Ooecvra HAYIOHATbHA akademis Xxap4o8ux mexHon02it
IHHOBAUIIMHE OBJIAAHAHHA XAPUYOBUX,
OAPMALEBTUYHUX, XIMIYHUX TA ITAPOYMEPHUX BUPOBHULITB

YK 662.995 : 662.997
DOI https://doi.org/10.15673/swonaft.v84i1.1877

PERFORMANCE OF ADSORPTIVE HEAT-MOISTURE
REGENERATOR

Belyanovskaya E.A.', PhD, docent,
Lytovchenko R.D., postgraduate student,
Sukhyy K.M.! SciD, Prof.,
Sukhyy M.P.! PhD, Prof.,
Gubynskyi M.V.?, SciD, Prof.
Sukha LV.!, PhD, docent,
'State Higher Education Institution «Ukrainian State University of Chemical Engineering»,
Dnipro, Ukraine
’National metallurgical academy of Ukraine,

Dnipro, Ukraine

Abstract. The performance of the adsorptive heat-moisture regenerators based on the composite materials ‘sili-
ca gel - sodium acetate’ and ‘silica gel — sodium sulphate’ have been studied. The mathematical model and algo-
rithm for determining the basic operating parameters of adsorptive regenerator in the housing and communal ser-
vices sector have been further developed. The proposed algorithm which involves calculating the air volume passed
through the adsorbent layer, the final absolute humidity of air near the outlet from the regenerator, the adsorption
and the heat of adsorption during inflow and outflow, the final temperature of the external cold air, the air temper-
ature after mixing the cold external air and the internal warm air in the room near the warm end of the regenerator
during inflow, the air temperature after mixing of the cold external air and the warm exhaust air from the premise
near the cold end of regenerator during outflow, determining the temperature and moisture efficiency factors has
been completed by computing the Reynolds criterion of the adsorbent layer, the coefficient of the hydraulic resis-
tance, the pressure loss, the consumed power of ventilator, summarized adsorption and time to achieve maximal
adsorption . The adequacy of suggested mathematical model is confirmed by sufficient correlation of experimental
data and calculation results with the proposed algorithm. The performance of adsorptive regenerators based on the
adsorbents ‘silica gel — CH;COONa’ and ‘silica gel — Na,SO,’ has been simulated in the conditions of the conven-
tional ventilation system of living quarters. The efficiency of adsorptive regenerators has been compared when ‘sili-
ca gel — CH;COONa’ and ‘silica gel — Na,SO,’ used. The correlation of design and efficiency of adsorptive regen-
erators is shown.

Key words: adsorptive heat-moisture regenerator, heat regeneration factor, moisture regeneration factor, com-
posite adsorbent, ventilation.
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Anomauyin. /locniooiceni npoyecu excniyamayii adcopOyitiHux peeHepamopie meniomu ma 60102U HA OCHOBI
KOMRNO3umie «Cuikazeivb — Hampitl ayemamy ma «cunikaeeivb — Hampiu cyivbgamy. Ompumanu nooanrbit po3eu-
MOK MameMamuyua mMooeib ma aieOpUmm 6U3HAYEHHs OCHOBHUX EeKNJIYAMAYIUHUX napamempie aocopoOyitiHux
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pezenepamopie 6 yMo8ax cucmem GeHMUIAYII CEKMopa HCUmMa080-KOMYHANbHO20 20CN00APCMEd. 3anponoHoeanuil
aneopumm, SKUl BKIOYAE 00YUCTeHHs 00'eMy nogimps, wo Npoxooums Yepes wap aocopbenmy, KiHyegol
abcoaromnoi 801020cmi nogimps 6ilsA 8UX00Y 3 pecenepamopa, aocopoyii ma meniomu adcopoyii nio 4ac NPUnIUGY
ma eukudy, KiHyesoi memnepamypu Xo100H020 NOSIMps, memnepamyp nogimpsa bia menio2o KiHysa peceHepamopa
nicaa 3MiUYBaHHA XO0N00HO20 308HIUHBLO2O NOBIMPA 3 YIUYI MA MENI020 GHYMPIUHbLO20 NOBIMPs 8 NPUMILYEHHT
nio yac npunaugy ma Oiisl 308HIUHBO20 X0A00H020 KiHYsl pecenepamopa nicis 3MIUY8anHsL X0100H020 306HIUHbO2O
NOGIMPsS Ma Menjoco NoGImps 3 npumMiujenHs nio Yac uKudy, eUsHa4elnHs Koepiyicnmis pecenepayii menjiomu ma
8on102U, OONOBHEHO PO3PAXYHKOM Kpumepiio Peiinonvoca wapy adcopbenmy, koeiyicnma 2iopasiniunozo onopy,
8Mpamu MUCKYy, CHONCUBAHOT NOMYIHCHOCII BeHMUAAMOPA, CYMAPHOL adcopoyii ma uacy 00CsAeHeHHs MAKCUMATbHOT
aocopbyii. Adexeamuicmv  3anponoOHOBAHOI  MameMamuyHoi MoOeni RIOMEEPONCYEMbCL  pe3yaIbmamamu
PO3PAXYHKIG 30 3aNPONOHOBAHUM ANCOPUMMOM MA eKCnepuMeHmanrbHumu oanumu. Ilposedeno cumynayiio npoyecie
excniyamayii pecenepamopis Ha ocHogi komnosumie «cunikazens — CH;COONay ma cunikazens - Na)SOy» 6 ymo-
6aX Munogoi GeHMUIAYIUHOL cucmemu Hcumaosux npumingensv. Ilopieuano egexmusHicmo adcopoyiliHux
peeenepamopis Ha ocHoei komnosumie «cuiikazenv - Na,SO» ma «cunikaeens — CH;COONay. Pozensinymo enius
KOHCMPYKYIT a0copOyitinux pecenepamopis Ha ix eexmusHicmo.
KuioueBi ciioBa: ajcopOmiiiHuii pereHepaTop TEIUIOTH Ta BOJIOTH, KOS]IIiEHT pereHeparii TermiaoTH, Koedirri-

€HT pereHeparlii BoJIOTH, KOMIIO3UTHUN aJIcOPOSHT, BEHTHIIALLIS.

A major source of global and energy consumption is building. Heat, ventilation and conditioning (HVAC) sys-
tems strongly determine the thermal comfort and indoor air quality. Most conventional method of sustaining a ther-
mal comfort of indoor air quality is air cooling or heating in surface heat exchangers. As a rule such systems are
based on vapor compression chilling machines which results in significant electric load. So, systems of HVAC are
responsible for a substantial proportion of energy consumption in modern buildings [1].

Moreover, adsorptive processes are suggested for storage, conversion and regeneration low-potential heat. Sili-
ca gels, zeolites and silicaaluminophosphate were shown to be promising for an adsorptive dehumidification of air
[2, 3]. Adsorptive heat storage and conversion devices were developed and tested in the Germany [4], Netherlands
[5], Slovenia [6] and Great Britain [7]. Most of such systems are based on conventional adsorbents. However, their
poor adsorptive properties necessitate high volumes of adsorbent to supply required heat load. This problem is
solved by developing systems with multiple adsorptive units [6] or with divided reactors for adsorption, regeneration
and storage of an adsorbent [8]. Both ways lead to complication of design and performance of heat conversion sys-
tem. In the light of adsorptive capacity, i.e. water uptake, advanced materials for inflow air heating and conditioning
are composite sorbents of the type ‘salt in the porous matrix’ [9]. Systems, devices and units based on them can
sustain a comfort temperature and humidity of indoor premise [10].

Nevertheless, a large-scale implementation of devices along with the low adsorptive properties of convenient
adsorbents and deficiency of simple operating procedure of obtaining adsorbents ‘salt inside porous matrix’ is re-
stricted by the lack of an algorithm for their calculation, which allows to simulate and study the processes of their
operation in the conditions of real ventilation systems. Despite the fact that adsorptive heat storage and conversion
systems and devices work in two-phase mode, such studies are focused on only one stage of operation, i.e. adsorp-
tion [11, 12]. Mathematic model of performance of adsorptive heat-moisture regenerator suggested in [13, 14] al-
lows evaluating only temperature efficiency factor. Nevertheless, the energy performance of the heat-moisture re-
generators is characterized not only by temperature efficiency factor, but humidity efficiency factor. Moreover, it is
advisable to estimate consumed power of service equipment.

The aim of present work is estimate the performance characteristic of heat-moisture regenerator for ventilation
system. To accomplish this purpose, the following tasks are set:

- to reveal basic design characteristics of adsorptive heat-moisture regeneration unit based on composite adsor-
bents under conditions of ventilation system of housing and utilities sector;

- to determine correlation between design and operation parameters and energy efficiency of adsorptive heat
conversion unit;

- to estimate the characteristics of service equipment.

Experimental. The design of the adsorptive regeneration unit is presented in [13, 14]. Length of laboratory prototype
of heat regenerator is 0.6 m [15]. Composites ‘silica gel — sodium acetate’ or ‘silica gel — sodium sulphate’ were used.
They were synthesized by sol — gel method according to technique described in [16].

The device is operated in two-phase mode which involves alternating modes ‘inflow’ and ‘outflow’ [13, 14]. When
inflowed, ambient air is intaken by inner ventilator and got through the adsorbent layer into premise, air flow being heated
and water excess being adsorbed. When outflowed, inner ventilator is stopped and air is intaken by external ventilator and
released into outdoor environment. So, premise ventilation occurs, while temperature and humidity of indoor premise
remain stable. The outer and inner ends of studied device are considered to be cold and warm, respectively.
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According to the given phases, an algorithm for calculating the performance of adsorptive heat and moisture regener-
ator has been developed (Fig. 1).

[ Beginning ]

1. Calculation final absolute humidity of the inflow air
2. Computing the inflowed air volume which supplied to layer of adsorbent.
3. Computing the adsorption when inflowed.

Results output

4. Calculating the adsorption during inflow. Aum=0

5. Calculating of final temperature of external cold air when inflowed. Toum = 0
6. Computing the air temperature near the inner end of regenerator after mixing the]

cold external air and warm internal air in the premise during inflow. *

7. Calculating the final absolute humidity of outflowed air. |
8. Computing the volume of the exhaust air passed through an adsorbent layer.

9. Calculation of adsorption during outflow. +
10. Calculating adsorption heat when outflowed.

11. Computing the final temperature of outflowed air. |
12. Calculation of the air temperature near the external cold end of the regenerator

after mixing the cold external air and warm exhaust air.

13. Computing the heat regeneration factor.

14. Calculating of the moisture regeneration factor.

15. Determination of the equivalent diameter of the channel
16. Calculation of the Reynolds criterion of the adsorbent layer. \ 4
17. Calculation of the coefficient of the hydraulic resistance.
18. Calculation of the pressure loss.

19. Calculation of consumed power of ventilator.

Asum = Asum™ Ainet Aour

Tsum = Tsum T 2T |

If Agum SAmax

Results output

Fig. 1 — Algorithm of calculating the operating parameters of adsorptive regenerator [15]

The heat regeneration factor i.e. temperature efficiency factor is determined by the formula [13, 14]:

_ tinf—lext
Nem = ¢ — - (D
tout—text

where t;,rreferred to temperature of inflowing air, °C; t. corresponds with temperature of external air; t,, is tem-
perature of outgoing air.

According to algorithm described in [14], temperatures of inflowing and outflowing air are determined as a tempera-
tures after mixing the cold supplied air and the warm internal air during inflow and cold external air and warm exhausted
air from the room. Final temparatures of inflowed and outflowed air are described by thermal balance equations. The air
volume which passed through the adsorbent layer during air-in or air-out modes, mass transfer coefficient, final values of
absolute humidities, adsorption, heat of adsorption at the inflow or outflow are determined according to [13]. Then,
summarized adsorption and time of saturation of adsorbent layer, ie time required to achieve maximal adsorption are
calculated according to control-flow chart (Fig. 1).

The moisture regeneration factor or moisture efficiency factor is calculated as [15]:

_ Cext_cinf (2)

Mhum Cext—Cout

Nnum corresponds with the moisture efficiency factor or moisture regeneration coefficient; Cy,, is the absolute
humidity of the inflowing air, kg/m3; Cext, 18 the absolute humidity of the external air, kg/m3; Cou 1s the absolute
humidity of outgoing air, kg/m’.

The absolute humidity of the inflowing air is proposed to be calculated as the final absolute humidity of air dur-
ing inflow. The absolute humidity of exhaust air is suggested to be calculated as the absolute humidity after mixing
the cold outdoor air and warm outflowing air [15]:

Cfin.str.aft.mix. -

Vstr'Costr+Voutf Cin.str (3)
Vstr+Voutf
where Vg, is volume of air near the outside end of the regenerator, m’; Cy.y, refers to the initial absolute

humidity of the outdoor air when ejected from the room, kg/m®; Cipn.qy, is the final absolute humidity of warm air
when outflowed, kg/m’.
Hydrodynamic resistance of adsorbent layer is calculated as follows [15, 17]
B
= Rey ( 4)
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where B refers to the empiric factor which is taken as 1900 [17], Re; corresponds with Reynolds criteria for air
flow passed through the adsorbent layer. Considering preliminary calculations, values of Re; correspond with
laminar flow regime, they are at most of 30 — 40.
Pressure loss is determined by the equation of Darsy — Weisbach as follows [15, 17]:
w? H
Ap=E&-—-p-—
2 d, (5)
where Ap refers to pressure loss, Pa; w corresponds with the velocity of humid air, m/s; & is hydrodynamic
resistance of adsorbent layer; p is the air density, kg/m’; H corresponds with the thickness of the adsorbents layer,
m; d. o refers to the equivalent diameter of channel, m.
The equivalent diameter of channel is computed as follows [15, 117]:
2 ¢

=T ©
where d. o, is the equivalent diameter of channel, m, ¢ refers to the fractional void volume which is taken as
0.259 according with the most tight stowage of spheres [16], d corresponds with the diameter of adsorbent granule,
m.
Consumed power of ventilator is calculated as follows [15, 18]:
N = vap (7)

Nvent
where N refers to the consumed power of ventilator, W; v corresponds with airflow, m’/s; Ap is the pressure

loss, Pa; nyen refers to the efficiency factor of ventilator used.

Results and discussion. Proposed algorithm of calculation has been validated by experimental data presented in
[18]. The results of the calculations exhibit the periodical changing the temperatures and absolute humidities near
the external and internal ends of the adsorptive regenerator, which qualitatively correspond with the experimental
data (Fig. 2).

The difference of the calculated temperatures and the experimental data does not surpass 2 — 3°C near the cold
end of the regenerator, and 1 — 5 °© C near the warm one. When composite ‘silica gel — sodium sulphate used’, the
temperature efficiency factor of the regenerator according to the experimental data is approximately 95%, and

according to the calculated it being about of 91% [14]. At that,
C, g/ m3 calculated and experimental moisture efficiency factor are 59
5 AN\ A 2 and 64 %, respectively [15]. Experimental values of heat and
\ moisture regeneration coefficients of regenerator based on
2'
I\ 1

1 composite ‘silica gel — sodium acetate’ are 85 and 62 %,
\

de.ch

Pp

P

respectively, while calculated values are 82 % and 58 %. So,
proposed mathematical model is acceptable for for qualitative
A\, evaluation of the performance characteristics of adsorptive

& ﬂ heat-moisture regenerators in ventilation systems.
_J{/ An adsorption regenerator is suggested to use when the in-

. 1 flow air heated in the conditions of a convenient three-room
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44
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apartment with electric cookers, a total area and a height are

' of 103 m® and 2.5 meters, respectively. According to the re-
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Time. min. sults of the calculation by the Sanitary Regulations 2.04.05-

91, the thermal load for heating the supply air is about 338.26
MIJ per a day which corresponds with 6 hours of work per a
1, 2 —results of calculation; 1°, 2’ — experimental ~ day.

—
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results; 1, 1’ — absolute humidities on internal end As an adsorptive material, the composites containing 20%
of regenerator; 2, 2’ — absolute humidities on silica gel and 80% sodium sulphate or sodium acetate are
external end of regenerator proposed to use [13, 14]. The mass of the adsorbents ‘silica

gel — sodium acetate’ and ‘silica gel — sodium sulphate’ re-
quired to supply the thermal load are evaluated as 182 and
96.5 kg. For the handling capability of the regenerator, it is an
optimal option to install in the ventilation scheme of 3-
bedroom apartments four adsorptive regenerators. So, the mass of the composite ‘silica gel — sodium acetate’ and
‘silica gel — sodium sulphate’ are 46 and 25 kg per one regenerator. The results of the calculations are given in Fig. 3
and 4. The temperatures and absolute humidities of air near the internal and external ends of the regenerators are
stated to be periodically varied. The amplitude of the temperature dependencies and time of switching of the airflow
are decreased simultaneously. This leads to the increasing the temperature efficiency factors. Maximal values of

Fig. 2 — Periodic dependences of absolute hu-
midity of adsorptive heat-moisture regenerator
based on composite ‘silica gel — sodium acetate’
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temperature efficiency factors are achieved at time of switching the flows at most of 5 min and airflow speeds not
above of 0.22 m/s [14, 19].

a— 0.0628 and 0.53; b— 0.03925 and 0.848; ¢ — 0.0314 and 1.06. Absolute humidity of outdoor air is 6.5 g/m’,
absolute humidity of the indoor air is 1.0 g/m’
Fig. 3 — Heat regeneration factor vs. airflow speed and time of switching airflows for adsorptive regenerators
of heat and moisture based on composite ‘20 % silica gel- 80 % Na,SO,’. Area of cross-section of adsorbent
layer, m’ and thickness of the adsorbent layer, m

The heat regeneration factors of device based on composites ‘silica gel — sodium sulphate’ are observed to sur-
pass these values for regenerators with ‘silica gel — CH;COONa’ in the very least by 9 — 10 %. However, absolute
humidity of inflowing air remains almost constant. So, moisture efficiency factors are not changed. They are esti-

mated as 58 % and 59 % when ‘sili-

Ap, Pa N W ca gel — CH;COONa’ and ‘silica gel
40000 3 —Na,SO,’ used.
2 Performance of adsorptive heat-
30000+ 10004 moisture regenerator is strongly
determined by its design characteris-
20000 1 tics (Fig. 3). Decreasing of cross-
5007 section area of adsorbent layer leads
10000+ to increasing the temperature effi-
' ' ' ' 0 ' ' ' ' ciency factor. Pressure loss is
o o o o wim/s 0.1 02 03 e % strongly affected by air flow speed
’ and thickness of adsorbent layer
a b (Fig. 4). Values of Ap are increased
1— 0.0628 and 0.53; 2—0.03925 and 0.848; 3 —0.0314 and 1.06 C .
. . proportionally w and H, according
Fig. 4 — Pressure loss (a) and consumed power (b) of adsorptive to Eq. (5) and (7).

regenerator of heat and moisture based on silica gel — Na,SQ,’ vs. air
flow speed. Area of cross-section of adsorbent layer, m” and thickness of
the adsorbent layer, m

Consumed power of ventilator is
increased proportionally with w”.
Minimal values of consumed power
of ventilator are of 70 — 250 W are revealed at 0.12 — 0.22 m/s which correspond with maximal values of heat re-
generation factor. Consumed power of standard conditioners working for air heating in the premises of 15 — 140 m’
is ranged from 0.6 up to 2.9 kW [20]. It should be noted that as compared with adsorptive regenerator in the heating
mode such conditioners can sustain only relative humidity of the internal air.

Conclusions. The performance of adsorptive regenerator of heat and moisture has been studied. The method of
determination of the main performance characteristics of the adsorptive regenerator under the conditions of the ven-
tilation system in the residential premises has been further developed. The dependence of the value of the heat re-
generation factor vs. airflow speed and the time of switching flows is shown. Optimal values of time of switching
the flows and airflow speed which corresponded with maximal values of heat regeneration factor is stated to be at
most of 5 min and 0.12 — 0.22 m/s. At these conditions are stated minimal values of pressure drop and consumed
power of ventilator.

Design of adsorptive heat moisture is shown to affect the efficiency of the regenerator. Procedure of estimation
of design and performance of adsorptive regenerators has been proposed. Increasing of temperature efficiency factor
when cross-section are of adsorbent layer decreased is shown. Maximal values of heat regeneration factor are de-
termined at area of cross-section of adsorbent layer of 0.0314 — 0.03925 m’.
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