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tank. The flow rate due to capillary rise and
evaporation were analytically determined by
mathematical models based on energy
equations in fluid mechanics calculated using
MATLAB software. The study results have
shown that a system consisting of 2-10 billion
micro-tubes can supply between 16-65 kg of
water daily to a tank, depending on the
environmental conditions. It was found that a
set of tubes with a 20 um diameter was a
suitable choice to raise the water to 7.5 m,
where 0.8 m rising was due to the capillary
action, whereas the rest was due to the

evaporation process suction head.

jTikrit Journal of Engineering Sciences | Volume 30| No. 4 | 2023

TRy 150



http://doi.org/10.25130/tjes.30.4.17
mailto:tawfeeqwasmi@uomustansiriyah.edu.iq
mailto:tawfeeqwasmi@uomustansiriyah.edu.iq
mailto:marwa.n.mohammed@tu.edu.iq
mailto:marwa.n.mohammed@tu.edu.iq
mailto:muham76@tu.edu.iq
mailto:thamirmathcad@tu.edu.iq
http://creativecommons.org/licenses/by/4.0/
http://doi.org/10.25130/tjes.30.4.17
https://orcid.org/0000-0001-9316-2540
https://orcid.org/0000-0003-2024-964X
https://orcid.org/0000-0002-1038-7486
https://orcid.org/0000-0003-3965-7029
mailto:thamirmathcad@tu.edu.iq

j Tawfeeq W. Mohammed, Marwah N. Mohammed, Muhammad A. Eleiwi, Thamir K. Ibrahim/ Tikrit Journal of Engineering Sciences 2023; 30(4): 159-166. :‘

slaall ad )1 o) puaadl) 4BUal cillis Al dules g 4y prdd) Qi) Jas geanl 4y a5 Al o

" el QA el T g gale Jasland dana 7 dana g s By e ¢! dana e (B
(el —2lans [ & peativedl) Aaalall / duia S /ol sal) Auia avd |

G - i 5 [ 5 A ] il A4S ] Al i)

) — S5 [ S5 ek / At S / RS A} At ™

G1ad) — o) el /el yalas Raala / Fuatigh) AIS/AS S n 5 1S Aunrigh) and *

-

LAl

O Al 5eSI laaall aladinl (ya Yoy S IS elall b 5 Al shalial) 3 Al )l 03 8 Aa yiall 5 Sl alasinl oSy
G Adlall JlasV) 8 eld) ad ) Slay s asaal A (e dlle Cileld ) ) 4 sal) sbuall a8y 58 Canall 138 (e Caagl)
& O ) A sall oluall @b 1 288N & el YY) (e de sane Al jall G il Lee AN Ay el AS Al 5 bl
Aol ) zile ddasd g s J Al 5 & el Culi¥) Jee G o) g i) oo i) Gaxil Jaxs alag) @3 oY)
ke 10-2 (10 058 aldas G Al 5l ls < jlal il el s plaiiasly Lglasas 5 @l gl (3 A8Ll) Jada Y slas Caaic|
Ao gana ¢ Al syl o Al oI G ol 3R L Gy el (e 02 65-16 O e 31e) o ol (3 o sl
Al o Al s Ay el paldll Gy d5ma (10,8 e Jie 7.5 Alad elall ad 1 daulia (55 S0k 20 by Y

oAl A 3l giall sl

c\}AAj\ &Ll:\.\sﬂ\ PN UJD PAFN ‘°173"M cﬁ) “);.uj\ cL‘):\a..ﬂ\ k_\:u\.\y‘ ;M\.m calalst)

1. INTRODUCTION

In remote areas with no electrical network,
several techniques are used to produce energy
for agricultural purposes using renewable
sources [1, 2]. The rise of water in a plant due to
pressure difference gives a potential idea of
investing the natural forces to lift the water in
many life applications. Water is absorbed into
plant roots by osmosis. Water density in the
roots is less than in the soil, so water disperses
from the epidermis through the root to the
xylem. The water absorption by osmosis
produces an action that pushes the water a few
inches to the xylem, known as "root pressure."
The xylem vessels are continuous pipes from
the roots to the leaves. The drops evaporate
from the leaves to air interfaces and spread
through the stomata [3, 4]. The rise of water in
the xylem is due to two phenomena: initially by
the capillary action and mainly by evaporation,
where there is a potential difference in water
pressures that keeps the water in a continuous
movement upward through the plant. The
pressure difference due to the evaporation in
the aerial parts (leaves) produces a process
known as "transpiration." This phenomenon
causes a potential force that motivates water
transport from the stem (xylem) to the tiny
bulbs in the branches to compensate for the lost
water. The flow of water up through the stem
depends on the cohesion-tension mechanism,
where the water has a high tension due to the
water molecules’ tendency to stick together by
hydrogen bonding (cohesion), so the water
column in the xylem does not break easily
under the weight force. Evaporation is driven
by the sun, which acts as the potential energy
for the entire circulation in the plants [5]. The
rising water in tall plants motivates researchers
and engineers to utilize capillary action and
evaporation process for many livelihood
applications, simulating the water transport

behavior in plants and the design parameters.
It was noticed that water vessels’ diameters in a
tree are within a range of 10-100 um, and this
range becomes smaller through the branches
until the leaves, where the diameter of the
porous walls is in the order of nanometer [6]. In
tall trees, the force of gravity can only be
overcome by decreasing the hydrostatic water
pressure in the upper parts of the plant due to
water diffusion out of the stomata into the
atmosphere. In some trees, water can move up
at an 8 m/h rate with a pressure difference
between 0.5-1 MPa and reach a height of 100 m
[3, 5]. Initially, it is important to analyze the
phenomenon of water rise by evaporation in
plants (transpiration) to get sufficient
experience for industrial applications. The
evaporation in a plant depends on a number of
parameters, such as temperature and wetness.
The quantity of water transported in plant
vessels can be determined using a “potometer”
device. Typically, most of the water that passes
through plants (more than 90%) evaporates
through the leaves, while only the remaining
water is used by the plant for photosynthesis
and turgor [7]. In an interesting study, the
evaporation rate was measured by Tanner and
Beevers [8] to determine a correlation between
the amounts of water a plant took that
evaporated. Some sunflower plants were
observed under a controlled system to measure
the transpiration for 24 hours. The experiment
was terminated after 30 work days. The tested
plants transported 13.9 L of water. The work
included many details and valuable findings.
Furthermore, a study by Hodson and Acuff [9]
investigated the evaporation rate of a tomato
plant. They used a dye to determine how the
rising water is transported by a split twig. Some
stage photographs were taken by a digital
camera. The results figured out the role of
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leaves in water transport by evaporation using
a valuable and stable electronic potometer. The
results obtained helped determine the amount
of water transport. On average, four leaves may
contribute to 7 pL/min of evaporation rate.
Recently, several promising studies have been
worth highlighting in developing water
transport by either capillary action or
evaporation to lift and extract water for many
applications. Deng et al. [10] argued a scientific
perspective to lift water using nanotubes. They
referred to an investigation study based on a
computer-built-in simulation of water flow
through carbon nanotubes (CNTs). The study
suggested a trillion CNTs with a constant
diameter. The study confirmed that minimizing
the tube diameter increased the capillary rise;
however, tubes greater than 500 nm may
supply a limited flow rate. However, the author
admitted the difficulty of applying such
transport processes depending on a nanometer
scale. Jambhekar et al. [11] suggested a
numerical method to illustrate evaporation
behavior from a porous medium initially
saturated with salt solution, manifesting its
influence on dissolved salt distribution, salt
precipitation, and porous-media properties.
The initial salt concentration influence on the
saline water saturation vapor pressure was
analyzed. Shen et al. [12] theoretically
investigated fluid transport in a microscopic
capillary tube under sticky layer effects. The
results proved that the capillary radius
significantly affected the fluid height. Gruener
and Huber [13] presented the capillary rise as a
solution for spontaneous imbibition in porous
media with wide applications in the petroleum
industry. The porous medium is a bundle of
capillary tubes and is further simplified as a
vertical tube with a small radius. Dangwal and
Aggarwal [14] suggested irrigating hilly areas by
capillary lift. A capillary tube can be filled with
water by capillary action, and then a thin-tube
pump will be operated with the power available
from a solar-wind microgrid. Many such pumps
can be employed at several points depending on
the water required for irrigation. Li et al. [15]
introduced a method of light-driven water
harvesting from soils, where a concentrated
solar energy method (Fresnel lens) was used to
evaporate the wet soil. Then the steam flew to
the condenser through tubes and condensed as
freshwater. Considering the dimensions of the
samples, the water harvesting rate of a solar
flux of 1 kW/m2 was estimated to be
approximately 360 g/h with a 1 m? solar
concentrator area. Furthermore, the water
quality testing results indicated that the
collected water was high-quality drinking
water. The classical Lucas—Washburn equation
and its modified forms were implemented by
Cai et al. [16] to simulate fluid flow in porous
systems driven by capillary pressure. The study

included capillary tubes with non-uniform and
non-circular cross sections, discrete fractures,
capillary tubes that were not straight, and
heterogeneous porous media. It can be seen
that no literature is available on the use of both
capillary action and evaporation process to lift
the water for relatively high altitudes. The
mentioned previous studies considered the
subject from different aspects, such as using a
porous medium as a capillary conduit, using a
mini-scale tube to determine the rate of
evaporation, extracting water from the soil for a
limited elevation, or removing salt from it
through solar concentration or suggesting a
theoretical proposal to use nanotubes that are
difficult to assemble in such cases and without
mentioning the exact specifications and
conditions. The innovative contribution of the
current work is presenting a passive system to
lift the water to a relatively high altitude. The
object of this study is to raise the underground
water for a specific elevation by green
techniques (capillary action and evaporation)
simulating the water transport in plants, where
the collected water can be utilized for many
applications, especially for irrigation. The
system consisted of a bundle of micro-tubes, a
solar collector as a source to generate the
driving force for evaporation, and a water tank
(Fig. 1).

Solar , Tank
collector

Capillary

tubes Height

Underground
woter

Fig. 1 The System Proposed in the Current
Work.

2 MATERIALS AND METHODS

This part of the study aims to select and design
the tubes, their quantity, diameters and
lengths, and materials. The theoretical analysis
included two mathematical models (steps) that
were extracted from energy equations in fluid
mechanics. The study assumes that the rise of
water is due to capillary action and the
evaporation process, as shown in the schematic
diagram (Fig. 2). The first step focuses on
calculating capillary rise, while the second step
focuses on calculating the driving force, which
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is necessary for determining the evaporation
rate.

Select the tube diameter and input
the physical properties of water as
well as the ambient conditions

U

Calculate the natural
capillary rise in tube

O

Calculate mass flow rate
due to evaporation

O

Calculate the rise of water
due to evaporation

Fig. 2 Schematic Diagram of the
Mathematical Models’ Sequence.

Initially, the water rises in the tubes due to
capillary action. The suggested model for
capillary rise assumed that the capillary
pressure (P) remains constant and the tube
surface is smooth (for example, made of glass).
So, the pressure could be formulated depending
on the fully-developed profile in a cylindrical
tube [5, 17], as shown in Fig. 3, where there are
two acting forces: the upward pull force due to
surface tension and the downward force due to
the suction head of the water.

upward force

downward force

Fig. 3 Assumption of Drop Shape and
Equilibrium Forces in the Capillary Tube [18].

Since the contact angle between the glass and
the water is zero, the equilibrium yields [18].

Fupwa‘rd = Faownward (1)

The upward force is equal to the perimeter of
contact between the water and the tube
multiplied by the surface tension of the water
(0). The downward force provides the suction
force, multiplying the pressure drop (AP) by the
tube area. As a result of substitutions, it yields
[18]:

2nro= mr?AP (2)
Hence

AP =22 3)
On the other hand, the pressure drop is
represented by [19]

AP = p gH, @)

By equalizing Eq. (3) and (4) and substituting
the value of water surface tension as 0.075 N/m
and the density of the water as 1000 kg/ms3 at
25 °C [19], the capillary rise (H) will be:
-6
HC — 15 xr10 (5)

The high magnitude of capillary rise in the tube
can be satisfied using a very small radius (in the
order of micro- or nano-scale). However, many
parameters, such as tube surface roughness and
fluid properties, could also change the height
magnitude due to the energy levels of the
molecules in the fluid and the attraction
between them [20]. Since the capillary rise is
relatively low and does not achieve the desired
total head, it is required to involve the
evaporation phenomenon, which offers extra
suction head and keeps the water in a
continuous flow along the tube. In this step,
water is moving up passively due to the driving
force generated by the evaporation, i.e., by
pressure potential gradients. The water can rise
due to the compression-tension mechanism,
where water molecules remain in continuous
contact due to their strong bonds [3, 5, 6]. In
the present study, the evaporation started at the
upper end of the tube exposed to the sun (heat).
The tubes’ ends were opened inside a solar
collector, which was covered by a glass cover,
where the collector simulated the work of the
common water distillation unit based on
evaporation-condensation processes, as shown
in Fig. 4.

Solar
Collector

Evaporation

Condensation

Bundle of micro-tubes

Tank

Fig. 4 The Role of Solar Collector in
Evaporation.

The evaporation rate can be estimated
depending on Reynolds flux as a diffusion
process. In this case, water diffuses from the
high-concentrated region to the low-
concentrated region. In the air-water interface,
water leaks into the air when solar energy
breaks hydrogen bonds between water
molecules, so evaporation happens [21].
Surface tension draws water molecules
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upwards to replace droplets lost through
evaporation. This potential mechanism can be
extended through the tube down to the bottom.
An analytical model to predict the evaporation
rate can be suggested depending on interfacial
thermal properties and compared to many
experimental  parameters. = Where  the
evaporation rate (m) from the interface (air-
water surface) can be calculated in (kg/s.m2)
using [22].

0.00001477 T, Ty ln[ Py

Ps. Ty

]—0.0213 (Ty =T

m=

Ty—670 (Ty— T1)+0.649 T, T} ln[%] ()
Where T; is the liquid temperature, P; is the
saturated liquid pressure, T, is the vapor
temperature in the air-water interface, and P, is
the vapor pressure. Note that the water surface
at the upper end of the tube is in direct contact
with the air, which has a specific humidity. The
water concentration in the air depends on the
ambient conditions, such as relative humidity,
temperature, and solar intensity. Another
important issue is the head falling because the
water tension at the upper end of the tube
should be able to hold the heavy continuous
column of water for the desired length;
otherwise, it will lose evaporation advantage.
Applying the Bernoulli equation between the
lower and upper ends of the tube yields [19]:

_ A 2
He= (Py-Ps)+%pV (7)

Py
Where H. is the available rise of water due to
evaporation. Note that the delivered flow
velocity (V) can be calculated as follows [21]:

V = ShD, /d (8)
where Dy, is the diffusion coefficient of water
extracted empirically according to McCabe et
al. [23] and simplified to:

Dw = 3x107° T,,**  (9)
where T, is the water temperature in (K).
Sherwood number (Sh) is given empirically by
[24].

Sh = 0.145 Re%%° 5¢%%7 (10)
Note that Reynolds number (Re) and Schmidt
number (Sc) are denoted as [24].

Re=Vd/v (11)

Sc =v/D, (12)
The present study assumed that the number of
tubes may reach several billion to supply
enough water, similar to the plant leaves’
stomata density (pores). The pores have a range
of diameters within 10-100 pm, and the average
density is about (1000 stomata/mms2);
therefore, each leaf may contain millions of
pores [25]. However, the range of dimensions,
quantities, and conditions are shown in Table 1.

Table 1 Dimensions and Operational
Conditions.

Item Value

Number of tubes 2X109-10 X 109

Diameter of tube 10 — 100 um
Length of tube 4-8 m
Liquid temperature (T1) 25°C

Vapor temperature (Tv) 30-90 °C

3.RESULTS AND DISCUSSION
A MATLAB program was served to determine
capillary rise, evaporation rate, and available
head by evaporation for different values of tube
diameters and number of tubes. The results are
listed and discussed accordingly.
3.1.Capillary Rise
The water rise values for specific capillary tubes
are shown in Fig. 5. The values range between
1.5 m for 10 uym diameter to 0.15 m for 100 pym
mm diameter. The results showed that the
smallest diameter was preferable to raise the
water higher because the lowest diameter tube
had a higher relative surface area than other
diameters, making the capillary action stronger
to pull more water up than larger diameter
tubes [18]. However, to get a valuable head, the
diameter of the tube should not be greater than
20 um because a greater diameter resulted in a
head less than 0.5 m, which is insignificant to
initializing a high head.

16 -

1.4 4

1.2 4

1 A

0.8

0.6

Capillary rise (m)

0.4 -

0.2

0

0 10 20 30 40 50 60 70 80 90 100
Diameter of tube (um)

Fig. 5 Capillary Rise for a Range of Tubes.

3.2.Evaporation Rate

The evaporation flow rate results are shown in
Fig. 6 with respect to the vapor temperature in
the air-water interface, which ranges between
30-90 °C. It can be noticed that increasing vapor
temperature led to a high evaporation rate,
which was 5.8x104 kg/s.m2 at 90 °C because, at
higher temperatures, more molecules release
from their chains and have enough energy to
break away from the liquid to become vapor
[26].

7.00E-04 +

6.00E-04 -

m?)

5.00E-04 ~

4.00E-04

3.00E-04 ~

ion rate (kg/s

2.00E-04

Evaporat

1.00E-04 -

0.00E+00

30 40 50 60 70 80 90

Vapor temperature (oC)

Fig. 6 Flow Rate Due to Evaporation (T = 25
oC).
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Fig. 7 represents the evaporation flow rate in
(kg) according to tube diameter and quantity,
assuming a constant vapor temperature of 9o
°C, 10 hours of daytime, and ideal collector
efficiency for distillation. According to the
results, the maximum evaporation rate for the
bundle of capillary tubes per day was 16.4 kg for
a 10 um tube and 65.4 kg for a 20 um tube.
Therefore, the lower tubes’ diameters may be
insufficient because of the low discharge rate.
Noting that the large diameter scale had a
problem of less capillary rise, as mentioned
earlier.

@ssfil==s 10 micron diameter  essfum==20 micron diameter

70 4

Evaporation rate (kg)
N w B wv [}
o o o o o

[
o
!

0 2 4 6 8 10

Number of tubes (Billions)

Fig. 7 Evaporation Rate for Different
Diameters and Quantity of Tubes (Ti= 25 °C
and Ty = 90 °C).

3.3.Available Head by Evaporation

The energy of evaporation to pull the water up
is affected by the weight of the water and the
gravity, where unconstrained water runs down.
This effect is important, and extra pressure
force is required to achieve the rise of water for
additional height. Usually, this effect increases
the pressure by approximately 10 kPa for each
meter, increasing in height more than the
capillary rise [5]. Thus, it is convenient to
introduce the notion of head available by
evaporation. A head compensation can be
achieved by evaporation, where water moves up
passively due to the generated driving force.
According to the Bernoulli equation, the head
mainly depends on the pressure difference (Py-
P) since the velocity was too small and did not
affect the overall result. Fig. 8 shows the
available head by evaporation phenomenon for
various vapor temperatures. The results show
that the maximum rise by the evaporation can
be achieved at 9o °C, which was 6.7 m
(According to Eq. (7)), which depends on

specifications and conditions of the water, tube,
and surrounding ambient). The results fit for
small tube diameters (10-20 um). Large tube
diameters suffered from water falling since the
tension was unsuitable to withstand the heavy
water along the tube, therefore losing the
evaporation advantage.
8 -

Evaporation head (m)
I T T - ]

w
=]

40 50 60 70 80 90
Vapor temperature ('C)

Fig. 8 Evaporation Head for a Range of Vapor
Temperatures.

3.4.Comparison Between the Present
Study and Previous Studies

For validation purposes, Fig. 9 shows the main
parameters for some studies under comparison,
while Table 2 compares the results of the
present work and the previous ones by
computing the overall performance of the
system. In general, the performance can be
calculated by

= Tout (13)

Pin
where the input power is the solar energy, which

is a function of solar radiation (I) and collector
area (A), as follows

Py =14 (14)
While the output power is the water head energy

similar to the pump power, which is a function
of total head (H) and flow rate (Q), as follows

P =pgHQ (15)

Since the flow rate is extremely low for any
natural upward flow, including the present and
previous studies, the output power was
relatively small compared to the input power
(solar energy). Therefore, the value of the
performance was too low for all cases. However,
the present study satisfied a higher
performance than other studies. This
progression is due to the incorporation of
capillary action and evaporation process within
the present study and corresponding design
parameters.

1200

5
8

® Solar radiation (W/m")

o
]
&

= Head (cm}

Area (')

@
-1
8

Discharge (m/s) x 10

Area / Discharge

Solar radiation / Head

1 2 3 a

Current  Jambhekar[10] Shen[11] Gruener[12] Dangwal[13] Li[14]

Fig. 9 Main Parameters for Some Studies under Comparison.
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Table 2 Comparison between the Performance
of the Present and Previous Works.

Study
Characteristics
Description
Performance

Present 1=850 W/m2, A=1.5 m2, Capillary action 1.04
H=7.5 m, Q=1.8x10"° and evaporation x 10~*
m3/s High head

Jambhekar et I=750 W/mz2, A=0.02 Capillary action 0.74
al. [10] m2, H=0.15 m, and evaporation x 107
Q=0.75x10"% m3/s Low head

Shen et al. [11] A model to calculate the Capillary action -
capillary rise only only High head
without calculations

Gruener and  The discharge and head Capillary action -

Huber [12] are too small and only Low head
incomparable

Dangwal and Hypothetical search Capillary action -

Aggarwal [13] without data only High head

Lietal. [14] I=1000 W/m2?, A=1m?, Capillaryaction 2.0
H=0.2 m, Q=0.1x106 and evaporation x 1077
m3/s Low head

4.CONCLUSION

This research investigated the capability of
lifting the underground water to a tank with a
target of 8 m altitude by simulating the water
transport in plants depending on two
phenomena, i.e., capillary action and
evaporation. The study was based on
theoretical analysis. It was found that a set of 10
billion tubes with 20 pum diameter was a
suitable choice to raise the water to 7.5 m,
where 0.8 m rising was due to the capillary
action while 6.7 m was due to the evaporation.
The set could supply continuous water with a
maximum flow rate of 65 kg/day and a
minimum of 16 kg/day, depending on the
ambient conditions. The tubes of lower
diameters may be insufficient because of the
low discharge rate. Large diameter tubes had
the problem of low capillary rise and head
falling due to weak tension to hold the heavy
continuous column of water.

NOMENCLATURE
A Area of collector.
CNTs Carbon nanotubes.
Dw Diffusion coefficient of water.
d Tube diameter .
g Gravity.
He Capillary rise.
He Head of water due to evaporation.
I Intensity of solar radiation .
m Evaporation rate.
Pin Input power as the solar energy.
Pout Output power as the water head.
Ps Saturated liquid pressure.
Py Vapor pressure.
Q Discharge of water.
r Radius of the tube.
T Liquid temperature.
Ty Vapor temperature in the air-water
interface.
Tw Water temperature.
\% Flow velocity due to evaporation.
n Efficiency of the system .
v Kinematic viscosity of water .
p Water density.
o Surface tension of the water .
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