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This paper outlines the prospect of obtaining water from atmospher-
ic air by cooling it to the dew point temperature using refrigeration
machines in order to partially reduce water scarcity in the arid regions of
our planet. To minimize energy costs in the systems for obtaining water
Jfrom atmospheric air, it is proposed to utilize solar energy with absorp-
tion refrigeration units (ARUs) acting as a source of artificial cold.

The characteristic thermodynamic processes have been analyzed
in a modernized ARU, capable of working at a lower thermal energy
source’s temperature than its analogs. The possibility has been stud-
ied to reduce the temperature of the heat source by including a solution
vaporizer in the ARU scheme. The analysis involved an authentic meth-
od based on the balance of specific streams of ARU working body com-
ponents and actual boundary conditions at characteristic points of the
cycle. A limit was shown for the level of a minimum boiling temperature
in the ARU generator (from 90 °C) when the systems for obtaining water
from atmospheric air are operated under current climatic conditions.

The simulation of heat-and-mass exchange processes during contact
interaction between a steam-gas mixture and ammonia water solution
was carried out.

Based on variant calculations, it has been shown that the proposed
ARU structure with an adiabatic solution vaporizer could work as part
of systems to obtain water from atmospheric air at a hot spring tempera-
ture above 100 °C and constructively enough fits into the element base of
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It has been proposed to use two types of solar thermal energy sourc-
es to operate ARU. In a tropical climate, with vacuum solar collectors or
solar energy hubs; in a temperate climate zone, with solar collectors with
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1. Introduction

2. Literature review and problem statement

It is becoming clear to the world community that very
soon water will be the most valuable resource on the planet.
In the future, the struggle for water resources in the world
will become a factor in armed conflicts; this trend will only
accelerate in the near future.

To help address this problem, the United Nations Gener-
al Assembly declared 2005-2015 the International Decade
of Water for Life [1].

About 70 percent of the world’s surface is covered with
water, but 97.5 percent is saltwater.

Known methods of seawater desalination (thermal-evap-
oration or crystallization; membrane; ion exchange; electro-
dialysis; reverse osmosis; combined [2]) partially solve water
supply problems but are characterized by high energy and
resource costs.

Meanwhile, the main part of freshwater is in a 1-kilometer
layer of the atmosphere. According to work [3], the average
absolute humidity near the earth’s surface is 11 g/m?, and in
tropical regions, it reaches 25 g/m® and above.

Many countries in the tropical zone suffer from a lack of
freshwater, although its atmospheric content is very high.

Therefore, one of the most important tasks for the world
community is the development of technologies that would
make it possible to extract water from the air, and directly at
the place where it is necessary.

Since ancient times, freshwater has been obtained by
collecting condensed droplets from the air as a result of the
natural daily radiation cooling of the earth’s surface in very
limited quantities [4].

It is known [5] that if the temperature drops by 10 to
15 °C, 10 to 14 grams of water could be received from each
cubic meter.

Intensifying elements are used to increase the condensa-
tion of water vapor in natural conditions. First of all, these
include cold-accumulators (rubble) [6] and heat pipes that
provide heat transmission over considerable distances. Solid
sorbents, which work under a cyclical mode of “charge-dis-
charge” are also used [7].

The disadvantages of known techniques [4-7] to obtain
water in natural conditions include the dependence on the
thermal parameters of atmospheric air that vary during the
day and time of year.

The main share of the market for systems for obtaining
water from atmospheric air belongs to models that include
a vapor compression refrigeration machine (VCRM) [8].
VCRMs are equipped with an electric drive and are guaran-
teed to provide a temperature below the dew point in a wide
range of the heat-moisture parameters of atmospheric air.

At the same time, the use of specialized systems with
VCRM [8] is promising only for the performance of up to




3—4 liters of water per hour. With higher performance, there
is a significant increase in the size of the installation to ob-
tain water from atmospheric air.

At the same time, compression refrigeration machines [9]
and thermoelectric coolers [10] are successfully applied in
home solar-powered air conditioning systems. This refrigera-
tion equipment could be adapted with a small modernization
for the task of obtaining water from atmospheric air.

However, the disadvantage of such photo-voltaic sys-
tems [9, 10] is their cost, which exceeds that of the systems
powered by AC current from the grid.

A significantly higher, in comparison with compression an-
alogs, productivity of systems for obtaining water from atmo-
spheric air can be achieved with adiabatic expansion in a tur-
boexpander of an air refrigeration machine. Such machines are
successfully used in space technology to launch aircraft [11].

However, there are many places in the world, including
the countries of North Africa, Southeast Asia, Central and
South America, which face, in addition to water scarcity,
problems with electricity. In addition, given the depletion of
the planet’s oil and gas resources, the utilization of electrici-
ty on water generation systems becomes impractical. Similar
problems are common in the southern region of Ukraine [12].

In this regard, designers and researchers of systems for
obtaining water from atmospheric air pay considerable at-
tention to heat-using cold generators whose source of heat
is solar energy. One promising direction is the possibility of
using available solar collector infrastructure.

Among heat-using cold generators, designers look at
sorption schemes — with a solid absorber (adsorption type)
and a liquid absorber (absorption type).

The disadvantages of modern adsorption schemes in-
clude their link to the liquid cooling systems of heat-scat-
tering elements (a capacitor and an adsorber), which involve
cooling towers and water loss during evaporative cooling.
Undoubtedly, this makes it impossible to use them in arid
regions where there is a water shortage.

One can note among the absorption refrigeration systems
used in technologies for obtaining water from atmospheric
air those schemes that involve an ammonia-water solution
(AWS) as a working body [14-16]. These systems are suc-
cessfully operated by air-draining heat from heat-scattering
elements, in particular, pump-free schemes with inert gas.

However, additional special solar energy concentration
systems are needed for their work [14, 15], or vacuum solar
collectors with a high-boiling heat-carrier [16].

Widespread use of absorbent ammonia-water refrigeration
systems in the schemes for obtaining water from atmospheric
air is limited due to insufficient temperature levels of the solar
energy source. This is because currently the main fleet of solar
collectors is made up of structures where water is a heat carri-
er. The practical heating temperature in such systems does not
exceed 100 °C. This is not enough to implement the absorption
cycle even in the temperate climate zone both for the pumping
scheme (an optimal working range of 120-140 °C) and the
pump-free scheme (an optimal working range of 150-170 °C).

To solve the task of lowering the temperature level of the
heat source to the required level, the pumping schemes of
absorbent refrigeration machines include a special pressing
booster compressor [18]. This reduces the heat source level to
70 °C [19] but requires electrical energy to drive the booster
compressor, which reduces autonomy during operation.

The operational autonomy of the cold source in the systems
for obtaining water from atmospheric air can be ensured by an

original pump-free absorption refrigeration unit (ARU) [20].
ARU, according to the author, could use a heat source with a
temperature of 75 °C, which would make it possible to utilize
a budget solar collector with water as a heat carrier.

The problem with the use of ARU [20] is the uncertainty
of operating modes — unknown temperatures of the ambient
air and cooled object.

Thus, in order to address the issue related to the wide-
spread use of low-potential heat sources, such as solar water
collectors with water as a heat carrier, in the systems for
obtaining water from atmospheric air, appropriate research
into the working patterns of ARU’s prospective schemes
is necessary. One such promising scheme is the ARU [20]
based on solar collectors with water as a heat carrier.

It should also be noted that the working body of absorp-
tion refrigeration systems of the pump and pump-free types
is a natural working body — AWS, which does not have an
adverse technogenic impact on the planet’s ecosystem [21]. In
addition, ammonia makes it possible to expand the scope of
their use in terms of reducing the temperature of a cold source
below 0 °C, for example, to solve the tasks of air conditioning
or low-temperature storage of food and raw materials.

3. The aim and objectives of the study

The purpose of this study is to increase the energy effi-
ciency of systems for obtaining water from atmospheric air
by improving the thermodynamic cycle and ARU elements
that operate from low-potential thermal energy sources.

To accomplish the aim, the following tasks have been set:

—to conduct thermodynamic analysis of the ARU cycle
and to determine ways to reduce the temperature of the
source of heat load in the climatic conditions of the systems
for obtaining water from atmospheric air;

—to perform a structural calculation of the elements of
ARU that operates from low-potential thermal energy sources.

4. Materials and methods to study the thermodynamic
parameters of an autonomous absorption refrigeration
unit cycle

The object of our study is an absorption refrigeration
unit (ARU) that operates at lower, compared to analogs,
heat source temperatures [20].

The main ARU elements are generator node 1, dephleg-
mator 2, capacitor 3, ammonia vaporizer 4, absorber 5, and
ammonia water solution vaporizer 6 (Fig. 1).

The generator node includes boiler-steam-generator 7
(hereafter, generator), liquid separator 8, the channels of
weak and strong AWS 9 and 10. All elements of the gener-
ator node and, partially, dephlegmator 2 at the bottom are
covered with insulation casing.

A conventional working body for ARU is AWS with the
addition of inert gas (hydrogen, helium, or their mixture).
Ammonia is a refrigeration agent; water is an absorbent.
When refueling, the mass share (by ammonia) of AWS, de-
pending on the functional purpose of conventional ARUs,
varies from 30 to 36 % [22].

Typically, the work of heat-scattering elements of ARU
(capacitor 3, absorber 5, and dephlegmator 2) takes place under
the mode of natural-convective and radiation cooling. That im-
proves reliability and increases operational resource but forces



designers to provide for a high enough level of pressure in ARU
in order to ensure acceptable mass-dimension indicators.

Increased pressure in the system makes it possible to
increase the temperature of the phase transition (condensa-
tion) of ammonia, as well as a temperature difference with
the environment, and, accordingly, reduce the size of the
heat discharge zone.

In ARU models that are designed to operate in tem-
perate climates, the absolute pressure is about 20 bar, in a
tropical climate =30 bar [22].

To improve the energy efficiency of ARU, the scheme
includes three regenerative heat exchangers: 11 - liquid solu-
tions; 12 and 13 — steam-gas mixture.

The amount of refueling is selected in such a way that
under a working mode the level ¥1 provides the AWS feed
through AWS vaporizer 6, and the heat exchanger of solu-
tions 11 — to the inlet of absorber 5 (V1>V¥2).

The generator in this scheme performs two functions —
a boiler-steam-generator and a device for lifting liquid (a
pump-thermosyphon) from level ¥3 (absorber output) to
level ¥1. The inner diameter of a generator tube in modern
ARUs is 2.0...2.5 mm [23].

When refueling, ARU is vacuumed, then it is filled with
the estimated amount of liquid AWS, and, at the last stage,
with an inert gas such as hydrogen. In non-working condi-
tions, hydrogen fills dephlegmator 2, capacitor 3, vaporizers
4 and 6, absorber 5, and heat exchangers 12 and 13.

When the heat is supplied, vapor bubbles form in the low-
er part of generator 7, consisting mainly of ammonia. Under
the influence of lifting force, vapor bubbles carry the ammo-
nia-depleted liquid into the upper part of the generator.

From the top of generator 1, the vapor-liquid mixture enters
separator 8 where the liquid phase (a weak solution) flows into
channel 8, and then into the heat exchanger of solutions 11;
steam enters dephlegmator 2.

After some time after starting work, the weak AW'S com-
pletely fills channel 9 to level ¥2 and begins to flow to the
top of absorber 5. With constant use of ARU, the channel of
the weak AWS in ARU is always filled with solution up to
level ¥2.

In the heat exchanger of solutions 11, the flow of weak
AWS gives heat to the flow of strong AWS, going to meet
it from the receiver to the rectifier. Next, the flow of weak
AWS is further cooled before entering the absorber in the
process of heat exchange with external air.

In separator 8, the vapor created pushes out hydrogen
from dephlegmator 2 and capacitor 3 into ammonia vaporiz-
er 4 and absorber 5.

Liquid ammonia is fed to the initial section of ammonia
vaporizer 4 through hydraulic seal 14 from capacitor 3, and,
from absorber 5 — purified vapor gas mixture. To level the
pressure on both sides of hydraulic seal 14 and stabilize the
supply of liquid ammonia to vaporizer 4, leveling pipe 15 is
used. Liquid ammonia comes into contact with the steam-gas
mixture (SGM), consisting mainly of hydrogen. Upon con-
tact, it evaporates intensely into the inert gas environment at
low partial pressures and, accordingly, at low temperatures.

The partial pressure of ammonia and the temperature of
evaporation increase as ammonia flows, that is the genera-
tion of artificial cold in the ARU vaporizer is carried out at a
variable temperature — from the minimum to the maximum.

With a greater density compared to hydrogen, ammo-
nia-rich SGM from vaporizer 4 through heat exchangers 13
and 14 and solution vaporizer 6 descends into the lower part
of absorber 5. When moving, the saturated SGM pushes out
of absorber 5 into the ammonia vaporizer 4 purified SGM,
containing mainly hydrogen.

Thus, due to the difference in SGMs densities, a contour
of the natural circulation between the vaporizer and the
absorber is formed.

In the vaporizer of solution 6,
the flow of cold SGM under a di-

— rect current mode comes into contact

with the weak AWS. As a result of

the heat-and-mass exchange, SGM

is further saturated with ammonia

and heated, and the weak AWS, on

the contrary, cools and becomes less
saturated by ammonia.

Such a scheme of ARU with a
vaporizer of solutions, according to
the author of [20], makes it possible
to reduce the temperature of the heat

10

source to 75 °C by operating with a
more ammonia-saturated AWS.

The flow of SGM, heated in solu-
tion vaporizer 6, is partially cooled
in heat exchanger 13 and passes on
7 to the lower part of absorber 5.

In absorber 5, SGM comes into
contact with the weak ammonia AWS,

Fig. 1. The principal diagram of ARU with additional solution vaporizer: 1 — generator
node; 2 — dephlegmator; 3 — capacitor; 4 — ammonia vaporizer; 5 — absorber;

6 — solution vaporizer; 7 — generator; 8 — separator; 9 — the channel of weak AWS;
10 — the channel of strong AWS; 11 — heat exchanger for solutions; 12, 13 — SGM heat
exchangers; 14 — ammonia hydraulic seal; 15 — leveling pipe; ¥ 1, ¥2, ¥ 3 — the levels
of a weak solution in the separator, at the inlet and outlet of the absorber, respectively

which comes from generator 1 through
solution vaporizer 6 and solution heat
exchanger 11. The absorption of am-
monia vapor from SGM occurs in the
absorber by the weak AWS under a
counter-current mode with SGM. The
heat of the mixing (absorption) is di-
verted to the environment.




The ammonia-treated SGM flow returns to ammonia
vaporizer 4, and, before contact with liquid ammonia, there
is some cooling during the heat exchange with cold SGM in
heat exchanger 12.

Ammonia-rich strong AWS through the heat exchanger
of solutions 11 enters the inlet of the generator. Then the
ARU cycle repeats itself.

As noted above, the author of the design described
in [20] reported on the possibility of ARU working with
a temperature source of 75 °C. However, at the same time,
there is no information — in what climatic conditions of
operation and with what level of cooling temperatures this
possibility was achieved.

For the task of obtaining water from the atmospheric
air by condensation at the temperature of the “dew point”,
there are certain introductory positions on these parameters.
These include, first of all, recommendations on heat-mois-
ture modes in regions with the predominant use of systems
for obtaining water from atmospheric air [24]: an ambient
temperature of 32-34 °C and a dew point temperature of up
to 15 °C. For such operating conditions of the scheme given
in [20], taking into account our experience [25, 26], as well
as the results from experimental work by other research-
ers [27—-38], we can accept the initial data parameters:

a) a lower (higher) evaporation temperature voin(Vimax) 0of
minus 5 °C (5 °C);

b) full pressure in ARU, which ensures the condensation
of ammonia vapor when heat is diverted to the environment
under a natural convection mode is P=2.0 MPa;

¢) the difference in the pressures of the saturated ammo-
nia liquid and the partial pressure of ammonia vapor in SGM
at the inlet of the vaporizer — the outlet of the absorber is
AP;=0.10 MPa, and at the outlet of the vaporizer — the inlet
to the solution vaporizer is APg=0.05 MPa; AP5=0.35 MPa;

d) the difference of the partial pressure of ammonia
vapor in SGM and the pressure of the saturation of a weak
(strong) AWS in the absorber is 0.10 (0.05) M Pa;

e) the temperature of the environment (atmo-
spheric air) is £,=32 °C);

) the temperature difference between the envi-
ronment and the absorber’s wall at the inlet and outlet
of the AWS is, respectively, Aty=10 °C and Aty=14 °C.

The characteristic points of the ARU cycle with w
an additional solution vaporizer are shown in Fig. 2.

The task of the calculation is to find an answer to
the question of whether ARU with an additional va-
porizer of solutions could provide for the generation of
artificial cold for the systems for obtaining water from
atmospheric air under the given initial parameters.

A variable parameter in the calculation is the
maximum and minimum temperature of the heat
source.

In the first step, we find the following:

a) liquid ammonia saturation pressure:

1) the lowest at the beginning of the evapora-
tion process I

Py = /(0 )i )

b) the partial pressure of ammonia vapor in an SGM flow
at the beginning and end of evaporation

Px(min) =P, —AP,, 3)
})x(max) = PB - A[)B’ (4)

c) the partial pressure of inert gas in an SGM flow at the
beginning and end of evaporation

P - Px(min)’ (5)

P G(min) =
PG(max) = P - })x(max); (6)

d) the volumetric share of ammonia in an SGM flow at
the beginning and end of evaporation

0 _ Px(min) (7)
x(min) P ’
P?( max
(Px(max) =— (P : ) (8)

e) the mass share of ammonia in an SGM flow at the
beginning and end of evaporation

— -1
1 .
&x(min) = ( - 1J“(’ + 1:| ’ (9)
P (min) M.

- -1
1 .

&x(max) = [_1]LLG+1:| y
L (px(max) ux

where pe=2 and u,=17 are the molecular masses of inert gas
(hydrogen) and the refrigeration agent (ammonia), respectively.

(10)
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Fig. 2. Characteristic points of the ARU cycle with an additional

2) the highest at the end of the evaporation
process

solution vaporizer: 1-10; | — ammonia vaporizer; Il — solution vaporizer;
Il — absorber; IV, V— SGM heat exchangers; B> — a stream of strong

AWS; < - a flow of maximally-saturated SGM; B> — a stream of liquid

Py= [0 )i 2)

ammonia; B> — a stream of saturated SGM; < — a stream of purified

AWS; € - a stream of weak AWS



5. Results of the thermodynamic analysis of the ARU cycle

Our calculation, according to the above algorithm, is
carried out for 1 kg of evaporating ammonia, which makes it
possible, taking into consideration the values of &;(miny and
Ex(max), to determine the following:

a) a specific amount of circulating (ballast) ammonia in
an SGM flow between the vaporizer and absorber

B
M, =—>_ 11
=g an
where
A — 1_ éx(min) , B _ 1_ &x(max) ;
<‘::Uc(min) E—?x(max)

b) a specific amount of circulating inert gas in an SGM
flow between the ammonia vaporizer and absorber according
to the conventional scheme of operation (without a solution
vaporizer)

M,=MA. (12)

In the second stage, we determine the temperature at the
characteristic points (at the inlet and outlet of the absorber):

a) the flow of weak AWS at the inlet to the absorber

T =t,+At; (13)

b) the flow of strong AWS at the outlet of the absorber

TV=t, +AL,. (14)

The temperature and formulation of the weak AWS de-
termine the degree of SGM purification in the absorber and
the minimum temperature in the ammonia vaporizer.

Inagiven case: T, =32+10=42°C; T/=32+14=46"°C.

Using reference data from [39] and the initial parameters,
we find: Py=0.35 MPa; Pg=0.52 MPa; Py(miny=0.30 MPa;
P.(maxy=0.47 MPa.

Thus, at the inlet of the absorber, the flow of weak AWS
with a temperature of 42°C and saturation pressure of
0.20 MPa should have a mass share for ammonia {j, =0.31
(point 9 in Fig. 2).

At the maximum boiling point of AWS in the generator
of tnax=80; 90; 100 °C (point 8 in Fig. 3), the mass share of
weak AWS for ammonia [39] is, respectively, Ey=0.58; 0.51;
0.44. The minimum boiling point was accepted to equal
70 °C (strong AWS with a mass share of ammonia &7 =0.67
at a pressure in the system P=2.0 MPa).

Such formulation of weak AWS does not meet the re-
quirement for SGM purification in the absorber (0.31 for
ammonia), which predetermines the introduction of an ad-
ditional solution vaporizer in the ARU scheme (position 11
in Fig. 3).

When calculating the vaporizer of solutions, it is nec-
essary to ensure its modes of operation in such a way as to
prevent additional absorption of ammonia vapor by weak
AWS. To this end, the pressure of saturation of weak AWS
should be higher than the partial pressure of vapor of ammo-
nia in SGM.

To determine the specific amount of ammonia that needs
to be extracted from the weak AWS to meet the requirements

for the formulation of the mixture at the inlet to the absorber
(&, =0.31), we find the AWS circulation multiplicity

I
f é/‘&w.

We find a specific amount, respectively, of ammonia and
water in weak AWS coming out of the generator (point 8 in
Fig. 2)

(15)

M//a :f'gw’

M=f-M,

(16)

(17)

Knowing the quantitative composition of AWS at the inlet
to the vaporizer of solutions and the condition j, =0.31, one
could find the specific amount of ammonia (M) in the AWS
after purification (point 9, Fig. 2) from the following ratio

%
= 18
T (18)
Then the specific amount of ammonia, which passed into
SGM in the vaporizer of solutions is
AM = M’,- M. (19)
Taking into consideration ratios (11), (12), and (22), we
find a new formulation of SGM at the output of the vaporizer
of solutions

M,=M_+AM,, (20)

M, =M,+M,. (21)
The mass share of ammonia vapor in SGM at the output
of the solution vaporizer

— A
S

(22)

The volumetric share of ammonia in SGM at the outlet of
the solution vaporizer is found from the following equation

_ 1

Py :(%).Hx_‘_l.
Ei ) Mo

(23)

The partial pressure of ammonia vapor in SGM at the
outlet of the solution vaporizer is

(24)

To prevent the absorption process in the section of the solu-
tion vaporizer, it is necessary that the partial pressure of the
ammonia vapor in SGM is greater than the pressure of the sat-
uration of additionally purified weak AWS at &, =0.31, that is

Py, ~P,. (25)

In turn, the pressure of AWS saturation depends on
the composition of the mixture and temperature; in this
case, on the numerical value of the temperature. Using the
estimation ratios from [40], we obtained the numerical val-



ues of the equilibrium temperature that met
condition (25).

For t,.,=80; 90; 100 °C, the equilibrium
temperature was, respectively, 87; 85; 80 °C.

The necessary level of equilibrium tempera-
tures could be provided only at the expense
of a warming heat source. It is obvious that at
the maximum boiling point in the generator of
80 °C, the level of equilibrium temperature in the
solution vaporizer of 87 °C cannot be provided.

The necessary condition (25), in this case,
can be met only at the level of maximum boil-
ing temperatures in the generator not lower
than 90 °C. At a total pressure of 2.0 MPa in
the system, this corresponds to the mass frac-
tion of weak AWS &y=0.51. With an increase
in fnax to 100 °C, &y would decrease to 0.44.

6. Results of a structural calculation of the elements of
ARU operated on low-potential thermal energy sources

Appropriate analytical studies have been conducted to
assess the possible geometric parameters of the solution va-
porizer in the upgraded ARU, which could meet the require-
ments for AWS purification.

The task set was to perform structural calculations of the
cylindrical solution vaporizer with a direct-flow movement
of the working body’s phases — the inlet receives purified
SGM and weak AWS, the outlet produces saturated SGM
and purified AWS.

Underlying the test calculation of the ARU solution
vaporizer is a mathematical model of the heat-and-mass ex-
change processes (the flow scheme is shown in Fig. 3).

To induce the gravitational flow of liquid AWS 4, the
tube of solution vaporizer 1 is installed at some angle to the
horizon (2...3° [41]).

In order to intensify the heat-mass exchange process
between the streams of the working body, the inner surface
of the tube has grooved capillary structure 2, widely used
in the designs of ARU vaporizers and absorbers [25]. This
structure makes it possible for the liquid to coat up to 80 %
of the inner surface of the solution vaporizer tube [41].

When executing a cycle of the modernized ARU, the re-
sult of contact interaction of the flows of the working body is
the evaporation of ammonia from AWS into purified SGM.
The driving force behind the evaporation process is the dif-
ference in ammonia compositions of SGM and AWS.

The result of the evaporation of ammonia from AWS to
SGM is the partial cooling of the flows of liquid and SGM.
To minimize heat losses to the environment, the solution
vaporizer is covered by insulation casing 3.

The system of equations, which describe the processes of
heat and mass exchange along the elementary section of the
solution vaporizer dx, takes the following form:

a) the mass balance equation:

Gy-dY =k, -(y' -y") y-dF; (26)

b) the equation of heat balance between SGM and AWS
flows:

G,-C, -dt=0-(9~1)y-dF. @7

Fig. 3. The scheme of the solution vaporizer in the modernized ARU:
a—ageneral view; b — A-A cross-section; 1 — hull; 2 — radial groove capillary
structure; 3 — insulation casing; 4 — liquid AWS flow

The equation of thermal balance along the section dx:

G, r-dY ==(G,-c, -di+Gy,cy,-dD), (28)
where:

—ky4 is the mass transfer factor when ammonia vapor
evaporates from weak AWS in SGM;

—o is the factor of convective heat exchange between
AWS and SGM flows;

—tis the current SGM flow temperature;

— 9 is the current temperature of AWS flow;

— Gy is the mass flow rate of inert hydrogen gas, kg/s;

— ¥ is the surface of heat exchange per unit of the surface
of phase contact (a liquid and SGM);

—dF=dx-n-d is the area of the elementary section of the
inner surface of the solution vaporizer tube, m?;

— Gy is the current mass AWS flow rate, kg/s;

— Cy is the mass heat capacity of SGM;

— y” is the current mass share of ammonia in SGM;

— y’ is the current mass share of ammonia in AWS;

— y" is the current mass share of ammonia in SGM in
equilibrium with the saturated AWS liquid at temperature
V and the mass share of liquid ammonia y’;

— Yis the current mass share of ammonia in SGM, which
is the ratio of ammonia mass to the mass of the gas carrier
(hydrogen);

— €7 is the specific mass heat capacity of SGM, J/(kgK);

Cr=Cl - Y+Ch oy (1-Y), (29)
where C ), C ., are the specific mass heat capacity of,

respectively, ammonia and hydrogen, J/(kg-K).

System (26) to (28) also includes the equation of the
relationship between the formulation of SGM in different
forms:

”

y=—4_ (30)
1+y
and the AWS phase equilibrium:
y =/(y9). 1)

When the absence of evaporation from the absorber (of wa-
ter) is assumed, system (26) to (31) includes a balance equation:



G,-dY =dG,,.

(32)

The original data for the design calculation of the ARU
solution vaporizer are:

a) the mass AWS flow rate at the inlet to the solution
vaporizer Gy,,;

b) the mass SGM flow rate at the input of the solution
vaporizer Gy;

¢) absolute pressure in the system P,

d) the mass proportion of ammonia in AWS at the inlet
of the solution vaporizer y’

e) the mass proportion of ammonia in SGM at the inlet of
the solution vaporizer y”,

f) ¢y is the temperature of SGM flow at the inlet of the
solution vaporizer;

g) 9 is the temperature of AWS flow at the inlet of the
solution vaporizer.

When solving this problem, differential equations (26)
to (28), included in system (26) to (31), were represented in
the following form.

dY * ”
Gy =Ky =v")w (33)
, dt
Golcp~ﬁzoc~(ﬁ—t)-\|f, (34)
do , dt dy
GW%'CP(WA)'dT:— 0'61’.d7F_G07r'd7F' (35)
Given that for an elementary section of length dx
dF =m-d-dx (36)
system (26) to (28) can be written as:
dY # ”
D aly-v). 37)
dt
—=b-(0-1), 38
pralACal) (38)
do v
—=-A-(9-1t)-B-(y" -y”), 39
o (9-)-B-(v' -v") (39)
where
g Kpymd (40)
GO
pyemd 41
G,-c,
w-(r-d)
p=Lve(md) “42)
GWA c p(WA)
K. wrn-d)
B:L(TE). (43)
GWA'Cp(WA)

Using Euler’s method and by assigning the increment Ax,
we find an increment of functions (37) to (39)

AY=a(y -y")Ax, (44)

At=b-(9-1t)- Ax, (45)
AO=—P-At-R-AY, (46)
where
p=4. g8 1)
b a
We find an increment of mass flow rates
AG,=—G,-AY. (48)

Upon finding the increments, we find an increment of
parameters:

t=t,- AL, (49)
Y=Y -AY, (50)
D=0, - AD. (1)

The mass share of ammonia in AWS is calculated consid-
ering ammonia evaporation (48) in SGM

, G,—AG,

Y76 4G -AG,’

(52)
G+ Gy

All)

The calculation is carried out by successive increments
of the parameters until the specified value of AWS purifi-
cation is reached.

It is obvious that the calculation is more accurate, the
smaller the increments Ax.

To calculate the ARU solution vaporizer, it is neces-
sary to have a database of initial data that could only be
obtained during experimental studies of actual models.

Taking into consideration the results obtained in the
experimental studies and using known ratios for the pro-
cesses of heat-mass exchange, an estimate was made of the
structural size of the solution vaporizer as part of ARU
with a cooling capacity from 15 to 75 W.

In accordance with the methodology given in [41],
we determined the geometric parameters of AWS jet: the
equivalent diameter of the jet; the length of the arc of the
heat-mass exchange surface; the cross-sectional area of
the jet; the volumetric flow rate of a liquid; average speed;
the length of the chord of the jet; Reynolds’ number.

The diffusion Nusselt number for the flow of the liquid
phase in a jet is determined by taking into consideration
the range of AWS current modes in ARU film absorb-
ers [42]:

Nu,0.05-Re,-Pr”. (53)

To calculate the mass exchange process in SGM at
evaporation, one can use the criterion equation in the form
given in [43]:

B d -0.2
Nug,,=0.6~Re2576~(1>r5)°'”.(—) . (54)

/

The mass transfer factor in the process of ammonia evap-
oration from AWS [44] is:



K,=—. (55)

The results of the calculations based on the above algo-
rithm are shown in Fig. 4.

The calculation was carried out in the range of the ther-
mal capacity of standard ARU generators, 70...150 W [45],
the mass flow rate of strong AWS is (13...24)-10 kg/s, the
flow of weak AWS — (9..19)10” kg /5.
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Fig. 4. The results of calculating the solution vaporizer as part
of ARU at various heat loads on the generator-thermosyphon,
temperature, and formulation of weak AWS at the inlet:
1-70W;2-100W; 3 - 150 W; at 80 °C, the mass share of
AWS is 0.58; at 90 °C, the mass share of AWS is 0.51;
at 100 °C, the mass share of AWS is 0.44

7. Discussion of results of studying ARU operated from
low-potential thermal energy sources

In this paper, we have studied the source of artificial cold
as part of the system for obtaining water from atmospheric
air of the absorption type. Testing was carried out on the
possible use of upgraded ARU [20] with a low-potential
heat source under actual climatic operational modes of the
systems for obtaining water from atmospheric air [24]. For
this study, an authentic algorithm was developed to analyze
the thermodynamic processes of the ARU cycle, characteris-
tic of the systems for obtaining water from atmospheric air.
These are the processes of ammonia evaporation into the va-
por gas environment at low (0.3...0.5 MPa) and high (up to
1.0 MPa) partial pressure; the absorption of ammonia vapor
at elevated AWS temperatures; the evaporation of a steam
mixture at temperatures of 70-100 °C.

In contrast to other researchers [8,27-35], this paper
has used the specific mass flow rates of the components of
the working body: ammonia; water; hydrogen. That has sim-
plified the analysis and made it more illustrative.

The second feature of the calculation algorithm was the
boundary conditions on the formulation of the working body
at the characteristic points of the ARU cycle.

It has been shown that in order to ensure the predetermined
mode of operation of the solution vaporizer and to prevent par-
tial absorption, it is necessary to maintain the temperature in

it almost at the level of the boiling end in the generator (25). In
practice, it is possible to minimize thermal losses in the environ-
ment by installing an appropriate insulation coating.

For more accurate calculations of the operational mode
of the solution vaporizer, one should take into consideration
the contribution of the cold flow SGM, which must be cal-
culated using the appropriate equations of heat and mass
exchange (26) to (32), (53) to (55).

However, we are not aware of either theoretical or experi-
mental work on the process of heat and mass exchange in the
evaporation of ammonia from an ammonia-water solution
into a steam-gas mixture.

The analog here is likely the reverse process — the ab-
sorption of ammonia vapor from a steam gas mixture with
an ammonia-water solution.

Taking this analogy into consideration, we simulated the
processes of heat and mass exchange in the solution vapor-
izer, which showed that an increase in heat load in the heat
supply zone, accompanied by an increase in the temperature
of generation, increases the amount of a circulating working
body and leads to the need to increase the surfaces of the
heat and mass exchange (Fig. 4).

Our calculations have shown that an increase in the
mass proportion of ammonia in weak AWS at the inlet of
the solution vaporizer also requires an increase in its surface.
Thus, with a mass proportion of ammonia of 0.58 in weak
AWS, compared to 0.44, it requires on average an increase of
2.2 times in its surface of heat and mass exchange.

As demonstrated by the variant calculation (Fig. 4), the
proposed modification of ARU with an adiabatic solution
vaporizer could work as part of the systems for obtaining
water from atmospheric air at hot spring temperatures of
100 °C, and constructively enough fits into the element base
of standard models. On average, the solution vaporizer is
about 10 % of the surface of the absorber.

Despite the positive experience of the use in the struc-
tures of absorbers and vaporizers of ammonia in ARU of the
radial capillary notch, further studies of ARU must investi-
gate the extent of its effect on the heat and mass exchange
processes in the evaporation of the solution in SGM.

However, no possibility of using, for the ARU model de-
scribed in [20], low-cost solar collectors with water as a heat
carrier was found. Under the actual climatic conditions of
operation of the systems for obtaining water from atmospheric
air, it is necessary, at least, to ensure a boiling point of 90 °C.

In the actual execution of ARU, taking into consider-
ation thermal losses and thermal resistance in the contact
zone between the heat source and the wall of the ARU gen-
erator, one should expect even high temperatures.

At the same time, estimates have shown that under the
conditions of moderate ambient temperatures (20...22 °C),
as well as when cooling the capacitor with water, when
the working pressure in the system could be reduced to
1.0...1.2 MPa, the ARU could be operated at 80 °C.

Thus, we can recommend two types of ARU [20] thermal
load source as part of the systems for obtaining water from
atmospheric air for designers:

—in a tropical hot climate, with vacuum solar collectors or
solar hubs capable of providing temperatures above 200 °C [11].

—in a temperate climate zone, with solar collectors
where water is a heat carrier [11].

The energy efficiency of the ARU cycle was not calcu-
lated in this work as it is assumed that water production
systems would utilize alternative sources of thermal energy.



It is obvious that, compared to analogs, ARU with a
solution vaporizer (Fig. 1) would have large mass-dimension
characteristics. At the same time, there is reason to believe
that it is possible to partially eliminate this deficiency by de-
veloping a scheme with the supply to the solution vaporizer
of the flow of purified SGM from the absorber. In that case,
SGM flow should be paralleled (position 7, Fig. 2).

8. Conclusions

1. We have analyzed the thermodynamic processes in ARU,
capable of working at lower, compared to analogs, temperatures
of the thermal energy source. The possibility of reducing the
temperature level of the heat source by including a solution
vaporizer in the ARU scheme has been studied. The analysis
involved an authentic method based on the balance of the spe-
cific streams of ARU working body components and boundary

conditions at characteristic points of the cycle. A limitation on
the level of minimum boiling temperatures in the ARU genera-
tor (from 90 °C) was shown when operating the systems for ob-
taining water from atmospheric air in harsh climatic conditions
(an ambient air temperature of 32 °C and above).

2. The structure of ARU with an adiabatic solution vapor-
izer, proposed on the basis of our analysis, could work as part
of the systems for obtaining water from atmospheric air at
hot spring temperatures of 100 °C and constructively enough
fits into the element base of standard models. On average, the
solution vaporizer is about 10 % of the surface of the absorber.

It is proposed to utilize two types of thermal energy
sources for the operation of ARU as part of the systems for
obtaining water from atmospheric air. In a tropical climate,
it is recommended to use a thermal energy source based on
vacuum solar collectors or solar energy concentrators, and,
in a temperate climate zone, based on solar collectors with
water as a heat carrier.
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