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a b s t r a c t

Experimental results on mass transfer enhancement by large amplitude gravity waves at a liquid–gas/
vapour interface are presented. The waves are sub-harmonically excited in a circular cylinder that is par-
tially filled with liquid, by oscillating the cylinder in the direction normal to the liquid surface. The lowest
asymmetric sloshing mode (1,1) as well as the axisymmetric mode (0,1) are considered in the limit of
large fluid depth approximation and for wave amplitudes that include breaking. The fluids used are
low viscosity and low surface tension liquids of low boiling point temperatures. In the mass transfer
experiments the lower part of the test cell is filled with cold liquid and the upper part with gas, generally
vapour, at a temperature above the saturation temperature. When the interface is at rest and the gas is
vapour, the pressure decrease due to condensation is small. In the presence of large amplitude sloshing
the condensation rate is large and the pressure decreases rapidly and substantially. A model is developed
that expresses the pressure variation in terms of a Jacob number, interfacial temperature gradient and an
effective diffusion coefficient. The effective dimensionless diffusion coefficient is the relevant similarity
parameter and is determined in the experiments. In Appendix A results are presented for conditions of
evaporation in the presence of a non-condensable gas.

� 2008 Elsevier Ltd. All rights reserved.
1. Introduction

In rocket engine fuel tanks and ship tanks where the liquid fuel
or liquefied gas is in contact with its vapour or a non-condensable
gas, large amplitude waves can enhance condensation or evapora-
tion at the liquid–vapour interface and cause large pressure
changes. There are numerous studies of condensation–evaporation
heat transfer enhancement by forced convection at walls in the
context of heat exchangers [1–3] and on air–water (air–sea) gas
exchange enhancement by wind forcing [4]. However, experiments
on mass transfer enhancement by gravity waves at a liquid–vapour
interface in closed containers are rare. Moran et al. [5] conducted
mass transfer experiments in a very large-scale spherical tank, par-
tially filled with liquid hydrogen (LH2) and pressurized to about
3 bars with gaseous hydrogen or a non-condensable gas. After fill-
ing and pressurization the tank was subjected to horizontal oscil-
lations in the resonance frequency range. Pressure drops of the
order of 1–2 bar in 10 s were measured when the interfacial slosh-
ing amplitude was large. Lacapere [6] performed similar experi-
ments with liquid oxygen (LOX) in a smaller, circular cylindrical
tank, recording pressure drops of the order of 1 bar. It is of interest
to perform experiments with, non-cryogenic, volatile liquids under
laboratory conditions where experiments can more easily be con-
trolled and repeated. By appropriate modelling of the mass transfer
ll rights reserved.
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it is possible to determine a condensation–evaporation heat trans-
fer coefficient that allows up-scaling of the results to larger scale
containers and cryogenic liquids. This is the main objective of the
present experiments conducted with FC-72 and HFE7000 liquids
distributed by 3 M.

The wave modes in containers of various geometries can be
found in Abramson [7] and in Ibrahim [8]. Miles [9] developed a
weakly non-linear theory of wave motions in circular cylinders
subjected to horizontal forcing that contains the relevant control
parameters and allows determining the phase diagram of sloshing.
This phase diagram is in good agreement with experiments [10].
The multimodal theory applies to fully non-linear sloshing (exclud-
ing wave breaking) and has been successfully applied to rectangu-
lar and square-base containers by Faltinsen et al. [11,12]. Large
amplitude wave motions in circular cylindrical containers, includ-
ing wave breaking conditions, have been investigated by Royon-
Lebeaud et al. [10] focussing on asymmetric sloshing and by Das
and Hopfinger [13] for axisymmetric sloshing.

Parametric forcing has the advantage that different wave modes
can be excited depending on the container forcing frequency [14].
We consider here the asymmetric mode (1,1) and the axisymmet-
ric wave mode (0,1) in a circular cylinder, where the wave modes
(m,n) express m nodal diameters and n � 1 + dm0 nodal circles with
m = 0, 1,. . . and n = 1, 2,. . ., where dm0 is the Kronecker delta func-
tion. The liquid depth to radius ratio is known to be an important
parameter because this determines the non-linear resonance. We
consider only large fluid depth conditions.
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Nomenclature

A forcing amplitude
b wave amplitude
cpl liquid specific heat
d liquid depth
De effective heat diffusivity
D�e dimensionless effective heat diffusivity
DT liquid heat diffusivity
g gravitational acceleration
Ja Jacob number
k wave number
Llv latent heat
mv mass of vapour
p pressure
qv interfacial vapour flux
rv specific gas constant
R radius of the test container
S liquid surface
t time
T temperature
V vapour volume
we effective velocity normal to surface

Greek symbols
q density
H Ts � Tl

r surface tension
xf forcing frequency
x wave frequency
m kinematic viscosity
d damping ratio
j damping rate
dT thickness of the interfacial thermal boundary layer

thickness in liquid

Subscripts
g gas
h hold
i initial
l liquid
r ramp
s saturation or boiling conditions
v vapour

Fig. 1. Schematic of the test cell layout. The thermocouples are numbered Ti with
i = 1–7 and are located at (hi,ri), i.e. at hi cm from the bottom and at ri cm from the
center; T1 (h1 = 11.6 cm, r1 = 5.25 cm) (in upper wall), T2 (10.5, 3.3), T3 (5.75, 0) (can
be moved vertically), T4 (5.0, 5.2) (in lower wall), T5 (5.0, 2.5), T6 (4.5, 2.5), T7 (3.5,
2.5); the pressure transducer is at P (11.3, 3.3). The radius is R = 5 cm and the total
height is 11.5 cm with the liquid surface at d ’ 5.5 cm.
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The experimental conditions and procedures are presented in
Section 2 and in Section 3 the interfacial sloshing conditions
with respect to the instability and wave breaking thresholds
are discussed. Section 4 contains the mass transfer results. A
mass transfer model is developed in Section 5 that allows
comparison with other experimental conditions including the
up-scaling to full-scale fuel tanks. Section 6 contains the
conclusions.

2. Experimental conditions

The experiments have been conducted in a circular, cylindrical
container of inner diameter 2R = 10 cm ± 0.004 and 11.5 cm height.
In the mass transfer experiments the upper half of the container is
made of aluminium of 0.5 cm wall thickness and the lower half of
Plexiglas, allowing the interface to be visible; the Plexiglas part has
a wall thickness of 1 cm. The two halves are clammed together and
are made vacuum tight by means of an o-ring seal. A schematic
drawing of the whole test cell is shown in Fig. 1, containing also
the locations of the thermocouples and the pressure transducer.
A heating wire is wound around the upper half that allows moni-
toring the wall temperature. The heating power used allowed to
increase the wall temperature of the upper part from room tem-
perature (about 20 �C) to about 70 �C in 16 min. The lower part
of the test cell is slightly heated by conduction from the upper half.
In the isothermal experiments, for the determination of the insta-
bility and wave breaking thresholds, the upper half of the test cell
is replaced by a Plexiglas cylinder of size equivalent to the lower
part.

The test cell is mounted on a vertically oscillating vibration ex-
citer, TIRA, type TV 52120 of 200 N peak force. The acceleration
aðtÞ ¼ Ax2

f sin xf t, in the experiments is a(t) 6 0.2 m/s2 where xf

is the circular forcing frequency and A is the forcing amplitude.
After calibration the vibration amplitude could be kept within
±0.30% of the nominal value and the frequency within 0.02%. Since
the vibration is normal to the fluid surface, the waves are sub-har-
monically excited, that is the wave frequency x = xf/2. The liquids
used are FC-72, of m = 0.00406 cm2/s, r = 11 dyn/cm and q =
1688 kg/m3 at 20 �C and 1 bar, Bo = qgR2/r = 3768 and HFE7000,
of m = 0.0031 cm2/s, r = 12.5 dyn/cm and q = 1415 kg/m3 at 20 �C.
The boiling temperatures of these liquids are given by
Ts ¼ 1562=ð9:729� log10ðpðpascalÞÞÞ for FC-72 and Ts ¼
3548:6=ð22:978� logðpðpascalÞÞÞ for HFE7000 (from product data
sheet information of 3 M). The liquid depth to radius ratio is d/
R P 1.1 that approximates closely deep-water conditions with
tanhðk01dÞ ffi 1. The liquids are fully wetting (the contact line is free
to move) with a static contact angle close to zero. The thermody-
namic properties of the liquids are given in Table 1, together with
the properties of liquid hydrogen (LH2) and liquid oxygen (LOX)
used in other experiments [5,6].



Table 1
Liquid properties. Ts and Tl are, respectively, the saturation and liquid temperatures

M [kg/mol] Ts [K] ql [kg/m3] qv [kg/m3] Llv [kJ/kg] cpl [kJ/kg K] Tl [K] Ja rv [J/kg K] DT � 108 [m2/s]

FC-72 (1 bar) 0.338 330.30 1591 12.31 84 1.10 293 63 24.6 3.06
FC-72 (2 bar) 0.338 352.76 1532 23.05 79 1.14 293 57 24.6 2.94
HFE7000 (2 bar) 0.2 329.43 1310 14.61 120 1.40 293 38 41.6 3.76
LH2 (2.5 bar) 0.002 23.77 66.35 3.08 420 12.3 20 2.4 4150 12.6
LOX (2.5 bar) 0.032 99.8 1091.7 10.3 202.1 1.73 90 8.8 260 7.3

DT is the liquid thermal diffusivity and Ja ¼ qlcpl
qv Llv
ðTs � T lÞ is the Jacob number. The physical properties are given for temperature Ts.
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Measurements of the instability and wave breaking thresholds
under isothermal conditions were made by visualizations and image
analysis only. Generally, a digital camera with an acquisition speed
of 60 frames/s (fps) was used. Near resonant conditions with high
velocity jet formation, images were also taken with a high-speed
camera at 1000 fps. The thermocouples used have a precision of
0.1 �C and a response time of 0.15 s. These were calibrated in a con-
stant temperature bath. An important point is to keep the tempera-
ture gradient along the thermocouple rod of 0.10 cm diameter as low
as possible over a length of 10 rod diameters measured from the
thermocouple tip. The pressure transducer is an Entran piezoelectric
transducer of 50 kHz frequency response. It was calibrated in the
operating pressure range 0–2.5 bar to an accuracy of 0.5 mbar. The
thermocouples and pressure transducer signals were digitised at
5 Hz. The measurement times were computer monitored.
3. Instability and wave breaking thresholds

The inviscid dispersion relation with surface tension added is
Fig. 2. Dimensionless forcing amplitude instability and wave breaking thresholds as a
x1 = 18.72 rad/s (x1 �x11). The liquid is FC-72 and the container radius R = 5 cm. The sy
of the interfacial waves correspond to these conditions. (a) x/x1 = 1.0237, A/R = 0.0235,
container forcing amplitude and the forcing frequency xf = 2x. Wave breaking occurs w
x2
mn ¼ gkmn 1þ k2

mnr
gq

 !
tanhðkmndÞ: ð3:1Þ

The wave numbers kmn in (3.1) are obtained from the boundary con-
dition on the container wall o/=orjr¼R ¼ J0mðkmnRÞ ¼ 0, where / is the
velocity potential. For the axisymmetric wave mode, m = 0 and n =
1, k01R = 3.8317 and for the lowest asymmetric mode, m = 1, n = 1,
the dimensionless wave number is k11R = 1.841. For FC-72 and
R = 5 cm filled to a depth, d = 5.5 cm such that tanhðk01dÞ ffi 1 the
natural frequency of mode (0,1) is x01 = [(3.832g/R)(1 + 14.68/
Bo)]1/2 = 27.42 rad s�1 and x11 = [(1.841g/R)(1 + 3.39/Bo)]1/2 =
18.72 rad s�1. The capillary contribution to the wave frequency is
less than 1%.

The natural frequency shift due to linear damping is x̂01 ¼
x01ð1� dÞ, where d = j/x is the damping ratio and j the damping
rate. The experimentally determined damping ratio for the axisym-
metric mode is d � 0.0022 and for the asymmetric mode d � 0.003.
The viscous correction of the frequency is, therefore, small and
within experimental error. The damping occurs mainly in the
stokes boundary layers (here at the side walls and is of the form
function of dimensionless wave frequency x/x1 for the asymmetric mode (1,1) of
mbols � and h indicate the conditions of the mass transfer experiments. The images
b/R = 0.40; (b) x/x1 = 0.9817, A/R = 0.0227, b/R � 0.60; b is wave amplitude, A is the
hen x2b P g [15], hence b/R P 0.54.
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d 	 (1/R)(m/2x)1/2). When substituting x ffi
ffiffiffiffiffiffiffiffiffiffi
gkmn

p
we get d �

ðC=
ffiffiffiffiffiffiffiffiffiffiffiffiffi
1:8414
p

Þðm2=gR3Þ1=4 for the asymmetric mode and d �
ðC=

ffiffiffiffiffiffiffiffiffiffiffiffiffi
3:8324
p

Þðm2=gR3Þ1=4 for the axisymmetric mode. The constant
C � 1.

For the asymmetric mode the instability and wave breaking
thresholds are shown in Fig. 2 where the dimensionless forcing
amplitude of the instability boundary is plotted as a function of
wave frequency made dimensionless by the natural frequency
x1 �x11. The bounds shown in Fig. 2 have been obtained for FC-
72, but the stability thresholds are practically the same for
HFE7000 because the fluid properties are very similar. In any event,
the main interest of Fig. 2 in the present context is to define clearly
the conditions of the mass transfer experiments with respect to the
stability and wave breaking boundaries. The time it takes to reach
the final wave amplitudes depends on the forcing conditions. For
the conditions corresponding to images (a) and (b) of Fig. 2 the
times are respectively 12.2 s for (a) and 14.3 s for (b) when starting
from rest. The exponential growth of the wave amplitude starts
after an initial time delay; ti/T = 16.1 for condition (a) and
ti/T = 23.4 for condition (b) where the wave period T = 0.33 s. In
the heat transfer experiments with interface perturbations the
time of growth of the wave amplitude is reduced by the initial time
and is, therefore, in both cases about 7 s.

The stability and breaking thresholds of the axisymmetric mode
are given in Das and Hopfinger [13]. In this case, the mass transfer
experiments have been conducted for x /x0 = 0.9994, A/R = 0.008
and x /x0 = 0.957, A/R = 0.014 (x0 �x01). For x/x0 = 0.957,
A/R = 0.014 jet formation occurs. Fig. 3a and b show the images
of the axisymmetric stable wave and jet formation, respectively.
Fig. 3. Images of (a) stable axisymmetric wave mode for x/x0 = 0.9994, A/R = 0.008
and of (b) composite image of jet formation (the lower part shows the cavity that
collapses to form the jet or geyser), x/x0 = 0.957, A/R = 0.014; the mass transfer
experiments correspond to these conditions.
4. Mass transfer experiments

4.1. Heating and pressurization of the test cell

Most of the experiments have been conducted for conditions
where condensation takes place. An experiment with evaporation
is briefly presented in Appendix A. In the condensation experiments,
the upper half of the test cell, made of aluminium, of total mass of
0.460 kg, is heated to a temperature a few degrees below the satu-
ration temperature Ts at the operating pressure chosen that is close
to 2 bar. For FC-72, Ts = 352.7 K at 2 bar (Table 1) and Tl = 293 K and
for HFE7000, Ts = 329.4 K at 2 bar and Tl = 293 K. With the heating
power of 20 W used, the heating time necessary to increase the wall
temperature of the upper half by 50 �C is 16 min (required in the
case of FC-72) and 8 min required to increase the upper part by
30 �C, needed in the experiments with HFE7000. The rate of increase
(by conduction) of the wall temperature of the lower part of the test
cell, at location of temperature probe T4, is 0.0017 �C s�1. The regu-
lated power supplied to the heating coil is on average about 26 W
with a higher value in the beginning and less at the end when the
required temperature is approached.

After the desired temperature has been reached, the air in the
test cell and supply lines has been evacuated to an absolute pres-
sure of about 75 mbar. The time origin in Fig. 4 is the time when
the evacuation has been stopped. After a few tens of seconds, the
cold liquid (the liquid is passed through a cooling coil) is slowly
supplied from below, giving rise to a pressure increase due to boil-
ing and evaporation with a small contribution due to compression
of the remaining, non-condensable gas (air) in the test cell. The
contribution of the gases dissolved in the liquid (48 ml per
100 ml liquid) is insignificant. Fig. 4a shows the pressure evolution
during liquid filling and pressurization for FC-72 with the corre-
sponding temperatures shown in Fig. 4b. When the liquid level
has nearly reached the desired height, (in about 300 s in the exper-
iments) the pressure is ramped up during about 40 s to the operat-
ing pressure of about 2 bar by injecting vapour at a temperature
above the saturation temperature. In order to avoid impingement
of the vapour jet on the liquid surface, the vapour is injected in
the radial direction just below the top wall of the test cell. The
liquid surface is maintained at about 5.5 cm from the bottom with
small variations occurring due to condensation during vapour
injection. The pressure and temperature evolutions during the fill-
ing and ramping procedures for HFE7000 (similar to the experi-
ments with FC-72) are shown in Fig. 4c and d.

4.2. Pressure drop due to asymmetric sloshing (asymmetric wave
mode)

After a hold time of about 20–30 s after ramping has been
completed, liquid sloshing has been initiated by switching on the
vibrator at the desired amplitude and frequency, here for the
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asymmetric sloshing mode. There is, generally, a small pressure
variation during the hold phase while the wall temperature and
the injected vapour temperature adjust. This depends somewhat
on the time when the vapour supply valve is closed with respect
to the end of the hold phase. The forcing frequencies and forcing
amplitudes imposed are x/x1 = 1.0237; A/R = 0.0235 for stable
wave motion (h in Fig. 2) and x/x1 = 0.9817; A/R = 0.0227 for
wave breaking conditions (� in Fig. 2). In order to verify the
dependency on wave amplitude, an additional experiment was
conducted for x/x1 = 1.0069 and A/R = 0.0102. Pressure and
temperature variations as a function of time, with the origin of
time taken at the beginning of ramping (see Fig. 4) are shown in
Fig. 5. Sloshing is maintained for 100 s. When sloshing is started
the heating of the upper part of the test cell was switched off. Note
also that it takes about 5–10 s (depending on initial perturbations)
for the wave amplitude to grow to the nominal value.

Fig. 5a shows the pressure drop for FC-72 for breaking and sta-
ble waves; for breaking waves (D in Fig. 5a) the rate of pressure de-
crease is nearly an order of magnitude higher than the value in the
case of stable wave motion (� in Fig. 5a). The behavior is similar for
HFE7000 (Fig. 5c). As expected, the rate of pressure drop is largest
in the beginning (after the wave amplitude has reached the nomi-
nal value, after about 7 s) and is op/ot = 41 mbar/s for HFE7000 in
Fig. 4. Pressure and temperature variation during liquid supply and pressure ramp-up by
t = 0 at the beginning of the ramping, indicated in (a) and (c), correspond the time origi
the wave breaking experiments compared with op/o t = 5.4mbar/s
for stable wave sloshing.

The corresponding temperature evolutions are shown in Fig. 5b
for FC-72 and in Fig. 5d for HFE7000. During sloshing the vapour
temperature decreases and the liquid temperature increases. Part
of the increase in liquid temperature is due to heat transfer from
the wall as the liquid (in the case of the asymmetric sloshing
mode) moves up the hot wall of the upper part of the test cell.

4.3. Pressure drop due to axisymmetric wave mode and jet formation
(geysering)

Fig. 6a and b show, respectively, the pressure and temperature
variations for FC-72 and Fig. 6c and d for HFE7000 for axisymmet-
ric sloshing motion. It is seen that the rate of pressure drop in the
case of stable axisymmetric wave motion, x/x0 = 0.9994,
A/R = 0.008 (see Fig. 3), is considerably less than in the case of
the stable asymmetric wave mode and is practically identical to
the rate of pressure drop at an undisturbed interface. However,
in the case of jet formation (geysering), x/x0 = 0.957, A/R = 0.014,
the rate of pressure drop is very large. It is important to note that
the pressure decrease stops rapidly because the forcing is switched
off right after geyser formation. The reason for doing this is be-
vapour injection: (a) and (b) for FC-72 and (c) and (d) for HFE7000. The time origin
ns in Figs. 5 and 6.



Fig. 5. Pressure and temperature variations as a function of time during ramping, hold and asymmetric sloshing: (a) and (b) for FC-72; (c) and (d) for HFE7000. Symbols M, �
and q in (a) and (c) are, respectively, for wave breaking regime (x/x1 = 0.9817, A/R = 0.0227), stable regime (x/x1 = 1.0237, A/R = 0.0235) and molecular diffusion without
any interfacial motion. In (b) and (d) the corresponding temperature distributions at different locations of the container are shown for the wave breaking regime
(x/x1 = 0.9817, A/R = 0.0227). Time can be made dimensionless by the wave period 2p/x1 = 0.33 s.
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cause in applications a geyser may form at engine restart after a
low gravity flight and there is no further forcing of the liquid mo-
tion. The pressure drop continues until the decaying axisymmetric
wave has reached a sufficiently small value after about 20 wave
periods. The sharp decrease in temperature at location of the tem-
perature probe T3 is due to the sudden emergence of the liquid jet.

4.4. Analysis of the rate of pressure drop

The important quantity is the rate of pressure drop which is
given by the slope of pressure change as is indicated in Fig. 7 for
sloshing with breaking (x/x1 = 0.9817, A/R = 0.0227) of FC-72
and HFE7000. The rate of pressure drop for all experiments is sum-
marized in Table 2.

From the rate of pressure drop the vapour condensation rate
can be determined. The pressure is given by

p ¼ rv
mv

V
Tv þ rg

mg

V
Tg; ð4:1Þ

where the vapour and gas temperatures at the start of sloshing, that is
after pressure ramping and hold, are Tv = Tg = Ti, V is the vapour (gas)
or ullage volume, mv = qvV and mg = qgV are, respectively, the vapour
and non-condensable gas masses. The non-condensable gas pressure
can be determined from the initial conditions (see Fig. 4a)

pg0 ¼ rg
mg

V0
T0 ð4:2Þ

where V0 is the total container volume. The initial partial pressure
of the non-condensable gas is, therefore, pg ¼ pg0

V0
V

T i
T0

and the initial
vapour pressure is pvi = pi � pg. The rate of pressure change is then
given by

op
ot
¼ rv

V
T i

omv

ot
þ pi

T i

oTv

ot
ð4:3Þ

with the rate of change in vapour mass

omv

ot
¼ qvSqvs þ qvSwqw ð4:4Þ

where S is the liquid surface area, Sw the cold wall surface in contact
with the vapour during sloshing, qvs is the rate of change of vapour
volume per unit liquid surface and qw the rate of change of vapour
volume per unit wall surface. The contribution of the condensation
at the wall depends on the sloshing mode and on the upper wall
temperature conditions. Since in the present experiments the upper



Fig. 6. Pressure and temperature variations with time during ramping, hold and axisymmetric sloshing: (a) and (b) for FC-72; (c) and (d) for HFE7000. Symbols M, � and q in
(a) and (c) are, respectively, for jet formation (x/x1 = 0.9994, A/R = 0.008), stable axisymmetric wave (x/x1 = 0.957, A/R = 0.014) and molecular diffusion without any
interfacial motion. (b and d) The corresponding temperature variations at different locations of the container. The wave period is 2p/x1 = 0.23 s.
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wall is hot (below, but close to Ts) and is not much cooled down
when the liquid moves up the wall, there is little condensation.
However, condensation takes place on the lower cold wall as the
interface moves down and up during the sloshing motion. The max-
imum downward motion in the asymmetric sloshing mode is less
than 0.5R [10]. Therefore, the cold wall surface Sw in contact with
the vapour is less than about 0.2S. Furthermore, the condensed va-
pour will end up at the liquid surface. For this reason, and because
no separation of the respective contributions is possible, we group
the two contributions together to omv

ot ¼ qvSqv. The rate of change
in vapour volume is then given by

qv ¼
ðop=otÞ � ðpi=T iÞoTv=ot

rvqviT i

V
S

� �
ð4:5Þ

The denominator is rvqviTi = pvi. In the present experiments V/
S ffi 60 mm and the other experimental values are given in Table 2.

Table 2 shows that the condensation rate in the stable sloshing
regime is considerably less than in the resonant sloshing regime
when wave breaking and chaotic motions occur. In the stable
asymmetric wave regime (second line in Table 2) the wave ampli-
tude is b ’ 2 cm and D�e ¼ 2:17� 10�6. An experiment with about
half this wave amplitude, b ’ 0.78 cm (line 3 in Table 2) gives a
considerably smaller value, D�e ¼ 1:07� 10�6. As will be argued in
Section 5, we expect the effective diffusion coefficient D0e ¼
De � DT to scale with xb2. For the two experiments (lines 2 and
3) the ratio of xb2 is 6.6 which is close to the ratio of the measured
effective diffusion coefficients D0e (the ratio is 6). As will be seen in
Section 5 below, D�e should not depend on the fluid properties ex-
cept for the difference of DT. The values of D�e in Table 2 for the two
fluids should, therefore, be nearly the same for the same sloshing
conditions. This is the case for the stable wave conditions but there
is some difference for the breaking wave conditions. This is attrib-
uted to experimental uncertainty in the wave breaking experi-
ments with chaotic sloshing. Also, in the case of FC-72 the wall is
heated to a higher temperature with more heat conduction to
the lower half of the container containing the cold liquid. When
taking into account these aspects, the agreement can be considered
acceptable with D�e being given to ±12%.

4.5. Temperature profiles

The temperature profiles in the liquid and vapour phase before
and after ramping and after sloshing in the wave breaking mode
are shown in Fig. 8. The horizontal dotted lines indicate the li-



Fig. 7. Example of the rate of pressure drop during asymmetric sloshing for FC-72
and HFE7000 (x/x1 = 0.9817, A/R = 0.0227). The kinks in the pressure drop curves
(here at about t = 95 and 104 s) are caused by an anomalous behavior of the
pressure transducer; it does not affect the results in any way.
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quid–vapour interface after ramping. The liquid depth increases by
about 0.2 cm during ramping due to vapour condensation at the li-
quid surface and at the walls. This condensation causes an agita-
tion and consequent temperature homogenisation at the liquid
surface. Consequently, the temperature gradient near the liquid
surface is reduced. As will be shown below, the temperature gradi-
ent right at the liquid surface is an essential parameter in the con-
densation process.

The temperature profiles show that after ramping the tempera-
ture in the vapour phase is nearly uniform and is denoted as Ti in
(4.5). In the liquid the temperature is also uniform over most of
the depth except in the interfacial zone where over about 1 cm a
sharp temperature increase occurs. After sloshing, the temperature
in the vapour is decreased and increased in the liquid layer with
the temperature gradient extending nearly over the whole liquid
depth.
5. An interfacial mass transfer model

5.1. Effective diffusion coefficient

The thermal energy equation for the liquid phase, time averaged
over a wave period, can be written in the form

qlcpl
oT
ot
þwe

oT
oz

� �
¼ qlcplDT

o2T
oz2 ð5:1Þ

where z is taken positive downward into the liquid with z = 0 at the
liquid surface and we is a effective velocity normal to the surface.
The other variables are given in Table 1. An important aspect is
the existence of two time scales, one short, corresponding to the
wave period and the other long at which the mass transfer occurs.
On the short time scale a distortion of the temperature gradient oc-
curs due to the sloshing motion but the temperature gradient, inte-
grated over a wave period, is in the vertical, z direction only.

The convective term (second term on the left hand side) in (5.1)
is modelled by a gradient diffusion hypothesis [16] in the form:

qcplwe
oT
oz
¼ �qcplD

0
e
o2T
oz2 ð5:2Þ
Equation (5.1) is thus written as

qlcpl
oT
ot
¼ qlcplDe

o2T
oz2 : ð5:3Þ

where De ¼ D0eð1þ DT=D0eÞ is an effective diffusion coefficient. At a
motionless interface we have D0e ¼ 0, hence De = DT. Note that De/
DT is a Nusselt number. Integration of Eq. (5.3) from z = 0 (interface
position) to z = d (bottom of liquid column) gives.

o

ot

Z d

0
T dz ¼ �De

oT
oz

����
z¼0

ð5:4Þ

The boundary condition at the interface z = 0 is given by the vapour
flux qv, which is positive in the case of evaporation of liquid and
negative when vapour is condensed. The expression of this bound-
ary condition is

qlcplDe
oT
oz

����
z¼0
¼ qvLlvqv ð5:5Þ

The temperature gradient in the liquid surface layer is expressed by

oT
oz

����
z¼0
¼ �H

dT
ð5:6Þ

where H = Ts � Tl, with Ts the boiling or saturation temperature and
Tl the bulk liquid temperature. The interfacial vapour flux is thus gi-
ven by

qv ¼ �
De

dT

qlcpl

qvLlv
H ð5:7Þ

where Ja ¼ qlcpl
qvLlv

H is the Jacob number. It is recognized that qlcplDe/
dT is known as the condensation–evaporation heat transfer coeffi-
cient [3].

The vapour flux qv is determined experimentally from Eq. (4.5)
for known sloshing conditions, expressed by De, thermodynamic
conditions, expressed by Ja and the temperature gradient at the
interface, expressed by dT. One of the objectives of the present
experiments has been the determination of the effective diffusion
coefficient De that can then be used to predict condensation and
evaporation rates for other fluids and container sizes. This diffusion
coefficient is according to (5.7) given by

De ¼ D0eð1þ DT=D0eÞ ¼ �qv
dT

Ja
ð5:8Þ

In order to make De representative of sloshing in different size
containers, it is necessary to normalize De by appropriate velocity
and length scales or time and length scales. The velocity scale is
xb that is proportional to

ffiffiffiffiffiffi
aR
p

where a is the axial acceleration, equal
to the gravitational acceleration g in the laboratory. For the length
scale we have the choice of taking the wave amplitude b that is pro-
portional to the container radius R, or taking the thermal Stokes
boundary layer thickness dS 	 (DT/x)1/2 	 (m/x)1/2Pr�1/2. Since
ds
 dT it is unlikely that ds is here the relevant scale (it is the appro-
priate scale on the container wall). The wave amplitude b, propor-
tional to the container radius for given sloshing conditions, is
characteristic of the straining of the liquid surface layer by the slosh-
ing motion causing a thinning of the thermal boundary layer. There-
fore, we take as the characteristic scales

ffiffiffiffiffiffi
gR

p
and R. With these scales

we get for the dimensionless, effective diffusion coefficient

D�e ¼ D0�e ð1þ DT=D0eÞ ¼ �qv
dT

Ja
1

ðgR3Þ1=2 ð5:9Þ

The temperature gradient in the liquid surface layer is given by
dT = C(DT(tr + th))1/2 + dTi with C of order 1 (we take C = 3 by analogy
with momentum diffusion) and dTi depending on the filling condi-
tions. Substituting for dT in (5.9) gives

D�e ¼ D0�e ð1þ DT=D0eÞ ¼ �qv
3ðDTðtr þ thÞÞ1=2 þ dTi

JaðgR3Þ1=2 ð5:10Þ



Table 2
Summary of the experimental conditions and results

Liquid Mode x/x1 A/R pi [mbar] pg [mbar] op/ot [mbar/s] Dp [mbar] oTv/ot [K/s] qv � 102 [cm/s] D�e � 106

FC-72 (1,1) 0.9817 0.0227 2042 133 �42 870 �0.375 �12 13.4
FC-72 (1,1) 1.0237 0.0235 1855 136 �6.52 478 �0.10 �2.1 2.17
FC-72 (1,1) 1.0069 0.0102 2131 148 �3.5 229 �0.056 �0.95 1.07
HFE7000 (1,1) 0.9817 0.0227 2288 144 �41 727 �0.403 �11.4 16.6
HFE7000 (1,1) 1.0237 0.0235 2255 136 �5.40 440 �0.071 �1.4 2.21
FC-72 (0,1) 0.9570 0.014 1829 163 �42.01 292 �0.40 �14.4 15.8
FC-72 (0,1) 0.9994 0.008 1912 137 �4.2 253 �0.06 �1.3 1.40
FC-72 – – – 1838 150 �2.5 213 �0.03 �0.83 0.85
HFE7000 (0,1) 0.9570 0.014 2135 140 �43.5 214 �0.50 �12.1 19.3
HFE7000 (0,1) 0.9994 0.008 2270 142 �3.33 210 �0.035 �0.9 1.45
HFE7000 – – – 2268 163 �2.5 180 �0.04 �0.65 1.07
HFE7000 (1,1) 0.9817 0.0227 2350 1975 +38 +400 – +59 42

The vapour condensation rate is calculated from (4.5) and the dimensionless effective diffusivity from (5.10) with dTi = 1.75 cm for FC-72 and dTi = 1.6 cm for HFE7000. The
dimensionless molecular thermal diffusivities in the table are D�T ¼ DT=ðgR3Þ1=2 ¼ 0:85� 10�6 for FC-72 and 1.07 � 10�6 for HFE7000.

Fig. 8. Temperature distribution along the height with the origin taken at the bottom of the container; h, before ramping; s, after ramping; ., after the asymmetric sloshing
experiments. (a) FC-72, x/x1 = 0.9817, A/R = 0.0227 and (b) HFE7000, x/x1 = 0.9817, A/R = 0.0227. The horizontal dashed line and solid line indicate the interface position
after ramping and the location of the top wall, respectively.
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D0�e characterizes the sloshing regime (stable or breaking); in the
stable wave regime the value of D0�e depends on dimensionless fre-
quency and on dimensionless forcing amplitude which determine
the wave amplitude. In the breaking or chaotic (resonant) sloshing
regime the forcing amplitude is less important. The experimental
value of D�e ¼ D0�e ð1þ DT=D0eÞ is given in Table 2, calculated with
dTi = 1.75 cm for FC-72 and dTi = 1.6 cm for HFE7000. These values
of dTi have been determined from the pressure change due to molec-
ular diffusion alone at the motionless interface. Because of the con-
densation at the cold liquid surface and the container walls during
ramping, a thin mixed layer forms near the surface causing a de-
crease in the interfacial temperature gradient.

5.2. Comparison with other experiments

It is of interest to use the present results together with the
transfer model to predict the pressure drop in the large-scale
experiments of Moran et al. [5]. These authors used liquid
hydrogen (LH2) at 2.5 bar in a large spherical container of
R = 74.8 cm. In the asymmetric sloshing regime where wave
breaking occurs, a pressure drop of more than 1 bar in 10 s
has been measured. In Table 3 we compare the values predicted
by up-scaling of the present experimental results to the experi-
mental conditions of Moran et al. [5]. For a similar sloshing re-
gime (wave breaking) we determined from the present
experiments D0�e � 15:5� 10�6 (for HFE700). This gives an effec-
tive, dimensional diffusion coefficient in the experiments of Mor-
an et. al. of De ¼ D0�e ðgR3Þ1=2 þ DT � 316� 10�3 cm2=s. The vapour
condensation rate qv is then calculated from (5.10) using the val-
ues for LH2 at 2.5 bar that are given in Table 1. FordT we use
dT � 3((DT(tr + th))1/2. Because of the lower thermal inertia of
the walls in the large-scale experiment with LH2, mixing at
the liquid surface due to condensation at the container wall dur-
ing ramping is likely to be insignificant, hence we take dTi � 0.



Table 3
Comparison of predicted pressure change for LH2 with the experimental value of Moran et al. [5] and the LOX experiments of Lacapere [6]

R [cm] pi [bar] Ti [K] tr + th [s] pi
T i

oTv
ot [mbar/s] op

ot [mbar/s] qv [cm/s] dT [cm] De � 103 [cm2/s] D0�e � 106

HFE7000 (2.2 bar) 5 2.2 327 79 �2.8 �41 �0.11 2.1 5.8 15.5
LH2 (2.5 bar) 74.8 2.5 40 50 �92 (�175)exp (�160)c (�1.01)c (0.75)c 316 15.5
LOX (2.5 bar) 9.1 2.5 110 87 �28 (�83)exp (�40)c (�0.16)c (0.75)c 14.1 15.5

The sloshing regime is characterized by D�e determined from the present experiments and used to predict the pressure changes in the other experiments. The vapour
condensation rate is given by (5.9). The total pressure change is composed of the vapour condensation rate and the vapour temperature change (4.5). Note that
De ¼ D0�e ðgR3Þ1=2 þ DT. Subscript c stands for calculated and exp for measured.
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The rate of change of the pressure is calculated from (4.5) that
includes the pressure change due to the vapour temperature
change evaluated from the experiments of Moran et al. to DTv/
Dt � 29 K/11 s. It may be noted that in the present experiments
the contribution to the pressure change of the vapour tempera-
ture change is small mainly because the absolute temperatures
are large. As is seen in Table 3, there is fairly good agreement
between the pressure drop measured by Moran et al. of op

ot �
�175 mbar=s and the predicted value of op/ot � �160 mbar/s,
considering that in the Moran et al. experiments the container
is spherical and is laterally forced with large forcing amplitude
(A/R = 0.05) causing wave breaking to be more violent [10] than
in the present parametrically forced case where A/R = 0.023. It is
also possible that the cold liquid that moves up the container
wall will cool the wall and hence cause some vapour condensa-
tion at the wall as well. Furthermore, the pressure drop given in
Table 3 is the largest value of the 25 experimental runs of Moran
et al. The uncertainty in the prediction is the initial temperature
gradient in the liquid surface layer expressed by dT; the
condensation rate, and hence the pressure change, is inversely
proportional to dT.

In the experiments by Lacapere [6] LOX was pressurized to
2.5 bar with oxygen vapour in a glass cylinder of R = 9.1 cm and
80 cm height. In the experiment, included in Table 3, the ullage
volume was about V = 7.8 l (V/S ’ 35 cm). A pressure drop of about
1 bar in 12 s was measured. The decrease in vapour temperature
can be estimated to be from about 110 to 95 K in 12 s. Since the
cylinder is made of glass (low thermal inertia) and is vacuum insu-
lated we take dTi = 0. The predicted pressure drop is only about half
the measured value. The discrepancy may be due to the very large
lateral forcing amplitude used in these experiments (A/R = 0.26)
causing very chaotic sloshing.

6. Conclusions

It is shown that large amplitude interfacial waves increase
substantially the heat and mass transfer at the liquid–gas inter-
face. Here, mass transfer by vapour condensation is emphasized
with an example of evaporation given in Appendix A. The inter-
facial motion enhances and distorts the temperature gradient,
hence increasing the effective diffusivity. A model is developed
showing that the vapour condensation (evaporation) rate de-
pends essentially on three parameters: the Jacob number Ja that
contains the thermodynamic properties of the fluid, the temper-
ature gradient in the liquid surface layer, characterized by dT and
the liquid sloshing motion expressed by an effective diffusion
coefficient De. When the interface is motionless, this effective
diffusion coefficient is identical to the molecular thermal diffu-
sivity DT in the liquid phase. The ratio De/DT is, therefore, a Nus-
selt number.

It is shown that the effective diffusivity depends on the inter-
facial velocity given by xb and on the wave amplitude b, both
causing a straining of the interfacial thermal boundary layer.
Thus the effective diffusivity scales with xb2. Since sloshing oc-
curs in the neighbourhood of the resonant frequency (otherwise
wave amplitudes remain small). We can express x in terms of
the axial fluid acceleration and the container radius x /
ffiffiffiffiffiffiffiffi
g=R

p
or, more generally x /

ffiffiffiffiffiffiffiffi
a=R

p
when a differs from g. The wave

amplitude is proportional to R for similar forcing conditions.
The effective diffusion coefficient is, therefore, made dimension-
less by (gR3)1/2, that is D�e ¼ De=ðgR3Þ1=2. This dimensionless diffu-
sion coefficient, or more precisely D0�e ¼ D�eð1� DT=DeÞ because
the sloshing motion does not affect the molecular diffusion, is
the similarity parameter. The Bond and Reynolds numbers are
assumed to be large which is the case in the laboratory experi-
ments and in applications. The values of D�e determined in the
present experiments can be used to calculate the pressure
change for similar sloshing conditions in containers of different
sizes and for different fluids. Two examples, one for LH2 in a
large container and the other for LOX, have been given in Table
3. The uncertainty in doing this is the temperature gradient in
the liquid surface layer characterized by dT.

Usually, the Nusselt number, here Nu = De/DT, is expressed in
terms of a control parameter. In the problem considered, the pri-
mary parameter would be b/R and up to wave breaking the relation
would be Nu 	 (b/R)2 and then it would probably increase more
slowly with forcing amplitude A/R because the wave growth-
collapse cycle is more rapid, leading to a more chaotic state of
sloshing. Since the wave amplitude b is not an explicit parameter
and does not depend in a simple way on dimensionless forcing
amplitude and forcing frequency, we did not present the results
in this form.
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Appendix A. Pressure change due to evaporation

It is of interest to show that the mass transfer model also ap-
plies to evaporation at the liquid–gas interface. For evaporation
to take place, the liquid surface has to be heated to a temperature
above the boiling temperature by the hot gas above and by the hot-
ter liquid below. This heat flux is given by

j ¼ jg þ jl ¼ jgðTs � Tg0Þ=dTg þ jlðTs � T l0Þ=dTl: ðA1Þ

Since the ratio of the thermal conductivities jg/jl� 1 and dTg/
dTl
 1 (much larger thermal diffusivity of the gas), the liquid sur-
face heating by the gas is negligible except when (Ts � Tl0) � 0
(when the partial pressure of the vapour has appreciably increased)
in which case evaporation is negligible. It is, therefore, justified to
analyse the evaporation results in terms of the model developed
in Section 5.

The evaporation experiments have been conducted with air as
non-condensable gas and HFE7000. The test cell was heated at
1 bar (opening to the atmosphere) to a temperature of about
55 �C. Then, the communication with the atmosphere was closed



1410 S.P. Das, E.J. Hopfinger / International Journal of Heat and Mass Transfer 52 (2009) 1400–1411
and liquid injection was started. Fig. A1 shows the pressure (a) and
temperature changes (b) during liquid injection and hence com-
pression of the gas (air) in the test cell as a function of time. The
pressure at the end of the filling, at 300 s in Fig. A1, is composed of

p ¼ pg þ pv ¼ rg
mg

V
Tg þ rv

mv

V
Tv ðA2Þ

where Tg = Tv and pg ¼ pg0
V0
V

Tg
Tg0

where V0/V ’ 1.92 and from
Fig. A1b, Tg/Tg0 � 1.03. The non-condensable gas pressure in
Fig. A1a is, therefore, pg ’ 1975 mbar which gives a vapour pressure
at the end of liquid supply of pv = p � pg. The temperature evolu-
tions at the different thermocouple locations are shown in (b). It
may be noticed that there is a strong temperature variation in the
gas from the top (T2 ’ 55 �C) to the bottom of the gas volume
(T3 ’ 37 �C).

The pressure increase caused by sloshing motion is shown in
Fig. A2a for the wave breaking case, x/x1 = 0.9817, A/R = 0.0227
and the motionless interface. The corresponding temperature evo-
lutions in the sloshing experiments are shown in Fig. A2b. The time
origin corresponds here to the start of the forcing and is about 15 s
Fig. A1. (a) Pressure increase during liquid supply up to a height of 5.5

Fig. A2. Pressure (a) and temperature (b) evolutions as a function of time with the time o
sloshing and the dotted line corresponds to the increase due to molecular diffusion.
after the end of the filling. The pressure increase without sloshing
(thin solid curve in (a)) is caused by the molecular heat flux from
the liquid to the interface. It serves as reference. As before, the
evaporation rate qv can be calculated from the rate of pressure in-
crease using (4.5).

For the motionless regime we get from Fig. A1a a rate of pres-
sure increase of op/ot ’ 1.05 mbar/s compared with op/
ot � 38 mbar/s in the case of sloshing. The gas temperature does
not change significantly during the initial 20 s so that its contribu-
tion to op/ot may be neglected. For the motionless case we get from
(4.5) qv ¼ ðop=otÞ V=S

pvi
� 0:024 cm=s. The initial vapour density

qvi = pvi/rvTgi ’ 2.3 kg/m3 and the boiling temperature Tsi � 280 K,
giving a Jacob number Ja � �67 when taking Tsi � Tli � �13 K.
The effective diffusion coefficient is calculated from (5.7) with
dT � 3(4.45 � 10�4 � 300)1/2 � 1.1 cm, giving De � 3.94 � 10�4

cm/2s. This is close to the molecular value. However, evaporation
causes surface cooling and hence a convectively unstable liquid
surface layer [17,18]. The Rayleigh number Ra ¼ agDTd3

DTm
, where a is

the coefficient of volume expansion, and DT the temperature dif-
ference between the surface and the bulk liquid temperatures, is
cm (5.5 cm liquid depth), (b) corresponding temperature variations.

rigin corresponding to the start of container forcing; M is the pressure increase with
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large (order 107) so that a much larger heat flux and evaporation
rate than by molecular diffusion alone would be expected. Obser-
vations show that this is not the case. A plausible explanation is
that because the surface temperature is not imposed, it is likely
that in the convectively unstable regime DT� jTs � Tlj.

For the sloshing regime where op/ot � 38 mbar/s we get with
pvi ’ 375 mbar, Tsi � Tli � �10 K, qv ’ 2.8 kg/m3 and qv � 0.59
cm/s, Ja � �43. From (4.5) we get qv � 0.59 cm/s and from (5.5)
De � 0.0147 cm2/s. The dimensionless value D�e=De/(gR3)1/2 �
42 � 10�6.

The temperature evolutions with time are shown in Fig. A2b for
the case with sloshing only (the evolutions without sloshing are of
little interest). It is seen that the bulk liquid temperature (T6 for
example) increases substantially during the experiment of about
60 s. This is because the liquid is heated by the hot walls of the
upper chamber as it moves up the wall during sloshing. Corre-
spondingly the wall is cooled down. However, because the wall
temperature is below the boiling temperature at the operating
pressure p > 2 bar, there is no evaporation at the wall except near
the leading edge of the wave. This contribution to the evaporation
rate is likely to be small.
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