑌(m)) of the spike from initial undisturbed 

interface to earlier literatures for achieving the goal of performing the validation process, particularly 

Ding et al. [13] and Zu and He [14]. For an appropriate comparison, the simulations have been 

performed using the identical fluid pair, density ratio (𝜌𝑟), and domain range (1m × 4m) for the 

Rayleigh–Taylor instability problem. Figure 2 reveals that the outcomes of our simulation are closely 

linked to the earlier studies, which validates our present research and provides confirmation for 

subsequent investigations. 

 

 
Figure 2. A comparison of the current vertical spike positions (𝑌(m)) from initial undisturbed interface 

with those reported in earlier studies (Ding et al. [13], and Zu and He [14]). 

 

RESULTS AND DISCUSSION 

The present section describes the dynamics and behaviour of Rayleigh-Taylor instability in presences 

of horizontal cross flow on heavier fluid phase (presented in terms of 𝑅𝑒𝑓) for various time stamps (𝑡 =

0 − 1 s). The present section not only describes the influence of horizontal cross flow of heavier fluid 

(top medium) on interfacial configurations but also depicts the effect of density ratio (presented in terms 

of 𝜌𝑟) on Rayleigh-Taylor instability. Some fundamental plots have been exhibited from base 

simulations to show the effect of the horizontal cross flow and density ratio on vertical (𝑌(m)) and 

angular position (𝜃(degree)) of interfacial configurations. Finally, we have shown the velocity vectors 

diagram to visualise the flow patterns for Rayleigh-Taylor instability.  
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The section initiation with the variation of steady numerical contours of Rayleigh-Taylor instability 

for various horizontal cross flow (𝑅𝑒𝑓) of heavier fluid, which is allocated in the top medium. Presently, 

we have displayed temporal evolutions of interfacial configurations considering various horizontal 

cross flows (Figure 3). The behaviour and structure of the Rayleigh-Taylor instability is  

elucidated comprehensively with/without the supplementary effect of the horizontal crossflow of a 

heavier fluid. The chosen density ratio (𝜌𝑟 =
𝜌1 𝜌2, where 𝜌1 and 𝜌2 are the density of ligher and heavier fluid respectvely ⁄ ) has been 

considered to be constant (𝜌𝑟 = 7.23) for this instant (Figure 3). It has been clearly noticed that the 

interfacial length of Rayleigh-Taylor instability is progessively rise with progress of time for a particular 

𝑅𝑒𝑓 (Figure 3 (f-j)) and also the interfacial configuration shifts more towards right side with progress 

of time (Figure 3 (i-j, n-o, and s-t) comparing with no horizontal cross flow case (Figure 3 (d-e)). This 

is obvious because of dominance of this additional horizontal cross flow (𝑅𝑒𝑓) on the Rayleigh-Taylor 

instability. One more observation is that the length of vertical positions of interfacial configurations 

shortens with rise of horizontal cross flow (𝑅𝑒𝑓) for a particular time stamp. Here, the hydrodynamic 

force (𝑅𝑒𝑓) resists the interfacial structure causing the length of vertical positions of interfacial 

configurations to reduce for rise in 𝑅𝑒𝑓 (Figure 3 (j, o, and t)).  

 

After observation and detailed analysis for two-dimensional Rayleigh-Taylor instability problem, we 

have concluded more effective and prominent outcomes are found at a 𝑅𝑒𝑓 range of 0-5 (Figure 3) and 

a 𝜌𝑟 range of 1.8-14.46 (Figure 4). So for this current investigation, we have chosen this range of 𝑅𝑒𝑓 

and 𝜌𝑟 in variations in microscopic interface location. But the influence of 𝑅𝑒𝑓 and 𝜌𝑟 on vertical 

(𝑌(𝑚)) and angular (𝜃(𝑑𝑒𝑔𝑟𝑒𝑒)) positions due to the shear flow of heavier fluid is also a topic of this 

current investigation. Figure 4 illustrates the variation of the steady numerical contours of Rayleigh-

Taylor instability for the various density ratio (𝜌𝑟 ) at a particular 𝑅𝑒𝑓 (𝑅𝑒𝑓 = 3). We have taken a wide 

range of 𝜌𝑟 (1.8-14.46) for a constant 𝑅𝑒𝑓 (𝑅𝑒𝑓 = 3) to portray the variations in interfacial 

confriguarations. The vertical postions (𝑌(m)) from intial undisturbed interface is seen to be 

remarkbley higher with raise of denity ratio (𝜌𝑟) for a particular shear-layer flow (𝑅𝑒𝑓 = 3). Here, 

increase in density ratios will lead to higher momentum transfer between phases and the effect of 

horizontal cross flow of heavier fluid becames weakens. Therefore, development and generation of 

higher frequency form bubbles established which determines the growth rate of interfacial structures 

takes less time with rise in density ratio (𝜌𝑟). Another important finding is that the angular postions 

(𝜃(degree)) which generally determined from initial undisturbed interface is gradually shifts more 

towards right side with rise in 𝜌𝑟 for a particular 𝑅𝑒𝑓 (𝑅𝑒𝑓 = 3) (Figure 4). 

 

𝝆𝒓 = 𝟕. 𝟐𝟑 

     

t = 0 s 

Ref = 0 

t = 0.25 s t = 0.5 s 

 
t = 0.75 s 

 

t = 1 s 

 

(a) (b) (c) (d) (e) 



 

 

Influence of Horizontal Crossflow on the Rayleigh-taylor Instability                                                    Apatta et al. 

 

 

© STM Journals 2025. All Rights Reserved 6  
 

     

     
Figure 3. Variation of the temporal evolution of interfacial configuration for a particular 𝜌𝑟 = 7.23. 

Row- and column-wise 𝑅𝑒𝑓 and 𝑡 remained constant, respectively. Row 1: for 𝑅𝑒𝑓 = 0 at (a) 𝑡 = 0 s, 

(b) 𝑡 = 0.25 s, (c) 𝑡 = 0.5 s, (d) 𝑡 = 0.75 s, and (e) 𝑡 = 1 s. Row 2: for 𝑅𝑒𝑓 = 1.5 at (f) 𝑡 = 0 s, (g) 𝑡 =

0.25 s, (h) 𝑡 = 0.5 s, (i) 𝑡 = 0.75 s, and (j) 𝑡 = 1 s.   Row 3: for 𝑅𝑒𝑓 = 3 at (k) 𝑡 = 0 s, (l) 𝑡 = 0.25 s, 

(m) 𝑡 = 0.5 s, (n) 𝑡 = 0.75 s, and (o) 𝑡 = 1 s. Row 4: for 𝑅𝑒𝑓 = 5 at (p) 𝑡 = 0 s, (q) 𝑡 = 0.25 s, (r) 𝑡 =

0.5 s, (s) 𝑡 = 0.75 s, and (t) 𝑡 = 1 s. 

 
𝑹𝒆𝒇 = 𝟑 

     

     

t = 0 s t = 0.25 s t = 0.5 s t = 0.75 s t = 1 s 

ρr = 1.8 

ρr = 3.62 

Ref = 3 

Ref = 5 

(f) (g) (h) (i) (j) 

(k) (l) (m) (n) (o) 

(a) (b) (c) (d) (e) 

(f) (g) (h) (i) (j) 

Commented [s2]: <Author> Please check: (A-T) is not 
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Figure 4. Variation of the temporal evolution of interfacial configuration for a particular 𝑅𝑒𝑓 = 3. Row- 

and column-wise 𝜌𝑟 and 𝑡 remained constant, respectively. Row 1: for 𝜌𝑟 = 1.8 at (a) 𝑡 = 0 s, (b) 𝑡 =

0.25 s, (c) 𝑡 = 0.5 s, (d) 𝑡 = 0.75 s, and (e) 𝑡 = 1 s. Row 2: for 𝜌𝑟 = 3.62 at (f) 𝑡 = 0 s, (g) 𝑡 = 0.25 

s, (h) 𝑡 = 0.5 s, (i) 𝑡 = 0.75 s, and (j) 𝑡 = 1 s. Row 3: for 𝜌𝑟 = 7.23 at (k) 𝑡 = 0 s, (l) 𝑡 = 0.25 s, (m) 

𝑡 = 0.5 s, (n) 𝑡 = 0.75 s, and (o) 𝑡 = 1 s. Row 4: for 𝜌𝑟 = 14.46 at (p) 𝑡 = 0 s, (q) 𝑡 = 0.25 s, (r) 𝑡 =

0.5 s, (s) 𝑡 = 0.75 s, and (t) 𝑡 = 1 s. 

 

After detailed analysis about temporal evolutaion of interfacial structure of Rayleigh-Taylor 

instability in presence of shear-layer flow of upper medium, the vertical position (𝑌(m)) of spike from 

initial undisturbed interface for various 𝑅𝑒𝑓 and 𝜌𝑟 quantified against progessive time (𝑡(s)) is an 

extensive study of this present research. Presently, the penetraion rate (𝑌(m)) of spike increses with 

progeess of time (𝑡(s)) for all the situations. However, the penetraion rate (𝑌(m)) of spike decreases 

with increase of 𝑅𝑒𝑓 for a particualar 𝜌𝑟 (𝜌𝑟 = 7.23) (Figure 5(a)). It is quite obvious due to strong 

influence of hydrodynamic force dominates over interfacial structres. As a result, the interface bents 

more towrads right side and also squeeze at the same time becacuse of shear-layer flow of upper medium 

(also observed from Figure 3). However, the percentage decrease of  𝑌(m) from 𝑅𝑒𝑓 = 0 − 5 is 

approximately 18.3% for a particular 𝜌𝑟. Figure 5(b) depicts variations in vertical positions  (𝑌(m)) of 

spike from initial undisturbed interface due to various 𝜌𝑟 for a particular shear-layer flow (𝑅𝑒𝑓 = 3). 

It has been observed that depth of penetration (𝑌(m)) of spike increases with increases 𝜌𝑟 for a 

particular 𝑅𝑒𝑓. The increment in depth of penetration of spike due to higher momentum transfer  

between phases. As a result, development and generation of higher frequency form bubbles  

established which determines the growth rate of spike takes less time with rise in density ratio (𝜌𝑟). In 

spite of that, the percentage decrease of  𝑌(m) from 𝜌𝑟 = 1.8 − 14.46 is approximately 70% for a 

particular 𝑅𝑒𝑓.  

ρr = 7.23 

ρr = 14.46 

(k) (l) (m

) 

(n (o) 

(p) (q) (r) (s) (t) 
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In this present research article, we have introduced a new way of approach to representing the angular 

position (𝜃(degree)) of spike from initial undisturbed interface developed due to with/without effect 

of horizontal cross flow (𝑅𝑒𝑓) of upper medium. The angular position (𝜃(degree)) of spike is the 

angle subtended from the meeting point of the initial undisturbed interface and the vertical line passing 

through the centre bubble to the centre of the spike (insert Figure 6 (a)). Figures 6(a) and 6(b) 

demonstrates the influence of 𝑅𝑒𝑓 and 𝜌𝑟 on angular position (𝜃(degree)) of spike from initial 

undisturbed interface. The angular position (𝜃(degree)) of spike is progressively increases with 

increases time and found to be more at higher 𝑅𝑒𝑓 and 𝜌𝑟 respectively (Figure 6(a-b)). It is due to strong 

influence of hydrodynamic force dominates over interfacial structres. As a result, the spike bents more 

towrads right side for both the cases (Figures 3, 4). However, the percentage increase in angular position 

(𝜃(degree)) due to a particular horizontal cross flow (𝑅𝑒𝑓 = 5) and density ratio (𝜌𝑟 = 14.46) from 

𝑡 = 0.55 − 1𝑠 is approximately 30% and 64% respectively. 

 

  

Figure 5. (a, b) Influence of 𝑅𝑒𝑓 and 𝜌𝑟 on vertical position (𝑌(m)) of spike from initial undisturbed 

interface. 

 

 
 

Figure 6. (a, b) Influence of 𝑅𝑒𝑓 and 𝜌𝑟 on angular position (𝜃(degree)) of spike from initial 

undisturbed interface.  

 

Velocity vectors are thought to be a crucial tool for visualising the distribution of the flow near the 

interface. The velocity vectors for Rayleigh-Taylor instability in presence of shear-layer flow of upper 

medium are herein shown at different 𝑅𝑒𝑓 and 𝜌𝑟 in order to elucidate the flow pattern as shown in 

Figure 7 (a-d). The discrepancies in the interfacial configurations due to these 𝑅𝑒𝑓 and 𝜌𝑟 are clearly 

recognized in Figure 7.  

(a) (b) 

(a) (b) 
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Figure 7. Flow pattern of velocity vectors at (a) 𝑡 = 1 s, 𝜌𝑟 = 7.23, 𝑅𝑒𝑓 = 1.5, (b) 𝑡 = 1 s, 𝜌𝑟 = 1.8, 

𝑅𝑒𝑓 = 3, (c) 𝑡 = 1 s, 𝜌𝑟 = 3.62, 𝑅𝑒𝑓 = 3, and (d) 𝑡 = 1 s, 𝜌𝑟 = 7.23, 𝑅𝑒𝑓 = 5. 

 

CONCLUSIONS 

Comprehensive analysis of influence of horizontal cross flow (𝑅𝑒𝑓) and density ratio (𝜌𝑟) on 

interfacial configuration to predict the profile and structure of interface of Rayleigh-Taylor instability 

problem has been investigated. In this paper, we have discussed the effect of 𝑅𝑒𝑓 and 𝜌𝑟 on vertical 

(𝑌(m))and angular (𝜃(degree)) positions of spike from initial undisturbed interface. Apart from this, 

fluid properties and the concept of two phase flow are the subjects of this present investigation. Lastly, 

we have illustrated the mechanisms of all interfacial activity and flow distributions by displaying the 

velocity vectors at various 𝑅𝑒𝑓 and 𝜌𝑟. 
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