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Thermal� conditions� of� adsorptive� heat� storage� device� operating� in� open-mode� were� considered� when� dis-
charged.� The�main� operating� parameters� affecting� the� final� temperature� of� airflow�which� supplied� to� ventilated�
premises�are�determined�on�the�example�of�heat�storage�device�based�on�composite�‘silica�gel�–�sodium�sulphate’.�
The�main� factors�which� determine�a� final� airflow� temperature�are� confirmed� to�be� initial� values� of� temperature,�
absolute�humidity�and�speed�of�airflow�which�fanned�to�the�adsorbent�layer.�Algorithm�of�calculating�the�operation-
al�parameters�of�adsorptive�heat�storage�device�has�been�further�developed.��Proposed�algorithm�involves�calcula-
tion�of�diffusion�coefficient,�mass�transfer�coefficient,�final�absolute�humidity�of�airflow,�volume�of�air�which�passed�
through�adsorbent�layer,�adsorption,�specific�adsorption�heat�and�final�airflow�temperature,�then�useful�heat,�heat�
inputs�for�operating�heat�storage�device�and�its�efficiency�factor�are�estimated.�The�adequacy�of�the�proposed�algo-
rithm�has� been� confirmed� according�with�experimental�data� for� operating�of� open�mode�adsorptive�heat� storage�
device.�Curves�final�temperature�of�inflowing�air�vs.�time�of�discharge�of�heat�storage�device�are�stated�to�depend�
on�characteristics�of�airflow�which� fanned� to� the�adsorbent� layer�such�as� temperature,� speed�and� initial�absolute�
humidity.�When�these�parameters�increased,�time�to�achieve�plateau,�i.e.�maximal�values�of�final�inflowing�air�tem-
perature�decrease.�The�dependence�of�initial�values�of�temperature,�absolute�humidity,�speed�of�humid�airflow�and�
final�airflow�temperature�is�shown.�Maximal�temperatures�of�at�most�65�–�80�ºC�are�stated�at�the�initial� tempera-
tures�and�absolute�humidity�of� initial�airflow�within� the�ranges�of�20�–�30�ºC�and�0.03�–�0.04�kg/m3,�respectively.�
The�results� of� the� present� study� can�be� used� for� the�development� of� energy-efficient� systems� and�devices� for� air-
conditioning�in�habitual�inner�space�and�warehouses.��

Key�words:�adsorptive�storage�of�heat�energy,�open-type�heat�storage�device,�efficiency�factor,�composite�‘sili-
ca�gel�–�’crystalline�hydrate’.��

�
�ntroduction.�The�crucial�expenditures�in�heat�balance�of�building�are�thermal�losses�through�enclosing�parts�of�

premises�and�infiltration�for�the�inflow�air.�Convenient�heat,�ventilation�and�air�conditioning�systems�are�generally�
based� on� vapour� compression�machines�which� results� in� significant� electric� load.� Heating� and� cooling� processes�
usually�perform�in�surface�heat�exchangers�[1].�Sustaining�the�convenient�level�of�humidity�of�the�internal�air�occurs�
due�to� changing�temperature�of�air.�However�absolute�humidity�of� air,� i.e.�water�concentration� in� the�air,� remains�
constant.�

Adsorptive�heat�energy�storage�and�conversion�are�shown�to�be�promising�technologies�for�heat�supply�and�ven-
tilation�system� [2� –�6].�Design�and�performance�of� such�systems� involving�adsorptive�units�advance�a� strong�de-
mands�on�properties�of�adsorbents�used,�e.g.�maximal�adsorption�have�to�surpass�0.��kg/kg�and�regeneration�temper-
ature�have�to�be�less�than�90�–�100�ºC.�Composites�‘silica�gel�–�crystalline�hydrate’�synthesized�with�sol�–�gel�meth-
od�are�known�to�correspond�with�these�requirements�[2,�7].�Open-mode�devices�based�on�such�materials�exhibit�a�
potential�in�heat�supply�and�ventilation.�However,�introduction�of�such�unit�in�domestic�heat�supply�and�ventilation�
system� can� be� limited� with� Sanitary� Regulations� which� resulted� from� temperature� limitation� .This� fact� impedes�
development�of�algorithm�which�allows�to�determine�the�air�temperature�during�operating�period.�

The�presented�work�is�focused�on�determination�of�basic�factors�which�affects�air�temperature�during�operating�
period�of�open-type�adsorptive�heat�storage�device.�To�achieve�this�purpose,�the�next�tasks�had�been�set:�

-�to�determine�crucial�operating�parameters�which�affect�the�inflow�air�temperature�during�operating�period�of�
heat�storage�device;�

-�to�exhibit�correlation�between�operating�parameters�and�temperature�of�inflow�air�during�discharge�period�of�
adsorptive�heat�storage�unit;�

-�to�estimate�the�basic�requirements�to�thermal�conditions�and�performance�of�open-type�of�adsorptive�heat�stor-
age�unit.��

Experimental.� The� present� work� is� devoted� to� corellation� of� performance� and� inflow� air� temperature� during�
operating�the�open-type�adsorptive�heat�storage�device.�Design�of�its� laboratory�prototype�is�presented�in�Fig.�1�[�],� its�
length�being�0.6�m.��
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1�–�thermal�insulated�casing;�2�–�mesh�partitions;�3�–�heat-insulated�cover;�4�–�mesh�cover;�5�–�fan;�6�–�guide�cas-
ing;�7�–�humidifier;�8�–�electric�resistive�heating�element;�9�–�cassettes�with�adsorbent;�10�–�branch�pipe;�11�–�cov-

er�of�a�branch�pipe�[8].�

Fig.�1���Laboratory�prototype�of�heat�storage�device�

Сomposites�‘silica�gel�–�sodium�sulphate’�synthesized�with�sol�–�gel�methods�were�used�as�heat�storage�media.�The�
open-type�heat�storage�device�is�operated�according�with�two-phase�mode.�On�the�first�phase�external�air�is�pumped�
by�compressor�3�into�humidifier�4,�and�its�relative�degree�of�humidity�being�increased�up�to�60�–��0�%.�Then�humid�
air� is�heated�in�resistance�element���to�30�–�40�°С�for�speeding�the�adsorption�rate.�Then�humid�airflow�is�directed�
into�the�adsorbent�layer.�After�short-term�warm-up�of�heat�storage�material�(1��min.)��water�adsorbed�from�airflow�
passed�through�adsorbent�layer.�It�leads�to�increasing�temperature�of�both�adsorbent�and�air.�Outlet�airflow�tempera-
ture�is�increased�to�at�least�90�ºC.�The�second�step�(regeneration)�occurs�due�to�pumping�the�hot�air�through�adsor-
bent�layer�which�results�in�warming��warm�up�adsorbent�upto�temperatures�above�90�ºC�and�desorption�of�water.�

According�to�these�phases�algorithm�of�calculation�of�operational�characteristics�has�been�further�developed�(Fig.�2).�

Fig.�����Control�diagram�to�calculate�temperature�of�inflowing�air�and�efficiency�factor�of�adsorption�
heat�storage�unit�operating�in�open�mode�
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1�–�experimental�data�[7],�2�–�results�of�mathematical��
modeling�

Fig.�����Time-temperature�curves�for�final�airflow��
temperature�near�the�outlet�of�open-type�adsorptive�heat�

storage�device�

As�key�operating�parameters�airflow�temperature�near�the�outlet�heat�storage�device�and�efficiency�factor�are�consid-
ered.��

Airflow�temperature�neat�the�outlet�heat�storage�device�is�determined�according�to�the�equation�of�thermal�balance:�
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where�tafin�is�airflow�temperature�near�the�outlet�of�heat�storage�device,�ºC,�Vair�is��air�volume�passes�through�the�ad-
sorbent�layer,�m3,�Mads�is�adsorbent�mass,�kg,�Mcor�refers�to�the�mass�of�the�device�case,�kg;�ΔHads�is�adsorption�heat,�kJ/kg,�
tvam�is�temperature�of�humid�air,� ºC,�C’�is� the�volumetric�heat�capacity�of�inflowing�air,�kJ/m

3�·K,�C0�is� initial�absolute��
humidity�of�air,�kg/m3,�C�is�final�absolute�humidity�of�inflowed��air,�kg/m3,�cads�refers�to�special�heat�of�adsorbent,�kJ/kg·K.�

Diffusion�coefficient�D�was�calculated�by�formula�given�in�[2]:�

T

1
62�2.022.9�lnD ����

������������������������������������������������������������������������(2)�

where�D�is�diffusion�coefficient,�T�refers�to�an�absolute�temperature�of�adsorbent�layer.��
Mass�transfer�factor�β,�s-1�is�calculated�by�[2]:�
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where�βy,�βp�and�βc.s.�are�the�factors�mass�transfer�in�gaseous�phase,�in�pores�and�due�to�coplanar�stirring,�s
-.�

Values�of�adsorption,�final�absolute�humidity�of�inflowed�air�and�adsorption�heat�are�calculated�by�procedure�de-
veloped�earlier�[2].�For�example,�outlet�absolute�humidity�of�airflow�is�determined�as�[2]:�
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where�Н�is�the�length�of�adsorbent�layer,�m,�Amax�is�maximal�water�uptake,�i.e.�limit�adsorption,�kg/kg;��
Adsorption�and�air�volume�are�determined�by�convenient�formula��
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�

where�Fts�is�transection�area�of�heat�storage�device,�m
2,��w�is�speed�of�humidified�air,�m/s,�τ��is�time�of�discharge,�i.e.�

adsorption,�s.�
Heat�of�adsorption�is�estimated�as�[2]�

�
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where�Δh���60�is�adsorption�heat�of�water�vapour,�kJ/mole;�A�is�an�adsorption�or�water�uptake,�kg/kg;������is�molar�

mass�of�water,�g/mole.�
Results� and� discussion.� Suggested� algorithm�

was� confirmed� by� experimental� data� for� open-type�
heat�storage�device�based�on�composite�‘silica�gel�–�
sodium�sulphate’� given� � in� [7].�The� difference�be-
tween� experimental� data� and� the� calculated� tem-
peratures�does�not�surpass��°C�during�1,��hours�of�
discharge.� So,� this� algorithm� is� appropriate� for�
estimating� the� thermal� conditions� of� open-mode�
heat� storage� device.� Then� performance� of� the�
adsorptive�heat� storage� unit�based�on�composites�
‘silica� gel� sodium� –� sulphate’�was�modeled� for� a�
convenient� ventilation� system� of� habitual� inner�
space.� Mass� of� adsorbent� ‘silica� gel� –� sodium�
sulphate’�was�suggested�to�be�96�kg.�
Plots�of�final�airflow�temperature�near�the�out-

let�of�heat�storage�device�vs.�time�are�given�in�Fig.�
4.� Obviously,� curves� flatten� out� at� rather� high�
times� which� corresponded� with� approaching� the�
maximal�adsorption�values�and�efficiency�factors.�
Time� to� achieve� this� plateau�decreases�when� air-

flow�speed,�absolute�humidity�and�airflow�temperature�increase�(Fig.�4a-c,�Fig.��).�Temperature�of�air�which�sup-
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plied�to�the�ventilated�premise�grows�simultaneously�due�to�increasing�the�adsorption�or�water�uptake�and�adsorption�
heat.��
However,�airflow�temperatures�of��0�–�90�ºCclose�to�regeneration�temperatures�of�adsorbent�are�achieved�rather�

quickly.�For� example,� at� airflow� temperature�of�60�ºC�and�absolute� humidity� final�airflow� temperature� is� risen� to�
�0ºC�within�1�–�2�hours�from�the�beginning�of�discharge�of�the�device.�They�are�corresponded�with�values�of�ad-
sorption�no�more�than�0.2Amax.�That�results�in�rather�low�values�of�the�efficiency�factor.��
Moreover,�this�time�strongly�depends�on�airflow�speed.��As�airflow�speed�increased�from�0.1�to�0.4�m/s,�plateau�

of�final�airflow�temperature�decreased�nearly�by�half�(Fig.�4a-c).��
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Fig.�4���Temperature-time�curves�for�heat�storage�device�operating�in�open�mode.�Adsorbent�‘silica�gel�
���%���sodium�sulphate����%’.�Airflow�temperature����ºC�(a),�4��(b),�5��(c)�and�6��ºC�(d).��
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�
When� temperature�of� inflowing�air� increased�to��0�–�60�ºC,�final� temperatures�of�inflowed�air�of��0�ºC�can�be�

achieved�within�1�–�2�hours�(Fig.�4c,�d).�Temperature�of�adsorbent�layer�reaches�90ºC,�i.e.�regeneration�temperature.��
Obviously,� operating� parameters� of� heat� storage� device� should� be� analyzed.� Plateau� at� temperatures� which�

doesn’t�surpass��0�–�90�ºC�is�observed�at� the�temperatures�of�initial�airflow�which�supplied�to�the�heat�storage�de-
vice�are�sustained�at�20�–�30�ºC�(Fig.�4a,�Fig.��).��
More�promising�mode�is�absolute�humidity�of�inflowed�air�0.03�–�0.04�kg/m3�which�are�corresponding�to�maxi-

mal�values�of�efficiency�factor�[2].�Final�temperatures�of�6��–��0�ºC�are�stated�to�be�achieved�at� the�airflow�speed�
0.4�m/s�within�6�–�7�hours�which�corresponded�with�maximal�values�of�efficiency� factors�4��–��0�%.�As�another�
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simplest�technical�solution,�falling�five-fold�of�charge�and�discharge�periods�can�be�considered.�Under�these�condi-
tions�warm�airflow�can�be�supplied�to�ventilated�premises�corresponded�with�Sanitary�Regulation.�

Conclusions.�Thermal�conditions�of�open-mode�adsorptive�heat�storage�device�were�studied.�The�method�of�de-
termination�of�final�airflow�temperature�which�supplied�into�ventilated�premises�is�developed�for�typical�conditions�
of�the�ventilation�systems�for�the�residential�premises.�Curves�final�temperature�of�inflowing�air�vs.�time�when�dis-
charged�is�shown�to�depend�on�operational�parameters�of�adsorptive�open-mode�heat�storage�device.�It�was�shown�
that�time�to�achieve�plateau�or�maximal�values�of�inflowing�air�decreases�as�temperature,�speed�and�initial�absolute�
humidity�of�air�which�supplied�to�adsorbent�layer�is�increased.�The�correlation�between�initial�temperature,�absolute�
humidity,�speed�of�humid�airflow�and�final�airflow�temperature�which�passed�through�the�adsorbent�layer�is�shown.�
Maximal�temperatures�of�at�most�6��–��0�ºC�are�corresponded�with�the�initial�temperatures�and�absolute�humidity�of�
initial�airflow�20�–�30�ºC�and�0.03�–�0.04�kg/m3,�respectively.�Under�these�conditions�maximal�values�of�efficiency�
factor�of�open-mode�adsorptive�heat�storage�device�is�stated.�
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�
Р�згля�у�����пл��ий���жим�ад���бц�й��г����пл�акумулююч�г��п�и����ю���дк�и��г���ипу�п�и���з�я-

д�.�О���������б�ч��па�ам���и,�щ���пли�аю�ь��а�к��ц��у���мп��а�у�у�п�����я��г��п���ку,�щ��п�дає�ь�я�
д������иль��а�их�п�им�щ��ь,��из�ач�����а�п�иклад����пл���г��акумуля���а���а��������к�мп�зи�у�«�ил�ка-
г�лю�–��а���й��ульфа�у».�О�����ими�фак���ами,�щ���из�ачаю�ь�к��ц��у���мп��а�у�у�п�����я��г��п���-
ку,� є�п�ча�к���� з�ач���я���мп��а�у�и,�аб��лю���ї� ��л�г������а�ш�идк����� п�����я��г�� п���ку,�щ���а-
п�а�ляє�ь�я�д��ша�у�ад���б���у.�Алг��и�м���з�аху�ку��к�плуа�ац�й�их�па�ам������ад���бц�й��г����пл�-
акумулююч�г��п�и����ю����има��п�дальший���з�и��к.�Зап��п����а�ий�алг��и�м�п���дбачає���з�аху��к�
к��ф�ц�є��а�дифуз�ї,�к��ф�ц�є��а�ма��п���дач�,�к��ц���ї�аб��лю���ї���л�г�����п�����я��г��п���ку,��б'єму�
п�����я,�щ��п��йш���ч���з�ша��ад���б���у,�ад���бц�ї,�пи��м�ї���пл��и�ад���бц�ї��а�к��ц���ї���мп��а�у-
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�и�п�����я��г��п���ку,�дал��п����ди�ь�я���з�аху��к�к��и���ї���пл��и��а���пл��их��и��а���а��к�плуа�а-
ц�я� акумуля���а���пл���ї� ����г�ї��а� �ц��ює�ь�я� к��ф�ц�є��� к��и���ї� д�ї.� Ад�к�а�����ь� зап��п����а��г��
алг��и�му�п�д����дж��а� ��дп���д���д���к�п��им���аль�их�да�их�для� ��б��и�ад���бц�й��г����пл�акуму-
лююч�г��п�и����ю���дк�и��г���ипу.�Заз�ачає�ь�я,�щ��к�и���к��ц���ї���мп��а�у�и�п�ипли���г��п�����я���
зал�ж������ ��д� ча�у� ��з�яду� ��пл���г�� акумуля���а� зал�жа�ь� ��д� ха�ак���и��ик� п���ку� п�����я,� щ��
п�дає�ь�я� д��ша�у� ад���б���у,��аких� як���мп��а�у�а,�ш�идк���ь��а� п�ча�к��а� аб��лю��а� ��л�г���ь.�
К�ли�ц��па�ам���и�зб�льшую�ь�я,�ча��д��яг����я�пла��,���б���мак�ималь�их� �з�ач��ь�к��ц���ї���мп��а-
�у�и�п�ипли���г��п�����я�зм��шує�ь�я.�П�каза�а�зал�ж����ь�к��ц���ї���мп��а�у�и�п�ипли���г��п�����я�
��д�п�ча�к��их�з�ач��ь���мп��а�у�и,�аб��лю���ї���л�г����,�ш�идк�����п���ку���л�г�г��п�����я.��ак�и-
маль�����мп��а�у�и�п�д�г����г��п�����я����б�льш��65�–�80ºC����а���л����п�и��п�ча�к��их���мп��а�у�ах�
�а�аб��лю���й���л�г�����п�ча�к���г��п���ку�п�����я���м�жах�20� -�30ºC��а�0,03�–�0,04�кг/м3���дп���д��.�
Р�зуль�а�и�ць�г��п��д��а�л���г��д��л�дж���я�м�жу�ь�бу�и��ик��и��а���для���з��бки�����г��ф�к�и��их�
�и���м�����иляц�ї�жи�л��их�п�им�щ��ь��а��клад��.�

Ключові�слова:�адсорбційне�акумулювання�теплової�енергії,�тепловий�акумулятор�відкритого�типу,�ко-
ефіцієнт�корисної�дії,�композитний�«силікагель�–�кристалогідрат».�
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