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Abstract

A small scale Condensation Irrigation (CI) system was constructed
to investigate the flow patterns of water, air and heat in the soil sur-
rounding a perforated pipe from which water, heat and humid air was
transferred. A 0.2 m long cross-section of sand and pipe was used to
emulate a two-dimensional section of a CI system. Under these down-
scaled conditions, the mean irrigation rate in the sand box was 1.03
mm d-1. The major heat transfer mechanism in the sand profile was
gas advection, which greatly reduced the sand temperature around the
pipe. Nearly 50% of the vapour leaving the airflow inside the pipe, was
transported to the sand surface by gas advection.

1 Introduction
Condensation Irrigation (CI) is a combined desalination and subsurface ir-
rigation system, making use of saline or otherwise contaminated water for
supplying clean irrigation. The system is divided into two parts: in the first,
solar thermal energy evaporates non-potable water inside a solar still, and
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the formed vapour heats and humidifies ambient air flowing above the wa-
ter surface inside the still. The warm and humid air is thereafter led into
the second part of the system, comprising a horizontal array of underground
drainage pipes.

While flowing through the pipes, the ground acts as a condenser, and
cools the humid air so that vapour precipitates as freshwater inside the pipes.
The perforations in the pipe wall enable the water to percolate into the the
surrounding soil, and thereby irrigate it. Some of the humid air also manage
to leak through the perforations and contribute to increased irrigation due
to vapour condensation in the sand.

To assess the irrigation yield and transport of water and heat in a soil
surrounding a drainage pipe in the CI system, a down-scaled model of a
buried drainage pipe was constructed inside a thermally insulated sand box,
through which humidified warm air was pumped.

The airflow properties and sand temperature were monitored continu-
ously, while the sand water content was measured by gathering sand samples
in the sand column at the conclusion of each experiment. Due to lack of time
the experiments were limited to one pipe size and to more or less constant
inlet airflow properties, even though it would have been preferable to model
variations of these as well.

A plastic cover was used to stop the mass loss through the sand surface.
This resulted in considerable temperature increase in the sand around the
pipe and also a 50% lower irrigation yield. It was therefore concluded that
the humid air transport from the pipe to the sand surface was the main
contributor to the heat transfer in the sand. This illustrates that even though
the gas phase are sometimes considered immobile in numerical simulation
models, this is not a reasonable assumption under non-isothermal conditions.

The airflow temperature at the pipe inlet was shown to have the greatest
impact on the irrigation yield for the given setup. This was explained by the
fact that vapour content increases exponentially with increased temperature,
while the airflow velocity and humidity correlation to vapour content is linear.

By increasing the duration of the experiments, it was seen that the ir-
rigation rate declined with time because of the heat accumulation in the
sand around the pipe. Nightly cooling by circulating low-temperature air
through the pipe resolves this problem. This was however not done in the
experiments.
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2 Method

2.1 Experimental setup

To evaluate the Condensation Irrigation (CI) in practice, a small-scale CI
plant was constructed inside a thermally insulated sand box, in which a
humidified warm airflow was lead through a buried drainage pipe. For sim-
plicity, only a thin cross-section of the sand was used, so that the system
could be assumed to be two-dimensional.

The sand box was built 0.60 m high, 0.40 m across, and 0.20 m along
the drainage pipe direction (Fig. 1). The pipe had a diameter of 50 mm,
and the perforations in the pipe wall consisted of 6 evenly distributed 2 mm
holes with a spacing of 20 mm. A thin cloth was wrapped around the pipe
in the sand so that sand would not enter the pipe through the perforations.
The upper part of the pipe was located at a depth of 0.20 m from the sand
surface.

The airflow was driven by a fan heater at the entrance to the humidifier,
and another fan at the exit. Inside the humidifier the air was humidified
and further heated by steam rising from a bucket with water heated by two
electrical heaters. The air leaving the sand column was led back to the
humidifier to create a semi-closed loop for the airflow. The setup is shown
in Fig. 1.

The airflow properties and heat transfer in the sand column were moni-
tored continuously, while the moisture profile in the sand was evaluated at
the end of each test run. In Fig. 2 details of the setup are shown.

2.2 Determination of sand properties

If numerical simulations of the CI experiment are to be possible in the future,
some necessary sand properties must be known or determined. The porosity,
θ, of the sand was measured by stirring down a fixed bulk volume of sand,
Vsand into a water-filled measuring cup. The volume increase of the water,
∆Vwater, equaled the volume of the sand grains, so the porosity could be
determined by:

θ =
Vsand −4Vwater

Vsand

The sand particle density, rp (kg m-3), was determined by dividing the

3



Figure 1: Experimental setup. The air was circulated through the humidifier and
the sand column. Airflow properties were measured inside the pipe at the entrance
and exit of the sand column.

Figure 2: Sand column seen from above. In the left picture, the box is filled with
sand to the lower part of the pipe. The four horizontal thermocouples and the thin
cloth surrounding the pipe are visible. The right picture shows the sand column
filled with dry sand before the start of the experiment. The topmost thermocouple
is visible at the sand surface.
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Figure 3: Sand filled transparent plastic cylinder standing in a tray with a constant
water level. The holes in the bottom of the cylinder enable water to pass to and
from the pillar of sand inside the cylinder.

weight of the sand volume used above and dividing it by the increase in water
volume, ∆Vwater. The dry bulk density, rd (kg m-3), is the product of the
grain density and porosity. Relationships between the sand humidity and
the capillarity and phase permeability were estimated by determining the
so-called Soil Water Retention Curve (SWRC).

The SWRC was measured by placing a pillar of dry sand in a tray with
a constant water level. The sand was wetted from below by capillary suc-
tion. When the soil water content was deemed constant, sand samples were
collected at different heights and used for determining soil water saturation
for the construction of the SWRC (Fig 3).

As a simplification, hysteresis was assumed to be negligible, so the SWRC
resulting from the wetting experiment was set to be valid for both draining
and wetting. This is a rough estimation and the wetting curve can be much
lower than the draining curve. However, since condensation irrigation mainly
is a wetting process, it is a reasonable approximation. According to [1] the
SWRC can be generalized by the following expression:

hc =
1

a

(
S

−1/m − 1
)1/n

(1)

In Eq. (1), hc (m) is the capillary rise above the free water surface, S is
the water saturation degree, and a, n and m = 1− 1

n
are shape parameters

for the function.
Measuring liquid and gas phase permeabilities in unsaturated soil is a
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very complicated and time-consuming process [5], so instead the parameters
obtained from Eq. (1) can be used together with the theoretical functions
developed by [2] for describing the relative permeabilities of the liquid and
gas phases:

krw = S1/2 ·
(

1−
(
1− S1/n

)n)2
krg = (1− S)1/3

(
1− S1/n

)2n
The saturated hydraulic conductivity was measured using the same equip-

ment as shown in Fig. 3 with a constant free water level above the sand col-
umn. From the time it took for 1 liter of water to infiltrate through the sand
inside the cylinder while keeping the water level steady the Darcy velocity
was obtained:

ν = −k (4h12)
l12

where v (m s-1) is the water flux per unit area through a porous body, k
(m s-1) is the saturated hydraulic conductivity, ∆ h12 (m) is the height from
the bottom of the sand to the water surface, and l12 is height of the sand
column. The intrinsic permeability, ki (m2), of the sand was derived through
the relationship

ki =
kµw

ρwg

where mw (Pa s) is the dynamic viscosity of water and rw (kg m-3) is the
water density.

2.3 Airflow measurements inside the drainage pipe

In the experiment, the air entering the drainage pipe was preheated and
humidified by means of a fan heater and two electrical water heaters that
heated water inside an open water bucket (Fig. 1). This apparatus could
yield preset temperature and humidity for the airflow.

Upon entering and leaving the sand box, the airflow temperature was
measured using type T thermocouples in the cross-sectional midpoint of the
drainage pipe. A wet temperature was also obtained from another thermo-
couple with a wet linen sock wrapped around it. From the difference in the
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wet and dry temperatures, Tw (°C) and Td (°C), the airflow relative and
absolute humidity, f (%) and x, were estimated using Eqs. (2-3), in which
the superscripts w and d denotes conditions at the wet and dry temperature,
respectively:

x =
0.622 · pwv,sat

patm + ps − pwv,sat
(2)

ϕd =
x · (patm + ps)

pdv,sat (x+ 0.622)
(3)

In the Eqs. (2-3), patm (Pa) is the atmospheric pressure, ps (Pa) is the
static pressure inside the pipe, and pv,sat (Pa) is the saturated vapour pressure
at the wet (w) or dry (d) temperature.

The total and static air pressures were measured using a Prandtl tube
connected to a wider pipe partly immersed in a small water bowl. The bowl
was placed on a laboratory scales to measure the airflow pressure working on
the water inside the bowl, see Fig. 4. The scales had a precision of 0.01 g.

When aiming the nozzle of the Prandtl tube in flow direction, the pressure
increase inside the tube was a result of the excess static air pressure inside the
pipe. By placing the Prandtl tube in the opposite direction of the flow, both
the static pressure and the flow-induced dynamic pressure were registered on
the scales.

The air pressure in the Prandtl tube was calculated from the weight
increase in the water bowl before and after the Prandtl tube was placed
inside the drainage pipe:

H t,s
g =

4m
ρwAc

where H t,s
g (m) is the total (t) or static (s) pressure head of the humid

airflow, Dm (kg) is the mass increase registered on the scales, and Ac (m2)
is the cross-sectional area of the pipe leading the airflow into the water bowl.
The dynamic pressure, being the difference between the total and the static
pressure, allows for the humid air velocity, vg (m s-1), to be calculated:

vg =

√
2 · ρwg ·

(
H t

g −Hs
g

)
ρg
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Figure 4: Equipment for measuring airflow pressure and velocity. A Prandtl tube
was used to measure the total and static pressure inside the drainage pipe at the
inlet and outlet to the sand column.

where H t
g (m) and Hs

g (m) are the total and static pressures, and ρg = ρa+ρv
(kg m-3) is the humid air density.

By measuring the dynamic pressure at different locations in the pipe
cross-section it was found that the maximum velocity was localized close to
the top of the pipe, instead of in the middle. The causes of this anomaly
were the sharp entrance from the humidifier to the pipe and the small bend
of the pipe between the air humidifier and the sand column (Fig. 1).

A contraction coefficient, y, was for this reason multiplied to the pipe
area to obtain the actual flow area [4]. At the outlet from the soil column
the contraction coefficient was set to 1 due to the even flow profile at that
location. The mass flux of water vapour, ṁv (kg s-1), at the in- and outlet
of the drainage pipe is:

ṁv = vgρgψA ·
x

1 + x
(4)

where A (m2) is the cross-sectional area of the irrigation pipe. By assuming
that the hourly measurements of the airflow properties represented average
values over the whole hour, the potential irrigation yield, Dmv (kg), was
calculated as the difference between the inlet and outlet mass flux of vapour
over the total time of operation in the experiment. The potential irrigation
hence represented the total mass of water lost from the airflow between the
pipe inlet and outlet.
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While flowing though the sand column, some of the air left the pipe
through the perforations, and transferred through the sand to the ambient
air above the sand surface. The mass flux of air, ṁa (kg s-1), was calculated
in a corresponding manner as in Eq. (4),

ṁa = vgρgψA ·
1

1 + x
(5)

and the total mass of air leaving the pipe through the sand, Dṁa (kg), was
defined as the difference in the total mass flux of air entering and leaving the
pipe over time of operation.

2.4 Measuring the soil temperature and moisture

During the experiments the soil temperature was recorded at 11 locations in
the sand using type T thermocouples connected to a CR10 data-logger via
a multiplexer. Measuring the water content of the sand during the test run
was not deemed achievable since it is very difficult to extract sand samples
at specific depths without disturbing the sand profile. Instead, sand samples
were collected in the profile at the conclusion of each experiment. The sam-
ples were placed in small aluminum cups and directly weighted on the same
scales used for the humid airflow measurements.

The sand samples from the first three experiments, were collected at three
horizontal locations on eight elevations, resulting in 24 sand samples. In the
following experiments, the sand sampling was increased to six horizontal
locations and eleven elevations, i.e. 66 samples per experiment. Between
each experiment the sand was replaced by new, dry sand from the same
supply. Fig. 5 shows the location of the thermocouples in the sand and the
locations for sand sample collection.

The collected sand samples were dried in 105˚C for at least three hours.
The difference in weight before and after drying reveals the water content of
each sample, which can be translated into water saturation, S, through the
equation:

S =
ρp (1− θ)

(
mw

s −md
s

)
ρwθmd

s

where rw (kg m-3) is the water density andmw
s (kg) andmd

s (kg) is the mass of
the wet and dry sand sample, respectively. The net increase of sand moisture
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Figure 5: Location of the thermocouples and sand moisture sampling areas in the
middle cross-section of the sand column

content,msand (kg), was estimated by first drawing up a sand moisture profile
using the moisture contents found in the 24 respectively 66 soil samples, and
then summing up the contributions inside each area in the profile.

2.5 Calculations of the water balance in the sand

From the mass of dry air leaving the sand through the surface, the vapour
mass lost through the sand surface could also estimated. By assuming that
the air in the pores at the surface of the sand has the same temperature
as the bulk sand surface and that the relative humidity is f = 100% (in a
porous media f > 98% even for very dry conditions), the vapour lost to the
ambient, msurface (kg), could be calculated as:

msurface = 4ma
0.622 · pv,sat(Tsurface)
patm − pv,sat(Tsurface)

An error estimate of the mass balance of water, ε, could now be deter-
mined as

ε =
4mv −msurface −msand

4mv

in which msand (kg) is the accumulation of water in the sand, estimated from
the sand samples gathered in the sand column.
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2.6 Experiment execution

Eight experiment runs were carried out during a five month period. All runs
comprised 8 hours of irrigation followed by 16 hours of recess, in which the
airflow was stopped.

In the first experimental run (Exp 1) the sand surface was covered with a
plastic foil so that no water could escape through surface evaporation. The
purpose of using the plastic foil was to establish a mass balance between
the accumulated soil moisture content in the sand and the calculated water
loss in the pipe’s airflow. The third experiment (Exp 3) was a repetition of
the first experiment but with no plastic foil. In the second experimental run
(Exp 2), the irrigation time was doubled to 10 days, but was otherwise the
same as Exp 3.

It was concluded from the first three experiments that the humid airflow
was not fully developed at the inlet to the sand column, and therefore the
mass flux through the pipe was not calculated correctly. The pipe length
between the humidifier and the sand column was therefore lengthened before
continuing with the five subsequent experiments.

The longer pipe improved the flow profile of the air somewhat, but the
fully developed flow was still not entirely achieved. A longer pipe had addi-
tional effects on the flow, such as reduced flow rate, and cooler air entering
the sand column.

In the fourth and sixth runs (Exp 4 and Exp 6) irrigation was continued
for three days, the fifth experiment (Exp 5) ran for 2 days, and the last two,
Exp 7 and Exp 8, ran for 5 days each. The order of the experiments were
selected randomly.

3 Results and Discussion
Before commencing with the experiments, relevant properties of the sand
were measured. The porosity and particle density was estimated to θ = 0.40
and rp = 2597 kg m-3, respectively.

By curve fitting the data obtained from the capillary suction experiment
against the Eq. (1), the shape parameters were determined to be a = 14.8570
m-1 and n = 5.1021 for the sand. The measured and fitted values for the
SWRC are shown in Fig. 6.

The hydraulic conductivity was k = 8.19 · 10−4 m s-1. This value is high,
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Figure 6: Estimated Soil Water Retention Curve under wetting conditions for the
sand used in the experiments, expressed as hc=f(S) (m)

even for a sand, because the sand particle size distribution was contained
between 0.025 and 0.5 mm. The intrinsic permeability was ki = 8.38 · 10−11

m2.

3.1 Obtained Irrigation yield

The water amount found in the collected sand samples was translated into an
irrigation amount by expressing the water gain in the soil as a corresponding
precipitation on the surface (mm day-1). This translation was done to get a
clear comparison of the irrigation yield between experiments. In Table 1 the
irrigation levels and the inlet airflow properties are listed together with the
duration of the experiments.

During the first three experiments a shorter pipe distance was used be-
tween the humidifier and the sand column, which meant that the incoming
air had a higher temperature and velocity than in the following experiments.
The resulting irrigation was therefore higher in these experiments than in
the succeeding (Exp 1 excepted).

Previous theoretical studies have shown that the airflow temperature has
the greatest impact on the irrigation yield: according to [3] a 20% increase in
airflow temperature resulted in a 90% increase in irrigation. Increasing the
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Table 1: Experiment duration and irrigation yield, Ī (mm day-1), together with
mean velocity, v̄ (m s-1), relative humidity, ϕ̄ (%), and air temperature, T̄ (˚C) in
the pipe at the inlet to the soil column. *Soil surface covered with plastic film

Duration Ī v̄ ϕ̄ T̄

(days) (mm day-1) (m s-1) (%) (˚C)

Exp 1* 5 0.69 2.2 65 45.5

Exp 2 10 1.16 2.5 71 46.2

Exp 3 5 1.31 2.2 75 44.4

Exp 4 3 0.96 1.3 91 39.3

Exp 5 2 1.17 1.0 88 40.7

Exp 6 3 1.02 1.0 93 39.7

Exp 7 5 0.93 1.2 97 41.1

Exp 8 5 0.97 1.1 90 42.6

inlet airflow velocity or humidity 20% resulted in about 10% and 30% more
irrigation, respectively. These correlations fit quite well with the relations in
these magnitudes between Exp 3 and Exp 7 or Exp 8.

3.2 Relations between mass and heat transfer

In the first experiment the soil surface was covered with a water tight plastic
foil for the purpose of establishing an evaporation balance with other experi-
ments. Instead, the surface plastic cover turned out to have completely other
effects.

A comparison of the irrigation yield for Exp 1 and Exp 3 (Table 1), reveals
that even though the two experiments had more or less the same inlet air
temperature and velocity, the irrigation amount in Exp 1 was just over half
of the irrigation obtained in Exp 3.

Hence, by sealing off the humid air path to the surface with the plastic
foil, the gas transport in the soil was prevented. This greatly reduced the
mass and heat transfer in the sand, leading to greater temperature gradients,
and higher temperature around the pipe, and thus to lower irrigation yield.
This explanation was supported by the moisture and temperature profiles for
the two experiments, Figs. 7 and 8.
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(a) Exp 1 (b) Exp 3

Figure 7: Moisture profiles (kg m-3) for Exp 1 and Exp 3.

(a) Exp 1 (b) Exp 3

Figure 8: Estimated temperature profiles (°C) for Exp 1 and Exp 3
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The moisture profiles in Fig. 7 clearly show the reduced water content
in the sand in Exp 1 compared to Exp 3. The result of the reduced heat
transfer in the sand is demonstrated in the temperature profiles (Fig. 8), in
which the temperature above the pipe is 40°C in the sand with surface cover
(Exp 1) and only 34°C in the experiment without (Exp 3).

The soil water in Exp 1 is transported upwards, away from the warm pipe
wall, while in Exp 3, the water content is concentrated closer to the pipe.
The reason why the water is not accumulated around the pipe in Exp 1 is
due to the high temperature in the region around the pipe.

When gas transport is prohibited in the soil, the heat transfer must rely
on the much slower process of heat conduction to even out the temperature
differences. The density of the isotherms is a good indicator for the reduction
in heat transfer. In the area of the highest moisture in Exp 1, the sand
temperature is also found to be lower than the surrounding, since liquid
water accumulates in the coolest region of a porous media.

3.3 Water and heat propagation in the sand

The moisture and temperature profiles in the sand column after 2, 3, and 5
days of irrigation are shown in Figs. 9, 10, and 11. A mutual detail all of these
moisture profiles possess is the asymmetrical accumulation of water to the
right side of the pipe. Since this is true for all experiments, the explanation is
most likely that the bar attaching the horizontal thermocouples had a higher
water storage capacity than the sand.

In the experiments with a three day irrigation period (Exp 4 and Exp 6),
the inlet airflow temperature was lower than in the other experiments. As a
result, the temperature profile in the sand in Fig. 10(b) shows a lower sand
temperature around the pipe for these experiments than for the others. An
additional effect of the low inlet air temperature was a relative reduction in
the irrigation yield during the three days of operations (Exp 4 and Exp 6).

Since it was concluded from the first three experiments that gas move-
ments in the sand was the dominant mode of heat transfer, the gas flow
direction should coincide with the temperature gradient.

In all profiles, the temperature decreases radially out from the pipe with
the smallest gradients in the upward direction, which indicates a better heat
transfer above the pipe.
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(a) Moisture content (kg m-3) (b) Temperature profile (°C)

Figure 9: Soil profiles after 2 days of irrigation (Exp 5)

(a) Moisture content (kg m-3) (b) Temperature profile (°C)

Figure 10: Soil profiles after 3 days of irrigation (average values from Exp 4 and
Exp 6)
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(a) Moisture content (kg m-3) (b) Temperature profile (°C)

Figure 11: Soil profiles after 5 days of irrigation (average values from Exp 7 and
Exp 8)

The gas thus mainly escapes the pipe in the radial direction, through the
upper part of the pipe, and leaves through the sand surface. Due to gravity,
the liquid water concentration is highest just below the pipe, where the gas
advection is lower.

3.4 Irrigation decline with time

As previous theoretical simulations indicated [3], the daily irrigation yield
declined each day of operation due to the increasing sand temperature. After
some time, the daily irrigation should reach a steady yield, as the diurnal
soil temperature variations reaches a steady state.

To see this more clearly, the irrigation yields are plotted for different
durations in Fig. 12. The five last experiments are shown in the first three
blocks, and thereafter Exp 2 and Exp 3 are displayed separately, due to their
dissimilar inlet airflow properties.

Trend lines are included to visualize the irrigation decline towards a
steady yield. The irrigation level after 3 days of operation are comparatively
low due to the lower inlet air temperature in these experiments.
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Figure 12: Daily irrigation yield (mm day-1) compared to different duration of
operation

3.5 Mass balance of water in the sand column

The applied contraction factor y was adjusted for each experiment so that
most of the water entering the soil column through the pipe could be ac-
counted for (Table 2). Due to the unstable flow, even for very small deviations
in flow area, the reduction in vapour flux through the pipe was considerable,
indicating that y was an important design parameter.

The actual irrigation yield in Table 1 was determined from the water
content found in the sand samples at the conclusion of each experiment.
In Table 2 the actual and potential irrigation levels, msand and Dm, are
displayed together with the water loss though surface vapour flux, msurface,
and the mass balance error, e resulting from using the contraction factors y.

The calculated mass balance reveals that at best about half of the water
leaving through the pipe perforations remain in the sand. The rest exit the
sand through the sand surface. In Exp 1 the surface was covered with a
plastic film to reduce vapour mass loss through the surface. Still, according
to Table 2 it appears that some humid air managed to leak through the
cover. Nevertheless, the required gas pressure for leaving the sand column
was higher when passing through a much smaller opening.

In Table 2 it is also indicated that the relative amount of water leaving
through the surface increases with time: for the experiments with short du-
ration (Exp 4 to Exp 6), a larger fraction of water accumulates in the sand.
With time, the accumulation of water in the sand, Dm, is overtaken by the
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Table 2: Mass balance for the experiments. In the columns, Dm is the total mass
of vapour lost between the inlet and outlet for the whole experiment duration,
msurface is the estimated vapour loss through the sand surface, and msand is the
measured sand water content.

Δm msurface msand ψ ε

(g) (g) (g) (-) (%)

Exp 1* 332 37 277 0.802 6%

Exp 2 2149 1149 927 0.812 3%

Exp 3 1085 523 520 0.848 4%

Exp 4 329 96 229 0.805 1%

Exp 5 246 52 187 0.936 3%

Exp 6 395 131 246 1.000 5%

Exp 7 728 336 370 0.925 3%

Exp 8 951 553 388 0.964 1%

*Soil surface covered with plastic film

surface loss of water, msurface. The reason for this is that the sand in the
beginning of an experiment is colder, which causes more vapour in the gas
flow to condense in the sand near the pipe. As the sand is heated during the
daily operation, the gas phase carries the vapour further and further away
from the pipe, and the vapour content of the humid air leaving through the
surface increases.

The calculated error in Table 2 is a theoretical ratio of the estimated mass
fractions in relation to the difference in vapour content in the pipe airflow
upon entering and leaving the soil column. However, the only absolute value
in Table 2 is the mass of water found in the sand, which also is associated with
insecurities because of the assumption that the designated volumes around
the sand sample had the same moisture content as that found in the sample.

The inlet airflow area had to be adjusted with the contraction factor y,
since the flow profile in the pipe between the humidifier and the sand box
was not developed throughout the whole cross-section, but concentrated in
the upper part of the pipe. For this reason the mass of vapour entering the
sand box with the airflow is uncertain.

Since each set of airflow measurements took about 20-40 minutes, the
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measurements were performed only once every hour. In the theoretical eval-
uation the airflow properties were assumed to be constant until the next
measurement, even though this was never the case.

In the calculation of the humid air leaving through the sand surface, the
air was assumed to have the same temperature as the sand surface. Since
the vapour content increases exponentially with temperature, even a small
change in temperature, may result in significant changes in the water balance.
At the surface the sand temperature was measured right on top of the pipe
inlet. This was probably the warmest region of the surface. On the other
hand, the gas phase transported to the surface was the main contributor to
heating the sand, which means that the vapour was warmer than the average
sand temperature. Hence, it is difficult to estimate the exact temperature of
the gas phase at the surface.

4 Conclusion
Experiments on a small scale Condensation Irrigation (CI) system were made
for determining the potential of cultivating crops by condensing humid air
in underground horizontal drainage pipes. A 0.20 m long sand box was
built reaching 0.40 m across by 0.60 m in height, with a 50 mm perforated
horizontal pipe running through the section at a depth of 0.225 m. Due to the
short distance along the drainage pipe (0.20 m), the heat and mass transfer
in the sand profile could be assumed to be approximately two-dimensional.

By sealing off the sand surface from air and vapour flux, the significance
of gas advection in the mass and heat transfer could be observed. With
the surface covered, gas advection in the sand was hindered, which resulted
in much higher sand temperature around the pipe, and much (53%) less
irrigation yield than in the reference experiment. This indicated that the
gas advection was a dominant factor in the heat transfer in the sand. Gas
advection should hence never be neglected or assumed constant in simulations
of heat and mass transfer in porous media.

Without any surface cover, the gas advection in the sand transported heat
and humid air from the pipe wall to the surface of the sand. In doing so,
the temperature around the pipe was greatly reduced, which increased the
irrigation yield. In designing large scale CI plants, it is hence of importance
to consider the porosity of the soil and apply proper tillage, so that gas
advection is allowed in the soil.
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The average irrigation yield in the experiments was 1.03 mm d-1. Previous
theoretical studies have shown that by increasing the temperature 20%, the
irrigation yield increases almost 90%, mainly due to the exponential relation
between the vapour partial pressure and temperature. Also, by increasing
the velocity or humidity of the air, the irrigation level is increased. Hence,
by increasing the inlet air temperature in Exp 2-Exp 8 from the average
42°C to 50°C , the irrigation should exceed 2 mm d-1. Also by up-scaling the
pipe diameter, the contact surface between the airflow and the cooler pipe
wall could become larger, and the humid air flux to the sand would increase,
which would increase the vapour condensation in both the pipe and the sand.

From examining the temperature profiles it was concluded that the gas
transport occurred mainly from the upper half of the pipe’s circumference.
This conclusion was based on the fact that the lower half of the pipe was
warmer, indicating less gas advection, and that the water saturation in the
same region was higher due to percolated condensate from the pipe, which
reduced the gas relative permeability.

By increasing the duration of the experiments, a reduction in the daily
irrigation yield was observed. This reduction is a result of the gradually
warmer sand around the pipe, which reduces the condensation rate in the
pipe. As predicted, the reduction seemed to decline with time, so that the
irrigation could reach a steady yield after some time. By cooling the sand at
night, the irrigation yield would not decrease as much. In a field using CI,
the cooling can e.g. be solved by circulating cool ambient air through the
pipes during night, when no solar energy is available to power the irrigation.

Many of the insecurities in the results could have been abated by assuring
a stable and uniform profile of the airflow inside the pipe. More repetitions
of the same experiments would also have strengthened the relevance of the
findings. By systematically varying the inlet airflow properties and the pipe
diameter and depth, design parameters could more readily have been ex-
tracted from the results. Due to limitations in available time, this was not
possible.
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