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Abstract

Experiments were conducted to determine the variation of interface temperatures during the storage and draining of liquid nitrogen
from large containers in the presence of the non-condensable gas. A chilled layer was seen to be formed at the interface in the presence of
the non-condensable gas and this layer advanced into the warm liquid at speeds higher than the characteristic speeds associated with
thermal diffusion. A theoretical model was developed for the interface temperatures considering the evaporation from the stratified layer
in the stored column of liquid. The predictions of the model were shown to compare well with the experimental measurements. A cor-
relation was obtained for the interface temperatures when the proportion of the non-condensable gas was varied.
� 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Evaporation from a liquid surface depends on the tem-
perature of the liquid–vapor interface, the fractional con-
centration of the evaporating liquid present in the gas
phase at the interface, the temperature of the gas phase
and the area of the liquid–vapor interface. The kinetic
model of evaporation considers vaporization to be driven
by the excess partial pressure of the vapor of the evaporat-
ing liquid. The hydrodynamic model considers the diffusion
of the vapor of the liquid away from the liquid vapor inter-
face. The vapor pressure at the interface is assumed to be
saturated corresponding to the liquid surface temperature.
Kryukov et al. [1] show that the overall trends for the evap-
oration of diesel fuel obtained from kinetic and hydrody-
namic models are about the same at different ambient
pressures. However, at lower values of ambient pressure
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the values of evaporation rate predicted by the hydrody-
namic model are generally higher than by the kinetic
model. Kozyrev and Sitnikov [2] demarcate two regions
of evaporation as the regime of diffusion and depletion.
Irrespective of whether kinetic or hydrodynamic models
are used, it is necessary to specify the conditions at the
interface for predicting the evaporation. The present inves-
tigation deals with experimental measurements of the tem-
perature at interfaces of liquids stored in containers.

The presence of non-condensable gases at liquid–vapor
interfaces provides resistance to the evaporation. Scurlock
[3] suggests that the surface temperature of an evaporating
liquid should be significantly higher when a nano-layer of
insoluble molecules builds up on the surface. In many
applications involving evaporation of liquids stored in con-
tainers, non-condensable gases are invariably present
above the liquid–vapor interfaces. Any prediction method-
ology for the convective motion in the stored liquid or
the formation of a stratified layer or evaporation and
condensation at the surface would require the input of sur-
face temperature or the partial pressure of the vaporizing
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Nomenclature

a binary-contact area per unit volume (m�1)
CP specific heat at constant pressure (J kg�1 K�1)
DA–B binary diffusivity of component A in B (m2 s�1)
h heat transfer coefficient without mass transfer

(W m�2 K�1)
il–g heat of vaporization (J kg�1)
i specific enthalpy (J kg�1)
j mass transfer coefficient without mass transfer

(kg m�2 s�1)
Nu Nusselt number
P total pressure (Pa)
p partial pressure (Pa)
q heat transfer rate per unit volume (W m�3)
Pr Prandtl number
Ra Raleigh number
Re Reynolds number
Sc Schmidt number
Sh Sherwood number
T temperature (K)
W molecular weight (kg mol�1)
x mole fraction
y coordinate normal to interface (m)

a thermal diffusivity (m2 s�1)
C mass transfer rate at the interface per unit vol-

ume (kg s�1 m�3)
k thermal conductivity (W m�1 K�1)
q density (kg m�3)
x mass fraction

Subscripts

g vapor mixture
i interface
nc non-condensable gases far away from the inter-

face
o condensation site
sat saturation
1 bulk
v condensable vapor
s interface
c critical

Superscript

* coefficient with mass transfer

3584 K. Ramamurthi et al. / International Journal of Heat and Mass Transfer 49 (2006) 3583–3594
liquid at the interface and these are influenced by the pres-
ence of the non-condensable gases.

Gerner and Tien [4] developed a model for interfacial
heat and mass transfer for a circulating liquid pool when
non-condensable gases are present. The temperature and
mass fraction of the non-condensable gases were deter-
mined in the model as a function of the distance from the
interface. At the interface, the fraction of the non-condens-
able gases and the saturation temperature were related to
the total pressure assuming local equilibrium and the satu-
ration curve was assumed to obey the Clausius–Clapeyron
equation.

Krahl and Adamo [5] more recently developed the gov-
erning equations for a two phase flowing system in pres-
ence of vaporization when non-condensable gases were
present. Morita et al. [6] developed a generalized model
for multiphase flow with heat transfer and diffusion at
the interface. Moggin et al. [7] carried out detailed com-
putations of the motion of liquid surface in tanks
from buoyancy and Marangoni convection in which the
concentration of non-condensable gases was also in-
corporated.

The early work of Clark [8] considers the solution of
one-dimensional heat conduction and diffusion equations
for defining the interface temperature and concentration
in the presence of non-condensable gases. Condensation
was found to be greatly reduced by using a non-condens-
able helium gas over a stored volume of liquid oxygen.

Though a large body of literature exists on computa-
tional and phenomenological models, an ‘a priori’ proce-
dure for readily estimating the role of non-condensable
gas in modifying interface conditions is not available. A
change in the interface conditions would have significant
influence not only on the rate of evaporation but also on
the convection currents and the extent of build-up of strat-
ified layer and hence on the venting and pressurization
requirements. The instabilities and explosions of dewars
containing cryogens [3] could be traced to the interface.
The recent work of Fedorov and Luk’yanova [9] on the
storage of liquid hydrogen at ambient pressure in insulated
containers discusses the formation of cooler interface at the
top of a warmed-up stratified column of liquid hydrogen in
the presence of a non-condensable helium gas. This would
lead to a fall in the evaporation.

The precise temperature measurements of Fang and
Ward [10] at the liquid vapor interface when a liquid viz.,
water was surrounded by its vapor showed the temperature
of vapor at the interface to be greater than the temperature
of the liquid at the interface. The difference in the two tem-
peratures was also shown to increase as the rate of evapo-
ration increased. Higher values of vapor temperature are
not consistent with the generalized notion of superheat in
the liquid being required to drive the evaporation. Beduz
et al. [11] suggested that surface of liquid oxygen and liquid
nitrogen should be superheated by about 4 K for evapora-
tion to take place. Clark [8] gives the surface temperatures
to be negligibly different from the saturated value except at
‘‘vanishingly’’ small times. Large values of liquid superheat
are associated with fast or flash evaporation. Peterson et al.
[12] show fast evaporation and flashing to be caused by
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severe convective motion and entrainment of droplets of
cold liquid with the vapor during the vaporization. Gemci
et al. [13] use the flashing process to determine the atomiza-
tion at different temperatures and pressures.

A series of experiments is conducted in the present inves-
tigation with liquid nitrogen (LN2) stored in large insulated
tanks to determine the interface conditions in the presence
of a non-condensable gas. Predictions are thereafter done
for a stratified column of liquid and the theoretical predic-
tions are compared with the results from experiments. The
influence of the rate of evaporation is separately studied in
small containers with distilled water using sub-atmospheric
pressures to drive the vaporization. Sections 2 and 3 give
the details of the experiments and results obtained. Section
4 deals with the theoretical predictions. The conclusions are
summarized in Section 5.

2. Experiments

Two types of experiments were carried out on the liquid–
vapor interfaces. In the first set of experiments, a 0.25 m3

foam-insulated tank of diameter 0.6 m and height of
1.4 m was filled with liquid nitrogen (LN2) and drained at
two different values of pressure using gaseous helium. The
temperature in the gas, interface and bulk liquid were mea-
sured during the draining. The second set of experiments
was on evaporation of distilled water in a rectangular glass
chamber of 0.03 m · 0.03 m · 0.007 m. The evaporation
Fig. 1. Experimenta
was carried at sub-atmospheric pressures. The density
gradient at the water/vapor interface and the convection
currents were observed in this small chamber using a schlie-
ren set-up. The temperatures in the liquid, interface and
vapor were also measured.

2.1. Experiments in 0.25 m3 LN2 container pressurized

with gaseous helium

A schematic of the set-up and the measurements are
shown in Fig. 1. Temperatures were measured at 18 axial
locations and four radial locations using platinum resis-
tance thermometers (RTD). The RTDs were placed 1 cm
apart on a Teflon rod of 0.02 m diameter and the rod
was centered along the axis of the tank. The RTDs were
connected to a 30 channel mobile data recorder with provi-
sion to scan all the temperature sensors in one second inter-
val. The measurement accuracy was ±0.15% and the
resolution in temperature was 1 K.

The tank was provided with vent, pressurization and
relief valves as shown. It was filled with LN2 at a tempera-
ture of 80 K after initially chilling the tank with cold nitro-
gen vapor. The fill line was connected to a large LN2

storage tank of about 10 m3 capacity at 0.35 MPa through
a 10 m long stainless steel pipe of 0.017 m diameter. The
level of LN2 in the tank was monitored using a capacitance
type level sensor mounted along with the central Teflon
instrumentation rod. The level of liquid nitrogen in the
l set-up of LN2.
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tank was also determined at the different instants of time
from a digital weighing balance with a platform of
1 m · 1 m on which the tank rested. The measurement
range was 1000 kg with a resolution of 0.05 kg and an
accuracy of ±0.01% of the full scale.

The tank was heated circumferentially using four infra-
red lamps positioned at the mid-length of the tank to accel-
erate the heat-in-leak and aid the formation of a stratified
layer. The ullage was then pressurized with helium gas to a
pressure of 0.20 and 0.25 MPa, respectively. When steady
temperature conditions were reached in the ullage gas, with
Fig. 2. Schematic of evaporation from stratified layer.
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the column of LN2 comprising of a stratified layer over the
bulk sub-cooled liquid (schematically shown in Fig. 2), reg-
ulated draining was started keeping the ullage gas pressure
constant. Topping of the ullage gas was done by admitting
gaseous helium at a temperature of 100 K into the ullage in
the different sets of experiments. This gave increasing val-
ues of helium concentration in the ullage gas. The ullage
pressure was controlled within ±0.01 MPa, the measure-
ment of pressure being done by a digital manometer with
an accuracy of ±0.05%.

The temperature along the length of the LN2 column
was measured as the draining progressed. The temperature
history was obtained by five representative sensors (1–5)
mounted at five different heights of the liquid column as
illustrated in Fig. 3. The pressure was maintained at
0.25 MPa and the average draining rate was 0.32 kg s�1.
The interface of the liquid is exposed to helium and vapor.
Surface temperatures were not seen to correspond to the
saturation temperature corresponding to the ullage pres-
sure. As the fluid is drained, each of the sensors measured
the interface temperature based on its respective position.
It is to be noted here that the pressurization with helium
gas was initiated only after a stratified layer of liquid was
formed at the surface. The temperature increased from
the bulk to the stratified region (shown by AB) and there-
after gradually decreased reaching a lowest value at
the interface represented by ‘C’ before getting exposed to
the gas. That this lowest temperature corresponded to the
interface was checked with respect to the height of the
liquid available in the tank, from the level sensor measure-
ments and counter checked with the weight measurements
of the tank. The subsequent increase in temperature after C
in Fig. 3 indicates that the sensor is in the vapor column.
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Fig. 4. Schematic of experiments with water.
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There is no discrete change or discontinuity in the temper-
ature at the interface and is demonstrated by the continuity
of the measured values of temperature at C.

The existence of a cooler interface above the hot sub-
layer is seen in all axial temperature measurements of
which five are shown in Fig. 3. Similar trends were also
obtained with ullage gas pressure of 0.20 MPa with a drain-
ing rate of 0.20 kg s�1. It is seen from Fig. 3 that the hot
sub-layer cools down with time (B5 < B4 < B3 < B2 < B1),
and the interface temperature also decreases (C5 < C4 <
C3 < C2 < C1). The extent of this cooler interface region,
wherein the temperature is below the warm stratified layer,
grows with time as draining progress. This corresponds to
the time between B and C in Fig. 3.

The ullage volume in these experiments was pressurized
with helium, leading to a progressive fall in the partial pres-
sure of nitrogen as the draining continued. The decreased
partial pressure is responsible for the reduction in liquid
surface temperature as seen from the temperatures C1–
C5 in Fig. 3.

2.2. Experiments in the small chamber with water

Fig. 4 is a schematic of the experimental set-up of the
0.03 · 0.03 m · 0.007 m chamber containing water. The
pressure of the vapor above the interface was varied
between 5 · 10�4 and 40 · 10�4 MPa by connecting the
chamber to a rotary vacuum pump using a low pressure
line regulator and a flow control valve. The thermocouples
were mounted at different locations inside the chamber to
measure ullage, bulk and interface temperatures apart from
the wall temperatures. The thermocouples were connected
to a mobile recorder as in the previous experiments. The
measurement accuracy was within ±0.2%. The vacuum
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pressures were measured using a Pirani gauge with accu-
racy better than ±20%.

The chamber was partly filled with distilled water so that
some of the thermocouples would be in the liquid and a few
in the vapor region. The vacuum pump was activated and
the line pressure regulator and valve were adjusted so that
the non-condensable gases and the trapped gas in the water
are removed under low vacuum (10�2 MPa). Subsequently,
the valve was fully opened and the desired vacuum level
attained in the ullage using the line pressure regulator.

A typical trace of variation of temperatures in the liquid
and gas with time is shown in Fig. 5 when the ullage gas
pressure was kept at a low value of 9 · 10�4 MPa. Irregular
time dependent variation with periodic spikes is observed
in all the measured temperatures. Scurlock [3] has observed
such irregular temperature variations and attributed them
to turbulent convection cells. Flow visualization using
schlieren showed the formation of bubbles near the inter-
face and convective motion of the bubbles followed by
2000 2500 3000 3500
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violent explosion of the bubble below the interface. It
seems likely that the violent collapse of the bubble leads
to the thermocouple periodically seeing the vapor instead
of the liquid and vice versa and this could be the cause of
the irregular time dependent variations.

In the experiments with large tanks, the buoyancy forces
are important and give rise to convection. This is not pres-
ent in the small volume containing water. The localized
nature of burst of bubbles and the local vaporization could
lead to horizontal temperature gradients and surface ten-
sion induced currents.
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3. Analysis of experimental results

3.1. Interface temperatures

The measured values of the interface temperatures for
LN2 in presence of helium gas at pressures of 0.25 and
0.20 MPa are shown in Fig. 6 as a function of the fraction
of the non-condensable helium in the ullage gas. It is seen
that as the non-condensable helium fraction increases, the
surface temperature drops due to the lower concentration
of the pure vapor at the interface. As ullage pressure
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increases from 0.2 to 0.25 MPa, the interface temperature
increases for a given fraction of the non-condensable gases.
The higher interface temperature could be from the higher
energy transfer to the interface from the ullage gas and a
larger proportion of the pure vapor at the interface.

When the measured values of surface temperatures were
non-dimensionlised by the saturation temperature corre-
sponding to the total pressure and plotted as a function
of the fraction of non-condensable, a plot as shown in
Fig. 7 is obtained. The non-dimensionlised interface tem-
perature falls as the fraction of the non-condensable gas
is increased. All 28 data points of LN2, for values of ullage
pressure between 0.20 and 0.25 MPa over which experi-
ments were conducted, fall reasonably well on a second
degree curve. The second degree was selected based on
the trend given by the model predictions, discussed sub-
sequently. When no condensable gas is present, the non-
dimensional surface temperature is unity. A curve fit of
the experimental data gives the relation:

T s

T sat

¼ 1:0þ 0:66
pnc

P
� 0:87

pnc

P

� �2

ð1Þ

where pnc is partial pressure of the non-condensable gas far
away from the interface and P is the total pressure. The
validity of this correlation is for values of pnc/P between
0.9 and 0.94 over which the experiments were conducted.

During the experiment, the ullage pressure was main-
tained constant. The amount of pressurant required for
maintaining constant ullage pressure is estimated based
on the outflow mass flow rate of the liquid and initial ullage
volume. Using this additional pressurant mass and initial
mass fraction of the non-condensable gas before pressuri-
zation, the partial pressure of the non-condensable gases
(pnc) is estimated.
x = 2512.6e-10.2pnc/P
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3.2. Interface pressures

The surface temperature at the interface driving the
evaporation is the saturation temperature corresponding
to the partial pressure of the vapor of the evaporating
liquid at the interface. The partial pressure of the vapor
at the interface would increase as the ullage pressure
increases and decrease as the fraction of non-condensable
gas increases. Denoting the interface pressure of vapor as
pv,i and the partial pressure of the vapor and the non-con-
densable gases in the ullage as pv,1 an pnc, respectively, a
relationship between pv,i, pv,1 an pnc of the following form
could be assumed:

pv;i ¼ pv;1 þ xpnc ð2Þ

Here, x denotes the correction factor for the pressure of the
vapor at the interface due to the influence of the non-con-
densable gases. If the surface temperature data obtained in
all the experiments involving LN2 are put together and the
value of pv,i is taken as the saturation pressure at the sur-
face temperature Ts (determined using ALLPROPS [17]),
the variation of x in above equation with changes in the
fraction of non-condensable gases can be determined.
The value of pnc and pv,1 are determined from the total
pressure depending on the quantity of non-condensable
helium added to the ullage. Fig. 8 gives the variation of x

as a function of the fraction of the non-condensable gases.
A regression fit of the data gave a correlation

x ¼ 2512:6e�10:2
pnc
P ð3Þ

Here, P is the total pressure in the ullage volume. As the
partial pressure of the non-condensable gases increases,
the factor enhancing the interface vapor pressure decreases.
When non-condensable gases are not present, the partial
0.89 0.9 0.91 0.92 0.93 0.94
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essure of vapor at interface.
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pressure of the pure vapor at the interface and the far field
are the same.

3.3. Propagation of cold interface in the superheated liquid

The measured value of temperature at the liquid inter-
face was seen to be lower than the temperature of the strat-
ified layer of LN2 in Fig. 3. The interface temperature was
seen to progressively decrease as helium concentration in
the ullage increased. The cooler surface was also seen to
penetrate into the warmer liquid. The growth of the chill
layer with time is shown in Fig. 9 for LN2. Here, the chill
layer corresponds to the region wherein the minimum sur-
face temperature diffuses into the warmer liquid. It is deter-
mined as the product of time between events B and C
(Fig. 3) and the rate at which surface of the liquid regresses
during the depletion. Over a period of 140 s, the growth of
the chill layer in LN2 is 40 mm. The rate of growth is about
0.3 mm s�1. If the growth of the chill surface layer is by
thermal diffusion alone, the extent should be of the order
of

ffiffiffiffi
at
p

giving a growth rate of 3.3 mm for liquid nitrogen.
This is a gross underestimate by more than an order of
magnitude. The thermal diffusion at these low tempera-
tures and the influence of stratification currents on propa-
gation of the chill layer need to be investigated further.

3.4. Variations in interface temperatures

The experiments on evaporation of water at different
saturation pressures showed the intensity of bubble forma-
tion and bursting to decrease as the ullage pressure
increased from 9 · 10�4 to 80 · 10�4 MPa. A plot of the
ullage and interface temperatures with changes in the ratio
of ullage pressure is given in Fig. 10. The saturation tem-
perature, calculated from the ullage pressure, is shown by
the dotted line. The ullage pressure is non-dimensionlised
with respect to the saturation pressure corresponding to
the bulk temperature of the liquid. It is seen that the inter-
face temperature is significantly different from the satura-
tion temperature at lower values of ullage pressure. At
these pressures, there is a strong convective current in the
liquid resulting in disruptive evaporation, leading to mixing
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of the warmer bulk liquid with the cooler interface. This
raises the surface temperature above the saturation value.
As the ratio of ullage pressure to the vapor pressure corre-
sponding to the bulk temperature of liquid increases, the
disruptive evaporation decreases, bringing the two temper-
atures closer. When the ratio is higher than 0.8, evapora-
tion without significant disruption of the surface occurs
and the interface, ullage and saturation temperature are
about the same. The results indicate that under fast disrup-
tive evaporation, interface temperature can be significantly
different from the saturation temperature.

4. Predictions

Predictions for the interface conditions were carried out
by extending the model of Morita et al. [6] developed for a
flowing multiphase/multicomponent system to evaporation
of a stratified mass of stored liquid. The model considers
the diffusion of heat and mass from the surface in presence
of a non-condensable gas [14]. A schematic of the model is
shown in Fig. 11. The interface is shown by I and a strat-
ified liquid region extends over a thickness D as shown.
In the vapor region, a mixture of pure vapor at partial pres-
sure pv and non-condensable gas at partial pressure pnc is
considered. x1 is the mass fraction of the pure vapor in
the mixture. The mass fraction of vapor continuously
increases from x1 to xi towards the interface as shown
in Fig. 11. The diffusion of vapor from the evaporating sur-
face is determined in the model by mass and energy balance
and is discussed below.

Assuming that mass diffusion due to thermal and pres-
sure gradient is negligibly small, the mass transfer rate of
vapor component (C) per unit volume at the interface I is
defined to be negative for evaporation and is governed by
the diffusion equation given by Bird et al. [15]

C ¼ aiqgDv–nc

dx
dy

����
i

þ xiC ð4Þ
Fig. 11. Schematic of model.
where ai is the binary-contact area per unit volume and
subscript ‘i’ refers to the location at the interface. qg and
Dv–nc are density and mass diffusivity of the vapor mixture,
respectively. x is the mass fraction of the vapor. Coordi-
nate y refers to the normal to the interface as shown in
Fig. 11. dx

dy ji is the gradient of mass fraction of the vapor
in the y direction at the interface.

The right side of the above equation includes both the
diffusive and convective contributions. The mass diffusion
from thermal and pressure gradients is neglected.

The heat transfer at the interface (qi) is formulated by
taking into account the contribution of heat conduction,
and diffusion. Approximating the temperature gradients
by overall heat transfer coefficients, the energy balance
yields

aih
�
gðT i � T gÞ � Cig ¼ �kai

dT
dy

����
i

� Ci0 ð5Þ

where h�g is the vapor side heat transfer coefficient in pres-
ence of mass transfer and ig and i0 are specific enthalpy of
saturated vapor and liquid, respectively. This equation
implies that the heat flow at the interface equals the sum
of the latent heat and the sensible heat. The conduction

term kdT
dy

���
i

at the interface is zero, since a stratified liquid is

considered. The constant temperature in the liquid is justi-
fiable for problems involving stored liquids since the top
region comprises of the stratified warm liquid. The surface
of the liquid–vapor interface is assumed to be planar though
in practice the surface tension forces would cause the sur-
face to be curved. Ripples at the interfaces are neglected.

Eq. (4) is simplified by introducing the mass transfer
coefficient in a manner analogous to the heat transfer coef-
ficient, that is

qgDv–nc
dx
dy

����
i

¼ �j�ðxi � x1Þ ð6Þ

where j* is the mass transfer coefficient. Eqs. (4) and (5)
after simplification can be combined into the following
single algebraic equation:

j�ðxi �x1Þil–g þxiil–gðj�ðxi �x1ÞÞ=xnc ¼ �ðh�gðT i � T gÞÞ
ð7Þ

where il–g is the latent heat of vaporization and corre-
sponds to the enthalpy difference between ig and i0.

The mass fraction xi of the vapor component at the
interface is determined from the mole fractions (x):

xi ¼ xiW =ðxiW þ xncW ncÞ ð8Þ

where W and Wnc are molecular weight of vapor and non-
condensable gas, respectively. The mole fraction of vapor
component at the interface is obtained by assuming a con-
stant pressure in the gas boundary layer at the interface.
Treating the vapor component and non-condensable gases
as a mixture of ideal gases, the mole fraction xi of vapor
component at the interface is related to the interface tem-
perature Ti according to
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xi ¼
psatðT iÞ

P
ð9Þ

Here, psat(Ti) is the saturation pressure of a vapor compo-
nent at the interface and P is the total pressure.

The total pressure P at the interface is expressed as the
sum of psat(Ti) and the partial pressure of the non-condens-
able gases at the interface pnc,i

P ¼ psatðT iÞ þ pnc;i ð10Þ

The interface temperature is obtained iteratively by solving
Eqs. (7)–(10) simultaneously using Newton Raphson
method [16] for specified values of vapor gas temperature
(Tg) and vapor mass fraction (x1). The partial pressure
of vapor at the interface (psat(Ti)), is obtained using
ALLPROPS [17] as a function of interface temperature.
The gas and liquid phase properties used are given in
Table 1. The other inputs required to solve the above set
of equations are mass transfer coefficient (j*), heat transfer
coefficient ðh�gÞ and mass diffusivity Dv–nc.

The values of h�g and j* are taken from Bird et al. [15]
viz.

h�g ¼ �ðCCP=aiÞ=½expð�CCP=aihgÞ � 1� ð11Þ
j� ¼ �ðC=aiÞ=½expð�C=aijÞ � 1� ð12Þ
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Fig. 12. Predicted variation of surface tem

Table 1
Typical properties of cryogenic fluids used in the model

Fluid Density (kg m�3) Specific heat at
constant pressure (kJ kg�1 K�1)

LN2 at 0.20 MPa 778.5 2.080
GN2 at 100 K 3.484 1.067
GHe at 100 K 0.487 5.2
The vapor side mass transfer coefficient (j) in Eq. (12) is
expressed as a function of the Sherwood number and sim-
ilarly the vapor side heat transfer coefficient (hg) in Eq. (11)
is obtained as function of Raleigh number. The correlation
used for heat transfer coefficient [18] is given below:

Nu ¼ hgl
k
¼ 0:27Ra0:25 ð13Þ

The above equation is valid for range of Raleigh numbers
from 3 · 105 to 3 · 1010. For mass transfer coefficient, the
Nusselt number and Prandtl number are replaced by Sher-
wood and Schmidt number, respectively, following Eckert
et al. [19] to give

Sh ¼ jg

qDv–nc

¼ 0:27 Ra
Sc
Pr

� �0:25

ð14Þ

These coefficients (hg and j) are used with Eqs. (11) and
(12) to determine the heat and mass transfer coefficients
in the presence of mass transfer (h�g and j*).

The mass diffusivity (Dv–nc) for binary gas mixtures is
inversely proportional to the pressure and increases with
increasing temperature and is almost independent of com-
position for a given gas-pair. The following equation from
Bird et al. [15] is used for estimation of Dv–nc.
0.5 0.6 0.7 0.8 0.9 1
nc/P

110 K

120 K

80 K

85 K 100 K

90 K

perature due to non-condensable gas.

Viscosity (mPa s) Thermal conductivity
(mW m�1 K�1)

Latent heat of
vaporization (kJ kg�1)

125.8 131.4 190.9
6.98 9.33
9.47 73.3
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pDv–nc

ðpcvpcncÞ1=3ðT cvT cncÞ5=12 1
Mv
þ 1

Mnc

� �0:5
¼ a

Tffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
T cvT cnc

p
� �b

ð15Þ

In the above equation, the units of Dv–nc is cm2 s�1, p in
atmosphere, and T is in K. Constants a and b in Eq. (12)
are given by [15]:

a = 2.745 · 10�4,
b = 1.823.

The predictions for a stratified layer of LN2 maintained
at a temperature of 79.5 K with the vapor mixture at a
pressure of 0.2 MPa and at temperatures between 80 and
120 K are shown in Fig. 12. Various mass fractions of
non-condensable helium between 0 and 1 are considered.
The interface temperature is plotted as a fraction of the sat-
uration temperature corresponding to total pressure
whereas the fraction of non-condensable gas is represented
as the ratio of the partial pressure of non-condensable
gases to the total pressure. It is seen that as the partial
pressure of the non-condensable gas in the ullage increases,
the surface temperature decreases. The following two
limits of interface temperatures are obtained corresponding
to (a) no non-condensable gas being present, i.e., pnc/P = 0,
Ts/Tsat(P) = 1 and (b) when only non-condensable gas is
present, i.e., pnc/P = 1.0. In case of the latter Ts/Tsat(P)
varies between 0.89 and 0.76 depending on the temperature
of gas with the higher value for a gas temperature of 120 K
and the lower value for the gas temperature of 80 K. The
predicted values of the surface temperature non-dimension-
alized by the saturation temperature are compared with the
experimental measurements and the correlation given by
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Fig. 13. Comparison of experim
Eq. (1) in Fig. 13. The agreement is observed to be
reasonable.

5. Conclusions

Experiments carried out with stratified liquid columns of
LN2 stored and depleted from large containers show non-
condensable helium gas to reduce the values of interface
temperature much below the saturation temperatures cor-
responding to the total ullage gas pressure. The interface
temperature decreases as the concentration of the non-con-
densable gases is increased. A correlation is obtained for
the variations in surface temperature when the ullage gas
temperature is not very different from the temperature of
the stratified column of liquid. The measurements of the
interface temperature are correlated with a diffusion model
in which a stratified column of liquid is present. The inter-
face vapor pressure conditions are also determined and
correlated with the ullage gas pressure.

A chilled surface layer whose temperature is lower than
the stratified column of the stored liquid or the bulk tem-
perature of the liquid is seen to be formed when the liquid
is discharged from the container by pressurizing it using a
non-condensable gas. The chilled layer is shown to propa-
gate at speeds more than an order of magnitude higher
than the characteristic wave speed due to thermal diffusion.
The formation of a chilled layer results in the bulk liquid
being superheated and could lead to disruptive evaporation
and instabilities.

Interface temperature measurements show irregularities
and differences from the ullage gas temperature and satura-
tion temperature when the ullage gas pressure is less
than the saturation pressure of the liquid referred to the
bulk temperature by a factor of about 0.8. Under these
925 0.93 0.935 0.94 0.945 0.95

Experimental Data
 0.87(pnc/P)2

ental data with prediction.
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conditions, the convective transport of the bulk fluid to the
surface and a fast evaporation with the entrainment of
liquid droplets in the evaporation process is observed.
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