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Abstract

It has been postulated in the literature pertaining to the storage and transportation of cryogenic liquids that sloshing

could intensify the boil-off of such liquids. However, there has been no experimental evidence in support of such

postulations. Therefore, we undertook an experimental study to verify the postulation and found that the movement

of the storage vessel does cause a significant increase in the boil-off. This finding will be of great help for the

design engineers involved in the design and construction of storage vessels and mobile carriers. To the best of the

authors’ knowledge, the results of this study are the first ever proof that sloshing adds to the thermal energy over-and-

above the heat inleak from the ambient, thereby causing a deterioration in the storability of the cryogenic liquids in

mobile carriers. We found that the sloshing has to attain a threshold frequency before its effect on boil-off becomes

significant; and above this frequency, the boil-off increases with an increase in the sloshing frequency. These findings

would greatly help in bettering the design of vessels used for the storage and transport of cryogenic liquids; thus,

reducing the loss of precious cryogenic liquid as well as the deleterious impact on the environment.
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1. Introduction

Cryogens like liquid nitrogen (LN2), liquid hydrogen (LH2), liquid oxygen (LOX), liquid helium (LHe) and liquefied

natural gas (LNG) are essential in the space [1], marine [2], energy [3], food [4], medical [5] and manufacturing

[6] applications where they are used as fuel, oxidizer, refrigerant and to create inert environment. These liquids are

generally stored at near atmospheric pressures in specially designed storage vessels (called dewars) to reduce the

liquid boil-off. Dewars are double walled vessels with insulation in their annular space. However, due to their low

boiling points and low heats of vaporization, the liquid cryogens tend to boil-off easily even under low heat inleak.

Reduction in the liquid boil-off during the storage and transportation of cryogens remains a technological challenge to

date to design cryogenic storage vessels. Excessive boil-off necessitates the liquefaction of more than required amount
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of the gas; thereby causing an increase in the cost of the liquid cryogen. Furthermore, the boil-off gas (BOG) generated

during the storage and transport of the liquid cryogen has to be vented out to prevent any operational hazard due to

over-pressurization of the storage vessel [7, 8]. On the other hand, frequent venting of gases may have detrimental

effects on the environment (in case of methane from LNG), may cause fire hazard (in case of LNG, LOX and LH2) or

may lead to heath hazards like asphyxiation.

The heat inleak is usually taken to be the sole cause of liquid loss due to boil-off. Heat inleak into a stationary

cryogenic storage vessel happens through two pathways, namely, insulation and the support system [9–16]. On the

other hand, for a mobile cryogenic vessel, liquid sloshing is also likely to add to the BOG generation [17]. However,

the effect of sloshing on liquid boil-off has not been corroborated by any experimental data. Ignoring the sloshing

effect would lead the designer to over design of the dewar thus increasing its CAPEX and OPEX. Over design in the

tank dimension is undesirable in applications where there is a space constraint (for example rockets).

From the above discussion, it is evident that the effects of sloshing on the boil off (besides the mechanical stability)

should be taken up to reduce the over design and thus make the cryogen storage and transportation more economical.

The objective of the current paper is to develop an experimental setup to demonstrate the effect of liquid sloshing

on cryogen boil-off. The boil-off study under sloshing was carried out in this novel experimental setup with LN2 at

atmospheric pressure. To achieve this objective, we experimentally studied the boil-off characteristics in a cryogenic

storage tank on which an oscillatory motion was imposed to simulate the liquid sloshing. The study was carried out

in a novel experimental setup developed by us. To the best of the authors’ knowledge, this is the first study to evaluate

the effects of sloshing on cryogen boil-off.

A schematic showing the various pathways of heat addition to the cryogen are as shown in Fig. 1.

2. State of the art

Liquid sloshing has been extensively studied [18–20] in relation to design of bridge piers [21], dam walls [22], sea

embankments [23], water containments [24], marine vessels [25], cryogenic space vehicles [26] etc. Sloshing has

been found to reduce the life of structures [27] or cause instabilities to the motion of transport vehicles [28]. On

the other hand, sloshing has been used to our advantage in the form of tuned liquid dampers (TLDs) that enable

high-rise buildings to withstand collapse during a seismic event [29]. Reported studies on sloshing dealt with free

surface profiles of slosh waves and pressure distribution on the solid bodies (for example, [30–34]), wave breaking

phenomenon [35] and sloshing induced instability of liquid carriage [36].

Popov et al. [37] suggested to model sloshing at least as a two dimensional phenomenon due to the axial displacement

of the liquid free-surface under the lateral force caused by sloshing. While 2-D approach works well for rectangular
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Figure 1: Various pathways of heat addition into a cryogenic storage vessel

and square tanks [38]. A 3-D approach is needed for other geometric shapes of containers like the cylindrical [39] or

spherical containers [40]. Both 2-D and 3-D models models can be solved analytically under potential flow assumption

[36]. Three dimensional models of sloshing generated by violent excitations have been solved using CFD techniques

[41–43].

In the cryogenic applications, sloshing is observed in the storage and transportation of cryogenic liquids (LN2, LH2,

LOX and LNG), in space vehicles, marine vessels and road transport. Sloshing of propellants was found to cause

failure of Jupiter missiles launched by NASA [28, 44]. The failure was reportedly caused by the instability of the

space vehicles due to propellant sloshing. This prompted sloshing studies in storage tanks of cryogenic propellants.

Abramson [20] investigated the interactions between the orbital motion, the tank deformation and the propellant

sloshing in rockets.

The hydrodynamic models developed earlier apply to the cryogenic liquid storage. In addition to these models, thermal

models are also needed to understand the sloshing effects on the unique features found in cryogenic liquid dewars like

stratification [45], ullage collapse [46] and easy boil-off. It has been also stated without proof that sloshing increases
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Nomenclature

α ADC count

λ Amplitude of carriage motion

ρ Liquid density, (kg/m3)

D Diameter of the test vessel, (m)

f Frequency of carriage motion, (Hz)

fc Natural frequency of liquid column, (Hz)

fi Incipient frequency, (Hz)

g Acceleration due to gravity, (m/s2)

h Fill level of cryogen in the test vessel, (m)

h Mean liquid level, (mm)

m0 Initial mass of the tank (including its con-
tent), (kg)

mt Mass of the tank (including its content) at
time t, (kg)

mbo,t Cummulative cryogen boil-off till time t,
(kg)

Qg Heat generation rate due to sloshing, (W)

Qi Heat inleak rate through the insulation, (W)

Qs Heat inleak rate through the support system,
(W)

R Computed result

s Distance of the carriage from the ultrasonic
sensor, (mm)

t time, (s)

x Displacement of the carriage, (mm)

Xi Measured variable i

ADC Analog to Digital Converter

COM Communication

DC Direct Current

FFT Fast Fourier Transform

LN2 Liquid Nitrogen

LOX Liquid Oxygen

MOSFET Metal Oxide Semiconductor Field Effect
Transistor

PC Personal Computer

PWM Pulse Width Modulation

SMPS Switching Mode Power Supply

UART Universal Asynchronous Receiver Transmit-
ter

the cryogenic liquid boil-off [17].

Sloshing studies on cryogenic liquids are related to the study of ullage collapse and stratification. Ludwig et al. [47]

studied these phenomenon by measuring the ullage pressure and liquid temperatures during sloshing. Moran et al.

[48] studied the effects of slosh frequency and amplitude, pressurant type, pressure ramping, and ullage volume on

the ullage pressure, and liquid and tank wall temperatures. Konopka et al. [49] studied the effects of cryogen filling

and draining, and stratification on sloshing behaviour. Kim et al. [50] determined the forces on the walls of a spherical

propellant tank under microgravity experimentally to validate the CFD model proposed by them to predict the pressure

distribution on the container walls. Snyder [51] studied the effects of low gravity on the sloshing characteristics of

liquid cryogens. Liu et al. [52, 53] investigated the effects of initial liquid fill level on the sloshing characteristics

of cryogenic propellants. Grotle and Æsøy [54] studied the enhanced ullage condensation due to cryogen sloshing

observed in a marine LNG tank. Xue and Lin [55] Studied the damping of liquid sloshing by using ring baffles. Liu and

Lin [56] proposed a model based on spatially averaged Navier–Stokes equations to simulate non-linear and turbulent

sloshing with broken free surfaces in a rectangular tank under arbitrary excitations. All these studies considered
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isothermal sloshing. Liu et al. [57], Grotle et al. [58], Agui and Moder [59] conducted sloshing studies under non

isothermal conditions. Both the isothermal and non isothermal models were validated with experimental data using

water as the working fluid. The findings from water-based sloshing studies have been applied to study the sloshing

effect on the thermal stratification and ullage collapse in sloshing of cryogenic liquids (LH2 [60], LOX [61] and

LNG [62–65])using the similarity principles by considering Reynold and Froude numbers. Recently, Wu and Ju [66]

reported a numerical study to determine the BOG generation rate in an LNG tank under sloshing. The numerical

results were validated using the experimental data on water boil-off by external electrical heating under sloshing

conditions [54].

From the above discussion, it is evident that there is no experimental evidence of the significance of sloshing on the

boil-off behaviour of cryogenic liquids during their mobile storage and transportation. This fact motivated us to design

and develop an experimental setup that would help to study the effect of sloshing on liquid boil-off using a cryogenic

liquid.

3. Design considerations

In this section we present the design considerations made to develop the experimental setup. These include the motion

of the liquid container, the natural frequency of the liquid column inside the container, the limiting frequency to avoid

jet formation (liquid jets are formed when liquid streams break away from the liquid mass), cumulative mass boil-off

and fill level of the liquid in the container. When the imposed frequency of oscillation on the container equals the

natural frequency of the liquid column inside the container, resonance occurs.

The design of the experimental setup is based on the sloshing caused by a simple harmonic motion (SHM) of a liquid

container open to atmosphere. The temporal displacement of the container is given by Eq. (1).

x = λ sin(2π f t) (1)

The pressure force on the container wall generated by sloshing may damage the container. This force increases with an

increase in the oscillation frequency and is maximum at the resonance condition [67]. Therefore, to avoid resonance

induced damage during the carriage motion, excitation frequencies were kept less than the natural frequency of the

liquid column, which is given by Eq. (2)[68].

fc =
1

2π

√
3.68g tanh

(
3.68 h

D

)
D

(2)
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Further, [54] showed that liquid jets formed when the frequency of oscillation was at least 84% of the natural frequency

(Eq. 2). Jet formation causes violent sloshing and imparts large forces on the container walls that could damage the

vessel walls. Also, since we kept the container open to the ambient, violent sloshing could cause splashing of cryogen

from the vessel; and will not provide the actual boil-off rate. Therefore, we kept the oscillation frequencies below the

minimum jet formation frequency. Hence, we worked with the frequencies so that Eq. (3) was satisfied.

f 6 0.84 fc (3)

The cumulative boil-off up to a certain time t was determined by subtracting the mass of the vessel at time t from the

initial mass of the vessel, as given by Eq. (4).

mbo,t = m0 − mt (4)

The mean liquid level in the vessel at any time instant t was determined by Eq. (5).

h =
mt
πD2

4 ρ
(5)

4. Experimental

We used LN2 as the working fluid to study the sloshing effect on cryogen boil-off. LN2 was held in an insulated

container, and the boil-off was determined with and without sloshing. The boil-off rates for these two cases were

compared to understand would give us the effects of sloshing on cryogen boil-off.

4.1. Sloshing setup

Now, we describe the experimental setup to study the effect of sloshing on cryogen boil-off. Figure 2 shows the

schematic diagram of the experimental setup.

Liquid nitrogen was held in a test vessel (1), which was held in place by putting it inside an enclosure (2). The

vessel-enclosure assembly was fastened using a set of wire ropes (3) to a carriage (4) with wheels (5). Liquid sloshing

was created by imparting a reciprocating motion to the carriage, which made a to-and-fro motion on a set of bounded

rails(6). A load cell (7) was sandwiched between the enclosure and the carriage. The load cell measured the total

weight of the test vessel and its content. A motor (8) - crank (9) - connecting rod (10) arrangement was used to impart

a desired reciprocating motion to the carriage. A linear scale (11) was fixed to the rail and an ultrasonic sensor (12)
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Figure 2: Schematic diagram of the experimental setup. (1) Test vessel; (2) Enclosure; (3) Wire ropes; (4) Carriage; (5) Wheels; (6) Bounded
rails; (7) Load cell; (8) Motor; (9) Crank; (10) Connecting rod; (11) Linear scale; (12) Ultrasonic sensor; (13) Reflecting plate

were used to measure the amplitude and frequency of the carriage motion respectively. We developed an inhouse

motor controller (described below) to vary the frequency of the carriage oscillation.

We used Arduino Uno boards to log the data from load cell and ultrasonic sensor. The Arduino Uno boards were

connected to a PC via a serial COM port. We employed the UART protocol to transfer data to the PC.

Video V1 shows the CAD animation of the experimental setup and video V2 shows the working of the experimental

setup.

4.2. Frequency control of carriage oscillation

A motor controller was developed in-house to regulate the motor speed. It worked on the principle of regulating the

motor speed by controlling the input voltage to the motor. Figure 3 shows the architecture of the motor controller.

Voltage variation across the motor (M) was achieved by the principle of pulse width modulation (PWM) [69]. Pulses

were generated by ICs (IC1 and IC2); the width of the pulses was determined by manually varying the position of the

potentiometer wiper controlled by the operator. In our case the rated voltage of the motor (24 V) was greater than the

pulse voltage (5 V). So a push-pull amplifier made of two transistors (Q1 and Q2), was used to amplify the pulses.

The amplified pulses were used to switch the state of the MOSFET (S) thereby providing a PWM input to the motor.

To protect the circuit against any voltage spikes, we used a Schottky rectifier diode (D) in reverse polarity parallel to

the motor as the flyback diode. The voltage required by the ICs were supplied from the mains using a regulator IC

(IC3). An emergency kill switch was used to stop the carriage instantaneously while cuting off the electric supply to

the setup in case of emergency.
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Figure 3: Architecture of the motor controller; IC1-IC3: ICs; M: Motor; S: MOSFET; Q1 and Q2: Transistors; D: Schottky diode; C1 and C2:
Capacitors; R1-R10: Resistors; The waveform representation of the signals at corresponding locations is shown in green boxes.

4.3. Measurement of weight of the test vessel and its content

We used a strain gauge type load cell of 40 kg capacity (Standard Loadcells make, Model No. CZL 601 GreenLable

Load cell) to measure the weight of the test vessel and its content. The output of the load cell was 2mV/V of excitation

voltage. This load cell can work with 5-12 V DC. Therefore, to maximize the accuracy, we used 12 V DC from an

SMPS to excite the load cell. To measure the voltage from the load cell, we developed an electronic voltage meter

using an ATmega328P microcontroller-based Arduino Uno board [70] along with an external ADC module of 16 bits

(ADS1115). We used the minimum voltage available with the Arduino Uno board (3.3 V DC) as reference voltage

for the ADS1115 module.

4.3.1. Calibration of the load cell

We calibrated the load cell using standard weights before performing the experiments. The calibration chart is given

in Fig. 4.
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Figure 4: Calibration chart of the load cell used in the experiment

Figure 4 shows that the voltage drop in the load cell as measured by the microcontroller in ADC varies linearly with

the weight as given by Eq. (6).

α = 0.0316m + 93.65 (6)

The load cell output usually fluctuates due to the vibrations experienced by the load cell due to the carriage motion

[71]. We employed a low pass filter to filter such noise out during experimentation. The cut off frequency of the filter

was found by converting the time domain data into the frequency domain using fast Fourier transform (FFT).

4.4. Measurement of oscillation frequency

We used an ultrasonic distance sensor module (HC-SR04) along with a reflector surface to measure the displacement

of the carriage. The reflecting surface was attached to the carriage in such a manner that it was in direct view of the

sensor module. The sensor module was operated with 5 V excitation voltage supplied by an Arduino Uno board.
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The oscillation frequency is calculated using Eq. (7).

f =
s

2tλ
(7)

4.5. Test vessel

We used a 10-litre vessel with foam insulation (thermal conductivity = 33 mW/m-K [72]), as the test vessel. The

lateral-sectional view of the test vessel is shown in Fig. 5.

Figure 5: Lateral-sectional view of the test vessel showing the vessel dimensions; h is the height of undisturbed liquid cryogen

5. Suggested safety guidelines

While performing the experiments it is important to follow certain safety measures to protect ourselves from any

hazards due to handling of cryogenic fluids and moving parts. Some relevant safety issues are given in Table 1.
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Table 1: A few safety issues and their suggested preventative measures

S.No. Possible safety issues Suggested preventative measures

1. Spillage of cryogenic liquids while
filling up the storage vessel or dur-
ing the carriage motion

•Seat the test vessel in an appropriate jig on the
top platform
•Fasten the vessel to the carriage, for example, by
wire ropes or cables.

2. Uncontrolled carriage motion due
to failure of motor controller

•Use normally open type MOSFET as the switch
(S) in the motor driver.
•Mount all the heat generating components of the
motor controller circuit on appropriate active or
passive heat sinks.

3. Detachment of connecting rod fix-
ture at carriage end during opera-
tion

•Stay away from the setup while carriage is in mo-
tion.

4. Motor drawing high current due to
jamming of the wheels or overload-
ing of the carriage

•Lubricate the rails and wheels.
•Ensure that the weight of the filled vessel is be-
low the rated load of the motor.
•Monitor the current drawn by the motor.
•Stop the motor if the current drawn by the motor
reaches the user-defined threshold value (for ex-
ample, 80% of the rated current of the motor, that
is, 16 A in the proposed setup).
•Use an appropriate circuit breaker in series with
the motor.

5. Seepage of condensed water vapor
from the ambient into the load cell

•Make the vessel-enclosure leakproof
•Make sure that there is no water in the top plat-
form after each run of the experiment.
•Ensure that the setup is in dry environment

6. Uncertainty Analysis

We used the Kline-McKlintock method [73] to estimate the uncertainties in experimental estimations. This method

estimates the uncertainty in a computed result (R) using a root-sum square of the effects of each of the individual

measured variables (Xi). [73]. This is given mathematically by Eq. (8).

δR =

√∑(
∂R
∂Xi

δXi

)2

(8)

The uncertainties and nominal values of various measured quantities are tabulated in Table 2.
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Table 2: Uncertainties and nominal values of various measurements

Quantity Symbol (Xi) Instrument Uncertainty(δXi)

ADC α Load cell ±1

Displacement s HC-SR04 ±3 mm

Time t Arduino ±9µs

Amplitude of oscillation λ Linear scale ±1 mm

Diameter of the vessel D Linear scale ±1 mm

In our study, the uncertainty is associated with the estimation of: Cumulative boil-off, frequency of oscillation and

mean liquid fill level. The determination of these uncertainties is given below.

6.1. Cumulative boil-off

The uncertainty in the estimation of cumulative boil-off (δmbo,t) is a result of the measurement uncertainties of the tank

mass. In this study, the uncertainty in ADC measurement (= 1 in our setup) dictates that in the tank mass. Equation (9)

gives the value of δmbo,t (Eq. (8)).

Since the measured tank mass varies linearly with ADC Eq. (6), the sensitivity of the boil-off to the ADC remains the

same for all the ADC values.

δmbo,t =

√(
∂m0

∂α
δα

)2

+

(
∂mt

∂α
δα

)2

(9)

6.2. Frequency of oscillation

The sensitivities of the oscillation frequency to s, t and λ are given below,

∂ f
∂s

=
1

2λt
∂ f
∂t

=
−s

2λt2

∂ f
∂λ

=
−s

2λ2t

Thus we see that the sensitivity of oscillation frequency is different for different sets of s, t and λ. Applying Eq. (8)

we obtain the resultant uncertainty in oscillation frequency estimation as

δ f =

√(
1

2λt
δs

)2

+

(
−s

2λt2 δt
)2

+

(
−s

2λ2t
δλ

)2
(10)
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6.3. Mean liquid level

The sensitivities of the mean liquid level to mt and D are given below,

∂h
∂α

=
126.58
πD2ρ

∂h
∂D

= −
253.16α + 23708.8

πD3ρ

Since the measured tank mass varies linearly with ADC Eq. (6), the sensitivity of the boil-off to the ADC remains the

same for all the ADC values.

Applying Eq. (8) we obtain the resultant uncertainty in mean liquid level as

δh =

√(
126.58
πD2ρ

δα

)2

+

(
−

253.16α + 23708.8
πD3ρ

δD
)2

(11)

The uncertainties associated with the said estimations are tabulated in Table 3.

Table 3: Uncertainties in various results

Quantity Symbol Uncertainty

Cumulative boil-off mboil-off ±44.75 g

Oscillation frequency f ±0.015 Hz

Mean liquid level h ±1.93 mm

7. Results and Discussion

We now present the experimental results on the boil-off measurements in the test vessel at static and under dynamic

conditions. The ambient temperature varied by about 1°C during an experimental run. We took an initial mass of 8 kg

LN2 for all the runs. The vessels were open to the atmosphere and hence the pressure on the liquid was atmospheric

(0.99 atm at 61 m altitude). To study the effects of sloshing, we first determined the natural frequency of the liquid

column from Eq. (2) corresponding to the minimum estimated mean liquid level in the test vessel. This was done to

ensure that the frequency of oscillation chosen to conduct the experiemnts never led to resonance. Since, the minimum

fill level to cause sloshing in a container is 10% [74], we determined the natural frequency at this fill level as 1.73 Hz.

As discussed earlier, we choose the maximum operable frequency as 0.84 × 1.73 ≈ 1.4 Hz (from Eq. (3)) to avoid jet

formation. Hence, the experiments were conducted with oscillation frequencies of 0.8 Hz, 1 Hz and 1.1 Hz. For our

experimental setup, the amplitude of carriage oscillation was 50 mm. With the above specifications, we conducted the

experiments that included noting the vessel weight with time for each frequency of oscillation.
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Considerable fluctuations in the load cell signal were observed. To understand the boil-off characteristics under a

given set of operating condition, we applied a low pass FFT filter to remove the high frequency noise from the signal.

The frequency spectrum of the signal was considered in specifying the cut-off frequency, which should be less than

the dominant noise frequency in the signal. Uniform filtering was applied for all the experimental runs by setting

the cut-off frequency less than the dominant noise frequency for the 1 Hz oscillation frequency (nearly the arithmetic

mean of the oscillation frequencies).

Figure 6: FFT plot of the signal from the load cell showing the noise and the selected cut-off frequency for the low pass filter

The frequency spectrum for 1 Hz oscillation case, as shown in Fig. 6, is obtained by plotting the signal intensity with

the signal frequency. It is found from this figure that the signal intensity is relatively high above 0.05 Hz. We therefore

chose the cut-off frequency as 0.01 Hz which is less than and away from the dominant noise frequency. The variation

in the cumulative boil-off with time was determined using Eq. (4); this is shown in Fig. 7. This figure shows the

un-filtered and filtered signals from the load cell. It is seen from the figure that the rate of boil-off decreases with time.

Figure 8 shows the variations in the boil-off rate and the level of the liquid with time. It is seen that the boil-off rate

decreased with time. This is because sloshing intensity reduces with the fall of the liquid level. A reduction in the

sloshing intensity is likely to attenuate the kinetic energy of the slosh waves and hence a reduction in the boil-off [17].
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Figure 7: Load cell reading and FFT smoothed signal

Figure 8: Rate of boil-off (red curve) and the corresponding level of liquid cryogen in the test vessel (green curve)

Figure 9 compares the boil-off history of LN2 in the test vessel for the stationary test vessel with that in each of

the three oscillation frequencies employed in this study. This figure clearly demonstrates that a direct correlation

exists between the sloshing frequency and the liquid boil-off. The boil-off increases with an increase in the oscillation

frequency. On analysing Fig. 9 it was found that the liquid boil-off increased by 30%, 62% and 93% at oscillation
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frequencies of 0.8 Hz, 1 Hz and 1.1 Hz above that in the stationary case.

Figure 9: Mass reduction history for oscillations at different frequencies

The possible reasons for the enhanced boil-off are:

1. Conversion of the kinetic energy of the slosh wave hitting the wall into thermal energy when the liquid hits

the tank walls [17]. Since this kinetic energy increases with an increase in the oscillation frequency [75], more

thermal energy is generated at higher oscillation frequencies. Moreover, Rafiee et al. [76] reported that the

amplitude of kinetic energy is maximum at the start of oscillation and decays thereafter. Thus the rate of liquid

boil-off would vary not only with the oscillation frequency but also from the start of oscillation to a later time as

the sloshing gets established at any oscillation frequency. Amount of thermal energy produced varies in these

cases and dictates the energy available for the vaporization of the liquid cryogen. Hence, a sudden increase in

the liquid boil-off was observed at the start of the experimental runs.

2. Increase in the interfacial area between the liquid and ullage vapor due to wave formation. Oscillation of the

test vessel generates ripples at the liquid surface, thereby increasing the effective liquid-ullage interfacial area

[66]. The ripples become more pronounced at higher oscillation frequencies, and hence cause an increase in the

interfacial area. This leads to higher heat transfer between the liquid cryogen and the ullage vapor, and hence

higher liquid boil-off.

3. Enhanced heat transfer from the ambient into the tank due to forced convection. It is known that the heat transfer

rate from the surface of a cylinder at rest increases when an oscillatory motion is applied to the cylinder [77].
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This is due to an increase in the heat transfer coefficient as forced convection ensues when the cylinder is in

motion.

To explore the existence of the minimum oscillation frequency that would cause significant boil-off, due to sloshing,

we compared the boil-off behaviour at different oscillation frequencies used in our study, at different time instants, as

shown in Fig. 10.

The figure shows an almost linear variation of cumulative boil-off with frequency at all times. Therefore we performed

a linear regression of the cumulative boil-off with the frequency at chosen time instants. The intersection of the

regressed straight lines with the boil-off in stationary case indicated the existence of an incipient oscillation frequency

( fi in Fig. 10) that would be needed to induce significant boil-off due to sloshing. The incipient frequency increases

as the time progresses. This signifies that the incipient frequency is more for lower liquid levels. This observation

suggests that a given mass of a liquid cryogen should be transported in a shallow vessel with large lateral expanse

rather than in tall vessels with smaller lateral expanse. Such an arrangement would defer significant sloshing induced

boil-off.

Figure 10: Cumulative boil-off vs frequency of oscillation at different time.
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8. Conclusions

To the best of the authors knowledge, this study is the first to corroborate the earlier postulations on the enhanced

boil-off due to liquid sloshing in mobile cryogenic storage tanks. This was achieved through the development of a

first-of-its-kind experimental test facility capable of measuring the boil-off under different sloshing conditions. The

salient conclusions from the study are :

1. The sloshing causes a significant increase in the boil-off; the enhancement could go as much as 90%.

2. The boil-off enhancement increases with an increase in the sloshing intensity

3. There exists an incipient frequency below which

(a) The sloshing effect may be neglected in estimating the boil-off, and

(b) The boil-off may be obtained by considering a stationary vessel.

4. The boil-off becomes more pronounced with an increase in the liquid fill level. Hence, the fill level should be

kept at the minimum permissible while designing the storage system.

Future studies should be directed towards understanding the effect of shape and size of the vessel on the sloshing

induced boil-off of cryogenic liquids.
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