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ABSTRACT: This study experimentally investigates the mixing of two-layer density-stratified fluid in a 
cylindrical tank by a diagonal jet. The upper and lower fluids are water and an aqueous solution of sodium 
chloride (NaCl), respectively, and the lower fluid issues from a nozzle on the tank bottom. The angle between 
the jet centerline and the tank bottom is 60°, and the mass concentration of the NaCl solution is 0.02. The 
mixing in cases that the Reynolds numbers of the jets are 713, 2319, and 3565 are investigated. The velocity 
fields in the central vertical cross-section are measured with a PIV system by tracing nylon particles with the 
diameter of 80 μm. The concentration fields in the section are visualized using Rhodamine B as the 
fluorescent dye. They are also measured using PLIF from visualized images and the progresses of the mixing 
are evaluated quantitatively. The investigation clarifies the relationship between the mixing phenomena and 
the Reynolds number of the jet. 

1 Introduction 
Liquefied natural gas (LNG) has attracted considerable attention because of its low environmental load. 
It is important for Japan to sustain stable energy supply and to store energy resources since most energy 
resources rely on imports. For the efficient storage of imported LNG, many kinds of LNG from 
different production areas are stored in the same LNG tank. As the density of LNG is specific to the 
production areas and purification plants, density stratification sometimes occur in the tank. The density 
of such stratified LNG changes owing to heat input from outside of the tank, for instance sunlight and 
geothermal heat. When the density of the lower LNG layer becomes lower than that of the upper layer, 
sudden mixing, known as rollover, occurs. The rollover generates large amounts of vaporized gases, 
which cause severe damage of the storage tank. Thus, the prevention and elimination of the LNG 
stratification are essential for the operation of LNG storage tanks. 
Mixing phenomena of density-stratified fluids in tanks have been studied via laboratory-based 
experiments. Mixing induced by a jet issuing from a nozzle mounted on the top or bottom of the tank 
has been investigated [1]-[4]. Mixing LNG by a jet issuing from a nozzle on the bottom of the tank is 
considered to be a promising technique for preventing and eliminating stratification in LNG storage 
tanks. The authors performed experiments to investigate mixing phenomena by a jet issuing into a two-
layer density-stratified fluid in a rectangular [5] and cylindrical tank [6]. The upper and lower fluids 
were water and an aqueous solution of sodium chloride (NaCl), respectively, and the lower fluid was 
issued vertically and diagonally upward from a nozzle on the bottom of the tank. The authors also 
conducted numerical simulations [7][8] under the same condition as the authors' previous experiments 
[5][6] and successfully complemented those experimental investigations. 
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Initially (𝑡 = 0), a two-layer density-stratified fluid is in a static condition in the tank. The upper and 
lower fluids are water and an aqueous solution of NaCl, respectively. The vertical thicknesses of the 
upper and lower fluids are 6𝑑 and 12𝑑, respectively. The mass concentration of the aqueous solution of 
NaCl is 0.02. 

2.2 Experimental Method 
At a time 𝑡 > 0, the lower fluid (aqueous solution of NaCl) issues from the nozzle. The mean velocity 
in the nozzle outlet section denoted by 𝑈0 is calculated from mass flowrate. The volume of the fluids in 
the tank is maintained at a constant level using pump-driven fluid circulation. 
The water velocity in the central vertical cross-section (𝑥-𝑧 section) is measured with a particle image 
velocimetry (PIV) system by treating nylon particles (mean diameter: 80 μm, specific weight: 1.02) 
added to upper and lower fluids. Images of the section are captured by a video camera using a laser 
light sheet (power: 1 W, wavelength: 532 nm, thickness: 1 mm). The laser light sheet is irradiated from 
the bottom of the tank. The framerate of the camera is 200 fps. To visualize the flows in the central 
vertical cross-section, a small amount of fluorescent dye (Rhodamine B) is uniformly added to the 
lower fluid. The fluorescence of the dye is captured using another video camera. The framerates of the 
camera is 30 fps. The concentrations are measured using PLIF [9] from the visualized images and 
progresses of mixing are quantitatively evaluated. The Reynolds number Re is defined as 𝑈0 𝑑/𝜈, 
where 𝜈 is the kinetic viscosity of water. The experiments are conducted at 475 ≤ Re ≤ 4753 in a 
duration of the non-dimensional time 𝑡∗ (= 𝑡𝑑/𝑈0) from 0 to 1400. 

3 Results 

3.1 Jet Behavior  
Temporal variations of the jet height are observed using visualized images for every Reynolds 
numbers. The jet behavior is classified into three patterns, namely A, B, and C, according to the Re 
value. 
 Pattern A: The jet reaches the interface without penetrating it but spreads almost horizontally 
outward along the interface.  
 Pattern B: The jet penetrates the interface but does not reach the upper water surface. The top of 
the jet falls back to the interface and spreads horizontally without penetrating the interface again. 
 Pattern C: The jet reaches the upper water surface, spreads along the surface, and falls back to 
the interface. 
Table 1 lists the patterns of jet behavior (Patterns A, B, and C) for different Re values at 𝑡∗ = 500. Fig. 
2 shows visualized images for Re = 713, 2139, and 3565, which represent Pattern A, B, and C, 
respectively. At Re = 713, local deformation of the density interface caused by the jet reaching the 
interface is visualized. At Re = 2139, the decline of the jet penetrating the density interface is 
visualized. The jet deformed the interface and gave rise to mixing along the interface. At Re = 3565, 
spreading of the jet along the upper surface and active mixing between the jet and the ambient fluid are 
visualized. 
In this study, the Reynolds numbers of 713, 2139, and 3565 are chosen as the representative Reynolds 
numbers for each pattern, and the velocity and concentration fields at Re = 713, 2139, and 3565 are 
measured using PIV and PLIF, respectively. 
 

Table 1 Classification of jet behavior 
Re 475 713 951 1188 1426 1663 2139 2376 2614 2852 3089 3565 4753 
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Pattern A A B B B B B B B B C C C 

 
Fig. 2 Visualized flow pattern at Re = 713, 2139, and 3565 in the central vertical cross-section (𝒚=0) 

3.2 Temporal Variation of Velocity and Concentration Distribution 
Figs. 3, 4, and 5 show the distributions of the time-averaged velocity in the central vertical cross-
section passing through the jet centerline (𝑦=0) at Re = 713, 2139, and 3565, respectively. In each 
figure, the velocities averaged at earlier stage (from 𝑡∗=200 to 600), intermediate stage (from 𝑡∗=600 to 
1000), and later stage (𝑡∗=1000 to 1400) are shown, and the nozzle outlet and initial position of the 
density interface are indicated by a black dot and a white dashed line, respectively. 
Fig. 3 shows the results at Re = 713, the jet behavior is classified as Pattern A. The jet reaches the 
density interface and spreads almost horizontally along the interface. The velocity slightly spreads in 
the vertical (𝑧) direction as the horizontal component of the velocity gradually decreases with the lapse 
of time. 
Fig. 4 shows the results at Re = 2139, the jet behavior is classified as Pattern B. The top of the jet 
penetrates the density interface and falls back to the interface owing to the gravitational effect, as the 
density of the jet is higher than that of the upper fluid. The fluid descending from the top of the jet 
spreads horizontally when it again reaches the density interface. This downward flow causes the 
interface to heave and leads to mixing of the fluids in the lower region along the interface. According 
to the time-averaged distribution, the downward flow reaches near 𝑧/𝑑 = 3 in the lower layer, the 
mixing in the lower fluid between jet and ambient fluid occurs at 𝑧/𝑑 ≥ 3. The jet height becomes 
higher over time. At later stage (𝑡∗=1000-1400), the position where the jet falls back to the density 
interface move outward, namely toward the tank wall on the opposite side of the nozzle. The downward 
velocity becomes weaker because the spreading of the jet in the upper layer becomes relatively wider. 
Fig. 5 shows the results at Re = 3565, the jet behavior is classified as Pattern C. The jet reaches the 
upper water surface and spreads horizontally just below the water surface. This spreading leads to the 
weakening of the downward flow which is the cause of the interface heaving. The spreading of the jet 
along the water surface becomes wider over time, the downward flow is eventually no longer observed. 

(a) Re=713 (b) Re=2139 (c) Re=3565
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