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ABSTRACT

This study proposes a one-dimensional droplet model to predict the jet-tip height of a subcooling mixing jet issuing from the

bottom of a cryogenic propellant storage tank. Cryogenic liquids, such as liquid hydrogen and liquid oxygen, are used as

propellants and oxidants in spacecraft propulsion systems that require long-term storage in a closed tank. However, thermal

stratification forms near the gas-liquid interface during long-term storage of cryogens due to heat flowing into the tank from the

surrounding environment. In addition, boil-off gas (BOG) is generated from the interface, which causes increased pressure

in the tank. To reduce the BOG, it is effective to destroy the thermal stratification by mixing in the cold jet issuing from the

bottom of the tank. Ground experiments using FC-72 and water as test fluids are conducted to investigate the behavior of the

jet using the proposed one-dimensional spherical droplet model as the tip of the jet. The jet behavior is visualized using the

Shadowgraph system and the height of the jet-tip is investigated under various experimental conditions. The proposed model is

also verified by comparison with experimental data available in the literature. The results show that the proposed model aligns

well with the experimental data.

Introduction

Thermal management technology for a cryogenic propellant storage tank is an important component of future activity planning

to achieve long-term space exploration1–3. The cryogenic propellant storage tank suffers loss of propellant due to boil-off,

which is induced by heat leakage into the tank from the surrounding environment. However, discharging boil-off gas (BOG) is

equivalent to the throw energy of the propellant in the environment. Mars missions take an exceedingly long time, so Schaffer

and Wenne analyzed the propellant mass fraction and boil-off rate because they have a significant impact on the total stage

size4. They reported that conservative estimates for these variables could cause the mission to become unfeasible.

The BOG should be released from the tank into space to control the tank pressure within its structural limitations. On

the ground, a practical method of depressurization of a cryogenic tank is to directly vent the vapor on the top. However, in a

microgravity environment, where the distribution of liquid and vapor in the tank is unknown or not fixed, direct exhaust will

likely cause a massive loss of the liquid propellant. A thermodynamic vent system (TVS) that suppresses the rise in temperature

and pressure by venting and cooling the fluid in the tank has been effective in reducing the amount of propellant loss due to

tank pressure.

TVS is a particularly suitable method for a microgravity environment because the liquid state propellant can be released

by discharging the BOG when the position of the gas and liquid is unclear. TVS was first proposed by NASA in the 1990s5.

Verification tests6–8 and numerical analyses9–12 have been conducted to determine its usefulness.

In general, the cryogenic liquid in a tank forms temperature stratification where the temperature near the liquid surface

is higher than that of the bulk liquid region due to heat ingress from the outside of the tank13. The thermal stratification of

the cryogen partially enhances the generation of the BOG and pressurization rate inside the tank. Therefore, destroying the

temperature stratification near the gas-liquid interface is considered to be effective for BOG suppression.

Mixing bulk liquid in a tank is one of the most important chemical processing industries. The two common ways to



achieve liquid mixing in a tank are impeller stirred and jet mixed tanks14. Axial jet mixing is generally used for cryogenic fluid

management in space.

Imai et al.15–18 conducted verification experiments on the TVS by jet mixing a simulated liquid (LN2) on the ground.

Subcooled mixing jets were supplied under vent-free conditions, and it was possible to reduce the pressure in the tank and

boil-off rate by approximately 98%. However, depending on the liquid level and supply flow rate of the mixing jet, it was found

that the tip of the mixing jet could not reach the free surface and the reduction of tank pressure could not be achieved. These

results showed the effectiveness of jet mixing for reducing the BOG and the importance of using an appropriate jet flow rate at

the actual TVS.

To analyze the behavior of axial jet mixing of ethanol in a container, Aydelott examined the liquid flow patterns that

resulted from the axial-jet mixing of ethanol in 10 cm diameter spherical and cylindrical containers under zero-, reduced-, and

normal-gravity conditions19, 20. He reported that four distinct liquid flow patterns were observed: dissipation of the liquid jet in

the bulk-liquid region, geyser formation, liquid collection at the end of the tank opposite the jet exit, and complete circulation of

the liquid along the tank walls. Dimensionless parameters were developed that characterized the observed liquid flow patterns

and bulk-liquid mixing phenomena.

Prediction of the geyser form caused by axial jet mixing was performed using computational fluid dynamics (CFD)21–23.

The CFD studies were developed from the same set of experimental data19, 20 using the jet-Weber number, jet-Bond number,

and tank-Bond number to describe the geyser formation and predict geyser height. These CFD simulations focused on the

geyser form and the deformation behavior of the liquid surface. However, there was no detailed discussion regarding the jet

behavior below the liquid surface, which is important for suppressing the BOG.

Breisacher et al. investigated the effects of tank scale by performing two-dimensional axisymmetric CFD simulations

of existing ground-based axial jet mixing experiments using two tank sizes differing by a factor of ten24. This was done to

understand the control of tank pressure and reduction of thermal stratification in a large-scale tank using axial jet mixing.

The large tank size was equivalent to the Ares V Earth Departure Stage (EDS) LH2 tank. With the modeling parameters

determined from the water tank simulations, CFD simulations were performed based on the mixing histories of an EDS class

propellant tank using a jet mixer to control thermal stratification. The simulation results showed a wide variety of mixing

behaviors and were consistent with those expected from the use of similar parameters. These CFD simulations were very

effective, however, predicting the mixed jet behavior with lower computational cost is necessary for wide application. Results

of past research showed that the tip position of the mixing jet was extremely important for BOG suppression.

The authors previously reported the behavior of a mixing jet using a visualization method and described the tip of the jet

with a simple one-dimensional model without heat transfer25. In this simple dynamic model, a single spherical droplet was

assumed as the tip of the jet, and an equation of motion (EOM) was applied to the droplet in the bulk liquid. The results of

the analysis model were compared with experimental data from the Shadowgraph system. The trend of the tip velocity with

time was well-matched except for the early stage within 0.2 sec. The highest positions of the tip for the analytical model were

roughly the same as those of the experimental data.

This study proposes an extension of the authors’ previous simple one-dimensional droplet model to include not only the

bulk liquid, but the regions of the liquid surface and gas phase above the surface. In addition, a comparison is conducted with

the experimental results of other research regarding the maximum height of the tip of the cooling jet to further examine the

validity of the proposed model.

Experiment

Experimental apparatus

Figure 1 shows the experimental set-up for the present study.

The main components of the apparatus were a pump (GA-V21.J8FS.A, Micropump), Coriolis flow meter (FD-SS02A,

Keyence Co.), reservoir tank for the cooling jet, test tank, pressure sensor (AP-C30, Keyence Co.), two solenoid valves (VX2

Series, SMC Co.), and thermocouples. The test tank was made of SUS306, and the internal height, width, and depth dimensions

of the tank were 150, 75, and 26 mm, respectively. Thus, the volume of the tank was 292.5 mL. Quartz glass windows were

installed on the tank to observe the internal flow behavior. Four ceramic heaters were mounted on each side wall of the tank to

warm up the liquid in the tank. The jet nozzle was located at the center of the tank bottom. The nozzle shape was a circular tube

with inner diameter D of 0.5 mm. The nozzle projected 10 mm upward from the bottom of the tank. Therefore, the distance

from the inlet of the jet nozzle to the top wall of the tank htank was 140 mm.

Three groups of eight thermocouples, each with a diameter of 1.0 mm, were arranged at both sides of the center of the tank

and near the tank wall to measure the temperature distribution along the axial direction inside the tank. The interval between

each thermocouple in the same line was 20 mm. This study focused on the flow behavior during jet injection, so the temperature

data obtained by these thermocouples are not presented in this paper.
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Figure 1. Experimental set-up.

The Shadowgraph system (SS50, KATO KOKEN Co. Ltd.) and a high-speed camera (k8-USB, KATO KOKEN Co. Ltd.)

were used to observe the flow behavior. The frame rate and shutter speed of the high-speed camera were set to 60 fps and

1/3000 s, respectively. The field of view of the camera was 48 mm in diameter. The camera was moved up or down in the case

where the jet behavior was not observed in the view, and experiments were conducted twice under the same conditions. All data

were collected using a data logger (LR8400/LR8501, HIOKI E.E. Co.) with a measurement speed of 10 Hz.

Experimental procedures and conditions

The liquid in the test tank was warmed with a heater on the side wall of the tank before the experiment and the liquid temperature

was maintained at 30 K higher than ambient temperature. The temperature of the cooling jet was maintained at ambient

temperature. First, the liquid for the cooling jet flowed in the loop by opening the V1 valve and closing the V2 valve. The flow

rate corresponding to the experimental condition was controlled by the pump. After receiving the start signal, the V1 valve was

closed, the V2 valve was opened, and the cooling jet was issued from the nozzle for 2∼10 seconds. Subsequently, the cooling

liquid flowed into the reservoir tank again by opening the V1 valve and closing the V2 valve. The flow behavior was captured

with a high-speed camera and the measurement data were synchronized with the high-speed camera by turning off the LED

lighting with the start signal.

Experimental conditions were as follows; the temperature difference between the subcooling jet and bulk liquid in the tank

∆T was 10∼30 K, the flow rate of the subcooling jet ṁ j was 3.0 ∼110 mL/min, the initial height of the bulk liquid in the tank
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Figure 2. Typical jet behavior and time transitions of the tip position of the jet.

hbulk was 20∼125 mm, and the duration of the cooling jet injection tin j was 2∼10 s. FC-72 and water were used as test fluids,

and the same liquid was used for the cooling jet and bulk liquid in the test tank for each experiment. FC-72 has a low surface

tension and is used on the assumption that the cryogenic fluids are liquid oxygen and liquid hydrogen. All of the experimental

conditions (80 cases) are listed in Table S-1 (See Supplementary S-1).

Experimental results

Four typical flow patterns of jet behavior were observed in the experiment, as shown in Fig. 2.

The cooling jet did not reach the liquid surface and gradually diffused into the bulk liquid for low jet flow rate conditions,

as shown in Fig. 2(a). This flow pattern (Pattern I) was not efficient for mixing the bulk liquid.

The jet reached the liquid surface by increasing the jet flow rate, as shown in Fig. 2(b). This jet spread horizontally along

the liquid surface and gradually descended into the bulk liquid due to the density difference with respect to the bulk liquid. The

surface remained stable when the jet flow rate was lower. However, agitation from the jet was observed near the surface when

the flow rate was increased, as shown as Fig. 2(c). These two flow behaviors are classified as Pattern II because the mixing

effect for bulk liquid increased with an increase in the jet flow rate. It is unnecessary to clearly distinguish these behaviors, but

they have been classified as Pattern II-a and II-b, as shown in Figs. 2(b) and (c), respectively.

The behavior shown in Fig. 2(d) is observed only under the condition of an extremely low height of bulk liquid. In this

case, the jet that caused the entrainment of the bulk liquid penetrated the surface, forming a geyser-like flow pattern. This flow

pattern has previously been reported under microgravity conditions19, 26. Here, it was observed that this unique flow pattern

(Pattern III) also appeared under terrestrial conditions. The mixing effect of Pattern III was lower than that of Pattern II because

the jet consumed part of the energy in the vertical direction to break through the liquid surface. Flow patterns observed for all

experimental cases are listed in Table S-1.
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Figure 3. Schematic of the one-dimensional droplet model.

One-dimensional droplet model for prediction of the jet-tip position

In this study, the tip of the jet assumes a rigid spherical droplet with the same diameter as the nozzle inner diameter D. The

position of the jet-tip in the x direction is predicted by a simple one-dimensional equation of motion (EOM) for the droplet,

expressed as:

md

dvd

dt
= F (1)

where md is the mass of the droplet, vd is the velocity of the droplet in the x direction, t is time, and F denotes the force acting

on the droplet. md is expressed by the nozzle diameter D and jet liquid density ρ j, expressed as:

md =
4π (D/2)3

ρ j

3
. (2)

Here, the EOM for the droplet is considered by dividing the force acting on the droplet into three regions: the bulk liquid,

vicinity of the gas-liquid interface, and gas space.

Region A: Bulk liquid region (0 ≤ x ≤ hbulk −D/2)
In the bulk liquid region (Region A), the forces acting on the droplet are gravitational FV and resistance FD1. The latter is

applied to the droplet from the surrounding liquid, as shown in Fig. 3(a).

The EOM in Region A is expressed as:

md

dvd

dt
= FD1 +FV . (3)

Here, the droplet is assumed as a rigid sphere, so FD1 is expressed as:

FD1 =−α
CDρbulkS

2
v2 (4)

where S is the cross area of the droplet πD2/4, ρbulk is the density of bulk liquid. CD is the coefficient of resistance depending

on the Reynolds number, Re = ρ jvdD/µd , which is expressed as27:

CD =
24

Re
+

2.6
(

Re
5.0

)

1+
(

Re
5.0

)1.52
+

0.411
(

Re

2.63×105

)−7.94

1+
(

Re

2.63×105

)−8.00
+

0.25
(

Re

106

)

1+
(

Re

106

) . (5)

µd in the Re is viscosity of the droplet. FV results from the density difference between the cooling jet and bulk liquid, expressed

as:

FV =−(ρ j −ρbulk)V g, (6)
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where V is the volume of the droplet and g is the gravitational acceleration. The fitting parameter α in Eq. (4) is introduced to

consider the difference between this simple analytical model and the actual phenomena, such as added mass caused by the flow

around the sphere droplet28 and the expanding and diffusing of the jet. The form of α in this study is expressed as:

α =
ρ j −ρbulk

ρbulk

. (7)

Therefore, the EOM in this region is expressed as:

dvd

dt
=−

3αCDρbulk

4ρ jD
v2

d −
ρ j −ρbulk

ρ j

g. (8)

By solving the EOM, the droplet velocity vd in time can be determined as a function of time, and is expressed as:

vd =

√

B

A
tan

[

−t
√

AB+ tan−1

(

v0

√

A

B

)]

. (9)

The detailed solution process of substituting Eq. (8) into Eq. (9) is described in Supplementary S-2. Therefore, the droplet

position x in time was obtained using a sequential calculation of the velocity, expressed as:

xt = xt−dt + vddt, (10)

where xt−dt is the position of the droplet at time t −dt. The constant values A and B in Eq. (9) are respectively expressed as:

A =
3αCDρbulk

4ρ jD
and B =

ρ j −ρbulk

ρ j

g. (11)

The final velocity and position in Region A are vA, f inal and xA, f inal , respectively. xA, f inal is equal to hbulk −D/2.

Region B: Interfacial region (hbulk −D/2 < x ≤ hbulk +hBmax)
The surface tension force Fs is the dominant force acting on the droplet from the interface in the Region B vicinity, as show in

Fig.3(b). This region is defined as the location of the droplet from hbulk −D/2 to hbulk +hBmax. hBmax was determined from

the results of the experimental images obtained using the Shadowgraph system and set to 7.5D. FS can be derived from the

following equation:

FS =−πDσ sin2 θ , (12)

where σ is the surface tension of the bulk liquid as a function of the temperature at the interface29, expressed as:

σ = σ0

(

1−
T

Tc

)
11
9

. (13)

Here, σ0 is a constant value of 0.01447 for FC-72, and Tc is the critical temperature. The surface tension of water is calculated

using REFPROP ver. 8 software. θ in Eq. (12) is the angle between the interface and the top of the droplet, as shown in

Fig.3(b). From the experimental images, liquid entrainment was observed when the droplet passed through the liquid surface.

Thus, the length of the entrainment was set to 20D. In Eq. (12), θ can be solved using the following equation:

xt −hbulk = 20D tanθ −
D/2

cosθ
. (14)

Therefore, the EOM in Region B can be solved and is expressed as:

dvd

dt
=−

3σ sin2 θ

2ρ j (D/2)2
(15)

The velocity and position of the droplet in this region are respectively expressed as:

vd =−
3σ sin2 θ

2ρ j (D/2)2
t + vA, f inal (16)

and

xt = xt−dt + vddt. (17)

The final velocity and position in this region were vB, f inal and xB, f inal , respectively. xB, f inal is equal to hBmax.
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Region C: Gas region (hbulk +hBmax < x ≤ htank −D/2)

After the droplet goes through the gas-liquid interfacial region (Region B), the droplet entrainment of the bulk liquid from the

gas-liquid interface proceeded into the air (Region C), as shown in Fig. 3(c). The EOM in Region C is expressed as:

md

dvd

dt
= FD2 +FV . (18)

where FD2 is the drag force acting on the droplet in the vapor of the bulk liquid and FV is the body force of the droplet and

entrainment liquid.

FD2 =−
CDρaS

2
v2

d (19)

where CD is the same as in Eq. (5).

FV =−ρ jg

[

2

3
πr3 +πr2 (xt−dt −hbulk −hBmax)

]

. (20)

Therefore, the EOM in Region C is now expressed as:

dvd

dt
=−

3CDρa

4ρ jD
v2

d −
D+3xt−dt −3hbulk −3hBmax

2D
g. (21)

By solving Eq. (21), vd and xt in Region C can be obtained and are respectively expressed as:

vd =

√

B′

A′ tan

[

−t
√

A′B′+ tan−1

(

vB, f inal

√

A′

B′

)]

, (22)

and

xt = xt−dt + vddt. (23)

Here A′ and B′ are respectively expressed as:

A′ =
3CDρa

4ρ jD
, B′ =

D+3xt−dt −3hbulk −3hBmax

2D
g. (24)

Comparison of the proposed model and experimental results

Comparison of the present experiment
First, the proposed one-dimensional model was compared with the previously presented experimental results. The transition of

the jet-tip height derived from the model is shown in Fig. 4(a).

The model was calculated under three flow pattern conditions at a liquid height of 75 mm, which represent Exp. nos. 16, 18,

and 20 in Table S-1. The calculation was stopped when the tip of the jet reached the maximum height, which corresponded to

the velocity of the x-direction reaching zero.

The maximum jet-tip height calculated by the model under the same conditions as in Exp. no. 16 was 65.53 mm, which is

located in the bulk liquid. Thus, this was classified as Pattern I. The model analytical heights under the conditions of Exp. nos.

18 and 20 were 78.25 and 81.02 mm, respectively. The still images at the maximum height of the jet for each experiment are

shown in Fig. 4(b). The x-axis in the image is the center line of the nozzle, and the x-positions of these images coordinate with

the x-coordinates of Fig. 4(a). The maximum height of Pattern I was 65.6 mm, which almost aligns with the model results. In

the case of Pattern II-a, the tip height was the same as that of the liquid surface, 75 mm. However, the height in the model

analysis was approximately 78 mm, which was slightly higher than the liquid level. Region B in the model is narrow, extending

from the liquid surface to 4 mm above it. This region corresponds to the Pattern II-a experimental result. When the tip of the jet

exceeded this region, the flow pattern shifted to II-b or III. As aforementioned, the maximum height of II-b using the model

was 81.02 mm. This case is classified as Pattern II-b because its height exceeded that of Region B. The maximum height in

the experiment was 86.02 mm, which is the condition in Exp. no. 20. This height is slightly higher than the model result. It

was difficult to determine from the model analysis whether the jet behavior was classified as Pattern II-b or III. However, the

maximum heights of the jet-tip calculated by the proposed simple model, xmax_model , aligned well with the experimental data,

xmax_exp, as shown in Fig. 5.

The mean absolute error (MAE) between the proposed model and experimental data was 4.04. This result indicates that the

one-dimensional droplet model proposed here has sufficient accuracy to predict the maximum height of the jet-tip, and the flow

pattern is sufficiently predictable.
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Comparison with experimental results in other literature 1: immiscible liquids

Geyer’s experiments using various nozzle diameters from 2.4 to 12 mm were carried out by injecting a jet of dyed fresh water

through a nozzle into the base of a cylindrical tank containing rapeseed oil26. Three different flow patterns were categorized

based on the visualization results of the jet flow: Type I, II, and III. Type I was characterized by an approximately constant jet

height within the range of experimental error of the observation. In the case of Type II flow behavior, the jet height was not

constant but varied continuously with time. As a result, Type II formed a pulsating flow. Type III behavior was characterized by

the jet initially penetrating upward into the ambient fluid. When it reached maximum height, the accumulated jet fluid formed a

cap shape at the top of the jet. It was concluded that a stable jet shape was not formed except for Type III. A comparison of the
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maximum tip height of the jet predicted by the proposed model and Geyer’s experimental results, xmax_exp,Geyer2012, under the

conditions of We > 38.74 in Type III, is shown in Fig. 6(a). We was defined as ρ jv
2
jd/σ in Ref.[26]26.

For We < 38.74, the jet shape and flow did not reach a steady state, indicating that the difference between the model and

experimental data was large. When the We number exceeded 38.74, the tendency of the jet-tip height predicted by the proposed

one-dimensional model aligned with the experimental data. The MAE between the experimental data and model analysis was

18.04 when We > 38.74.

Comparison with experimental results in other literature 2: cryogenic fluid

In a study by Imai, the experimental setup consisted of a test tank, vacuum chamber, pre-cooler to maintain the mixing jet in a

subcooled state, and two LN2-storage tanks17. The mixing jet was pre-cooled in a coiled tube in the pre-cooler upstream of

the mixing jet inlet at the bottom of the test tank. The mass flow rate of the mixing jet was measured using a Coriolis flow

meter. The inlet of the mixing jet, which had a diameter of 10 mm, was projected 100 mm upward from the bottom of the tank.

The test tank was made of stainless steel, and there was no window for observing the flow behavior. Nine platinum resistance

temperature sensors were installed on the center axis and side wall, and four others were placed on the bottom of the test tank.

The distance between each temperature sensor on the center axis and side wall was 80 mm. Therefore, the height of the cooling

jet-tip could be determined from the temperature drop of the sensors. In other words, the height of the jet could only be known

at intervals of 80 mm.

A comparison of the maximum tip height of the jet predicted by the proposed model and Imai’s experimental results is

shown in Fig. 6(b). Please note that the height of the jet-tip was from the inlet of the jet nozzle to the tip position. Therefore, the

jet-tip position in Imai’s experiment xmax_exp,Imai2020 is actually 0.1 m less from the sensor locations because the jet was located

0.1 m above the bottom of the tank. As mentioned above, xmax_exp,Imai2020 is derived from the temperature sensor data in the

experimental device. Therefore, detection accuracy cannot be less than 80 mm, which is the distance between the temperature

sensors. It was found that the proposed model was suitable for predicting the height of the jet-tip. If a plot was in the yellow

area of Fig. 6(b), the model was able to predict the experimental data.

Conclusions

Cryogenic fluids are used as propellants and oxidants in the propulsion systems of spacecraft for future long-term space

explorations. For cryogenic fluid management in space, a TVS is a key technology to suppress a rise in pressure due to the

BOG in the propellant tank. It is effective to destroy the temperature stratification near the interface to reduce the BOG. Ground

experiments were conducted to investigate the behavior of the axial-jet mixing, which is a key technology of TVS. In addition,

a one-dimensional dynamic model was constructed using a single-sphere droplet as the tip of the jet. The mixing jet behavior

was experimentally visualized using the Shadowgraph system, and the height of the jet-tip was investigated by varying the bulk

liquid volume in the tank, jet flow rate, jet temperature, injection duration, and types of liquid. Water and FC-72 were used for

the test fluids. The main conclusions of this study are as follows.
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(i) Shadowgraph images of the jet behavior demonstrated four typical flow patterns of jet behavior in the experiment:

Pattern I, Pattern II-a, Pattern II-b, and Pattern III. Pattern III, where the jet caused the entrainment of the bulk liquid

and penetrated the surface to form a geyser-like flow pattern, was observed only when the height of the bulk liquid was

extremely low under terrestrial conditions.

(ii) The proposed model aligned well with the experimental data. The MAE between the model and experimental data was

4.04.

(iii) The results of the proposed model were compared to experimental data from other literature. The proposed one-

dimensional droplet model was shown to have sufficient accuracy to predict the maximum height of the jet-tip, and the

flow pattern was sufficiently predictable.
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Figure Captions

Figure 1: Experimental set-up.

Figure 2: Typical jet behavior near the liquid surface observed with the Shadowgraph system is shown on the left. Time

transitions of the tip position of the jet are shown on the right. The experimental conditions for ṁ j are: (a) 13.5, (b) 32.4, (c)
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104.6, and (d) 89.4 mL/min. hbulk = 75 mm and ∆T = 30 K in (a) to (c), hbulk = 20 mm and ∆T = 10 K in (d). tin j = 2 s and

FC-72 is used as the test fluid.

Figure 3: Schematic of the proposed one-dimensional droplet model showing the force acting on the droplet in each

region. (a) Region A (0 < x ≤ hbulk −D/2). (b) Region B (hbulk −D/2 < x ≤ hbulk +hBmax). (c) Region C (hbulk +hBmax <
x ≤ htank −D/2).

Figure 4: Transition of a typical jet-tip height derived from the proposed model for Patterns I, II-a, and II-b. Exp. nos are

16, 18, and 20, respectively. (a) Analytical results of the proposed model. (b) Images when the jet reaches the highest point

under each condition.

Figure 5: Comparison of maximum height of the jet-tip for all experimental and analytical results derived by the proposed

model.

Figure 6: Comparison of the proposed model and experimental data from other literature. (a) Comparison with Geyer’s

experimental results26. The present model can be applied for the We number over 38.74. (b) Comparison with Imai’s

experimental results17. Liquid nitrogen as a test fluid was used in their experiment.
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