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ABSTRACT

This paper describes a general thermodynamic model, including the constitutive equations, and applies it to the coupled heat
and moisture transfer in porous building materials. The resulting balance equation system and the constitutive equations for the
quantities considered can be numerically solved. 

The constitutive equations describe the phase-divided moisture transport (liquid water flux and water vapor diffusion/advec-
tion) leading into phase-divided defined hygric transport coefficients of the balance equation system. Currently, it is impossible
to separate liquid water flux and water vapor transport experimentally. To circumvent these difficulties, moisture conductivities
and a phase-dividing function are introduced. For a known phase-dividing function, the phase-divided defined transport coef-
ficients of the balance equation system can be calculated from the measured moisture conductivities. The paper presents a numer-
ical investigation of a phase-dividing function evaluation and a description of laboratory experiments required for material
characterization. 

INTRODUCTION

The modeling of coupled heat and moisture transfer has
recently been a major research topic in the field of building
physics (Arfvidsson 1998; Brocken 1998; Descamps 1997;
Grunewald and Houvenaghel 1998; Krus 1996; Roels 2000).
This paper describes a general thermodynamic model, includ-
ing the constitutive equations, and applies it to the coupled heat
and moisture transfer in porous building materials. The result-
ing balance equation system and the constitutive equations for
the quantities considered can be numerically solved. 

MODELING OF COUPLED HEAT 
AND MOISTURE TRANSFER

Balance Equations

The general thermodynamic model, including the consti-
tutive equations, derived in Grunewald and Houvenaghel
(1998) can be applied to the coupled heat and moisture transfer
in porous building materials. The phase system is considered

as consisting of three phases, a solid (m), a liquid (l), and a
gaseous (g) phase. General component mass balance equa-
tions are applied to the components of the gaseous phase: dry
air (a) and water vapor (v). Eliminating the rates of phase
change, the liquid water and the water vapor balance are
added, which results in a moisture balance. Furthermore, the
balance equation of internal energy is established to describe
the thermal behavior of the system. 

The modeling can be simplified, if the following assump-
tions are accepted. The gaseous phase is considered as a
binary system consisting of dry air and water vapor. The
partial pressures of dry air and water vapor form the gas pres-
sure pg = pa + pv. Gravity is the only volumetric force taken
into account, and the mass production terms contain only
phase changes. The production of internal energy by
compression and friction is assumed to be negligible in the
energy balance equation. In the macroscopic balance equa-
tions, the volumetric content of the liquid phase θl and of the
gaseous phase θg are used instead of volume-integrated
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microscopic indicator functions. For the above assumptions,
the moisture mass balance and the internal energy balance
read in local formulation as in Equations 1 and 2.

(1)

(2)

The left-hand side of the balance equations (1 and 2)
describes the storage of moisture and internal energy, and the
terms at the right-hand side present the divergences of total
flux of these quantities. 

Constitutive Equations

The balance equations for the description of nonisother-
mal moisture transfer define three independent flux expres-
sions. They can be formulated by constitutive equations for
advective liquid water flux (Equation 3), water vapor diffu-
sion (Equation 4), and heat flux (Equation 5).

Liquid water flux

(3)

Water vapor diffusion

(4)

Heat flux

(5)

The hygric transport coefficients Kl and Dvn have been
introduced in a phase-divided manner, i.e., they describe
liquid water flux and water vapor diffusion separately. As
stated above, a phase-divided measurement of moisture flux is
not possible with the current state-of-the-art moisture trans-
port measurement technology. The determination of vapor
diffusion coefficients is affected by liquid water transport,
which has lead to different approaches of moisture-depen-
dence of the vapor diffusivity in the past (Krischer 1942; Neiß
1982; Kießl 1983; Häupl and Stopp 1987). On the other hand,
the determination of the liquid water conductivity in the unsat-
urated moisture range is not possible without being influenced
by vapor transport in the gaseous phase. That means the
required coefficients for numerical simulation are not directly

measurable according to their definitions. This leads to the
conclusion that the phase-divided introduction of moisture
transport coefficients in terms of primary material properties
is problematic. Therefore, Kl and Dvn should be regarded as
secondary material properties that can be calculated from the
primary ones. In order to relate Kl and Dvn to primary proper-
ties (i.e., moisture conductivities), a phase-dividing function
describing the percentages of liquid and vapor flux as part of
the total moisture flux is introduced. 

Introduction of a Phase-Dividing Function

The moisture flux can be written in terms of different
driving forces, such as gradients of capillary pressure, vapor
pressure, and temperature. These driving forces result from
the governing thermodynamic potentials. 

The capillary pressure is related to the relative humid-
ity and to the vapor pressure by the Kelvin equation pc =
ρlRvTln(ϕ). The vapor pressure gradient can be expressed
by the gradients of capillary pressure and temperature as
shown in Equation 6.

(6)

Replacing the capillary pressure gradient and the vapor
pressure gradient in Equations 3 and 4 by the relation in Equa-
tion 6, the alternative formulations, Equations 7 and 8, are
obtained for both the liquid and gaseous water flux.

(7)

(8)

The total moisture flux is the sum of the volumetric
content-weighed mass fluxes of liquid and gaseous water, 

. 

The addition of the expressions in Equations 3, 4, 7, and
8, containing the same driving forces, yields the total moisture
flux (Equation 9). 

(9)

Capillary moisture conductivity

(10)
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Hygroscopic moisture conductivity

(11)

From Equation 9, it can be said that the moisture move-
ment through a porous medium under nonisothermal condi-
tions is caused by the gradients of capillary pressure (or vapor
pressure) and temperature. According to the driving forces,
moisture conductivities can be introduced. These are the capil-
lary moisture conductivity Kc, due to the capillary pressure
gradient, and the hygroscopic moisture conductivity Kh, due to
the vapor pressure gradient.

The moisture flux under isothermal conditions can be
alternatively described by the hygroscopic moisture conduc-
tivity Kh in the hygroscopic moisture range and the capillary
moisture conductivity Kc in the overhygroscopic moisture
range.

(12)

The above definition of a phase-dividing function flg(θl, T),
as shown in Equations 10 and 11, allows one to calculate Kl and
Dvn from the moisture conductivities Kc and Kh, as shown in
Equations 13 and 14. 

Klθl = flg (θl, T) Kc (θl, T) (13)

Dvnθg = [1 – flg (θl, T)] Kh (θl, T) RvT (14)

The moisture conductivities must be experimentally
determined, preferably as function of moisture content and
temperature.

Saturated moisture conductivity
Kc(θSat, T) = KSat (T)

Relative hygroscopic moisture conductivity

Relative capillary moisture conductivity

The remaining task is the determination of the phase-
dividing function flg(θl, T). A concept for experimental deter-
mination of the phase-dividing function under steady-state
conditions is presented below. 

Numerical Solution

The modeling of transient transport processes leads into
a system of nonlinear differential equations that can be solved
by numerical integration in time. The variables of state (mois-
ture contents, temperatures, diffusive and advective fluxes of
liquid water, water vapor, heat, etc.) can be obtained by depen-
dence on space and time. 

In order to support the investigation of the coupled heat,
air, salt, and moisture transport in porous building materials,
the numerical simulation program DELPHIN4 (formerly
DIM3.1, Grunewald 2000a and 2000b) has been developed.
The simulation of the hygrothermal transport processes in
porous materials is possible for one-dimensional, two-dimen-
sional, and axial-symmetric three-dimensional problems. The
program can be used in order to simulate transient mass and
energy transport processes under arbitrary climatic boundary
conditions (temperature, relative humidity, driving rain, wind
speed, wind direction, short- and long-wave radiation). Addi-
tionally, laminar air flux and salt diffusion/convection
processes can be simulated with DELPHIN4. The investiga-
tion of the influence of salt contamination on hygric transport
properties is currently a topic of research.

Determination of the Phase-Dividing Function

It could be shown by numerical investigations
(Grunewald 2000c) that a phase-dividing function can have an
essential influence on nonisothermal moisture transport
processes. Especially for drying experiments or experiments
with opposite liquid water flux and vapor diffusion, the phase-
dividing function determines the slope of the moisture front.
A steep moisture gradient forms between the hygroscopic and
the capillary areas when the vapor diffusion prevails in the
liquid water flux; otherwise, a more equalized moisture distri-
bution can be observed. Therefore, the knowledge of the mois-
ture content profile (beside other state quantities) should
enable the determination of the phase-dividing function. 

In order to determine the phase-dividing function under
steady-state and nonisothermal moisture transport conditions,
the experimental setup shown in Figure 1 is proposed. An
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Figure 1 Experimental conditions for determination of the
phase-dividing function.
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initially moist sample is sealed at the whole surface and a
temperature gradient is applied. The vapor diffusion follows
the temperature gradient and leads to a liquid water accumu-
lation at the cold side. Under steady-state conditions, the water
vapor flux equals the backward liquid water flow. The profiles
of capillary pressure, relative humidity, moisture content, and
temperature have to be measured (at different positions and in
time because it has to be controlled whether or not steady-state
conditions are reached). As shown in the following derivation,
the steady-state profiles give the information about a “steady-
state” phase-dividing function.

For the above assumptions, the total moisture flux (Equa-
tion 9) is zero and reduces to Equation 15. Because of the
steady-state conditions, the variables depend only on the posi-
tion, not on time. Therefore, the gradients may be written as
total derivatives instead of partial derivatives.

(15)

Using the definitions of the capillary and the hygroscopic
moisture conductivity, the transport coefficients can be elim-
inated and Equation 15 is rewritten as Equation 16. It can be
denoted as hygroscopic and capillary reduced formulation of
the phase-dividing function.

(16)

Using the Kelvin equation as

pv = pvsϕ = , (17)

the partial temperature derivation of the water vapor pressure
is

, (18)

and the product of the density ratio and the temperature deri-
vation of the vapor pressure reduces to

. (19)

With Equations 18 and 19, the reduced formulations in
Equation 16 are used to express the moisture and temperature
dependence of the phase-dividing function as shown in Equa-
tion 20.

(20)

The functions dpv/dT and dpc/dT can be directly deter-
mined from the above described experiment by measurement
of the capillary pressures (in the hygroscopic range, the vapor
pressures) and the temperatures. If the moisture retention
curve is regarded as a function of capillary pressure, relative
humidity, and temperature, θl = θl(pc, T) and θl = θl(ϕ, T), then
the dependence of the reverse moisture retention functions on
the temperature,  and , have to be known for
this experiment.

Because the phase-dividing function can be directly
calculated from state variables, it should be possible to repro-
duce an initial guess of the phase-dividing function (input for
numerical simulation) for the above described experiment. A
numerical investigation has been carried out for the above
problem and Equation 20 was confirmed, i.e., the phase-divid-
ing function used on input could be reproduced from the
numerical results of capillary pressure, relative humidity,
moisture content, and temperature.

Figure 2 shows an evaluation of the numerical output of
the DELPHIN4 program using Equation 20. The investigation
was done for different initial moisture contents (indicated by
lines 1-9) and for both the hygroscopic (hyg) and capillary
(cap) formulation of Equation 20. The longest line represents
the DELPHIN4 input curve. Lower initial moisture contents
allow the reproduction of the lower parts of the phase-dividing
function. The higher the initial moisture contents, the smaller
the range of the curve obtained. Additionally, the numerical
simulation of such an experimental setup allows the investi-
gation of the influence of errors, such as the shortening of the
measuring time (i.e., non-steady-state conditions).

DETERMINATION OF HYGRIC 
MATERIAL PROPERTIES

Equipment

In order to evaluate numerical transport models describ-
ing the hygric behavior of capillary porous materials, it was
deemed necessary to develop an experimental setup designed
to accurately and rapidly determine hydraulic properties of
capillary porous media. The laboratory methods should be
able to measure the moisture storage and transport simulta-
neously.

To achieve this objective, a sophisticated instantaneous
profile method was developed. A standard material container
can be equipped by different types of sensors to investigate the
flow process within the material sample. The development of
time domain reflectometry (TDR) as a new technique to deter-
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mine water content opened possibilities for an accurate, non-
destructive laboratory method to determine water content in a
high temporal and spatial resolution. Therefore, we undertook
a major effort to incorporate the TDR technique with minia-
turized probes (Malicki et al. 1992) as a basic tool in the
method. Miniaturized pressure transducer tensiometers
(Plagge 1991) and relative humidity sensors are used for the
determination of the water potential in the wet and dry mois-
ture range. The basic idea for the development of the method
is the use of a same material column in a series of experiments,
where different flow regimes can be achieved by controlling
the initial and boundary conditions. 

In general, the experimental setup consists of several
components. The vertical measuring sampler is provided with
five pairs of trapped holes, into which guide nuts are screwed
prior to drill holes and specially designed sensors are inserted.
The material sample is equipped by TDR-unimpressible and
pressure transducer tensiometers or relative humidity sensors,
aligned at equal distances of 20 mm along the 100-mm-long
container. Movement of water can be achieved by controlling
the evaporation, where a ventilator is used to control the evap-
oration rate and to realize constant relative humidity boundary
condition. A lid with sealing material serves for zero flux
boundary conditions at the bottom (IPM I) and the top (IPM II)
of the material sample. To monitor, control, and register mate-
rial moisture and water potential, a computer-aided automatic
data acquisition system is used. Further information concern-
ing the sensors used, their calibration, and additional experi-
mental details are given by Malicki et al. (1992), Plagge et al.
(1996, 1997, 1990), and Plagge (1991).

Experiments

For measurement, the material is sampled, pre-wetted,
fixed into a standard container, and prepared for sensor
installation. The material sample is equipped by mini-tensi-
ometers and TDR probes and sealed at the bottom. At the top
of the sample, a ceramic plate is fixed and a controlled
suction of –10 hPa is applied. Static equilibrium was
achieved after several days, indicated by time-constant water
content and water potential in different positions measured
by the TDR and the tensiometer system.

IPM I. To start the experiment, the ceramic plate is
removed and the ventilator and/or lids with holes are placed on
the top of the sample. Thus, the material is allowed to evapo-
rate while water content and water potential are monitored
continuously. When the end of the experiment is reached, the
water content measured by the top TDR sensor is equal to the
one measured at 95% relative humidity. Subsequently, the
tensiometers are removed and the material container is placed
into a climatic chamber for equilibration at a relative humidity
of 95%. 

IPM II. To start the second experiment, the relative
humidity sensors are installed into the sample container. The
top of the sample is sealed and the sampling container is fixed
on the miniaturized climatic chamber box, where a ventilator
is used to control the relative humidity and dry the material.
During the desorption, water content and relative humidity are
continuously monitored and registered by the acquisition
system. 

After the experimental runs, the different sensors are
removed and the total water content of the sample is measured
by thermo-gravimetry. From measurement of the sample mass

Figure 2 Evaluation of numerical simulation results with an initial guess of the phase-
dividing function.
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at the beginning of each IPM run, the TDR water content
measurements are corrected using a mixed dielectric compo-
nent approach (Plagge et al. 1996). An adjustment of the tensi-
ometers and the relative humidity sensors is done by defining
a physical offset at the static equilibrium before each IPM run.

Calculations

As a result of the experiments, three different measure-
ment ranges can be distinguished. The first tensiometer range
is from saturation up to 1 bar capillary pressure, the second
range is from 1 bar up to 60 bar capillary pressure, and the rela-
tive humidity range is <95%, which is equivalent to >60 bar
capillary pressure. Since there is no water potential sensor
available in the range between 1 to 60 bar, the capillary pres-
sure was indirectly derived from the static water retention
characteristics and the corresponding water content deter-
mined by TDR. For calculation and data interpretation, each
range is interpreted individually.

During the experimental runs, water content and capillary
pressure (water potential) are measured (derived, for the
second measurement range) at five different positions along
the vertical material sample, resulting in two sets of data of
water contents and capillary pressures. Each single measure-
ment corresponds to a triplet (water content or capillary pres-
sure as a function of position and time); all together design a
surface in a three-dimensional coordinate. The interpolation
of the triplets results in a surface of smoothed data sets.
Assuming the measurement error is of pure stochastic nature,
a part of the measurement error can be removed by the three-
dimensional interpolation procedure according to Bezier
(1971). On this basis, it is possible to generate smoothed
values, given by a number of generated values based on the
measured values.

The calculation of a smoothed water content and water
potential surface is required in a rectangular coordinate. The
length of the steps can be calculated in arbitrary density. As a
result of the smoothing procedure, one yields the surfaces of
the measurement variables for a given position at a defined
time. From the corresponding water content and water poten-
tial time-profiles, the storage characteristics for chosen
compartments of the material can be determined. The smooth-
ing procedure described above is not only used to interpolate
the data collected at different measurement times. One can
imagine that each single set of data corresponds to a defined
mass. The bigger the data density, the larger their mass and the
more strongly the smoothed and new constructed surface is
attracted. Thus, the stochastic errors can be removed by the
procedure. By contrast, if systematic biased errors occur, e.g.,
a sensor drift induced by temperature or a wrong offset, this
would lead to a continuous shift of measurement data and
would be reflected by the smoothing procedure. On the other
hand, real effects, shown by continuously higher or smaller
values, are not masked by the interpolation procedure.

Results and Discussion

As an example, results are shown for calcium silicate
panels, a material that is used for inside insulation. Figure 4
presents the water retention characteristics measured by the
transient IPM methods. For comparison, the data from stan-
dardized thermo-gravimetric reference methods are also
shown in the plot. The reference data were measured in six
replicates by the pressure plate apparatus (ISO 1993) and
desiccators with different saturated salt-in-water solutions
(ISO 1996). These results correspond to static equilibrium
conditions. While the IPM applications needed less than one
month to scan all of the characteristics simultaneously, the

Figure 3 Schematic view of the two instantaneous profile methods, IPM I and IPM II, used for the simultaneous
determination of the desorption characteristics of the storage and transport of the material moisture.
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static equilibrium methods required a time of more than one
year.

The water retention data represent the complete storage
characteristics of the calcium silicate material. In the dry and
wet moisture range, the static state data show a small variation
within their replicates. Starting at a water potential of 300 hPa,
which represents the air-entry-point of the material, the results
indicate an increasing scatter within the replicates. The maxi-
mum difference is reached at 3000 hPa (about 3 bar capillary
pressure), where the scatter exceeds a volumetric moisture of
about θ = 0.25 m3/m3. These variations within the independent
replicates can be explained by the natural heterogeneity of the
material.

Figure 4 indicates differences between the transient data
measured by TDR and tensiometers and the static thermo-
gravimetric reference. The reason is given by the different
procedures used to saturate the samples. To receive the pore
size distribution of the material by the static equilibrium
methods, the material samples have been moistened using
vacuum saturation. Thus, a maximum water content was
achieved at θ = 0.90 m3/m3, corresponding to the porosity Φ
of the material. For the transient methods, capillary saturation
is preferably applied. At natural conditions, the pores are
moistened by capillary forces only, where not all pores are
water filled. As a consequence, the effective saturated water
content does not exceed θsat = 0.81-0.84 m3/m3. A part of the
variation within the IPM I data is due to spatial heterogeneity.
Furthermore, transient curves depend on the speed of the

imposed water content change and the initial water content,
where more water is retained at a given water potential with
decreasing water content and increasing capillary pressure
(Plagge et al., in press).

Since the capillary potential cannot be measured within
the water potential range of 103 to 6×104 hPa, the capillary
pressure for the IPM method is derived from the mean static
equilibrium data, thus removing any information about the
variability. The transformation of this mean characteristic to
the TDR data measured at the five compartments generates
new scattered water potential data. This artificial scatter is
removed by decreasing the spatial resolution of the Bezier
(1971) fitting procedure. The smoothing character of the
results is visible in the plot.

The comparison between the IPM II data and the hygric
sorption isotherm as the static reference method shows close
agreement. Only the enlargement of this dry range indicates
that a unique relationship between water content and capillary
potential does not exist. This can be explained by the spatial
variability of the material and the affected transient conditions
(Plagge et al., in press). The results corroborate experiments
from several researchers who have found a multiplicity of
curves in dynamic experiments. Since an equilibrium status
over a long time interval does not exist under natural condi-
tions, the validity of static equilibrium methods is limited. 

The moisture transport characteristics as a function of the
water potential and water content are shown in Figure 5. The
unsaturated hydraulic conductivity is given over the whole
water potential and moisture range and varies about nine
orders of magnitude. The connection between the measure-
ment ranges identifies a good collaboration between the
different instantaneous profile methods.

The hydraulic conductivity in the dry and wet range is
determined for five compartments along the vertical material
sample. To minimize errors due to sensor drifts and biased
water potential measurements, a threshold gradient is intro-
duced, where the magnitude of the threshold depends on the
accuracy of the water potential measurement. If a hydraulic
gradient remained below the threshold gradient, the resultant
conductivity is rejected from the data. Since the pressure
transducer tensiometers exhibit a higher accuracy than the
relative humidity sensors, smaller gradients are discarded
from further evaluation of conductivity. This is visualized by
the denseness of the data in the moist range, where five
compartments can be plotted. The variations within the data
are due to different initial moisture contents caused by spatial
heterogeneity. No variability is shown in the water potential
range between 103 to 6×104 hPa, where any scatter is removed
by the decrease of the spatial resolution of ζ during the Bezier
fitting procedure.

CONCLUSIONS

In general, the determination of water vapor diffusion and
liquid water transport coefficients is realized by experimental
methods that do not allow a distinction between the different

Figure 4 Comparison of the IPM methods and classical
static equilibrium methods to determine the
water retention characteristics of the calcium
silicate panels. The variables θSat and Φ
correspond to the saturated water content after
capillary saturation and the porosity after
vacuum saturation.
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phase states of water. Thus, a phase-dividing function can be
introduced and should be determined by nonisothermal mois-
ture and energy transport experiments. The use of transport
coefficients for water vapor diffusion and liquid water transfer
for computer simulations of nonisothermal problems without
an experimentally determined phase-dividing function is crit-
ical and can lead to unreasonable results. A “false” phase-
dividing function would lead to incorrect nonisothermal mois-
ture transport calculations due to its influence on the water
vapor diffusion according to the temperature gradient. 

In a series of experiments where different nonstationary
flow regimes are achieved by controlling the initial and
boundary conditions, a standard material container can be
equipped by a set of accurate and miniaturized nondestructive
TDR sensors, pressure transducer tensiometers, and relative
humidity sensors. Thus, water content and capillary water
potential can be measured simultaneously in high temporal
and spatial resolution during the transient experiments. For the
calculation of data, a smoothing procedure (Bezier 1971) is
applied to remove stochastic errors from the data. 

The instantaneous profile methods presented are able to
measure the water retention characteristic and the capillary
moisture conductivity simultaneously in a reasonably short
time. For calcium silicate insulation panels, the required
measurement time was only about four weeks, while the deter-
mination of the water retention characteristics by static equi-
librium reference methods needed more than one year.
Disadvantageous are the demands of special sensor installa-
tion technologies and the lack of missing water potential
sensors in the range between 103 to 6×104 hPa. The measure-
ment technology should be further developed in order to deter-
mine the phase-dividing function experimentally.

NOMENCLATURE

cm = specific heat capacity, dry material, J/kgK

cv = mass concentration of water vapor, kg/kg

Dvn = vapor diffusion coefficient, m2/s

flg = phase-dividing function

gk, g = gravity acceleration, m/s2

hv = specific enthalpy of water vapor, J/kg

= total moisture flux, kg/m2s

= vapor diffusion flux, kg/m2s

= heat flux, W/m2

Kl = liquid water conductivity, s

Kc = capillary moisture conductivity, s

Kh = hygroscopic moisture conductivity, s

Kc,r = relative capillary moisture conductivity

Kh,r = relative hygroscopic moisture conductivity

KSat = capillary moisture conductivity at saturation, s

pc = capillary pressure, Pa

pg = pressure of the gaseous phase, Pa

pv = partial vapor pressure, Pa 

pvs = saturation vapor pressure, Pa 

pa = partial air pressure, Pa 

Rv = specific gas constant of vapor, J/kgK

T = temperature, K

t = time, s

um = specific internal energy of solid material, J/kg

Figure 5 Unsaturated hydraulic conductivity by the IPM methods as a function of capillary pressure (left) and water content
(right) of the calcium silicate insulation panels. The capillary pressures of the data, indicated by the dots, were
indirectly derived using the static water retention characteristic.
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jk diff,
mv

jk diff,
Q
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ul = specific internal energy of liquid phase, J/kg

uv = specific internal energy of vapor, J/kg

= velocity of the liquid phase, m/s

xk = spatial vector, m

Symbols

θl = volumetric content of liquid water, m3/m3

θg = volumetric content of the gaseous phase, m3/m3

θHyg = maximum hygroscopic moisture content, m3/m3

θSat = saturation moisture content, m3/m3

λ = thermal conductivity, W/mK

ρm = mass density of the solid material, kg/m3

ρl = mass density of the liquid phase, kg/m3

ρv = mass density of water vapor, kg/m3

Φ = porosity, m3/m3

ϕ = relative humidity
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