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INTRODUCTION

ABSTRACT

Contemporary launch vehicles of the past few decades primarily implement liquid rocket en-
gines, which in turn employ cryogenic propellants stored in sub-zero conditions in highly
sophisticated cryogenic storage tanks. These tanks are usually deprived of any thermal insula-
tion in order to prioritize the payload capacity, and thus they are prone to a substantial amount
of heat in-flux that leads to a rise in the temperature of the cryogenic liquid, leading to ther-
mal stratification. This paper presents a comprehensive review of the various factors affecting
the rate of thermal stratification in cryogenic propellant storage tanks, along with numerous
experimental and numerical techniques developed for controlling or mitigating this stratifi-
cation through geometrical modifications, varying surface properties, and bubbling of gases
through the bulk liquid. Out of the techniques reviewed, simple geometrical modifications
showed substantial results, with ribs reducing stratification by up to 30%. On the other hand,
complex techniques like bubbling of gases destratified the bulk liquid within 25 to 35 s. A spe-
cial focus has also been placed on reviewing the numerical modelling and simulations of this
phenomenon, particularly those developed in recent years.
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to -210 °C, are primarily stored inside cylindrical tanks that

Nearly every sophisticated launch vehicle of the 20% cen-
tury employs cryogenic propulsion systems [1]. Therefore,
understanding the complications involved in such systems is
of utmost importance. One such difficulty arises in the stor-
age of such low temperature liquids. Storage and transpor-
tation of such low temperature cryogenic liquids has always
been one of the primary challenges in its application [2,3].
Cryogenic liquids, with temperatures in the range of -187 °C
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receive heat from the surroundings, causing a subsequent
change in density and temperature variance between the
bulk and liquid adjacent to the walls [4-6]. This leads to the
formation of convective currents, wherein warm layers, com-
paratively less dense, rise up and accumulate near the liquid
vapour boundary, resulting in the formation of a temperature
rise along the height of the tank as illustrated in Fig. 1 [7,8].
The accumulated liquid near the interface is called ‘thermal
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stratified liquid, and this phenomenon is called ‘thermal
stratification’ Apart from thermal stratification occurring
due to convection currents developed in the bulk liquid, heat
flux from the hotter ullage can also augment thermal strati-
fication. This phenomenon has also been reported to persist
in launch vehicles in both, sea-level and micro-gravity levels
[9-11]. Furthermore, the pressure of the vapor phase, known
as the ullage (Refer Fig. 1), also dictates the degree of strat-
ification [12,13]. Fig. 1 depicts the phenomenon of thermal
stratification in a cryogenic storage tank, wherein, under the
action of buoyancy force, natural upward convection cur-
rents are developed, which result in the formation of bound-
ary layers along the tank walls [14,15]. T, Ty & Ty, stand for
the temperature of the stratified layer, bulk liquid and ullage,
respectively, and their typical ranges in a cryogenic storage
tank are shown in Fig.1.

Thermal stratification of the fuel, typically LH,, is a
highly unfavourable phenomenon that affects the func-
tioning of the cryogenic engine, even if the temperature
difference is only of a few degrees [16-18]. Any degree of
stratification, if present, affects the system negatively [19].
It results in an increase in the pressure of the vessel, con-
forming to the temperature of the warmer upper layers
of the fuel (LH,). To maintain the required tank pressure,
the vapor formed due to stratification has to be vented
out. In the case of LH, as the fuel, its stratification would
lead to diminished lock-up times, implying that the time
required for the vaporized LH, gas pressure to reach the
tank’s pressure limit would be reduced; and the warmer
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Figure 1. Representation of liquid stratification phenome-
non inside a cryogenic tank [From Agarwal et al. [14], with
permission from IOPscience.]

stratified column of LH, would source cavitation inside the
LH, pumps [20,21]. Subsequently, a plethora of techniques
have been implemented in the past to counter stratifica-
tion, such as: baffles, fins, and ribs on the tank’s inner wall
[22-24], mixers [25-27], bubbling of gases [28], etc. These
techniques have been discussed in detail in further sections.

Owing to the importance of comprehending thermal
stratification and a lack of detailed review articles on the
same, the present study provides a comprehensive review
of research spanning over 60 years involving a wide array
of techniques employed to mitigate thermal stratification
in cryogenic liquids. The present study explores numerous
destratification techniques employed which have not been
comprehensively reviewed before. The scope of this study
involves delineating various factors that influence thermal
stratification in cryogenic liquids, followed by the differ-
ent numerical and experimental approaches adopted by
researchers in the past half-century. The scope of this study
is not only limited to the stratification dynamics involved
in the storage tanks of launch vehicles, but is also applica-
ble to the transportation and storage of cryogenic liquids in
the thermal, power and energy sector. Furthermore, exper-
imental techniques employed to mitigate stratification have
also been extensively reviewed. Special care has also been
taken to include recent trends observed in studies involving
thermal stratification. The present study, will not only help
researchers and readers to get an in-depth picture of the
works conducted on the thermal stratification in the last
half a century, but also aid in highlighting research efforts
necessary to be taken in the future.

FACTORS AFFECTING THERMAL STRATIFICATION

The following section enumerates various real-world
parameters that significantly affect the degree of stratifica-
tion in storage tanks of LVs. Owing to their importance,
only the parameters which are experienced by a LV during
its mission, have been explained in detail below.

Effect of Rotation of Launching Vehicle

After lift-off, just after the LV clears the launch tower, a
rolling motion of the LV about its vertical axis is initiated
through thrust vectoring or, in the case of sounding rock-
ets, by the use of canted fins, which produce aerodynamic
forces. These forces are applied at the centre of pressure of
the rocket, which is at some distance from the rocket’s cen-
tre of gravity, resulting in a torque (or moment) about the
major axes, as seen in Fig. 2. This torque causes the rocket
to rotate about the axis, initiating a roll manoeuvre [29,30].

The rotation, in turn, has an effect on the motion of the
fluid inside the tanks. It is assumed that the liquid has a
solid body rotation and takes a paraboloid shape, resulting
in an increased contact surface area between the liquid and
the tank walls, as seen in Fig. 3 [31-33]. Fig. 3 represents
a similar case wherein the gravitational force is perfectly
aligned with the rocket, acting vertically downward. It is
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Figure 2. Principal axis of rotation of the LV [From Oliveira et al. [29], with permission from NASA NTRS]

evident from Fig. 3 that the liquid at the center of rotation
dips down by a height equal to the height of the liquid that
rises at the rim, given by (h/2), where h represents the dis-
tance between the lowest and highest points of liquid at the
surface. The liquid within the tank is observed to have a
similar significant dishing effect [14]. Fig. 4 depicts a com-
bined model of rotation and stratification, illustrating the
effect of different gravity levels on the shape attained by the
liquid fuel (LH,) surface. This displays how a parabolic sur-
face of the liquid results in the liquid gaining height along
the tank wall, resulting in a higher net heat transfer from
the wall to the liquid as illustrated in Fig. 3 & 4. At a spin
rate of D=1 °/sec and at reduced gravity levels of up to g/
go= 107 the liquid is observed to be parabolic in shape, as
seen in Fig. 4 [34]. The resultant tank temperature always
tends to be higher because of the larger AT, with increasing
rotation. Rotation has a large impact on stratification as it
is observed to reduce the time required for stratification of
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Figure 3. Paraboloid of revolution liquid free surface [From
Cimbala et al. [83], with permission Penn State University.]
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Figure 4. Rotation/Stratification combined model [From
Oliveira et al. [29], with permission from NASA NTRS.].

LH, stored in a square tank of 3 m in diameter at 20% fill
level at 16 K and 206843 Pa with a heat flux of 10 W/m?
by 30 to 60 minutes during the 4 hr coast phase of the LV,
which is rotating at GD= 1 °/sec in g/g,= 10*. Overall, the
effect of rotation on stratification for the boundary condi-
tions mentioned above is observed as follows:

o Rotation reduces period to stratification by 15%.

« Rotation intensifies stratification temperature by 1.0 K

[29,30,32,33].

Effect of Insulation Thickness

The insulation thickness of a cryogenic tank wall is a
critical specification that influences the entire mission of the
LV [35]. Excess insulation thickness results in extra weight
added to the LV, hindering its efficiency. On the other hand,
insulation thickness that is lower than what is required,
results in excess heat flux into the liquid from outside the
tank [36,37]. This, in turn, increases the stratification rate
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of the fluid as seen in Fig.5 [38]. The optimum insulation
thicknesses of several types of materials, like Extruded
polystyrene (EXS), Expanded polystyrene (EPS), and rock
wool, have been determined in the past and show promis-
ing results in limiting the heat in-flux from the side walls of
cylindrical tanks [39,40].

Thermal stratification in the liquid and stratified mass
growth inside a LH, storage tank in ambient conditions,
which is of diameter 4 m, 7 m in length, and a wall thickness
of 4 mm, for varied thickness of insulation, can be observed
in Fig. 5, wherein the temperature of the pressurant gas
used was 50 K. The thickness of the foam-based insulation
varies from 10 mm to 40 mm, as 10 mm, 20 mm, 30 mm
and 40 mm whereas the liquid fill level was kept constant at
87% of the total tank height [38]. The heat in-leak for tanks
of different insulation thicknesses is observed in Fig.6. Heat
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Figure 5. Stratified mass (kg) Vs. Time (s) [From Joseph et
al. [38], with permission from Elsevier.].
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Figure 6. Heat in-leak (W/m?) Vs. Insulation Thickness
(mm) [From Joseph et al. [38], with permission from El-
sevier.].

in-leak is plotted for two different times, t = 300 s, which
covers the time taken for pressurisation, and t = 600 s,
which covers an extended time of 300 s after pressurisation
is completed.

It is evident from Fig. 6 that the tank with the highest
insulation thickness of 40 mm records a heat in-leak of only
10.7 W/m? Ullage temperature, as reported for all cases of
insulation thickness, was in the range of 21 to 45 K before
pressurisation. Thus, the warm pressurant gas entering the
tank at 50 K leads to an increase in the ullage gas tempera-
ture. This results in the ullage gas temperature being higher
than the wall temperature, culminating in a net heat loss to
the tank wall. This is exhibited in Fig. 6, wherein the heat
in-leak for t= 300 s is negative [38]. Lesser thickness of tank
insulation leads to higher stratified mass due to higher liq-
uid heat in-leak from the surroundings, triggering a pay-
load penalty in propellant tanks used in launch vehicles as
observed for a thickness of 10 mm, which resulted in a heat
in-leak of 64.3 W/m?, as shown in Fig. 6 [38,41].

Effect of Pressurization

Pressurization occurs in two stages, the first being
wherein the tank is pressurised to reach the required tank
pressure. While the second stage involves maintaining
the required tank pressure with the use of pressurant gas.
Similarly, it is observed that throughout pressurization the
stratified mass increases at a quicker rate compared to that
during the fixed pressure scenario post pressurization (Fig.
5) [42].

This is due to the fact that during the pressurization
phase, there is a continuous increase in the liquid-vapor
interface temperature corresponding to the saturation tem-
perature at that pressure, which is a result of the ullage tem-
perature being higher during pressurisation [43]. During
this phase, the stirring effect produced by the pressurant
gas results in an enhanced forced convective heat transfer
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Figure 7. Pressure rise for different insulation thickness-
es during and post pressurisation [From Joseph et al. [38],
with permission from Elsevier.]
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coefficient between the ullage and the liquid-vapor inter-
face. Due to this, there is an increment in the conductive
heat flux from the liquid-vapor interface to the bulk liquid
inside the tank, as illustrated in Fig. 7. Apart from this, there
is an additional temperature rise due to the ambient heat
in-leak into the tank in spite of the insulation layer [44-51].

Fig. 7 depicts how the ullage pressure rises during pres-
surisation (t = 300 s) and after pressurisation is completed
(t = 600 s). The cooling of ullage gas after pressurisation
accounts for the pressure drop after t = 300 s, as seen in
Fig.7. A subsequent rise in pressure is observed due to heat
in flux from the tank wall to the ullage, which dominates its
cooling rate [38]. Hence, for lower insulation thicknesses,
there is a greater heat in flux, leading to a higher pressure
rise than thicker insulations as illustrated in Fig. 7. Hence,
it is detected that tank pressure has a noteworthy role in the
rate of thermal stratification or stratified mass evolution.
Higher tank pressure causes more mass of the liquid to be
stratified, and vice versa.

Similarly, in 2019, Vishnu et al. [52] evaluated the
development of thermal stratification, experimentally and
numerically, and its effects on tank self-pressurization, in
a 10 L stainless steel tank of 1400 mm height and 108 mm
in diameter, filled with liquid Nitrogen up to a height of
660 mm. The tank wall consisted of a total of 30 layers of
fiberglass paper and foils of aluminium placed alternatively.
An outer vessel of 400 mm in diameter served as a vacuum
heat shield to minimize the heat in-leak. Stratification was
measured using PT100 temperature sensors, which were
placed along the height of the tank. The experimentation
was carried out under two tank conditions, namely vent-
ing and non-venting. Venting implied that the vent valve
was kept open all throughout the experiment, whereas in
the non-venting case, the valve remains shut, leading to
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Figure 8. Development of stratification by varying tank
pressure from 1 to 4 bar [From Vishnu et al. [52], with per-
mission from Taylor & Francis.]

the tank’s self-pressurization. For the venting case, negligi-
ble thermal stratification was observed even after a time of
2000 seconds, with a maximum temperature difference of
1.03 K between the uppermost and the bottommost layer of
the liquid. On the other hand, the non-venting case showed
a temperature difference equivalent to 6 K, which can be
attributed to the rise in pressure of the ullage. It was also
reported that the rate of thermal stratification at the gas-liq-
uid interface was greater than the stratification rate of the
bottommost layer. This is the result of an ascending convec-
tion current formed within the bulk liquid due to the effect
of buoyancy.

For the non-venting case, as the tank pressure was
increased from 1 to 4 bar, stratification was observed to
increase throughout the liquid as evident from Fig. 8. The
interface temperatures for the pressures of 1,2,3 and 4 bar,
were reported to be 79.8 K, 81.3 K, 83.3 K and 87.4 K,
respectively, as seen in Fig. 8 [52]. A stratification parame-
ter (A) was established in an attempt to quantify the degree
of stratification. A is given by Eq. (1):

Tg—Th

A== (1)

To

Wherein, Ty and T, stand for the temperature read-
ings recorded by the eighth sensor and first sensor from
the tank’s bottom, respectively [52]. In total, 16 sensors are
placed along the height, with eight lying at the liquid-gas
interface. For the venting case, this parameter stayed near
constant and averaged at a value of 0.015 after a duration
of 25 min. Whereas, in the case of the non-venting con-
dition, X increased from 0.0275 at t=0 min and reached a
value of 0.045 after 25 min. Furthermore, Vishnu et al. [52]
also developed a numerical model to further understand
the complexities of the thermodynamics involved.

NUMERICAL MODELLING

As the numerical modelling schemes and techniques
improve over time, research in the domain of aerospace
and thermodynamics has gradually inclined more and
more towards incorporating these numerical simulations
in order to better understand the underlying complexities
involved. A similar trend has been observed in evaluating
the thermal stratification occurring in cryogenic tanks [53].

Various mixing techniques, such as sprinklers [54],
rotating tank lids [55], porous structures [56-58] and nozzle
jets [59], have been experimentally and numerically investi-
gated in the past and have exhibited encouraging results in
disrupting the natural convective flows in the bulk liquid.
Similarly, in 2024, Brodnick et al. [60] numerically mod-
elled and validated an axial jet mixer in order to attain a
homogeneous temperature across the cryogenic propellant.
The aim of using a jet mixer within the propellant tank is
to induce a swirling current within the bulk fluid, which
results in enhanced forced convection leading to a more
homogenous temperature of the propellant along with a



1590

J Ther Eng, Vol. 11, No. 5, pp. 15685-1599, September, 2025

reduced ullage pressure. Fig.9 (a) shows the tank design,
and Fig.9 (b) illustrates the computational domain (1.2
major-to-minor axis ratio with a major diameter of 2.2 m)
incorporating the axial jet mixer. The jet mixer was mod-
elled such that its tip had a rounded lip design as illustrated
in Fig.9 (a). A fill level of 86% of the tank’s total volume was
used in this study [60].

Loci/STREAM was the CFD code employed by
Brodnick et al. [60] and served as a pressure-based solver
for the simulations. Instead of applying the VoF (Volume
of Fluid) method, an interface model known as the sharp
interface model, specially designed for the Loci/STREAM
solver was implemented. A total of 119,700 cells were used
to discretize the domain while solving equations with 1*
and 2™ order accuracy in time and space, respectively, with
a time step size equal to 0.1 s. Buoyancy within the liquid
phase was modelled by employing the Boussinesq approx-
imation. For modelling the turbulence, the 2 equation k
—w SST model was chosen. A heat flux of 4.2 W/m? was
provided to the tank walls as an initial boundary condition.
The effect of jet flow rate was studied by varying the flow
rate from 1.82 m?/hr to 3.47 m3/hr [60].

Fig. 10 demonstrates the destratification results obtained
for the jet mass flow rate of 3.47 m*/hr. From Fig.10 it can
be clearly observed that, after a time of 8 min has passed,
due to the mixing induced by the jet, thermal stratification
within the liquid is virtually nullified. As anticipated, the
case with the higher jet flow rate provided better and more
promising results than the low flow rate case. From the ini-
tial ullage pressure of 186.1 kPa, the higher jet mass flow
rate took nearly 8.3 min to drop the ullage pressure to a
pressure of 128.4 kPa as represented in Fig. 10. Whereas,
the lower jet mass flow rate took more than 20 min to
accomplish the same pressure drop [60].

Similarly, in 2024, Raj et al. [61] numerically analyzed
the rate of thermal destratification by bubbling of gases
in liquid storage tanks with the help of a newly developed
OpenFOAM solver, interThermalDestratificationFoam,
that was specially designed to solve thermal stratification
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Figure 10. Temperature contour of the propellant fill level
at a jet mass flow rate of 3.47 m*/hr [From Brodnick et al.
[60], with permission from NASA NTRS.]

problems. In this study, primarily two cases were compared,
both in 2D and 3D: a tank with one orifice and a tank with
two orifices. To obtain a comprehensive understanding
of the decay in stratification and its effect on gas bubble
dynamics, fluid properties such as interfacial tension force,
liquid viscosity and density were varied as shown in Table 1.

Fig. 11 shows the 2D computational domain with a singu-
lar orifice used by Raj et al. [61]. The rectangular tank mea-
sured 100 mm by 50 mm with a fill level up to a height of 85
mm. The orifice had a diameter of 0.3 mm and in the case of
2 orifices, they were placed 12.5 mm apart from each other.
In order to satisfy the CFL (Courant Frederick-Levy) criteria,

Figure 9. Cryogenic tank design with the axial jet mixer [From Brodnick et al. [60], with permission from NASA NTRS.]
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Figure 11. 2D Computational domain [From Raj et al. [61],
with permission from Elsevier.]

the time step for the simulations was adjusted and reduced
to 0.15 ms for the 2D simulations, whereas for the 3D sim-
ulations, a time step of 0.1 ms was implemented. When one
parameter was changed, the other parameters were kept con-
stant for simplicity purposes as tabulated in Table 1.

For the 3D domain, a cylindrical tank (diameter = 50
mm) of 162 mm height, with liquid filled up to a height of
152 mm was modelled with an orifice diameter of 2 mm.
Results for the 2D case, indicated an increase in the bubble
diameter and the bubble’s detachment time with respect to
reducing surface tension values. After a time of t =0.44 s, 0
=0.0728 N/m showed 5 distinct detached bubbles, whereas
for the case of 0 = 0.0482 N/m, 6 bubbles were reported. A
similar result was observed for dynamic viscosity, wherein
bubble diameter and detachment time increased with an
increase in the liquid’s viscosity. With increasing liquid
density, the rate of bubble detachment was also reported to
rise [61,62].

To quantify thermal destratification efficiency in the
3D case, a thermal stratification decay coefficient (Tyy) is
defined. T, is given by Eq. (2):

|T fin—Tinil
Tsq = :
ho

()

T, represents the resulting temperatures of the liquid
layers post bubbling of gases, whereas T, ; represents the
initial temperature of the liquid layers and t;, is the time
required in seconds to achieve a homogeneous tempera-
ture within the liquid. Consequently, as anticipated, the
value of Ty and T4, for the inlet gas velocity of 0.8 m/s
was the highest, and the time required to achieve a uniform
temperature distribution in the liquid was 24.95 s. This is
illustrated in Fig. 12 below. T4,,, is defined as the spatially
averaged value of T j at every instant for every case [61].

Similarly, Fig.13 depicts the gradual development of
destratification within the bulk liquid with progressing
time for the single inlet case and an inlet gas velocity of 0.6
m/s. A time of 27.73 s is required to attain a uniform tem-
perature distribution in the liquid when an inlet gas veloc-
ity of 0.6 m/s is provided [61].

This investigation conducted by Raj et al. [61] on
the effects of various parameters on the rate of thermal
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Figure 12. Variation of Ty,,, with time for different gas in-

let velocities [From Raj et al. [61], with permission from
Elsevier.].

Table 1. Variation of parameters for the 2D and 3D case [From Raj et al. [61], with permission from Elsevier.]

Parameter Value 1 Value 2 Value 3 Value 4
2-Dimensional case

Surface tension (N/m) 0.0728 0.0693 0.0538 0.0482
Bulk liquid density (kg/m?) 998.2 1500 2000 2500
Viscosity (Pa-s) 3.494x10° 7.203x10° 1.1698%x10% 1.501x10%
3-Dimensional case

Inlet gas velocity V, (m/s) 0.2 0.4 0.6 0.8
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Figure 13. Thermal destratification as a result of gas bubbling for v=0.6m/s [From Raj et al. [61], with permission from

Elsevier.].

destratification serves as an intermediate step in designing
an efficient cryogenic tank with minimum stratification.

EXPERIMENTAL STUDIES

Methods of Reducing Thermal Stratification

A number of techniques effective in mitigating strati-
fication have been discussed in detail in the following sec-
tions. These techniques either involve modifying the tank’s
geometry or introducing external elements, such as a mixer
or bubbling inert gasses through the bulk liquid. The scope
of the following sections, involves delving into promising
experimental techniques that have been employed in the
recent past to deter stratification. The methods have been
explained in detail below, as follows:

Surface Roughness Elements

Surface roughness of the tank’s inner walls is a key
element in determining the amount of stratification that
might occur within the liquid. Micro-surface irregularities
have little to no effect on the rate of stratification, although
more prominent features like ribs and isogrid walls have a
significant effect on stratification. Ribs on the inner walls
of the tank are an effective way of reducing stratification, as
it enhances the mixing of the fluid layers within the tank.

Fig. 14 shows a cross section of a cylindrical tank of
height ‘H’ and diameter ‘D’ Roughness elements are intro-
duced on the cylindrical wall of the tank in the shape of ribs
having rectangular cross-section of height ‘h’ and spaced
apart by distance ‘p’ [20]. Stratification mainly occurs in

three stages, which are as follows; Stage 1: Formation of a
boundary layer along the wall, leading to lateral interven-
tion of the warmer liquid adjacent to the upper region.
Stage 2: Series of intricate interactions occur amid the ther-
mal boundary layer and the bulk. Stage 3: Final stage com-
prises the development of a stratified column of the liquid
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Figure 14. Physical illustration of a ribbed cylinder-shaped
tank [From Khurana et al. [20], with permission from Elsevier.]
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Figure 15. A comparison of pressure rise with time for tank
with different rib configurations [From Fu et al. [63], with
permission from Elsevier.]
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inside the tank, resulting in a temperature gradient along
the height of the tank. It is observed that for tanks having
ribbed surfaces as shown in Fig. 14, the time essential for
the formation of the thermal boundary layer [Stage 1] is
higher as compared to tanks with smooth walls. The time
required further increases with increase in the ratio of the
height of the rib to the spacing amongst two ribs (h/p) as
shown in Fig. 15. Although it does not have a major effect
on the degree of stratification [20].

Fig.15 above shows the evolution of pressure with time
for a tank with ribs with 3 different pitch-to-height ratios
of 3.6, 2.2 & 1.6, compared to a tank with a smooth inner
wall [63]. It is evident that the rate of pressure increase is
minimum for a pitch-to-height ratio of 1.6, while it is the
highest for a tank with no ribs. Hence, as discussed in the
previous section (Section 2.3), a lower rate of pressure rise
is preferred for lesser stratification. Fig.16 below shows the
nomenclature used to define different surfaces of the ribs
along with their respective wall heat transfer coefficients.
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Figure 16. A comparison of the heat transfer co-efficients of different surfaces of the rib and tank wall
[From Fu et al. [63], with permission from Elsevier.]
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As the number of ribs are increased, so does the number of
solid-liquid interfaces within the tank. For pitch-to-height
ratios of 1.6, 2.2 and 3.6 there are 25, 17 and 9 surfaces,
respectively, as shown in Fig. 16. It is evident that the upper
and lower surfaces of each rib have a lower heat transfer
coefticient, typically observed to be in the range of 50 to 160
W/m’K as shown in Fig. 16. This is due to the fact that the
ribs serve as an obstruction to flow velocity, leading to the
thickening of the boundary layer around its surfaces [63].

Opverall, the presence of ribs on the internal wall drasti-
cally reduces the degree of stratification by almost as much
as 30%. Such ribs essentially slow down the convection
currents formed within the liquid and act as dampers for
all stages of stratification [20,63,64]. Consequently, very
recently, ribs of different configurations like V-shaped ribs
[65,66], micro-ribs [67,68] and cylindrical ribs [69-72]
have also been extensively studied, owing to their enhanced
heat transfer qualities.

Modifying Geometry of The Tank

The introduction of a circular or parabolical bulkhead
above the total height of the cryogenic tank helps disrupt the
natural convection flow of the liquid along the periphery of
the tank. Although this method is successful in reducing
the stratification rate significantly, it is not preferred due
to the complexities involved in the design phase. Another
promising method involves the introduction of baffles on
the inner walls of the tank [57,58,72-79]. Fig.17 illustrates
the use of such baffles along the tank walls.

The tank in Fig.17 is cylindrical in shape, with a diam-
eter of 201 mm and a height of 213 mm respectively. It has
two annular plane baffles fitted along its internal wall. The
effect of such baffles was studied through a two-dimensional

=—

56 Upper baffle

1

Height

Diameter

Figure 17. Tank with baffles on the inner walls [From Zuo
et al. [44], with permission from Elsevier.]

Volume of Fluid (VOF) simulation conducted in reduced
gravity environments of 107°g,, 107g,, 107'g,, respectively.
‘d’ is defined as the linear distance amid two neighboring
baffles, which was varied from 0 to 60 mm, wherein 0 mm
signified a single baffle. The two baftles are positioned sym-
metrically along the center of the tank. Symbols 6 and § are
defined as the angles amongst the baffle and the tank wall,
as shown in Fig. 17, which were 8,=105° and 6,= 75° for one
case and vice versa for the other; and the gap between the
baffle and the wall, varied as 5 mm and 10 mm; respectively.
d, 6 and  were varied in order to optimise the effect of baf-
fles on suppressing flow velocity and pressure. The effects
of different fill levels (30% to 70%) were also investigated
and it was reported that for fill levels between 40% and 60%
wherein the baffles are fully immersed in the liquid phase,
the pressure rising rate in the simulated tank is considerably
lower, than in a tank without baffles [44].

As gravity reduces from 107'g; to 10-°g,, the convection
current below the baffles is augmented. A very similar phe-
nomenon was observed in the vapor phase of the ullage.
Subsequently, the temperature stratification in the fluid
deteriorates. This can be attributed to the suppression of
hot-spots which cause the local superheating of the liquid
with a reduction in gravity [44].

It was observed that to improve the suppression of
sloshing and pressurization within the tank, a large dis-
tance of 60 mm between the baffles was preferred over 40
mm. Fig.18 illustrates the variation in the pressure rise for
baffles with varying distance between adjoining baffles. 60
mm baffle distance showed a 47% lower pressure rise than
for the case of 40 mm as shown in Fig.18 above. Installation
of such baffles also leads to disruption of the natural con-
vection flow in the tank [44,71,74].
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Figure 18. Pressure rise Vs. distance between the adjoining
baffles [From Zuo et al. [44], with permission from Else-
vier.].
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Introduction to cold Helium

This method involves the introduction of cold helium
from the bottom up into the tank, through the tor collec-
tor. The cold helium in the form of a bubble floats up and
blends the heated and cold strata of liquid oxygen (LO,).
This results in an overall reduction in the temperature of
the uppermost layer of the propellant or oxidizer [4,75].
This method, even if effective, has a few disadvantages,
such as, it aims at reducing the effect caused by heat in-flux
and does not deal with the cause of its occurrence. Another
disadvantage is that for the storage of the cold helium and
for the collector, space and energy are required, which
might burden the LV [80-82]. Bubbling of cold Helium
(He) is one of the simplest methods to sub-cool the cryo-
genic fluid in the storage tanks and rocket propulsion appli-
cations [28]. To study the effects of bubbling cold helium in
cryogenic liquid on the destratification time, a cylindrical
tank made from aluminium alloy AA2219, and filled with
LN,, of thickness 5 mm, diameter 400 mm and a height of
915 mm was used for the study [28]. The tank is filled with
LN, at a temperature of 88 K, up to a height of 755 mm.
The tank is pressurized at a constant pressure of 3.0 bar.
Prior to bubbling, the tank is kept still for 1000 s, providing
enough time for stratification. Bubbling of the gas is done
for a duration of 300 s. The effects of different helium mass
flow rates (0.1 g s, 0.2 g s and 0.4 g s™') on destratifi-
cation times were analysed. In this study, destratification
time is defined as the time taken to drop the fluid tempera-
tures below the stratification limit temperature of 83 K and
further to a steady value. It was observed that a total of 6s
were required to destratify the LN, with GHe flow rate of
0.1 g s'. By increasing the bubbling gas flow rate by four
times, it resulted in a 66.6% reduction in the destratifica-
tion time. For the range of GHe mass flow rates considered
for this study, it was found that the destratification time
decreases as GHe mass flow rate increases [28].

CONCLUSION

Thermal stratification, if not controlled, can have severe
effects on the functioning of the LVs. Although it is very
essential to determine in every case the amount of stratifi-
cation that can be accepted, its excess reduction can lead to
inefficient use of resources, thereby hindering the overall
efficiency of the LV.

A few of the important conclusions drawn are as follows:
1. Any degree of thermal stratification, even if it’s in the

range of 1-2 °C, deteriorates the functioning of the LV.
2. Rotation of the LV tends to slow down the rate of ther-

mal stratification. For a LH, tank at 20% fill level, rotat-

ing at 1 °/sec in g/g,= 10, under a heat flux of 10 W/

m? shows a 30 to 60 min reduction in time taken for

stratification.

3. An insulation thickness of 40 mm showed the best
results, as it had minimum heat in-leak into the storage
tank. 40 mm insulation thickness led to a heat in-leak

of only 10.7 W/m?, whereas for the 10mm case a heat

in-leak of 64.3 W/m*was observed.

4. During the pressurisation phase of the tank, there is a
subsequent rise in thermal stratification. Consequently,
it has also been reported that with an increase in the
ullage pressure from 1 to 4 bar, the liquid-gas interface
temperature of liquid Nitrogen rises by up to 9.5%.

5. Novel parameters like A and Ty have been derived in
an attempt to quantify the degree of thermal stratifica-
tion. Tyg,,, exhibited a value of 0.20 for a V,, = 0.4 m/s,
whereas for 0.8 m/s, Tyq,,, increased to 0.25, conforming
to the observations made, wherein a higher V, showed
better destratification times.

6. Ribs with a pitch-to-height ratio of 1.6 showed promis-
ing results among the cases studied. These ribs reduced
the degree of stratification by about 30%.

7. Annular baffles along the inner wall of the cryogenic
tank also showed promising results. A gap of 60 mm
between 2 baffles was deemed optimum and showed a
47% lower pressure rise than that of the 40 mm case.

8. Bubbling of cold Helium gas within the cryogenic tank
from its bottom at a rate of 0.1 g s™ took only 6 s of
time to bring down the temperature of LN, below 83 K.
Similarly, simulating bubbling of an inert gas at a veloc-
ity of 0.8 m/s from a single orifice, in an 86% filled tank,
destratified the tank in 24.95 s.

9. Numerical modelling of an axial jet mixer with a mass
flow rate of 3.47 m’/hr yielded encouraging results as
it was successful in mitigating thermal stratification
under a time of 8 min within liquid oxygen.

The works reviewed in this article are not only appli-
cable for storage tanks of spacecrafts, but also extend to
cryogenic storage tanks used in the thermal industry and
thus address a wide array of applications. In the near future,
research efforts should be directed and focused more
towards reproducing real world conditions in experimen-
tal set-ups, which are experienced by the cryogenic storage
tanks of LV’s during its mission. Replicating such circum-
stances will substantially improve our understanding of
thermal stratification. Furthermore, the combined effects
of one or more destratification techniques must also be
evaluated in the future.

NOMENCLATURE

D diameter (m)

DC drain valve

g gravitational acceleration (m/s?)
g/g,  relative gravity

h axial distance (m)

H tank of height (m)

K kelvin

liquid rocket engine

LV launch vehicles

Ty Ullage temperature (°C)

Ty Bulk liquid temperature (°C)
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Ty Stratified layer temperature (°C)
CG Centre of Gravity

LH, liquid hydrogen

LO,  liquid oxygen

LN,  liquid nitrogen

GHe  Gaseous Helium

P spacing between ribs (m)

Qw wall heat flux (W/m?)

R tank radius (m)

AT temperature difference

EXS  extruded polystyrene

EPS  expanded polystyrene

d linear distance between adjoining baffles (m)
VOF  Volume Of Fluid

T temperature (K)

Q¢ jet flow rate

Qg boundary layer flow rate

CFL  Courant Frederick-Levy criteria

Ty thermal stratification decay coefficient (K/s)

Ty average thermal stratification decay coefficient
(K/s)

Thn ultimate temperature of thermally stratified liquid
layer (K)

Tini original temperature of the thermally stratified liq-
uid layer (K)

tho time required for attaining homogeneous tempera-
ture distribution (s)

Vv, inlet gas velocity (m/s)

Greek symbols

Q angular velocity (°/s)

(€3] spin rate (°/s)

0, upper baffle tilt angle (°)

0, lower baffle tilt angle (°)

1) distance between baffle and tank wall (m)

A thermal stratification parameter
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