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ABSTRACT

This paper presents the development of two-phase passive thermal control
devices that can be used at both ground and space applications. These devices
operate by acquiring heat through their evaporation section and rejecting
through their condensation section, keeping a tight control on the heat source
temperature without the presence of moving parts. Recent researches with
loop heat pipes (LHPs) have showed the great capability of such a device in
managing high levels of heat while keeping the source temperature within
certain levels. For this case, experimental tests of a LHP are presented, where
the behavior related to its operation with power cycles can be evaluated and its
performance can be verified. This paper also presents an investigation of a
two-phase thermal control device called pulsating heat pipe (PHP) configured
as an open loop. Experimental tests with different working fluids are
presented, which shows the great capability of the PHP in operating at both
horizontal and vertical orientations and promoting the thermal control, which
is highly affected by the working fluid and geometric parameters. The
experimental results presented for both devices are intended to contribute for
the continuous development of these two passive thermal control devices.

Keywords: thermal control, two-phase flow, loop heat pipe, pulsating heat
pipe.

INTRODUCTION

The search for reliable thermal control devices has
generated interesting solutions in the past and their
applications have gained a wide variety of use. Two-phase
passive thermal control devices, which are related to heat
pipes (HPs), capillary pumped loops (CPLs) and loop heat
pipes (LHPs) have been extensively investigated due to
their potential application in space environments and
reduced power consumption. These devices operate
passively by acquiring heat from a source and dissipating it
in a sink, being able to manage large amounts of heat while
keeping a tight control of the heat source temperature. This
is specially important when electronic components must
be kept below certain levels of temperature in space and the
power available for this procedure is practically
unavailable. Thus, systems that operate without moving
parts are a must and that is why they have gained special
attention and development in recent years.

For some applications, HPs present limitations
regarding the maximum heat flux to be dissipated, which
result in applying CPLs and LHPs. In this case, the region
where the capillary forces are generated, which drive the
working fluid, is concentrated in a capillary evaporator
connected to a loop composed of smooth tubing that
transport the heat to a heat rejection area, being a
condenser or a space radiator. CPLs and LHPs present very
similar operation and their components are: capillary
evaporator, condenser, liquid and vapor lines and two-
phase reservoir (Fig. la). A volatile working fluid is
responsible for transporting the heat from the source to the
sink. Heat is acquired by the system evaporating the
working fluid through the capillary evaporator, which is in
thermal contact with the heat source and it is responsible
for generating the capillary forces that will drive the fluid.
The capillary forces are generated in the porous wick
structure presented in the evaporator, which presents a fine
pore radius. Then, vapor flows in the vapor line towards the
condenser where it is condensed and flows back to the

evaporator by the liquid line. In the case of LHPs, the two-
phase reservoir is called compensation chamber and
usually does not require an active control of its temperature
as necessary for CPL. The reservoir is responsible for
establishing the loop operation pressure and temperature
as well as the working fluid inventory in the system.

Loop heat pipes were first introduced in the former
Soviet Union in the mid-80's (Maidanik et al, 1985) and
showed to be a reliable passive thermal control device
when compared to CPLs, mainly because its capillary
evaporator is vapor tolerant and its design is more robust.
LHPs present several other advantages when compared to
CPLs, as the two-phase reservoir temperature does not
need to be controlled and pre-conditioning procedures so
common in CPLs are usually not necessary. The operating
characteristics of LHPs have been reported showing the
great potential in using them as thermal control devices
(Ku, 1999). Tests under microgravity have proved the
great efficiency of LHPs regarding the thermal control
(Kurwitz and Best, 1997; Baker et al., 1998), showing
good correlation between the ground and microgravity
data. Several applications of LHPs in space missions have
been successful, such as the NASA's GLAS laser
instrument (Swanson and Birur, 2002) and the Mars
Rovers (Birur et al.,, 2002). Great advances on LHP
technology regarding different configurations have also
been reported by Delil etal. (2003).
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Following the same direction towards the
development of alternative two-phase passive thermal
control devices, an interesting option has emerged in the
last decade called pulsating heat pipe (PHP), which was
first introduce by Akachi et al. (1996). PHPs are two-phase
thermal control devices that consist of a simple
meandering capillary tube bent with several curves
forming several parallel channels, without the presence of
an internal wick structure, so common in regular HPs,
CPLs and LHPs. The channels are formed from capillary
tubings with partially filled working fluid, responsible for
acquiring the heat from a source and dissipating it in a sink.
PHPs can be potentially applied in several thermal control
problems, such as microelectronics, but they have gained
special interest for use in microgravity conditions, in order
to homogenize the temperature along space radiators as
well as for the passive thermal control of components.
PHPs are mainly influenced by sensible heat transfer and
the fluid evaporation generates vapor slugs and liquid
plugs that will drive the fluid, causing both flow and
temperature oscillations (Zhang and Faghri, 2002).

There are at least two possible ways in which a PHP
can be configured, one being as an open loop and the other
as a closed loop (Figs. 1b and 1¢). In the case of open loop,
the PHP has one of the tubing ends pinched-off and
welded, while the other end may present a valve for
evacuation and charging (the valve can be pinched off later
after correct charging). For the closed loop, the two ends of
the PHP tube ends are connected, forming an endless loop.
One advantage of the closed loop compared to the open
loop PHP is that the former allows fluid circulation, while
the latter allows only slug/plug oscillations. For heat
dissipation, a PHP has an evaporation section (responsible
for acquiring the heat from the source), a condensation
section (for dissipating the heatto asink)and it might have
an adiabatic section also. Usually, the diameters involved
in a PHP are quite small (capillary dimensions), which can
be determined from the two-phase flow theory. This is due
to the fact that the PHP operates by means of plugs-slugs
formation and therefore surface tension and the gravity
field can both be significant factors. By evaporating the
working fluid in the evaporation section, vapor bubbles are
formed and must flow towards the condensation section
through the adiabatic section. In this path, the bubble may
collapse or coalesce depending on the local thermo-
hydrodynamics involved. This plug-slug dynamics
generates pressure pulses that drive the working fluid, thus
allowing the heat transport (Khandekar et al., 2003b).

(a) Loop heat pipe

(b) Open loop pulsating heat pipe

e . VT, W

(c) Closed loop pulsating heat pipe

Figure 1. Two-phase passive thermal control devices.
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Important contributions were achieved regarding
the explicit understanding of the factors that influence the
PHP operation and thermo-hydrodynamic characteristics
when configured in a closed-loop, as well as semi-
empirical modeling for these devices (Charoensawan et al,
2003, Khandekar et al., 2003a and 2003b, Khandekar and
Groll, 2004).

Due to its peculiar mode of operation, the PHP
presents a chaotic dynamics that it is difficult to model.
Quasi-equilibrium analysis of the PHP operation would be
a conservative approach, as this device presents the
working fluid in metastable conditions for both liquid and
vapor phases (Khandekar et al., 2002; Khandekar et al.,
2003b) and thus 'non-equilibrium' conditions drive the
device. Quasi-stationary modeling have showed great
potential in predicting PHPs operation, which was in
accordance to experimental results (Borisov et al., 2002).
The plug/slug flow dynamics is directly dependent on the
applied power to the evaporation section, tilt angle and
amount of non-condensable gases (Qu and Ma, 2002). A
mathematical model has addressed the operation of PHPs,
where the characteristic chaotic behavior can be reflected
which were in accordance to experimental results
(Dobson, 2004). However, a more refined and realistic
approach to model PHPs is required, which should not only
deal with the thermal characteristics but also the
hydrodynamics and flow pattern transitions observed
during the operation. As many variables are still to be
understood, extensive experimental investigation of these
devices are required to properly model their operation
characteristics.

In face of the above mentioned interesting two-
phase passive thermal control devices, this paper presents
an experimental investigation of a LHP and a PHP
configured as an open loop. The objectives of this
investigation are presenting the developments achieved
with a LHP designed for future space missions as a thermal
control device for electronic components, satellites
structures and batteries. Fundamental investigation of an
open loop PHP is also presented in order to show a
comparison between different working fluids on the
operation of a PHP and the physics involved in this device
regarding its unique operating characteristics and thermal
control capabilities.

LOOP HEAT PIPE EXPERIMENT

The LHP experiment presented in this paper is part
of a long term chronogram to develop this device for
future space missions (Vlassov, 2003; Dutra and Riehl,
2004). Particularities of this device involve the
development of a low cost LHP with an alternative
working fluid, resulting in less hazard during
manipulation and charging, as well as lower distillation
and purification costs. The LHP must be able to operate
within a temperature range of 20 and 85 °C and the heat
source temperature must not exceed 85 °C. For this range
oftemperature, some working fluids could be applied such
as ammonia, acetone, methanol and propylene.

Following the limitations for this project, acetone
has been selected as the working fluid which presents
several advantages when compared to the most used
working fluids, such as anhydrous ammonia. Acetone
presents pressures below or close to atmospheric pressure
for the operation temperature range, it shows good
compatibility with the LHP materials, it is less hazard and
it freezes at 93.15 °C while ammonia freezes at 78°C
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(Faghri, 1995).

Following the project requirements, the entire
experimental setup was built in 3161 ASTM stainless steel
tubing with the geometric characteristics described in
Table 1. The grooves were axially machine on a UHMW
(Ultra-High Molecular Weight) polyethylene wick
(primary) outer diameter. The evaporator housing was
machined with micro threads on its inner diameter to
improve the heat transfer process. Heat was applied to the
capillary evaporator through an aluminum saddle (65 mm
x 30 mm x 10 mm thick, with a contact angle of 120°)
where a kapton skin heater was attached. The heat rejection
area was an aluminum heat exchanger with embedded
channels, circulating a coolant (water and ethylene-glycol)
at 5 °C. The LHP condenser was in thermal contact to this
heat exchanger through an aluminum plate (300 mm x 300
mm X 4 mm thick). High grade acetone with minimum
purity of 99,98% was used as working fluid and all tests
were performed without pre-conditioning procedures, for
a controlled room temperature ranging from 18 to 20 °C.
The liquid inventory for testing the LHP was 25 grams,
keeping the compensation chamber with a void fraction of
50% in the cold mode.

Table 1. Geometric characteristics of the LHP.

Capillary Evaporaber Licpid Line Yapir Line

Total L, gth (mmm) 100 Outer Dimeter jmmm) 4 85 (huter Diameter fm) 4,85
Aetive Length (pm) 5 Bver Dimmeter (mm) 245 Bver Dimeter () 285
(MterTwer Disweter (o) 1907163 Length feom) 250 Length (aw) L]
Mhiterial 3041 58

UHNT Pobyethydene Wid Condenser Compensation Chambe
Pore Badins (jiw) § ey Dimater ) 4 45 (hter Dismmeter () 450
Fermeahility (nd) 10" Bover Digmeter (nom) 285 Length 250
Foracity () 30 Lengh (i) W00 Sereenmech 200
Diueter (0D/D) mm 16370 Vobune (cnd) bl

Minher of fodal Groowes 15

The configuration of the presented LHP was
designed to promote 100 W of thermal control, even
though it would operate at a maximum of 80 W as this is the
maximum power required for this application. The
connections of the LHP capillary evaporator and
compensation chamber were welded, as the rest of the
loop, using an orbital system in order to be in agreement
with the requirements for space qualification procedures. A
representation of the LHP tested and a cross section of the
capillary evaporator are presented by Fig. 2, where the
device was tested at horizontal position.

The LHP was tested on a heat load profile basis
which objective was evaluating the device capability on
handling changes on the heat load applied to the capillary
evaporator. The range of applied power was from 1 to 80
W, as presented by Table 2. The level of 1 W is required for
the LHP operating at the sleeping mode, when the thermal
control is not required and startup procedures should be
avoided. The LHP was fully instrumented with 20 type-T
Omega thermocouples (deviation of 0.3 °C at 100 °C),
connected to a Agilent 34920A data acquisition system.
The temperatures were acquired at a rate of 1 reading at
each 3 seconds. The skin heater (70 x 15 mm, 14 Ohms)
was connected to a DC power supply with accuracy of 1.0
%. During all tests, the LHP capability on handling the heat
load changes and its performance until reaching the steady-
state condition were analyzed. Such analyses were
important to be made due to the LHP requirement to
promote the thermal management properly without
presenting temperature overshooting or dryout.
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Figure 2. LHP experiment.

Table 2. Heat loads used to test the LHP.

Profile Power Levels (W) Startup Power (W)
1 20-2-30-2-40 20
2 40-10-60-5-20-80 40
3 2-10-2-30-50-2 2
4 60-5-80-2-40-10 60
5 2-5-1-2-1-5 2

LHP experimental results and discussion

The LHP, named here as TCD-LHP (Thermal
Control Device) presented a reliable operating during all
tests, as presented by Fig. 3. The startup procedures at both
low and high heat loads were all successful at all times and
during its operation the LHP did not show any tendency of
temperature overshooting or capillary evaporator
depriming. The heat source temperature was always kept
below the maximum allowable level of 85 °C (a design
parameter) and even using an alternative working fluid, the
system presented continuous operation along time. The
LHP presented instant startups as soon as power was
applied to the capillary evaporator and fast transients when
the power applied was suddenly changed. Special attention
should be given to tests at low heat loads, such as Profile 5,
when the LHP must operate at a very reduced power and
capillary evaporator depriming is potentially enhanced, as
the minimum required subcooling for its proper operation
might not be achieved as the flow rate is very little. For low
power levels, the heat leak on the liquid line is enough to
compromise the required minimum subcooling for the
proper LHP operation. However, during all tests at low
power, especially at 1 W, the LHP presented continuous
operation which can be observed from the experimental
test presented by Fig. 3b, as all temperatures registered
variations as power was changed indicating mass flow and
thus heat transport from the heat source to the sink. This
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result shows that this particular LHP presents a very
reduced lower limit for its operation, which is mainly due
to the reduced geometric characteristics of the capillary
evaporator (active length, etc).
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with 3.0 mm OD and 1.5 mm ID and length of 4.0 m. It was
Figure 3. Experimental tests with the LHP at horizontal bent with 12 curves to form 13 parallel channels. One end
orientation. was pinched-off and welded while the other end was
connected to a service valve used for evacuation and
charging, as presented by Fig. 5.
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Figure 5. OLPHP test apparatus.
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The apparatus was divided in three regions:
evaporation, adiabatic and condensation, each one 100 mm
long and 300 mm wide. The evaporation section was in
thermal contact with two aluminum plates, where a kapton
skin heater (280 mm X 25 mm, 11.5 Ohms) was used to
deliver the heat loads. The evaporation and the adiabatic
sections were thermally insulated while the condensation
section was in contact to the surroundings air. The
condensation was promoted by a fan able to deliver air at a
velocity of 2.5 m/s. The tests were conducted in a
controlled room environment, with temperatures ranging
between 18 to 20 °C. The heat loads were administrated by
a DC power supply with deviation of + 1%. Twenty type-T
Omega thermocouples (deviation of = 0.3 °C at 100 °C)
were used to monitor the device performance during the
tests. A total of 6 thermocouples were located at each
section (evaporation, adiabatic and condensation) and the
remaining two were at the fan inlet and outlet. The
thermocouples were connected to an Agilent 34970A data
acquisition system used to monitor all temperatures, where
the temperatures were read and saved in a spreadsheet. The
temperatures were acquired at a rate of 1 reading at each 3
seconds.

Tests were performed for the OLPHP operating at
both vertical and horizontal orientations, for three different
working fluids: ethanol, methanol and acetone. The
working fluids were selected according to their Clausius-
Clayperon relation

(dP/ dT)T_m, = ilv /(];atvlv ) (1)

where i, is the latent heat of vaporization (J/kg), T, is the
saturation temperature (°C), v, is the specific volume
(m’/kg) and high values for the magnitude of the derivative
must be achieved as PHPs are highly influenced by this
parameter. The working fluid selection directly influences
the maximum inner tube diameter (d,,), which can be

estimated from the Bond number analysis

BO:dmax g-(pl_pv)/G (2)

where g is the gravity acceleration (9.81 m/s’),p,and p, are

the liquid and vapor densities respectively (kg/m’) and  is
the surface tension (N/m). Since PHPs operate by
slug/plug motion, all conditions for generating vapor slugs
must be satisfied. In this case, the Bond number must be
less than or equal to 2.0 in order to promote the slug/plug
oscillations in the PHP, where the d_ is the upper limit for
the maximum tube diameter. A comparison between all the
working fluid used in this investigation, regarding their d_,,
is presented in Table 3. All working fluids had a high assay
(minimum of 99.95 %) and had to go through a distillation
and out-gassing processes prior to charging the OLPHP.
The inventory of each fluid was correspondent to 50 % of
the OLPHP internal volume. The maximum evaporation
temperature was limited at a range between 110 and 120
°C, which corresponded to a maximum heat load of 50 W
for vertical orientation tests.

Table 3. Maximum diameters for the working fluids (7,
=20 °C).

Fluid Ethanol Methanol Acetone
d,,, (mm) 3.6 3.4 3.5

Riehl et al. Advanced Two-Phase Passive ...

OLPHP experimental tests and results

For the startup of the OLPHP, the expected
behavior was similar to other two-phase thermal control
devices such as CPLs and LHPs, although sometimes the
start up was difficult to observe. After initiating the
administration of the heat load, an increase on the
evaporation section temperature would be expected with
consequent drop, indicating that the slug/plug pumping
action had been initiated, which would result in
temperature oscillations. With an increase of the heat load,
the oscillations become more intensive and it can be
detected by slight temperature decreasing. This behavior
was detected by Khandekar et al. (2003b) during flow
observation through transparent tubes in their experiment.

During all tests, it was noticed that the slug/plug
pumping initiation was occurring at different power levels
as well, such as presented by Fig. 6a for tests with ethanol.
Even though few pulsations were captured by the
thermocouples readings since 5 W of applied power, the
temperature oscillations were more evident only at 25 W.
At this point, great temperature oscillations could be
captured. For this specific working fluid, the temperature
oscillations could beup to 8 °C.

When testing the OLPHP with acetone, it could be
observed that the slug/plug pumping action was initiated
for 10 W, as presented by Fig. 6b. For this working fluid,
the OLPHP presented a more even temperature
distribution along the evaporation, adiabatic and
condensation sections. Another important aspect observed
during the operation of the OLPHP with acetone was the
lower evaporation section temperature at high heat load
levels. This important aspect observed during the
experimental tests could lead to the use of acetone at higher
heat loads for the same device geometric characteristics.

Tests with methanol presented higher operation
temperatures for the maximum level of heat load of 50 W,
as shown by Fig. 6¢. In this case, once again the more
intensive temperature oscillations of the OLPHP initiated
at 35 W, where it was also observed that the temperature
oscillations could be as much as 8 °C, showing an
indication of chaotic dynamics of the plug/slug motion in
the channels. The adiabatic section temperature presented
strong fluctuations, showing that the slug/plug flow
dynamics play an important role on the device thermal
behavior. Figure 6d presents the overall evaporation
section temperatures for the three working fluids used.
From the results, it could be noticed that acetone has better
results for the lowest observed evaporation section
temperature along with ethanol, as methanol showed
higher evaporation section temperatures. From this
comparison, it is possible to conclude that for higher heat
loads, acetone could be stated as the best working fluid to
be used. It is interesting to point that the working fluid
selection is an important parameter to select the tube inner
diameter in order to have the slug/plug pumping action.
This parameter is also important when evaluating the best
thermal behavior for an specific OLPHP related to the
evaporation section (heat source) temperature.

Tests with the OLPHP operating at horizontal
orientation promoted interesting results as lower
evaporation section temperatures were achieved for the
same heat load levels. The OLPHP showed an equivalent
behavior when compared to the vertical orientation tests,
where pulsations were captured by the thermocouples. The
pulsations could be noticed from the temperature readings
taken during the OLPHP operation and they were move
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evident, for the tests under horizontal orientation, on the
adiabatic and condensation sections.

For the tests with ethanol, the temperature
oscillations started at 5 W, as presented by Fig. 7a.
Comparing the experimental results for ethanol between
horizontal and vertical orientation, it was observed that
lower temperatures were verified and the OLPHP could
operate at higher power levels.
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For 45 W, great perturbations were verified which
indicated instabilities during the OLPHP operation
without any tendency of dryout in the evaporation section.
Acetone presented better performance with more even
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temperature distribution along all sections, as presented by
Fig. 7b, where lower temperatures were verified when
compared to the tests at vertical orientation. During the
tests with acetone, the intensive temperature oscillations
started occurring at 5 W.

Methanol presented intensive temperature
oscillations since the beginning of the operation at 5 W
until its termination, as presented by Fig. 7c. The OLPHP
performance was considerably better when comparing the
evaporation section temperatures, as at vertical orientation
and 50 W, the device presented temperature around 112 °C
while at horizontal orientation and 50 W, the temperature
was around 68 °C. For power levels above 25 W, greater
oscillations were taking place during the OLPHP operation
and they started to reflect on the evaporation section
temperatures where oscillations were also observed.
Differently to what it was observed for the tests at vertical
orientation, methanol has presented better results,
followed by ethanol and acetone. Such a behavior can be
observed by a comparison as presented by the overall test
results on Fig. 7d. The results for tests at horizontal
orientation clearly indicates that a working fluid could
present a better thermal behavior operating at a certain
orientation. These results are specially important to
analyze as the gravity vector is not active and microgravity
applications could use such a device.

The OLPHP operating at both vertical and
horizontal orientations presented an average interval of
oscillations as presented by Table 4, which was defined on
the base of intervals between chaotic pulses. These results
show that the oscillatory slug/plug motion in OLPHP is
dependent on the working fluid and the applied power.

Table 4. Average interval of oscillations at 50 W.

Fluid Ethanol Methanol Acetone
Vertical (sec) 16 to 24 24 t0 40 20t0 22
Vertical (sec) 22t0 40 20t0 25 181028

The experimental results, for both tests at vertical
and horizontal orientations, presented the potential of
using the OLPHP as a passive thermal control device. The
use of different working fluids could be taken as a
comparative guidance for future applications of PHPs and
also for the better understanding of the phenomenon
involved on their operation.

Comparing the thermal conductances for all the
tests, based on the evaporation and condensation sections,
Fig. 8 presents the results calculated by the following
relation (with error of + 5%):

Ccalc = Q /(Tevap - Tcond) (3)

is the calculated thermal conductance (W/°C),
T,,and T, are the average evaporation and condensation
sections temperature (°C), respectively. Upon evaluating
the overall efficiency (1) of the presented OLPHP the ratio
of conductance is defined as:

n = Ccalc / Cref (4)

where C

cale

where C,, is the reference thermal conductance (W/°C)

determined for the PHP operating without any working
fluid as

Cref = kCuA /Leff (5)
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where &, is the copper thermal conductivity (W/m °C), 4 is
the PHP cross-section area (m’) and L, is the effective
length (m) of the OLPHP. The range obtained for the tests
under vertical orientation was between 3.3 and 5.0 and for
horizontal orientation tests was between 3.6 and 11.7.
These results are comparable with the best results obtained
by Khandekar et al. (2002) which was 6.56. In average, the
variation of the overall efficiencies for vertical orientation
was * 10% and horizontal orientation was % 52%.
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Figure 8. Thermal conductances for the OLPHP.
CONCLUDING REMARKS

Recent advances on the development of two-phase
passive thermal control devices have shown the great
potentiality in using these device in space as well as in
ground applications. Systems that operates by means of
capillary forces generated by rejected heat from electronic
components and structures indicates a wide range of
possible applications with very reduced power
consumption and failure possibility. However, the
continuous development of this technology is required and
refinements of design procedures are still necessary.

The research presented regarding the LHP
experiment showed the reliable thermal behavior of this
device, as temperature control of the compensation
chamber was not required, as well as pre-conditioning
procedures. Over the entire range of power applied to the
capillary evaporator, the system presented an acceptable
performance according to the requirements for the LHP
regarding maximum heat source temperature, active
length and working fluid. Further life tests are still
necessary prior to qualifying the LHP for space
applications and the development of new wick structures
are undergoing, with the objective of improving the device
performance.
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Following the interest in finding new two-phase
passive thermal control devices, a research about a
pulsating heat pipe configured as an open loop was also
presented. The device showed interesting results for all
three working fluids during all tests, showing remarkable
operation for a device that does not present a wick structure
and operates by slug/plug dynamics. The indication of a
chaotic behavior of this device was observed during the
tests, where great oscillations on the temperatures were
verified, showing an average interval of oscillations
between pulses within 16 and 40 seconds. Tests showed
that the OLPHP operating at vertical orientation with
acetone presented better results and at horizontal
orientation, methanol presented better behavior. The
OLPHP presented not too sensitive regarding the working
fluid when operating at vertical orientation; at horizontal
orientation tests, the device presented to be more sensible.
The effective thermal conductance varied 10% at vertical
orientation and 52% at horizontal orientation tests. The
device presented lower evaporation section temperature
for tests in horizontal orientation when compared to
vertical orientation tests which could lead to use this
working fluid for higher power levels.
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