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Influence of Noncondensable
Gases on Thermodynamic
Control On-Ground Experiments
Using a Substitute Fluid
A cryogenic propellant submitted to heat load during long duration space missions tends
to vaporize to such an extent that the resulting pressure rise must be controlled to prevent
storage failure. The thermodynamic vent system (TVS), one of the possible control strat-
egies, has been investigated using on-ground experiments with NOVEC1230 as substitu-
tion fluid. Results obtained for self-pressurization (SP) and TVS control phases have been
reported in a previous work. The unexpected inverse thermal stratification observed dur-
ing these experiments is analyzed in the present work and related to the influence of non-
condensable gases. Noncondensable gases, present inside the tank in the form of
nitrogen—ten times lighter than the substitution fluid vapor—generate a concentration
stratification in the ullage. Assuming the NOVEC1230 remains at saturation in the whole
ullage, the density stratification which results from this concentration stratification can
explain the observed inverse thermal stratification. [DOI: 10.1115/1.4037449]

1 Introduction

Future operations in space exploration require the ability to
store cryogenic liquids for long duration. Residual heat loads, due
to sun or heat conduction in the launcher structure, induce cryo-
genic propellant vaporization and tank self-pressurization (SP).
Due to the extended duration of the mission, an un-controlled tank
self-pressurization may lead to storage failure.

The thermodynamic vent system (TVS) control strategy origi-
nally proposed in Ref. [1] has been recently investigated in the lit-
erature both numerically [2–4] and experimentally [5]. A
schematic view of a tank control with a TVS system is presented
in Fig. 1. The TVS strategy relies on the following key ideas:
thanks to a liquid acquisition device (see Ref. [6] for more
details), some liquid propellant is pumped from the tank to a heat
exchanger in order to be cooled down. This subcooled liquid frac-
tion is re-injected inside the tank as a jet or a spray in both vapor
and liquid phases. In order to create the heat exchanger cold
source (heat sink), another liquid fraction is withdrawn from the
tank (vented branch), expanded through a Joule–Thomson valve,
and thus cooled down. Once used as the cold source, this liquid
fraction is vented out of the tank as a vapor phase and lost for the
mission (excepting the use of the venting thrust). The subcooled
injection is followed by a vapor condensation and a liquid bath
destratification which tends to depressurize the tank.

Recently, Mer et al. [5] published an on-ground experimental
study of a TVS system using NOVEC1230 as substitution fluid.
Issues with the management of thermal boundary conditions,
which were reported in previous work by Barsi and Kassemi [7]
and Demeure [8], were successfully solved thanks to the develop-
ment of an active insulation technique yielding a net zero heat
flux wall boundary condition. The influence on SP and TVS con-
trol dynamics of control parameters such as tank filling, tank heat
load, injection mass flow rate, and injection temperature was ana-
lyzed in Ref. [5] through a series of experiments which also pro-
vide a useful database for the validation of numerical models.

However, an unexpected inverse thermal stratification of the
ullage was observed in Ref. [5] during tank SP experiments. The
present contribution provides a detailed analysis of this stratifica-
tion taking into account the presence of noncondensable gases
(namely, nitrogen) in the experimental facility. The observed
inverse thermal stratification can be explained by the concentra-
tion stratification of noncondensable gas in the ullage.

First, the experimental apparatus is briefly presented in Sec. 2
along with its instrumentation, the fluid purity assessment, and the
experimental procedure leading to thermal stratification measure-
ments. A model is described and applied in Sec. 3 to explain the
unexpected inverse thermal stratification measured in the SP
experiment from the presence of noncondensable gas in the tank.
The influence of thermal boundary forcing and subcooled

Fig. 1 Schematic view of a TVS controlled tank. The injection
loop drives directly a subcooled jet inside the ullage. The
vented branch creates the cold source heat sink.

1Corresponding author.



injection on the concentration stratification of noncondensable gas
is discussed, respectively, in Secs. 4 and 5.

2 Experimental Apparatus

The SP and TVS experiments make use of a 110 L tank dis-
played in Fig. 2. The NOVEC1230 retained as substituent fluid ena-
ble to perform these experiments close to room temperature, since
its saturation temperature at atmospheric pressure is such that
TsatNOVEC1230 ðpatmÞ ¼ 50 �C [9].

2.1 Active Thermal Insulation Technique. An active insula-
tion technique provides an accurate management of the wall
boundary condition—the tank walls are thermalized by a water

loop circulating inside a double envelope (see in Fig. 3). The
envelope temperature regulation set-point TenvSP is prescribed with
a multi-proportional–integral–derivative (PID) technique so as to
follow the average temperature inside the tank Tave plus a com-
pensation factor e counter-balancing the thermal losses occurring
by natural convection inside the experimental room

TenvSP ¼ Tave þ e (1)

The tank average temperature is defined as

Tave ¼

P

sens:
qi Tsensorð Þ � cp;i Tsensorð Þ � Tsensor

P

sens:
qi Tsensorð Þ � cp;i Tsensorð Þ

; i 2 vap; liq½ � (2)

with cp,i(Tsensor) the heat capacity of the sensor phase (either liquid
or vapor). The compensation factor is computed as

e ¼ 9:4 eÿ 3� ðTenvWP
ÿ TambÞ (3)

where the current envelope temperature working-point TenvWP
is

estimated by using the temperature measured by four sensors (see
Fig. 3)

TenvWP
¼

1

6
� 3 � Tenvin þ Tenvout1 þ Tenvout2 þ Tenvout3
ÿ �

(4)

while the experimental room temperature Tamb is estimated as

Tamb ¼
1

3
� Tamb1 þ Tamb2 þ Tamb3ð Þ (5)

The tank heat load Ph:l: can be either directly imposed by an electri-
cal heating coil immersed in the liquid bath or its effect can be
accounted for by adding a wall thermal imbalance constant DTh.l. to
the envelope regulation set-point of the active insulation technique

TenvSP ¼ Tave þ eþ DTh:l: (6)

When using the electrical coil, the tank heat load Ph:l: equals the
electrical power delivered by the coil and can be directly obtained
from the data processing unit. Alternatively, when the wall ther-
mal imbalance technique is used, a post-processing of the

Fig. 2 Partially flayed computer-aided design view of the
experimental apparatus

Fig. 3 Schematic view of the experimental facility with its instrumentation, injection loop, and double envelope
active insulation loop



experimental self-pressurization rate is required to derive Ph:l:.
Considering the experimental initial filling F , an iterative proce-
dure relying on the homogeneous thermodynamic model pre-
sented in Ref. [4] determines the tank heat load Ph:l: which
corresponds to the observed experimental self-pressurization rate.

During TVS control experiments, the injection loop (see in Fig.
3) is activated so that liquid is withdrawn from the tank, at a fixed
mass flow rate _minj, and subcooled in a heat exchanger before
being re-injected, at a fixed temperature Tinj, into the ullage.

2.2 Instrumentation. The experimental facility instrumenta-
tion is sketched in Fig. 3. A multisensor temperature probe, made
of nine PT100 (1/10th of class B) sensors regularly spaced along
the vertical, gives access to the thermal stratification along a verti-
cal line located approximately at Rtank=2 from the tank axis of
symmetry. Other control sensors give, respectively, access to the
tank filling F , the injection mass flow rate _minj, the injection tem-
perature Tinj, the pressure drop through the injector Dpinj, the
vapor pressure pvap, the vapor temperature Tvap at the top of the
tank and the liquid temperature Tliq at the bottom of the tank, the
double envelope water circuit temperatures Tenv,in, Tenv,out1,
Tenv,out2, and Tenv,out3, and the ambient temperatures Tamb1, Tamb2,
and Tamb3. A temperature sensor is fastened to the heating coil
Tcoil to measure the eventual temperature imbalance induced by
the heat power supply. The acquisition chains are identical for all
the temperature sensors. The PT100 sensors are connected to a
data recorder of VersadacTM Eurotherm type which converts the
sensors analogical signal into a numerical one and communicates
by Ethernet with two controllers (NanodacTM Eurotherm). Each
controller manages a PID control loop (see injection loop and
active insulation loop in Fig. 3). The controllers are connected to
a computer where the control loops are set up and the PID param-
eters are tuned. The whole temperature acquisition chain has been
calibrated to minimize the measurement error (DT � 60.05 �C).
The measurement error associated to the vapor pressure sensor is
dP � 65� 103Pa.

2.3 Fluid Purity Assessment. Since the physical phenom-
enon under study should be ideally a single species problem
involving only the liquid propellant and its vapor, it is essential to
ensure the fluid purity in the experimental tank in order to remain
representative of the real system. Note, for instance, that Bullard
[10] showed the presence of noncondensable gases significantly
increases the characteristic cooling time of a TVS control phase.

Flow purity is assessed by comparing the measured pvap with
the saturation pressure extrapolated from the interface temperature
psat(Tinter). In the present experiments, this extrapolation is based
on the physical properties of NOVEC1230 (Clausius–Clapeyron
saturation equation [9]). Due to the residual content of noncon-
densable gases and fluid impurities (the fluid has an industrial
grade corresponding to a 99% purity), a perfect agreement
between the measured pvap and psat(Tinter) is never reached in the
experiments. The observed pressure offset pvapÿ psat(Tinter) corre-
sponds to the partial pressure of noncondensable gases pnoncond.
For all the results presented in this work, the partial pressure of
noncondensable gases in the tank always remains below
9.0� 103Pa, which corresponds to a molar fraction value of non-
condensable gases below 7%. For safety reason and to prevent
oxidation, the NOVEC1230 containers are pressurized with nitro-
gen during shipping. Furthermore, in order to transfer the fluid
from the shipping containers to the experimental facility, the con-
tainers are pressurized with nitrogen. From now on, the noncon-
densable gases are assumed to be exclusively nitrogen. A
purification procedure has thus been developed to purify the
NOVEC1230 by venting out the noncondensable gas/nitrogen. Its
main steps are the following ones: (1) the tank is filled until over-
flowing by a top drain-cock; (2) thanks to the envelope tempera-
ture regulation, the temperature inside the tank is prescribed to
Tave¼ 50 �C; (3) the drain-cock located at the top of the tank

allows to impose the atmospheric pressure inside the tank so that
the fluid is brought to saturation since for NOVEC1230

Tsat(1 bar)¼ 50 �C; and (4) since the solubility of noncondensable
gases tends to zero when the fluid is close to saturation, noncon-
densable gases can be vented out by the top drain-cock. Other
purification techniques have been presented in the literature. Barsi
[11] uses an iterative void pumping method yielding nonconden-
sable molar fraction levels below 5%, which is slightly better than
the levels obtained in the present study. This iterative void pump-
ing method is however much more complex and expensive than
the purification method proposed here. More importantly, a 5%
molar fraction of noncondensable gases has still a significant
impact on the tank temperature stratification so that it is anyway
relevant to observe and analyze the noncondensable gas influence
on the temperature vertical distribution.

2.4 Experimental Procedure. For SP experiments, the tem-
perature and pressure linearly increase in the tank due to the heat
power supply. The initial condition of a self-pressurization is a
fixed average temperature (Tave¼ 55 �C in the following analysis),
and the stopping criterion is a prescribed average temperature
(Tave¼ 60 �C in what follows). The slope of the linear pressure
rise, with respect to time, depends on the tank heat load Ph:l: and
the initial tank filling F .

Temperature distributions are measured in the tank using the
previously described instrumentation for two distinct SP experi-
ments using the same initial liquid filling F ¼ 66% but two differ-
ent thermal heat loads, namely, Ph:l: ¼ 26 W and Ph:l: ¼ 52 W,
both delivered by the electrical heating coil. The measured ther-
mal stratification is displayed in Fig. 4 for both experiments at
two different self-pressurization times corresponding to the same
average temperature Tave¼ 57.5 �C in the sense of Eq. (2). This
average temperature level is reached after 4.15 h (respectively,
2.06 h) for Ph:l: ¼ 26 W (respectively, Ph:l: ¼ 52 W). As expected,
Fig. 4 displays a quite homogeneous temperature distribution in
the liquid bath, due to a high thermal diffusivity of the phase.
However, the temperature distribution in the vapor exhibits an
unexpected behavior, since a quasi-linear temperature decrease
from the interface to the ullage top is observed. Such a linear tem-
perature decrease in the vapor phase is systematically observed
during all the performed SP experiments. This decrease actually

Fig. 4 Vertical temperature distribution in the fluid (the inter-
face separates the two phases: ullage on top of the liquid
bath), heating coil temperature, and wall temperature (double
envelope) during a self-pressurization phase and for two differ-
ent heat loads,Pc both for Tave557.5 �C



corresponds to the inverse of the expected thermal stratification.
The experiment fulfills a condition of quasi-equilibrium, due to its
very slow dynamics—the rate of the average temperature rise is
about 1 �C hÿ1—so that no subcooled vapor should appear in the
tank. Considering a pure NOVEC1230 vapor ullage for a given
pressure, the hot vapor is lighter than the cold one and should thus
be located at the tank top, yielding a regular rise of the vapor tem-
perature from the interface to the tank top.

A steady analysis performed for a plateau temperature of 55 �C
shows that this linear temperature decrease in the vapor phase
goes on steadily in the tank even when the average temperature
remains constant. This observation allows to exclude a cold point
at the top of the tank for being the cause of the unexpected ther-
mal stratification. The inverse ullage thermal stratification is
explained in Sec. 3 by taking into account the presence of noncon-
densable gas in the tank.

3 Influence of Noncondensable Gas Concentration
on Thermal Stratification

The nitrogen gas contained inside the experimental tank is
assumed to behave like an ideal gas, with its density derived from
the usual equation of state

qvapN2
¼

ptot
R

MN2

� T
¼

ptot

rN2
� T

(7)

with rN2
¼ 296 J kgÿ1 Kÿ1 the nitrogen gas constant. The

NOVEC1230 saturated vapor density is derived from the fluid
properties tables, provided by 3M [9], and computed using the fol-
lowing temperature-based expression:

qsatNOVEC1230
¼ 4:6843� 10ÿ3 � T2

ÿ3:0367� 10ÿ2 � T þ 2:9735 (8)

with T in �C.
The nitrogen gas density, at the operating temperature and pres-

sure, is about 1.4 kgmÿ3, yielding a density ratio with the
NOVEC1230 vapor higher than 10. This high density ratio can be
identified as the source of a concentration stratification in the
ullage.

A simple model was developed in order to explain the observed
inverse thermal stratification from the concentration stratification

of noncondensable gas. Assuming that the ullage total pressure is
uniform (i.e., neglecting the hydrostatic pressure in the ullage)
and that the NOVEC1230 vapor remains at saturation in the whole
ullage, the NOVEC1230 and nitrogen partial pressure distributions
in the ullage are computed as

pNOVEC1230
¼ psatNOVEC1230 ðTÞ

pN2
¼ ptot ÿ pNOVEC1230

ptot ¼ pvap

8

>

>

<

>

>

:

(9)

The molar fraction distributions for nitrogen and NOVEC1230 are
immediately obtained from

xNOVEC1230
¼

pNOVEC1230

pvap

xN2
¼

pN2

ptot

8

>

>

<

>

>

:

(10)

Finally, the apparent ullage density can be computed from Eqs.
(7), (8), and (10) using an ideal mixture law

qave ¼ xNOVEC1230
� qsatNOVEC1230

þ xN2
� qN2

(11)

This type of analysis is applied to the temperature profile pre-
sented in Fig. 4 for the Ph:l: ¼ 52 W experiment. Note that the
Ph:l: ¼ 26 W case yields similar results, not reported here to pre-
serve the clarity of the figures. The relationships (9) are applied
for each point of the temperature distribution displayed in Fig. 4
and also recalled in the left picture of Fig. 5 in order to obtain the
partial pressure distributions in the vapor. From the partial pres-
sure distributions, the molar fraction distributions are computed
from Eq. (10) and plotted on the central picture in Fig. 5. The den-
sity is finally obtained from Eq. (11) and reported on the right pic-
ture in Fig. 5.

It can be observed that the nitrogen molar fraction remains
between 4% and 7%—this finding is consistent with the fluid
purity assessment reported in Sec. 2.3—and rises from the inter-
face to the ullage top. Moreover, the computed vertical distribu-
tion of density agrees well with a natural stratification condition,
where the lighter fluid remains above the heavier one. The inverse
thermal stratification can thus be explained by the presence of
nitrogen in the experimental tank. The high density ratio between
nitrogen and NOVEC1230 generates a nitrogen concentration

Fig. 5 Inverse thermal stratification analysis during SP and more particularly for the SP experiment presented
in Fig. 4 for Ph:l 552 W: temperature, molar fraction of each component, and density vertical distributions in the
ullage (above the interface)



stratification in the ullage. The NOVEC1230 at saturation in the ullage
adapts its temperature to the partial pressure of NOVEC1230, which
diminishes from the interface to the ullage top, yielding a linear
decrease of the ullage temperature from the interface to the ullage
top.

4 Influence of Thermal Boundary Conditions
on Stratification

To assess the influence of thermal boundary conditions on the
temperature stratification, two self-pressurization experiments
have been performed with the same initial tank filling (F ) and
tank heat load (Ph:l:). However, the two distinct strategies,
described in Sec. 2.1, are used to prescribe the tank heat load. The
first SP experiment is such that a wall thermal imbalance or wall
heating DTh.l.¼ 0.66 �C is imposed. The post-processing algo-
rithm mentioned in Sec. 2 yields the corresponding tank heat load,
namely, Ph:l: ¼ 42:5 W. The second SP experiment is performed
for the same tank heat load but directly delivered this time by the
electrical heating coil, with the joint use of the net zero heat flux
wall boundary condition as done in the experiments reported in
Sec. 3. The average temperature rise in the tank during both
experiments is displayed in Fig. 6. The very good agreement
between both strategies, as far as tank average temperature is con-
cerned, demonstrates that the post-processing algorithm used to
derive the tank heat load Ph.l., corresponding to a given value of
DTh.l., is working well. Let us now investigate in more detail the
vertical temperature distribution in the tank, available from the
multisensor temperature problem described in Sec. 2.2.

The vertical temperature profiles measured in both experiments
for the same value of the average temperature, namely,
Tave¼ 57.5 �C, are displayed in Fig. 7 along with the correspond-
ing envelope temperature Tenv and heating coil temperature Tcoil.

The coil heating case displays a slight overheating of the liq-
uid phase compared to the wall heating case. At the very bottom
of the tank, one can notice in fact a slight overheating of the wall
heating case with respect to the coil heating case. This behavior
can be explained considering that the bottom temperature sensor
is located in the vicinity of the tank envelop and is thus slightly
affected by the wall thermal imbalance constant DTh.l.. The heat-
ing coil temperature is in fact about 1.5 �C warmer than the aver-
age liquid bath temperature. Despite the high thermal diffusivity
of the liquid phase, the thermal imbalance induced by the

heating coil leads to a slight local overheating of the liquid
phase. The ullage temperature displays a quasi-linear tempera-
ture decay from the interface to the ullage top as previously
observed in Fig. 4.

The wall heating case shows first that the coil temperature sen-
sor (displayed as a triangle) behaves like a passive temperature
sensor in the liquid bath, since there is no longer a thermal power
delivered by the heating coil. The envelope temperature, repre-
sented by squares, displays the 0.66 �C prescribed temperature
gap and highlights the influence of DTh.l. on the envelope regula-
tion temperature process with respect to the coil heating case. It is
observed that the ullage thermal stratification is significantly dif-
ferent from the one observed for the coil heating case. The wall
thermal forcing heats up the ullage and modifies the nitrogen
molar fraction stratification previously observed in Fig. 5. The
nitrogen molar fraction and density distribution associated with
the wall heating case are presented in Fig. 8, following the compu-
tation process described in Sec. 3. It appears once again that the
vertical inverse thermal stratification is due to a nitrogen concen-
tration stratification in the ullage. The latter is itself dependent on
the tank thermal forcing mode. The self-pressurization experi-
ments are performed in a closed tank, so that the total nitrogen
mass in the tank is kept constant. This total mass is divided into
two parts: one part is dissolved in the liquid bath, while the other,
present in the ullage, is mixed with the vapor. The distribution of
the nitrogen total mass between these two parts depends on the
thermal forcing in such a way that the NOVEC1230 vapor remains
at saturation in the ullage. In order to better apprehend the thermal
forcing dependency of the nitrogen total mass distribution, a TVS
control experiment is analyzed in Sec. 5. The TVS experiment
consists in injecting in the ullage a highly subcooled liquid jet
(initially DT¼ 20 �C) at a fixed massflow rate and temperature.
The thermal equilibrium in the tank is thus strongly destabilized
when the injection starts. The experiment ends, typically
after� 5–7 h, when the tank returns to thermal equilibrium, so
that the jet cooling power Pjet (see Eq. (12)) balances the tank
heat load Ph:l:.

5 Subcooled Jet Influence on Ullage Gas
Concentration

The nitrogen molar fraction along the ullage vertical is com-
puted using the methodology described in Sec. 3. This vertical

Fig. 6 Influence of the heating mode on the temperature evolu-
tions inside the tank during SP experiments with a tank filling of
66% and a fixed tank heat load of Ph:l: 5 42:5 W imposed by the
two strategies presented in Sec. 2.1. The dashed line represent
the model prediction.

Fig. 7 Influence of the heating mode on the temperature verti-
cal distribution inside the tank during SP experiments with a
tank filling of 66% for an average temperature of 57.5 �C and a
tank heat load of Ph:l: 5 42:5 W



distribution can be averaged in order to derive the components
average molar fractions xN2

and xsatNOVEC1230 , whose evolution dur-
ing a TVS control experiment can then be plotted. Such an evolu-
tion of average molar fractions in the ullage is displayed in Fig. 9
for a TVS control experiment performed with the following con-
trol parameters: Tinj ¼ 40 �C; _minj ¼ 43 g sÿ1; F ¼ 66%, and
Ph:l: ¼ 26 W delivered by the heating coil. The evolution of the
TVS control thermal power ratio Pjet=Ph:l: is also reported in Fig.
9, with Pjet the cooling power of the subcooled jet expressed as

Pjet ¼ _minj � cpðTinjÞ � ðTave ÿ TinjÞ (12)

This power ratio has to remain above unity for the TVS regulation
to be efficient [4]. It drops during the TVS experiment following
the average temperature decrease. In the present analysis, the ther-
mal power ratio is used as a nondimensional measure of the ther-
mal imbalance induced by the subcooled jet during a TVS
experiment.

It can be observed in Fig. 9 that the nitrogen average molar
fraction collapses at the beginning of the TVS experiment, as
soon as the subcooled jet enters the ullage. The average molar

fraction xN2
collapses from 6% to �0.0% in less than 25 s after

the injection start as depicted in Fig. 10.
To explain this trend, one can examine the thermal power ratio

keeping in mind that the higher this ratio the more subcooled the
entering jet. Subcooling the jet drives the liquid away from the
tank saturation conditions. It subsequently induces the condensa-
tion of the NOVEC1230 present in the ullage. Moreover, the satu-
ration concentration of nitrogen dissolved in the liquid bath of
NOVEC1230 increases when the temperature decreases. Since the
liquid present in the incoming jet is originally withdrawn from
the liquid bath of the tank, the dissolved nitrogen concentration in
this liquid fraction originally equals the one of the liquid bath.
However, after being subcooled in the heat exchanger and rein-
jected inside the tank, its relative concentration is smaller and
undersaturated because, as usual, the saturated concentration in
the liquid increases when temperature decreases. Consequently,
the subcooled jet tends to absorb nitrogen more avidly than the
rest of the liquid contained in the tank. This is the source of a
mass transfer of nitrogen from the ullage to the subcooled jet. A
quantification of the saturation concentration of nitrogen in both
the liquid and the vapor of NOVEC1230 was intended. To the best
of the author’s knowledge, the only available values of Henry’s
law constant for NOVEC1230 are unfortunately out of range of the
pressure and temperature operating conditions in the present

Fig. 8 Influence of the heating mode on the ullage thermal stratification analysis for the SP experiments pre-
sented in Fig. 7. Left: ullage components average molar fractions. Right: ullage components average density.

Fig. 9 Evolution of the components average molar fraction in
the ullage and evolution of the thermal power ratio during a
TVS control experiment such that Tinj 5 40 �C; _m inj 5 43gs21;
F 566%, and Pc 5 26 W

Fig. 10 Zoom on the first minute of the TVS experiment pre-
sented in Fig. 9



experiments. In addition, no extrapolation can be applied to the
available data because of the well-known nonregular evolution of
Henry’s law constants.

Nonetheless, a characteristic time sabs can be associated to the
absorption of nitrogen by the subcooled liquid, and a characteris-
tic time scond can also be associated to the condensation of the
NOVEC1230 vapor by this subcooled liquid. The average molar
fraction evolution indicates that the subcooled liquid absorbs
nitrogen gas faster than it condenses NOVEC1230 vapor, thus sabs
� scond. With the thermal power ratio decrease, a thermal equilib-
rium tends to be established, and the nitrogen distribution tends to
a new equilibrium state with an average nitrogen molar fraction of
9% in the ullage.

The effect of the subcooled jet on the nitrogen concentration
stratification in the tank is quantified in Fig. 11, where several
temperature distributions corresponding to an increasing time
after the injection start are displayed on the left picture. The
selected distributions correspond to given values of the average
tank temperature Tave¼ : 56 �C, 50 �C, 45 �C, and 40.5 �C. The
middle and right pictures of Fig. 11 display, respectively, the strat-
ification of the molar fractions and the density profiles in the
ullage for each of these selected times after the injection start. It
can be observed that the subcooled jet absorbs the gaseous

nitrogen in the ullage almost instantaneously, since 0.2 h after the
injection start (Tave¼ 56.0 �C) the average nitrogen molar fraction
is null. At a later time after the injection start, as the average
temperature decreases in the tank (t¼ 0.61 h for Tave¼ 50.0 �C,
t¼ 1.23 h for Tave¼ 45.0 �C, and t¼ 4.66 h for Tave¼ 40.5 �C), a
thermal balance establishes inside the tank which induces an equi-
librium distribution of the nitrogen fraction in the liquid bath and
ullage of the tank. At the end of the experiment, a thermal equilib-
rium is reached, with the thermal power ratio equals to unity, and
the nitrogen average molar fraction in the ullage reaches a plateau
value of 9% as previously observed in Fig. 9.

The destratification effect of the subcooled jet is observed in
Fig. 11 and Table 1, with vertical distributions of T, q, and x
homogenized in the ullage after the injection start.

6 Conclusion

An analysis of the thermal stratification observed during self-
pressurization and TVS control experiments in an on-ground
experimental facility, using NOVEC1230 as substituent fluid [5],
has been presented. The presence of noncondensable gases, essen-
tially nitrogen in the present case, has to be taken into account in
order to explain the observed thermal stratification in the tank.

Fig. 11 Subcooled injection influence on ullage average molar fractions and density vertical distributions dur-
ing a TVS control experiment such that Tinj 540 �C; _m inj 5 43 gs21; F 5 66%, and Ph:l: 5 26 W

Table 1 Data summary for the ullage stratification analysis

Self-pressurization—Tave¼ 57.5 �C

Case Tsensor (
�C) xN2

ð%Þ xNOVEC1230
ð%Þ qN2

ðkgmÿ3Þ qsatNOVEC1230
ðkgmÿ3Þ qave (kg m

ÿ3)

F Ph:l: Method DTh.l. Min Max Min Max Min Max Min Max Min Max Min Max

66 52 Coil — 56.58 57.55 4.34 7.32 92.7 95.7 1.43 1.47 16.25 16.62 15.16 16.08
66 42.5 Coil — 56.51 57.57 6.64 9.82 90.2 93.4 1.46 1.47 16.21 16.75 14.77 15.73
66 42.5 Wall 0.66 57.08 57.59 7.24 8.78 91.2 92.7 1.47 1.48 16.56 16.76 15.18 15.65

TVS control

Case Tsensor (
�C) xN2

ð%Þ xNOVEC1230
ð%Þ qN2

ðkgmÿ3Þ qsatNOVEC1230
ðkgmÿ3Þ qave (kg m

ÿ3)

F Ph:l: Method Tprofile Min Max Min Max Min Max Min Max Min Max Min Max

66 26 Coil 56 55.46 57.87 0.0 0.97 99.03 100.0 1.30 1.30 15.70 15.90 15.55 16.95
66 26 Coil 50 49.78 49.96 2.13 2.75 97.25 97.86 1.11 1.11 13.07 13.15 12.74 12.89
66 26 Coil 45 44.35 44.99 5.76 7.93 92.07 94.23 0.98 0.98 10.84 11.09 10.06 10.51
66 26 Coil 40.5 40.42 40.48 9.27 9.49 90.51 90.72 0.88 0.88 9.40 9.42 8.59 8.63



Assuming the ullage pressure to be independent of hydrostatic
pressure and the NOVEC1230 vapor to remain at saturation in the
whole ullage, a stratified distribution of the ullage components
molar fraction can be derived. This distribution is consistent with the
expected nitrogen concentration associated with the NOVEC1230

purification procedure and also satisfies a density stratification
condition where the lighter fluid remains on top of the heavier
one. Consequently, it seems convincing to explain the inverse
thermal stratification observed in the experiments by this ullage
nitrogen concentration stratification.

The total nitrogen mass present in the tank is divided into a first
part dissolved in the liquid bath and a second part in gaseous state
in the ullage. The distribution between those two parts, of the
nitrogen total mass, depends on the tank thermal conditions.

During TVS control experiments, the subcooled jet injection
induces a strong thermal imbalance in the tank right after the
injection start, which leads in turn to the very fast dissolution of
the nitrogen into the liquid bath. As the injection goes on, the ther-
mal imbalance decreases and the nitrogen mass in gaseous phase
in the ullage increases to reach a stabilized level once the thermal
equilibrium is reached inside the tank.

The experimental data presented in this study should prove use-
ful for the future validation of multiphase and multispecies
numerical simulations of tank control experiments. The main limi-
tation of the present experiments is the lack of control of the nitro-
gen fraction in the tank, which results from the substituent fluid
purification procedure. The detailed influence of a known total
mass of nitrogen on the inverse thermal stratification during SP
experiments and the absorption dynamic during TVS control
experiments requires to develop a new experimental setup in a
smaller tank with a nitrogen quantity tuned using typically an iter-
ative void pumping procedure such as presented in Ref. [11].
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Nomenclature

cp ¼ fluid massic specific heat (J kgÿ1 Kÿ1)
F ¼ tank liquid filling (%)
M ¼ molar mass (kg mÿ1)

_minj ¼ injection mass flow rate (kg sÿ1)
patm ¼ atmospheric pressure (Pa)
pvap ¼ ptot¼ experimental ullage pressure (Pa)
pN2

¼ nitrogen partial pressure (Pa)
pNOVEC1230

¼ NOVEC1230 partial pressure (Pa)
Ph:l: ¼ tank heat load (W)
Pjet ¼ jet cooling power (W)
R ¼ ideal gas constant: 8.314 J molÿ1 Kÿ1

Tamb ¼ ambient temperature in the experimental room (�C)
Tave ¼ average temperature inside the tank (�C)
Tenv ¼ envelope temperature (�C)
Tinj ¼ injection temperature (�C)
Tsat ¼ saturation temperature (�C)
x ¼ molar fraction (%)

DTh.l. ¼ wall thermal imbalance constant (�C)
e ¼ thermal accommodation factor of the active insula-

tion technique (�C)
q ¼ fluid density (kg mÿ3)
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