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EVAPORATIVE COOLERS OF WATER AND AIR FOR COOLING SYSTEMS. ANALYSIS
(AND PERSPECTIVES

The concept of evaporative coolers of gases and fluids on the basis of monoblock multichannel
polymeric structures is presented. Different schemes of indirect evaporative coolers, in which the
natural cooling limit is the dew point of the ambient air, are discussed. In such systems the cooling
temperature is lower than the wet bulb temperature of the ambient air. Special attention is paid to
the recondensation of water vapor for deep evaporative cooling. It is shown that for the solution of
the recondensation problem it is necessary to vary the ratio of the contacting air and water flows,
particularly in each stage of the multistage system. Recommendations for the deep cooling process
implementation in the evaporative coolers of gases and liquids are given.
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PO3POBKA HU3bKOTEMIMEPATYPHUX BUMAPHUX OXONOOXXYBAUYIB rA3IB TA
PIAWH. AHANI3 MOXITMBOCTEW TA NEPCMNEKTUBU PO3BUTKY.

Po3spobneno xonyenyito cmeopens unapHux 0Xoa00x4cy8aie 2asie ma pioun Ha ocrHogi bazamo-
KAHANbHUX HACAOOYHUX CIPYKMYP 3 ROJIMepHUX mamepianie. Posensioaiomvcsa éapianmu pisHux
CXeMHUX piuleHb GUNAPHUX OXOJI00JICYBAYIE HENpAMO20 MUNY, 6 AKUX MEeJCeI0 OXON00NCEHHS €
memnepamypa moyKu pocu 306HiUHLO20 NOBIMPs 6 AEMOHOMHOMY 6apianmi 6UKOPUCIAHHA,
moo6mo GUAGIACMbCS HUJICUE MeMnepamypu no Mokpomy mepmomempy. Ocobaugy yeazy npuoine-
HO npobnemi pexonoeHcayii 600AHOI napu npu 2AUOOKOMY GUNAPHOMY 0xon00xcenHi. Tlokazano,
wWo 0OHUM i3 piulens yici npobiemu € 8apito8anHs CNIBBIOHOUICHHS GUMPAN KOHMAKMYOYUX HO-
MOKi8 800U ma nogimpsl, 30Kpema, 011 KOHCHO20 CIMYNEHs OXON00AICEHH 0a2amocmyniniacmozo
0X051002iCy8aYa.
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I. INTRODUCTION

The interest to the opportunities the evaporative
cooling steadily increases, that is caused by their low
energy consumption and environmental cleanness [1-
2, 7-10]. Evaporative water and air coolers (EC) can
be used in autonomous mode in refrigeration and air
conditioning systems, as well as in dessicant-
evaporative coolers, based on heat-driven absorption
cycle, when preliminary drying of the air provides
high efficiency of subsequent EC in refrigeration
systems and heat and humidity treatment of the air in
air conditioning systems.

Direct evaporative coolers of air (DEC), water
cooling towers (CTW), as well as indirect evaporative
coolers (IEC) found wide practical application in dif-
ferent areas. The opportunities of such coolers for pos-
sible cooling temperature level are limited by the wet
bulb temperature of ambient air t,,;,, which is the natu-
ral limitation of the cooling. This considerably depends
on the climatic conditions. Besides the value of t,;, the
limitation of the cooling in EC is also determined by
the ratio of gas and liquid in heat and mass transfer
device. The real value of the temperature limitation of
cooling is a little higher than t,,,; this should be consid-
ered in calculations and design of EC [1].
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The area of practical application of the EC meth-
ods is determined by systems with cooling towers and
air coolers, refrigeration systems with the cooling of
condenser, air conditioning systems for temperature
and humidity air handling.

The decreasing of the temperature level of cool-
ing also provides the decreasing of the water quantity
used in EC for the compensation of the evaporated
water (up to 20-25%) [1-3]

Il. SCHEMATIC DIAGRAMS OF SOLAR
COOLING SYSTEMS ON THE BASIS OF
HEAT-DRIVEN ABSORPTION CYCLE AND
EVAPORATIVE COOLERS OF LIQUIDS AND
GASES

The concept of solar liquid-desiccant cooling and
air conditioning systems designing is shown in Figs. 1
and 2. The principle of indirect regeneration of desic-
cant is used in dehumidifying part of such systems.
The dehumidifying part (left side in Figs. 1 and 2)
consists of desorber-regenerator (DBR), absorber-
dehumidifier (ABR), solar heating system with solar
collectors and tank-accumulator with additional heat-
ing source of traditional type (gas or electric heater),
heat exchanger of “weak cooled desiccant and strong
hot desiccant” flows (HEX), and technological cooling
tower for absorber cooling (CTW1).

Dehumidifying cycle: Fresh outside air (state 1)
while drying in the absorber (process 1-2) decreases
its moisture content and the value of dew point tem-
perature, that provides significant potential for the
further cooling. Strong and hot desiccant M and weak
cold desiccant N interchange the heat in heat exchang-
er. When moisture is absorbed from the air by desic-
cant in the absorber the heat is released. The cooling
of the absorber provides an approaching to the iso-
thermal process of absorption and increases the effi-
ciency of the process and the efficiency of the whole
system [1]. The cooling of absorber could be realized
by outside heat exchanger or this can be absorber
conjugated with CTWHt. In order to remove the dis-
solved water vapor from the weak desiccant solution
N and to make it strong the energy from the solar
heating system is supplied to the desorber (DBR).

In cooling part of the solar absorption system the
following solutions are considered: Fig. 1 — chiller air
cooler (Ch-Rg) and Fig. 2 — chiller water cooler (Ch-
Rw). According to Fig. 1A, the dry air from the ab-
sorber enters air-water heat exchanger, where it tem-
perature becomes lower. That the total air flow is
divided into two flows: the primary cooled air flow P,
which enters the cooling space providing air condi-
tioning, and the secondary air flow S, which enters a
direct evaporative cooler (DEC), where it contacts
with the film of the water. During the coupled heat
and mass transfer, the evaporative cooling of contact-
ing water and air takes place. Cooled but humid sec-
ondary air flow cannot be used for the air conditioning
purposes, thus it is released into the environment, and
the chilled water from the DEC is supplied to the Hex

to cool the air from the absorber. In order to use the
temperature potential of the exhaust cooled secondary
air, an additional air-air heat exchanger can be used
(Fig. 1B). In both cases (Fig. 1A and Fig.1B) the
cooled aid is supplied to the cooling space for the air
conditioning purposes (chiller air cooler (Ch-Rg)).

In chiller water cooler (Ch-Rw) the cooled water
and air are supplied to the cooling space (Fig. 2). A
part of the air dry air from absorber is supplied to the
cooling tower to cool the water needed for the fan coil
of the cooling space (Fig. 2A). And the other part of
the dry air is supplied to the DEC and than enters the
cooling space. From Fig. 2B it can be seen that a part
of the dry air enters CTW and the other part directly
enters the cooling space. A number of heat exchangers
is used to increase the efficiency of the system.

Before in [1, 2, 5 and 6] the comparative analysis
of the possibilities of solar liquid-desiccant cooling
and air conditioning systems with direct and indirect
regeneration of the desiccant was made. Flat plate
solar collector (SC) can be used in systems with indi-
rect regeneration of the desiccant, and gas-liquid solar
collector regenerator is used in systems with direct
regeneration [1]. Each solution has advantages and
disadvantages. The results of the present research
cover the study of the solar systems with direct regen-
eration of the desiccant.

I1l. DESIGN OF THE HEAT AND MASS EX-
CHANGERS FOR DEHUMIDIFYING AND
COOLING CYCLES OF SOLAR COOLING
SYSTEM

Chiller air cooler Ch-Rg is composed from evap-
orative water cooler and water-air heat exchanger, in
which the air from EC is cooled at constant moisture
content. This decreases the wet bulb temperature, the
natural limit of cooling level is decreased, and it can
reach the dew point temperature. Chiller water cooler
Ch-Rw is composed from CTW and water-air heat
exchanger. This provides cooling of water temperature
lower than the wet bulb temperature of the ambient air.

Constructive execution of packing for all heat
and mass transfer devices (HMTD) of the dehumidify-
ing and cooling cycles is unified. A multichannel
monoblock structures made from polymeric materials
are used for the packing. This creates the series of
channels in which the liquid film (water in EC and
desiccant in absorber and desorber) flows down the
walls. The mode of contact gas and liquid flows can
be counterflow as well as cross-flow. HMTD with
high density of packing layers are used [1, 2, 5, 6, 9
and 10]. HMTD can be of direct type (CTWs and air
coolers), as well as indirect type, when several pro-
cesses are realized in one device. For example, the
primary air flow (P) is cooled due to evaporative cool-
ing of the liquid film in neighboring alternate channels,
when the liquid film interacts with the secondary air
flow (S). The separating thin wall can be made from
polymeric material because its thermal resistance is
comparable to the thermal resistance of liquid film.
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the basis of chiller air cooler Ch-Rg.

__Dehumidifying cycle _ _

———— T —— . —— - ———————— -

Figure 1- Schematic diagram of the solar heat-driven absorption system with indirect desiccant regeneration on

the basis of chiller air cooler Ch-Rw.
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Figure 2 — Schematic diagram of the solar heat-driven absorption system with indirect desiccant regeneration on
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Such a way an absorber with inner heat ex-
changer (Figs. 1 and 2), in which the heat, released
during absorption of the water vapor by the film of
desiccant, is removed by cooled water from techno-
logical CTWt. Desorber is made the similar way,
where heat from the solar heating system is supplied
through the channels. All the HMTDs of dehumidify-
ing and cooling cycles can be incorporated in one
cooling unit, which can be placed on the roof of the
building as well as inside it.

Solar heating system is based on the application
of flat plate solar collectors SC, in which all the ele-
ments are made from polymeric multichannel mon-
oblock structures [1, 2, 5 and 6].

IV. THEORY THE HEAT AND MASS TRANS-
FER IN EVAPORATIVE COOLERS

The process of coupled heat and mass transfer
during evaporative cooling is discussed in this section
on the example of the direct evaporative cooling of
water in CTW. The decreasing of the water tempera-
ture is reached by the combined influence of the
following processes: 1) heat transfer during contact-
ing (heat transfer due to thermal conductivity and
convection); 2) heat transfer due to radiation; 3) sur-
face evaporation of water into the air flow (diffusion
of water vapor in the air). The main role here plays
the evaporation from the surface (70-80% of heat
released from water).

A total quantity of heat, released from water,
can be found from:

dQy =dQ, +dQy, @)
dQ, =ay [ty —ty JF, )

The assumption is made, that the temperature
gradient along the depth of the liquid film is absent
and its thermal resistance equals zero: R, = 0. In
studies of [1, 11] it was shown that in general for
polytropic process R, # 0 u Ry = Ry+ Ry, The velocity
of the vapor molecules from adjoining steam and gas
layer being transferred to the air is proportional to the
difference (p*y— pg), where pq is a partial pressure of
steam in the air located at substantial distance from
the water surface (in the core of the air flow). The
quantity of the evaporated liquid can determined
from:

dg; = B, ;s — Py KF5 . 3)

where S, — is a mass transfer coefficient divided by
full partial pressure difference of water steam
(kg/(m%s)). The heat consumed during evaporation
can be found from:

dQs =r-dg, :r-ﬁp(p; - pg)d':ﬂ )

Total transferred heat is determined from the
following equation:

dQs =0lg(tw _tg)jl:a +r'ﬁp(p; - pgﬁFﬁ ®)

The partial pressure difference as a motive pow-
er of the mass transfer process can be substituted by

the difference of moisture content AX = (X; — Xy )-

In this case Eq. (5) will take the following form:
dQ; = gty —ty JIF +1- B[ —x, F  (6)

Here the assumption is made, that F,= F; = F.
This factor usually is ignored; in [1, 2] it was shown
that for packing with tight structure the influence is
great.

o *
Q.= 1] 2, -t ) —x, )}dF -
where:
le = % =c, (8)

For the system of water-air the ratio of heat and
mass transfer coefficients is constant. This is the
expression of the similarity of the heat and mass
transfer process, which take place in the dynamic
field of temperatures and moisture contents. The
existence of such similarity, which can be expressed
by Lewis relation le, is dependant from the actuality
of the undergoing in the system processes, from the
ratio of heat and mass transfer surfaces. It cannot be
applied if saturated wet air is used, when «reconden-
sation process» takes place in the region near satura-
tion curve. Neglecting the dependence of r from the
temperature, the following equation can be obtained:

dQs = 4, [c;; (tW —tg )+ r(xg - xg) F )
dQ; =Ky (h; —hy JF (10)

where K, — is the total coefficient of heat and mass
transfer (according to [11]), divided by enthalpy dif-
ference. It shows the coupled heat and mass transfer
process intensity, which is defined by joint mecha-
nism of convection and diffusion. Eq. (9) is the main
equation of the «the method of enthalpy potential».
This equation helps to make it easier the calculation
of the heat and mass transfer process, because only
one driving force is used instead of two driving forc-
es, which is enthalpy head. Only one coefficient of K,
is used instead of two coefficients of transfer ag and
By. When it is necessary to consider the thermal re-
sistance of the liquid film (R, # 0), Eq. (10) will take
on the following form:

dQx = f (hy" - hy) dF (11)

© G.M. Chen, A.V. Doroshenko, K.O. Shestopalov, O.Y. Khliyeva, A. Abdessemed, 2014 7



XonoguneHa TexHika Ta TexHonoris, Ne 5 (151), 2014

where hy" is the enthalpy for t;=t" and ¢, = 100%.

The analysis of the coupled heat and mass trans-
fer. when direct contacting of gas and liquid takes
place, was carried out for the following assumptions :
- the liquid flow rate is constant (4G, = 0); during
evaporation or condensation this flow rate will be
changed;

- error from the assumption of substitution of dp by
dxq and from the influence of the Stephen mass flow
is not big (convective mass flow appearing from the
impenetrability of the liquid surface for the air flow;
the law of the one-sided diffusion of Stephen);

- assumption, that empirical relation of Lewes
equals one (le=1). This point is related to the ques-
tion of assumption about equality of the exchange
surfaces (F,= Fs=F).

- thermal resistance of the liquid film is negligi-
ble R,=0; for polytropic process in system of water-
air the thermal resistance of the system is dispersed
uniformly between two phases [1, 11];

- additional error can be take place when the driv-

ing force is averaged ATg

Approximate methods and the inaccuracy of the
averaging are studied in [1]; the approximate meth-
ods are based on substitution of the equilibrium curve
by straight-line, parabolic or exponential dependence;
the values of r and ¢, are considered as constants for
the design range of main parameters.

The main contribution to the summary error is
brought by the assumption R, = 0 and AG,,= 0. The
value of the error can be from 10% to 15 % [1]. It is
necessary to mention that without simplifying back-
ground it is impossible to get the Eq. 10.

The equation of enthalpy balance has the fol-
lowing view:

Gyacylt ( t0)+G [rox +cC ( J:
=GW20W(W O)+G [rox +C; ( t)] (2
Gycydty, =Ggdhg (13)

This is the equation of the «working line» of the
evaporating cooling process. The main Merkel's
equation with consideration of Eq. (13) can be writ-
ten as follows:

1

“nf _ [ Cutty, (14)

= twhg —hg

The right part of Eqg. 14 includes only thermo-

dynamic parameters of the flows; the left part in-

cludes constructive and operational characteristics of

EC. This makes the Eq. (14) convenient for practical

calculations. The value of K,-F/G,,=K, has a name of
«evaporation criteriay.

For two relevant cases (ag=<0 (R, = 0) and ¢z
(R; # 0)) the main equation of the «method of the
enthalpy potential» will be written as Eq. (15):

1 _ 1, .m +R, (15

FKn FB, Fay

g

where m is the value accounting the saturation line
curvature (tangent slope of the saturation line).

Eq. (15) is the equation of the «additivity of
phase resistance». It connects the total thermal re-
sistance in the system (RX'=1/FK;) with thermal re-
sistance of air and water phase Ry=I/Ff, and
Rw=m/Fa, , respectively. The influence of the

resistance of gas or liquid film is determined by the
solubility of the gas in liquid. In [1, 2] it is stated, that
Rw can be up to 50% from Ry. In monograph [11] it is
stated that R,, can be 27-46% from the total resistance
of the enthalpy transfer between phases.

V. RESULTS OF THE PRELIMINARY ANAL-
YSIS OF THE PERFORMANCE OF SOLAR
COOLING SYSTEMS ON THE BASIS OF
HEAT DRIVEN ABSORPTION CYCLE AND
EVAPORATIVE COOLERS

The analysis of the solar aircooler Ch-Rg for
different initial moisture contents of the air x,' is
shown in Fig. 3 (I = Gp/Gs = 1.0). Here the analysis
is based on the previously obtained in ONAFT exper-
imental data about efficiency on the coupled heat and
mass transfer process for EC [2, 3]. Initial conditions
for point 2 (xg1 = 3 g/kg) were obtained in solar ab-
sorption desiccant system Solar / Ch-Rg (Fig. 3).
LiBr (H,O+LiBr+LiNOs) [2] was used as a desiccant.
During the dehumidifying process in absorber (pro-
cess 1-2), the temperature of the dried air is in-
creased. The temperature rise could be decreased by
the application of the technological cooling tower
(CTWt) — by the increasing of the contacting flows
ratio (I = G¢/Gy); but this will result in inevitably
increase of power consumption of the system. The
following results are obtained for approaching the
cooling limit of At** = (tp - tgp):

Xg- = 16 g/kg: tp = 24.3°C, At** = 4.0°C;
g =3 g/kg: tp=10.0°C, At** =14.0°C.

From Fig. 3 it can be found that the level of
primary flow cooling decreases rapidly when the
initial moisture content of air decreases, but the de-
gree of approaching the cooling limit is also de-
creased. The curve for the change of state of second-
ary air flow Gs (process 2«P» - 2«S») is sequentially
cambered in direction of «acute angle» of the h-X
diagram of the humid air. Then this curve meets the
cooling limit and further follows along the line of ¢
= 100%. The authors of [2, 3, 11] stated, that during
this conditions the «recondensation» of the water
vapor can take place, resulting in decreasing of the
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efficiency of EC. For low values of initial moisture
content of air it is possible to decrease the value of
the primary and secondary air flow ratio | = Gp/Gs.
The analysis of the operation of water chiller
Solar / Ch-Rw for different initial moisture contents
xg1 is shown in Fig. 6 (for the same air flow ratios | =
Gy/Gx = 1.0 and similar distribution of cooled in EC
water between circulating cycles in water-air and
«product» heat exchangers I* = G, /G = 1.0).
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Figure 4 — Performance analysis of the Ch-Rw
(1= GJ/Gys = 1.0 and I* = G',, /G?, = 1.0)

Initial conditions for point 2 (xg1 = 3 g/kg) were
obtained in solar absorption desiccant system Solar /
Ch-Rw (Fig. 4). The following results are obtained
for approaching the cooling limit of At** = (t,? - tap):

Xg" = 16 g/kg, t° = 24.5°C, At** = 4.5°C;
X = 3g/kg, t°=10.5°C, At** =14.5°C

From Fig. 4 it can be found that the level of wa-
ter cooling decreases rapidly when the initial mois-
ture content of air decreases, but the degree of ap-
proaching the cooling limit t, is also decreased. The
approaching degree of cooling in Ch-Rw is a little
lower than in Ch-Rg. The curve for the change of
state of secondary air flow in CTW is sequentially
cambered in direction of the «angle» of the h-x dia-
gram of the humid air. Then this curve meets the
cooling limit of t,. For low values of initial moisture
content of air it is possible to increase the value of the
ratio I* = G, /G?, in the cycles of the cooling water
for the efficiency increasing. The comparison of Ch-
Rg and Ch-Rw shows that they allow production of
«product» flow with almost the same cooling temper-
ature and the ratio of «product» and «general» flow is
similar (with similar power consumption). Solar
absorption desiccant system (with Ch-Rg or Ch-Rw)
can provide the temperature of the air t» = 10.0 °C
and water t,° = 10.5°C, that significantly increases
the capabilities of the practical application of the EC
methods in cooling and air conditioning systems.

CONCLUSIONS

The transition from traditional indirect evapora-
tive cooling of water or air to the evaporative cooling
of ambient air with preliminary cooling (chiller air-
coller Ch-Rg or water cooler Ch-Rw) allows decreas-
ing of the achieved temperature of the cooled air; the
limitation for such cooling is the temperature of dew
point of the ambient air; this sufficiently increases the
capabilities of practical application of such new
evaporative coolers,

Solar liquid-desiccant cooling and air condition-
ing systems are designed and the main creation prin-
ciples of such systems are discussed. Indirect regen-
eration (reduction) of the desiccant is used in dehu-
midifying part composed of desorber-regenerator,
absorber-dehumidifyer, solar heating system. The
cooling system can be composed from chiller air-
cooler Ch-Rg, when the primary cooled air flow is
delivered to the cooling space, or from chiller water-
cooler Ch-Rw, when a cooling space is supplied by
chilled water.

The main requirement for implementation of
evaporative cooling in such coolers is the necessity of
contacting flows variation (primary and secondary air
flows) and water flow rate. Without such variation of
flows the efficiency of cooling could be decreased.

The recondensation problem can influence the
efficiency of Solar / Ch-Rg or Solar / Ch-Rw greatly.
In order to solve this problem the ratio of the contact-
ing flows for evaporative cooling should be found

properly.
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NOMENCLATURE

F area(m?)

¢, constant pressure specific heat (k] kg™ K™)
mass flow rate (kg s™)

pressure (Pa)

heat flow (W)

enthalpy (kg kJ™)

heat of vaporization (kJ kg™)

temperature (°C or K)

TTTO0T O

Greek letters

o heat-transfer coefficient (W m?K™)
p mass transfer coefficient (kg m?s™)
@  relative humidity (%)

Subscripts

a air

g das

P primary
S secondary
wb wet bulb
dp dew point
w  water

1 entrance
2 exit
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! Texnonormueckuit urctutyt Hunb6o, Yuuepcurer Wkerasn, 1 Qianhu South Road, Hin6o, 315100, Kuraii
2 Onecckast HaIlMOHAbHAsI aKaJeMUs TIHIIEBUX TEXHOJIOTHH, yiI. JBopstacKast, 1/3, Omecca, 65082
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PA3PABOTKA HU3KOTEMMNEPATYPHbIX NCMAPUTEJIbHbIX OXINAQUTENEW rA30B
N XXUWOKOCTEW. AHAINTN3 BO3MOXXHOCTEW U NEPCIMNEKTUBbI PA3BUTUAL.

Paspabomana xonyenyusa co30anus UCNapumenbHobiX oxXaaoumeneti ea3o6 u JHcuoKocmeti Ha OCHO-
6 MHO2OKAHATLHBIX HACAOOUHBIX CIPYKMYP U3 NOAUMEPHBIX Mamepuanos. Paccmampusaromes
BAPUAHNBI PAZTUYHBIX CXEMHBIX PEUEeHUll UCNAPUMETbHbIX 0OXAadumeneli HenpsAMo2o Mund, 8 Ko-
MOPBIX NPeOeNoM OXAANHCOCHUS ABNACTNCA MEeMNEPAmypa MoYKU POChl HAPYHCHO20 B030YXd 6 A8-
MOHOMHOM 8aAPUAHME UCHOTLI0BAHUS, THO eCb OKA3LIBAEMCS HUNCE MEeMNEPAMYPbl N0 MOKPOMY
mepmomempy. Ocoboe gHumManue yoeieHo npoobieme peKOHOEHCaAyul 800HbIX NAPO8 Npu 21yoo-
KOM ucnapumenvHom oxaasxcoenuu. Ilokazano, 4umo oOHUM U3 pewieruil 3mou npooremvl AGIAEMCA
6apbUPOSAHIE COOMHOWEHUS PACX0008 KOHMAKMUPYIOWUX NOMOK08 800bl U 8030YXd, 8 YACIHO-
cmu, 015 KadlcOOU CIMyneH OXAANCOEH UL MHO2OCMYNEHYAMO20 OXAA0UMEIS.

Kniouesvle cnosa: ucnapumenvhuill 0xaaoumenb, MHO2OKAHANbHAS HACAOKA, NOIUMEDHbIE Mame-
PUaIbl, COBMECMHbII MENI0-U MACCONEPEHOC, PEKOHOCHCAYUSL.
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