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ABSTRACT 
 
The formation of air-core vortex is a common 
phenomenon during the draining process. However, 
there is an upward flow which is called as ‘reverse jet’ 
attempts during the air-core vortex formation.    These 
phenomena if not properly controlled may reduce the 
efficiency and lifespan of liquid draining tank. 
Nevertheless, there is still no numerical research 
directed on the relation between air-core vortex and 
reverse jet, which might be very beneficial for the 
future study. Hence, the objective of this paper is to re 
revisits the fundamental physics flow of the reverse jet 
during the generation of air-core vortex.  
OpenFOAM®, an open source CFD package is used 
to simulate the flow inside the draining tank and the 
existence of reverse jet has been proved through the 
wake momentum thickness and Power-Spectral 
Density function (PSD).   
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1.INTRODUCTION 

The formation of an air-core vortex inside the liquid 
draining tank is one of the problematic phenomenon 
during the draining process. Referring to Basu et al. 
[1], the air-core vortex is one of the rotational motions 
of the liquid, triggering air particles to be entrained in 
the vortex through its core. This motion is intensified 
by rotational (swirl) flow during the draining process 
[1].When the core of the vortex touches the bottom of 
the tank, the draining rate of  liquid decreases and the 
flow at the outlet nozzle becomes unsteady and highly 
rotational. However, an additional phenomenon called 
as ‘reverse jet’ is observed during the formation of air-
core vortex. Reverse jet or reverse flow is a 
phenomenon, where the maximum velocity magnitude 

region is transferred to the center due to the evolution 
of the boundary layer on the side wall and the stability 
of angular momentum [2] [3]. 
The existence of air-core vortex and reverse jet affect 
the performance of the draining tank by inducing 
vibrations, increasing the possibility of structural 
damage, reducing the flow rate, reducing the 
efficiency and lifespan of pumps and turbines  [2] [4] - 
[7]. In aerospace application, the air-core vortex can 
distract the steady flow inside the pump during the 
liquid drainage from the propellant tanks of a space 
vehicle and rocket. Consequently, air is entrained into 
the propellant thereby reducing the liquid flow rate [8]. 
Therefore, to impede the over-rotational liquid motion 
and launch failure, the pump fed liquid rocket engines 
have to be cut off before the pressure gas enters the 
nozzle [1] [9]. In addition, the swirling flow in the 
reservoir tank due to the air-core vortex generation 
creates detrimental effects such as reduction in 
discharge coefficient, ingestion of floating objects and 
air entrainment that can affect machinery performance. 
There have also been accidents reported involving 
people getting sucked into the outlet (dam areas) due 
to the ingestion created by the air-core vortex [10]. 

Driven from the problems above, numerous studies by 
previous researchers have been done  to minimize the 
effect of air-core vortex formation on structure [11]-
[16]. However, there is still no numerical study 
conducted on the relation between air-core vortex and 
reverse jet, which might be very beneficial for the 
future research. As can be compared between other 
published numerical simulation methods [1] [3] [17]- 
[28], not much studies have been done using 
OpenFOAM, especially on reverse jet topic. Thus, the 
objective of this paper is to re revisits the fundamental 
physics flow of the reverse jet during the air-core 
vortex formation. 
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2.METHODOLOGY 

Figure 1 shows the schematic diagram of the problem 
geometry, where a cylindrical tank of length (L) of 
450mm and diameter (D) 90mm is partially filled with 
water. The initial height of the water measured from 
the bottom of the tank (h୭) is 350mm. A drain nozzle 
is located at the centre of the tank’s bottom surface. 
The drain nozzle’s length (l) is 15mm and its diameter 
(d) is 6mm. The bottom and top surfaces of the tank is 
open, i.e., in atmospheric condition and the fluid is 
drained downward naturally by gravity, g. For direct 
comparisons to the study, this geometry is 
intentionally made the same as the experimental and 
numerical investigations of Park and Sohn (2011) [21]. 
OpenFOAM®, an open source CFD package is used 
to simulate the flow inside the tank. Direct Numerical 
Simulation (DNS) is employed and the temporal term 
is discretized using the first-order scheme. Euler 
scheme (1st order accurate) has been adopted in the 
first stage. In second stage, it is changed to backward 
scheme (2nd order accurate) to reduce the 
discretization. 

 

 
Figure 1: Schematic diagram of the draining tank [21] 

 
3.RESULTS AND DISCUSSIONS 
 
3.1 Generation Air-core vortex 

Figure 2 shows the generation of the air core with a 
contact angle less than 90  inside a cylindrical tank 
from 0 s to 82.5 s. A dip is starting to develop on the 
free surface at the center of the tank at 15 s. Then it is 
instantly dragged downwards and it quickly passes 
through the liquid inside the tank [11]. When the dip is 
extended till the outlet of the tank at the drain time of 
21 s, the air-core generation is completed. At this time, 
the dip grows into a vortex with the air core and the 
free surface generates a long and slender string shape 
lengthening to the bottom of the tank; this is known as 
a vortex (air-core) phenomenon [20]. The dip forms 
into the air-core on the surface as the level reaches a 

certain critical height ℎ  at which the liquid 
subsequently enters the outlet [1] and it constantly 
continues (except when the reverse jet is occurred) 
until the draining completes. However, in this study, 
the drain is turned suddenly and makes the induced 
oscillatory motion controls the forced motion. Thus, 
the reverse jet occurs 6 times along the draining 
process. They are at 22 s, 55 s, 72 s, 79.5 s, 80s and 82 
s.  

 
Figure 2: Generation of air-core vortex 

3.2 Generation of Reverse Jet  

Figure 3 shows the free surface oscillation known as 
'reverse jet' (reverse flow) which is only generated in 
the swirl case (without the air-core suppression 
mechanism) at t = 58.5 s. The formation of the air-
core vortex is sustained and it is not disrupted by the 
reverse jet. The reverse jet arises on the liquid surface 
and at the same time allows the air (below the liquid 
surface) to be drained. The direction 
upward/downward of the reverse jet is based on the 
initial height of the free surface. Since the height of 
the liquid level at t = 58.5 s and onwards are 
adequately low, the tip of the reverse jet moves 
upwards at each time. As a result of this condition, the 
region near the outlet promptly moves upwards, and 
this forms the reverse jet.  

 
Figure 3: Generation of reverse jet at t = 58.5 s 
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Referring to Barton et al. [29], the damping of free 
surface oscillations in the tank might occur along the 
draining process. In this study, a reverse flow (reverse 
jet) is observed even though the air-core is generated. 
The initial growth speed of the drainage-initiated free 
surface oscillations (reverse jet) is strongly influenced 
by the initial behavior of the drain rate function. So 
there is no reverse jet if the drain is turned on 
gradually, since the drainage-initiated free surface 
oscillation is weaker compared to the forced one [22]. 
According to Zhou and Graebel [22], a reverse jet 
occurs when the liquid is slowly drained with a 
constant drain rate in the center of the cylindrical tank. 
The strength of the reverse jet is determined by the 
initial height, ℎ of the free surface. The tip of the jet 
arises upwards from, ℎ  and moves downwards from 
ℎ . In this study, all of the reverse jets arise upwards 
since ℎ   is adequately low at each time.  Figure 4 
shows the process of the generation of the reverse jet 
from 22 s to 24.5 s. 

Figure 5 shows the comparison of the velocity vector 
and streamlines between the drain times at 4 s (no 
reverse jet) and 23 s (reverse jet). In Figure 5(b), there 
is a clear upward flow (reverse direction to the flow) 
near the axis of the tank. According to Zhou and 
Graebel [22], it occurs when the nearest points to the 
surface center decelerate to the center and the 
maximum surface velocity is arisen on the free surface. 
If the velocity is sufficiently large and the pressure is 
adequately low, the collection of fluid in that region is 
moves upwards [2]. The phenomenon can be proven 
and discussed through the characteristics of wake 
momentum thickness in the next section. 

 

 
Figure 4: Contours of the reverse jet from 22 to 

24.5 s 
 

(a)

 
(b) 

Figure 5: Comparison of velocity vector and 
streamlines between the drain times of (a) t = 4s (no 
reverse jet) and (b) t = 23 s (reverse jet) 
 
3.3 Momentum Thickness 

Figure 6 represents the draining time at t = 58 s, t = 
58.5 s, t = 59 s and t = 59.5 s when the reverse jet 
occurs. In this research, the reverse jet is indentified 
by the characteristic of wake momentum thickness. As 
explained, the equation for the wake momentum 
thickness is  ߠ .௧.ܷஶଶ = 2∫ ത(௫ೌೣݑ

 ܷஶ −  where ݔ݀(	തݑ
തݑ  is the time-averaged streamwise velocity in the z 
axis and ݔ	  is the localized cross-stream coordinate. 
The integral is defined from the center (ݔ = 0) to the 
wall (ݔ = 0.045) of the tank. Figure 6(b) shows the 
existence of wake momentum thickness since the 
reverse jet occurs at this time. Meanwhile, nearly zero 
magnitude of ߠ.௧.is observed at the center of the tank 
due to the formation of the air-core vortex. The air 
core reduces the efficiency of the outlet region, 
especially at the center of the tank. For the flow 
regime i.e. 0 < ܴ < 10ିଶݔ0.45 , the highest 
magnitude of ߠ.௧.is observed. This condition happens 
because the location of the maximum velocity 
magnitude shifts to the center, and thus this area is 
instantly moved upwards (reverse jet). For the flow 
regime 0.4510ିݔଶ < ܴ < 0.045 , the magnitude of 
 .௧.decreases to the wall of the tank as the reverse jetߠ
starts to recover. 
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Figure 6:  Momentum wake thickness (ߠ.௧ .) for various tank radius at H = 215 mm: a) t = 58 s, b) t = 58.5 s, c) 
t = 59 s and d) t = 59.5 s 
 
3.4 Power Spectral Density (PSD) 

In this research, the fluctuating pressure fluctuating 
near the outlet and its power spectral density function 
(PSD) are presented in Figures 7 and 8. In Figure 8, 
the ݔ-axis represents the frequency range and the ݕ-
axis shows the amplitude of power of pressure 
distribution. By looking at PSD, two sharp peaks 
marked by * and ** are observed. The sharp peak 
marked by * is the highest peak. This peak has the 
frequency of 0.0928 Hz occurs at t = 11 s, which 
corresponds to the draining process from 48.5s to 
59.5s. In this time interval, the reverse jet occurs once 
at 58.5 s. In addition, the other sharp peak marked by 
** has the frequency of 0.4455 Hz and occurs at t = 
2.2 s. The peak shows the draining process occurring 
from 79.5 s to 82.5 s, and this period of time indicates 
the same phenomenon. Therefore, this result of PSD 
shows that the reverse jet phenomenon has a strong of 
frequency range variation that might be useful for 
further analysis. 

 
Figure 7:  Pressure distributions at the outlet of the 
tank for the draining time 0s to 82s 

 

 
Figure 8:  Power-spectral density function (PSD) for 
the pressure distributions at the outlet of the tank  
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4. CONCLUSION 

In this paper, the generation of air-core vortex and 
reverse jet were successfully recreated using the 
OpenFOAM framework. The phenomenon of reverse 
jet is observed in 6 times during the liquid draining 
process. A clear upward flow near the axis of the tank 
has been detected in the velocity vector and 
streamlines result. Finally, the presence of reverse jet 
during the air-core vortex formation has been proven 
through the existence of wake momentum thickness 
and Power-Spectral Density function (PSD). 
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