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 This part of the study on thermal analysis of solar-assisted drying-system, examined the thermal 
performance of the main components. Roselle is used as drying material for testing the drying-system. The 
silica gel is used to remove moisture from the drying-air before entering the drying-chamber. The research 
findings showed that the temperature and energy collected by the system increased with higher solar-
irradiance levels. The solar collector had an average efficiency of 22%, and a time constant of 32 minutes. The 
average differences between the inlet and ambient temperatures, the outlet and inlet temperatures, and the 
inlet and ambient temperatures per unit of solar irradiance are 22.2°C, 1.5°C, and 0.04°Cm2/W, respectively. 
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1.   INTRODUCTION 

The increase in the world's population has led to a surge in energy 
demand, resulting in an escalated use of fossil fuels and a consequent rise 
in the prices (Barhoumi et al., 2020; Qusay et al., 2023). The utilization of 
renewable energy sources is increased in the recent years, as it is 
importance to concentrate on renewable energy sources to minimise the 
impacts of climate change (Chahartaghi et al., 2019; Qusay et al., 2023; 
Hassan, 2021). Sustainable infrastructure relies on these sources as a vital 
power, and various types are existing; including solar energy (Yasunaga et 
al., 2018; Bardineh et al., 2018; Ebhota and Tabakov, 2018). Solar energy 
is a renewable and environmentally friendly power source that is plentiful 
and inexhaustible (Luan and Phu, 2020). Solar thermal systems efficiently, 
harness a significant portion of the energy in shine hours (Sarbu and 
Sebarchievici, 2020). 

Humans have been using drying as a way of preserving food for a long 
time. This process is the very important because it reduces the weight and 
volume of the food, which makes it easier to pack, store, and transport. It 
also allows the food to be stored at room temperature (Mujumdar, 1995; 
Sacilik, 2007). Drying food is notably energy-demanding and thus 
contributes substantially to carbon emissions. The food sector’s 
greenhouse gas emissions account for approximately 30% of the total-
emissions in the world (Hassan et al., 2023). As traditional energy sources 
become more expensive, polluting, and harmful to the environment, 
people are looking for cleaner and renewable alternatives (Buzas et al., 
1998; Karsli, 2007). Reducing emissions from the food industry and waste 
is possible through proper preservation methods like drying with these 
alternatives (Hassan et al., 2023; Pham et al., 2020).  

Solar dryers are one of these options, as they can dry food without using 
hot-air or direct sunlight (Sacilik, 2007; Pangavhane et al, 2002). The solar 
collector is a vital component of solar-heating systems; working as heat-
exchanger (Duffie et al., 2020). It harnesses solar radiation, converts it to 
heat, and transfers this heat to a cooler medium, typically water or air. This 
energy serves various purposes (Rasha, 2020). Flat-plate solar collectors 

are distinguished for their capacity to absorb both direct and scattered 
solar radiation, offering the added benefit of low maintenance (Nazari et 
al., 2022). 

The evaluation of the drying process involves both the drying material and 
system parameters. The thermal analysis of the components of the solar 
system begins with the basic step of assessing the performance of the solar 
collector. This involves exposing the collector to solar radiation and 
recording the temperatures of the fluid entering and exiting, along with 
the rate of fluid flow (Duffie et al., 2020). Collectors performance can then 
be characterized by the gained useful-energy, the thermal-efficiency of the 
solar-collector, and its heat-capacity (Akpinar et al., 2006; Kadam and 
Samuel, 2006; Azharul and Hawlader, 2006). The later reveals the 
collector's response characteristics under the transient or non-steady 
state (Hou et al., 2005). 

Energy storage plays a crucial role in renewable-energy technology (Sarbu 
and Sebarchievici, 2020). To mitigate these intermittent effects, some 
researchers have suggested integrating solar dryers with thermal-energy 
storage-materials to store excess heat during the day for night-uses (Sari 
et al., 2015). The storage of solar-thermal-energy is indispensable; without 
it, solar energy must be utilized immediately upon receipt (Sameti et al., 
2014; Adeyanju, 2015). Storage tanks primarily conserve hot-water for 
future use, to maintain continuous functionality, and to let the system 
operate effectively during periods of low/no solar radiation (Rasha, 2020; 
Beemkumar et al., 2017; Sarbu and Sebarchievici, 2020). They store 
thermal energy as sensible heat maintains a single-phase of the storage-
medium throughout the process, and they bridge the gap between 
available energy-sources and requirements (Kumar and Singh, 2022; 
Chavan et al., 2022). Water storage-tank is characterized by energy-
balance equations that measure the energy received from solar-collector, 
the energy delivered to the load, and the energy lost to the environment 
(Sukhatme, 2002).  

Heat exchangers are equipment that allow heat-exchange between fluids 
that have different temperatures (Cüneyt, 2017). These devices enable 
effective heat transfer between two mediums, where heat moves from the 
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hotter fluid to the cooler fluid (Ismael and Kumari, 2014; Kushwah et al., 
2017; Fernandes and Krishanmurthy, 2022). The transfer of heat takes 
place provided that the mediums are at different temperatures and in 
contact thermally (Mondal et al., 2014). The process is influenced by the 
system’s temperature and the medium through which the heat is 
transferred (Nilay et al., 2017). The heat exchangers have various types, 
classifications, and constructions depending on their design and function 
(Zohuri, 2017). When analyzing heat exchangers, the overall-heat-transfer 
is expressed in terms of an average/mean temperature-difference of the 
two fluid streams (Fernandes and Krishanmurthy, 2022; Aijaz and 
Ravikumar, 2012). Additionally, the heat-capacity-rate ratio, the number-
of-transfer-units (NTU), and the effectiveness can also be calculated 
(Kakac and Liu, 2002; Lienhard IV and Lienhard, 2008; Duffie et al., 2020; 
Aijaz and Ravikumar, 2012). 

Energy supplied by the electric heater can be determined from the 
temperatures of the air at the inlet and outlet (Akpinar et al., 2006). The 
total energy input in solar-assisted drying is the summation of the energy 
provided by solar and auxiliary sources (Stehli and Escher, 1990). The 
incorporating a desiccant with solar systems leads to a significant 
decrease in energy consumption per kilogram of moisture removed (Chua 
and Chou, 2003). Furthermore, the moisture absorbed by the silica-gel can 
be determined from the break-through (concentration-time) curves 
(Chang et al.,2004). The aim of this part, of the work on the evaluation of a 
solar-assisted dehumidification-drying system, is to perform a general 
thermal analysis on main-components of the system. For the objective, 
thin-layer drying experiments are conducted using Roselle (Hibiscus 
sabdariffa L.), as a drying-material. 

1.1   Mathematical modelling 

The configuration and description of the system and its components are 
given in the Appendix. 

1.2   Flat-plate solar collector 

The gained useful-energy (Qu) is given by (Luan and Phu, 2020; Duffie et 
al., 2020; Manglam et al. 2023, Aissaoui et al., 2016): 

 𝑄𝑢 = 𝐴𝑐𝐹𝑅[𝐼𝑇(𝜏𝛼) − 𝑈𝐿(𝑇𝑖 𝑇𝑎)] = 𝑚̇𝐶𝑝(𝑇𝑜  𝑇𝑖)                                      (1) 

In the steady state, the instantaneous efficiency (ηi) is given by (Luan and 
Phu, 2020; Duffie et al. 2020; Kadam and Samuel, 2006; Wang et al.,2019; 
Aissaoui et al., 2016): 

𝜂𝑖 =
𝑄𝑢

𝐴𝑐𝐼𝑇
=

𝐹𝑅[𝐼𝑇(𝜏𝛼)−𝑈𝐿(𝑇𝑖 𝑇𝑎)]

𝐼𝑇
= 𝐹𝑅(𝜏𝛼)  𝐹𝑅𝑈𝐿

(𝑇𝑖 𝑇𝑎)  

𝐼𝑇
=

𝑚̇ 𝐶𝑝(𝑇𝑜 𝑇𝑖)

𝐴𝑐𝐼𝑇
               (2) 

The heat-capacity is described in terms of a time constant, that is a time (t) 
at which the equality for following-equation (Eq.3) is reached (Hou et al., 
2005; Duffie et al., 2020; Azharul and Hawlader, 2006): 

(𝑇𝑜,𝑡  𝑇𝑖)/( 𝑇𝑜,𝑖  𝑇𝑖) = 0.368                                                                             (3) 

1.3   Water storage tank 

Considering the insulated water tank (Figure 1), that receives energy from 
solar-collector and discharges it to a load-drying (drying-chamber). 
Assuming a well-mixed liquid, at uniform temperature (Tl), which is varies 
only with time. Then, an energy-balance yields (Eq.4) (Kakac and Liu, 
2002):  

[(𝜌𝑉𝐶𝑝)
𝑙

+ (𝜌𝑉𝐶𝑝)
𝑡
]

𝑑𝑇𝑙

𝑑𝑡
= 𝑞𝑢  𝑞𝑙𝑜𝑎𝑑  (𝑈𝐴)𝑡(𝑇𝑙 𝑇𝑎)                                   (4) 

Denoting the sum of heat capacities (ρVCp)l and (ρVCp)t by (ρVCp)e, and 
integrating (Eq.4), under the assumption that qu, qload, & Ta are constant 
(with initial condition t=o, Tl=Tli), then (Eq.4) becomes: 

 
𝑞𝑢 𝑞𝑙𝑜𝑎𝑑 (𝑈𝐴)𝑡(𝑇𝑙 𝑇𝑎)

𝑞𝑢 𝑞𝑙𝑜𝑎𝑑 (𝑈𝐴)𝑡(𝑇𝑙𝑖 𝑇𝑎)
= 𝑒𝑥𝑝 [

(𝑈𝐴)𝑡 .𝑡

(𝜌𝑉𝐶𝑝)
𝑒

]                                      (5) 

The assumption that qu, qload, and Ta are constant is valid if the time interval 
of the integration is kept small (≤1hr). The qu and qload is calculated from 
the inlet-temperature and outlet-temperature as (Yasunaga et al., 2018; 
Kant et al. 2016): 

𝑞𝑢 = 𝑚̇𝐶𝑝(𝑇𝑓𝑜 𝑇𝑓𝑖) =  𝑚̇𝐶𝑝(𝑇𝑓𝑜 𝑇𝑙)                                                       (6) 

𝑞𝑙𝑜𝑎𝑑 = 𝑚̇𝑙𝑜𝑎𝑑𝐶𝑝(𝑇𝑙 𝑇𝑖)                                                         (7) 

𝑞𝑙𝑜𝑠𝑠 =  (𝑈𝐴)𝑡 (𝑇𝑙 𝑇𝑎)                                                         (8) 

Then (Eq.4) is written as: 

(𝜌𝑉𝐶𝑝)
𝑒

𝑑𝑇𝑙
𝑑𝑡

= 𝑚̇𝐶𝑝(𝑇𝑓𝑜 𝑇𝑙) 𝑚̇𝑙𝑜𝑎𝑑𝐶𝑝(𝑇𝑙 𝑇𝑖) (𝑈𝐴)𝑡(𝑇𝑙 𝑇𝑎)               (9) 

This (Eq.9) is used to determine the difference of temperature (Tl) with 
time, if the variation of qu and (qload) is given. The overall-heat transfer-
coefficient (U1) for the heat-flow through the cylindrical surface is given 
by:  

1

𝑈1
=

𝑟1

𝑘𝑖
. 𝑙𝑛

𝑟2

𝑟1
                                    (10) 

Similarly, the overall-heat transfer-coefficient U2 for the heat-flow through 
the flat surface is:  

𝑈2  =  𝑘/𝛾                                    (11) 

The term (UA)t, (in WK-1), is stated as: 

(𝑈𝐴)𝑡 = (𝑈1. 𝜋. 𝜙. 𝐻𝑡) + (𝑈2. 2(𝜋 4⁄ ). 𝜙2)                                   (12) 

 

Figure 1: Water-tank: energy-balance 

1.4   Heat exchangers 

Overall heat-transfer is given by a mean-temperature difference between 
the two fluid-streams (Tmean), i.e., the logarithmic-mean-temperature 
difference (LMTD) (Fernandes and Krishanmurthy 2022; Zohuri, 2017; 
Khayal, 2018). The rate of heat-transfer for hot (h) and cold (c) streams 
can be given as (Cüneyt, 2017; Zhao et al., 2022): 

𝑄ℎ = (𝑚̇𝑐𝑝)
ℎ

(𝑇ℎ𝑖𝑛
𝑇ℎ𝑜𝑢𝑡

)  = 𝑄𝑐 = (𝑚̇𝑐𝑝)
𝑐
(𝑇𝑐𝑜𝑢𝑡

𝑇𝑐𝑖𝑛
)                           (13) 

Difference between the Qh and Qc is minor, Qaver =(Qh+Qc)/2, and Q is 
(Zohuri, 2017): 

 𝑄 = 𝑈𝐴 ∆𝑇𝑚𝑒𝑎𝑛                                                         (14) 

The integration of equation (14) for cross-flow such that (Kakac and Liu, 
2002): 

𝑑𝑄 =  𝑈(𝑇ℎ 𝑇𝑐)𝑑𝐴                                                        (15)  

will produce an integrated-LMTD, as follows:  

𝑑𝑄 =  𝑈𝐴 ∆𝑇𝑚𝑒𝑎𝑛                                                        (16) 

The ∆Tmean can be determined analytically using the following quantities 
(Fernandes and Krishanmurthy, 2022; Zohuri, 2017; Chen et al., 2022): 

∆𝑇𝑚𝑒𝑎𝑛,𝑐𝑓 =
(Thout

Tcin
)−(Thin

Tcout
)

𝑙𝑛(Thout
Tcin

)∕(Thin
Tcout

)
                                                         (17) 

P, is the proportion of the actual heat-transferred to the one that could be 
transferred if the same cold-fluid temperature is raised to the hot-fluid 
inlet-temperature (it is the heat-exchanger’s temperature effectiveness) 
(Cüneyt, 2017; Chen et al., 2022). The value of P ranges from 0-1.  

𝑃 =
(𝑇𝑐𝑜𝑢𝑡 𝑇𝑐𝑖𝑛

)

(𝑇ℎ𝑖𝑛
𝑇𝑐𝑖𝑛

)
=

△𝑇𝑐𝑜𝑢𝑡

△𝑇𝑚𝑎𝑥
                                                      (18) 

R, is the proportion of (𝑚̇𝐶𝑝) of cold-fluid to that of hot-fluid (≤1), (it is the 

heat-capacity rate-ratio) (Cüneyt, 2017; Chen et al., 2022): 

𝑅 =
(𝑇ℎ𝑖𝑛

𝑇ℎ𝑜𝑢𝑡
)

(𝑇𝑐𝑜𝑢𝑡 𝑇𝑐𝑖𝑛
)

=
𝐶𝑐

𝐶ℎ
                (19) 

Then, for cross flow (Cüneyt, 2017; Zohuri, 2017; Chen et al., 2022): 

𝑄 =  𝑈. 𝐴. 𝐹. ∆𝑇(𝑚𝑒𝑎𝑛 𝑐𝑓)                                                                                       (20) 
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Where, F is a correction factor (-), (it depends on Temperature-
Effectiveness-P, the heat-capacity rate-ratio R and the flow-arrangement), 
cf = cross flow. It is available in chart form (Lienhard and Lienhard, 2008). 
It is <1 for multi-pass and cross flow, and =1 for true counter-flow heat-
exchangers. F measures the departure of the true-mean temperature from 
the LMTD for a counter-flow-arrangement. R between zero-∞, and in case 
of negligible temperature variation of one fluid, P or R = zero, and F =1 
(Cüneyt, 2017). 

Heat-capacity rate-ratio (C*) (Cüneyt, 2017; Lienhard and Lienhard, 2008; 
Orozaliev et al., 2008): 

𝐶∗  = 𝐶𝑚𝑖𝑛/𝐶𝑚𝑎𝑥                 (21) 

Where, Cmin and Cmax are the smaller and the larger magnitudes of Ch and Cc 
(it is ≤1). 

𝑄𝑚𝑎𝑥 = (𝑚̇ 𝑐𝑝)
𝑐
(𝑇ℎ𝑖𝑛

− 𝑇𝑐𝑖𝑛
)  𝑖𝑓 𝐶𝑐 < 𝐶ℎ 

𝑄𝑚𝑎𝑥 = (𝑚̇ 𝑐𝑝)ℎ(𝑇ℎ𝑖𝑛
− 𝑇𝑐𝑖𝑛

)  𝑖𝑓 𝐶ℎ < 𝐶𝑐 

where Cc=(𝑚̇ 𝑐𝑝)
𝑐
 and Ch=(𝑚̇ 𝑐𝑝)ℎ are respectively, the heat-capacity-

rates of cold and hot fluids, 𝑚̇  is mass-flow-rate, and cp is specific-heat 
(Cüneyt, 2017). 

Effectiveness of heat exchanger (ε): It measures the actual-heat 
transferred divided by maximum one that could possibly be done from one 
stream to the other (Duffie et al., 2020; Azharul Karim and Hawlader, 
2006; Cüneyt, 2017; Kakac and Liu, 2002). This is given as (Khayal, 2018; 
Raju et al., 2014): 

𝜀 =
𝑄

𝑄𝑚𝑎𝑥
   =

𝐶ℎ(𝑇ℎ𝑖𝑛
𝑇ℎ𝑜𝑢𝑡

)

𝐶𝑚𝑖𝑛(𝑇ℎ𝑖𝑛
𝑇𝑐𝑖𝑛

)
     = 

𝐶𝑐(𝑇𝑐𝑜𝑢𝑡
𝑇𝑐𝑖𝑛

)

𝐶𝑚𝑖𝑛(𝑇ℎ𝑖𝑛
𝑇𝑐𝑖𝑛

)
               (22) 

 

Where, Cmin = the-smaller of Cc and Ch, i.e., the first definition is for Ch = Cmin, 
and the second one is for Cc = Cmin. 𝜀 is range as 0-1. Tables representing 
the relations between F, P, and R is given by (Cüneyt, 2017). 

1.5   Electric heater output (Akpinar et al., 2006):  

𝑄𝑔𝑑𝑎  =  𝑚𝑑𝑎 𝐶𝑝,𝑑𝑎
(𝑇𝑜 𝑇𝑖)                                                                          (23) 

1.6   Solar fraction (f) from total-energy (Duffie et al., 2020): 

𝑓 = (𝑄𝑙𝑜𝑎𝑑  𝑄𝑎𝑢𝑥𝑖𝑙𝑙𝑎𝑟𝑦)/𝑄𝑙𝑜𝑎𝑑 = 𝑄𝑠𝑜𝑙𝑎𝑟/𝑄𝑙𝑜𝑎𝑑             (24) 

1.7  Overall energy input in solar-assisted drying (Stehli and Escher, 
1990): 

𝑄𝑡𝑜𝑡 = 𝑄𝑐 + 𝑄𝑒                 (25) 

1.8   Moisture-uptakes on the silica gel (qm): It is estimated from the 
breakthrough (concentration-time) as follows (Chang et al., 2004; 
Tao et al., 2004):  

𝑞𝑤 =
𝐹.𝜌𝐴0.𝐶0

𝑊
 ∫ (1

𝐶𝐸

𝐶0
)

∞

0
𝑑𝑡                                                                          (26) 

2.    RESULTS AND DISCUSSIONS 

Thin-layer solar drying experiments are conducted in solar-
dehumidification drying-system. Roselle (Karkade) is used as drying 
material. The solar-drying experiments are continued (day-night), as an 
auxiliary electric-heaters are provided. The drying is carried out at 
different temperatures (35-65°C), and air flow-rates (1.5 and 3ms-1). The 
temperatures and solar-irradiance values are averaged for every 15 
minutes and plotted on one-hour intervals. Figure 2 showed the ambient, 
collector inlet & outlet temperatures, and solar irradiance, variation 
during the drying-experiments (Sari et al., 2015).  

 

 

a: 35°C, 1.5m/s                                                               b: 35°C, 3m/s 

 

c: 45°C, 1.5m/s                                                    d: 45°C, 3m/s 
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e: 55°C, 1.5m/s                                                                                         f: 55°C, 3m/s 

 

g: 65°C, 1.5m/s                                                                                  h: 65°C, 3m/s 

Figure 2: Temperatures (ambient, collector inlet & outlet) and irradiance vs. Time 

As it shown in the Figure, higher temperatures occurred at higher 
irradiance levels. The peak values of the temperatures and irradiance are 
recorded around the mid of the day, as the drying time are varied between 
1.92 to 5.95 days, for drying at 65 and 35oC, respectively. Figure 3 
presented variations of the ambient, collector’s outlet, and drying chamber 
inlet-temperature and outlet-temperature. At high irradiance levels, 

higher temperatures are achieved at the collect’s outlet, in addition to 
ambient temperature. For drying at low temperature (35-45°C) the energy 
supplied by the collector is exceeded the drying load, while in drying at 
higher temperature (55-65°C), the drying-load is achieved around the 
mid-day-time only and the auxiliary heater is put-on repeatedly. 

 

a: 35°C, 1.5m/s     b: 35°C,3m/s 

 

c: 45°C, 1.5m/s     d: 45°C, 3m/s 
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e: 55°C, 1.5m/s     f: 55°C, 3m/s 

 

g: 65°C, 1.5m/s     h: 65°C, 3m/s 

Figure 3: Temperature (ambient, collector outlet, chamber inlet and outlet) vs. Time 

Collector efficiency is a single parameter that combines collector and 
system characteristics. For most of the time, the collector’s efficiency is 
less than 50%, which is owing to the reason that the collector is operated 
at high temperatures. These high temperatures are reached because the 
stored water is about 100 litres and the collector area is ≈10m2 (ratio of 
10:1). For general use an approximate thumb rule for fixing the storage-
tank size is to use about 75 to 100 litre of storage/m2 of the collector 
surface, ≈ ratio of 100:1 (Sukhatme, 2002). For household hot-water, some 
researchers used collector area of 18 m² and a storage tank of 31 m³, with 
a volume-to-area ratio of 1.72 ((Rabbani and Tariq, 2019).  

It is worthy to show the variations of the instantaneous collector’s 
efficiency, with the time of the day, as well as the outlet temperature, and 
solar irradiance, as given in Figure 4. In their study on air-collector, 
showed that the thermal-efficiency is influenced by the intensity of 
sunlight, with the highest efficiency observed at a solar intensity of 
750W/m2, and beyond this point, the efficiency declined sharply (Kadam 
and Samuel, 2006; Azharul and Hawlader, 2006; Condori et al., 2001; 
Carmona et al., 2017; Rahul et al., 2023). A group researchers tested flat-
plate-collector with storage, and found average efficiency values of 24.3%, 
27.4%, and 24.5%, for month of Oct., Dec., and Feb., respectively (Carmona 
et al., 2017). 

 

a: 35°C, 1.5m/s     b: 35°C, 3m/s 
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c: 45°C, 1.5m/s     d: 45°C, 3m/s 

 

e: 55°C, 1.5m/s     f: 55°C, 3m/s 

 

g: 65°C, 1.5m/s     h: 65°C, 3m/s 

Figure 4: Efficiency, collector (Tout) and irradiance vs. Time of day 

The temperature difference (Ti-Ta) values are varied according to the 
levels of the received-irradiance on the collector’s surface. The maximum 
value is 43.5°C. A typical range of 10-60°C, for single-glazed collector, is 
presented by (Buzas et al., 1998). The relationship is given in Figure 5. 

Linear-fit is done, and the correlation coefficient (r2) is given. The values 
of r2 are not high because the solar irradiance varied-greatly (cloudy-sky), 
and hence, the fit is moderate or low (Condori et al., 2001; Kadam and 
Samuel, 2006).  
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a: 35°C, 1.5m/s                                              b: 35°C, 3m/s 

 

c: 45°C, 1.5m/s       d: 45°C, 3m/s 

 

e: 55°C, 3.0m/s     f: 65°C, 3.0m/s 

Figure 5: Temperature (Ti-Ta) vs. Solar irradiance 

Figure 6 presented the temperature differences between outlet and inlet 
of the collector (To-Ti) at different solar intensities. The differences are 
increased at higher irradiance levels, and the maximum value is 5.4°C. 
Linear-correlation of ∆T with solar irradiance (which is diverse), is done. 

The analysis revealed a moderate fit. Similar result is shown by (Kadam 
and Samuel, 2006), where they found (To-Ta = 0.0038*I+5.3442), with R2 
=(0.0596).  
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a: 35°C, 1.5m/s     b: 35°C, 3m/s 

 

c: 45°C, 1.5m/s     d: 45°C, 3m/s 

 

e: 55°C, 1.5m/s     f: 55°C, 3m/s 

 

g: 65°C, 1.5m/s     h: 65°C, 3.0m/s 

Figure 6: Temperature (To-Ti) vs. Solar irradiance 
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The solar-collector performance is highly reliant on the environmental 
factors, as solar-irradiance, ambient-temperature and relative-humidity 
(Kadam  and  Samuel, 2006). It  is  apparent as of Figure 7 that the energy- 

output of the collector (Qcollector) increment is directly affected by solar 
irradiance, where higher energy is collected at higher irradiance level.  

 

a: 35°C, 1.5m/s     b: 35°C, 3m/s 

 

c: 45°C, 1.5m/s       d: 45°C, 3m/s 

 

e: 55°C, 1.5m/s     f: 55°C, 3.0m/s 

 

g: 65°C, 1.5m/s     h: 65°C, 3.0m/s 

Figure 7: Qcollector and irradiance vs. Time of day 
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The difference of the inlet-temperature and outlet-temperature of the 
silica-gel-columns, during the processes of dehumidification-
regeneration, with drying time are presented in Figure 8. Each of the two 
silica gel columns is regenerated, at 60°C, for ≈12h/day, alternatively, and 
then used for dehumidification process. Moreover, the processes of 
dehumidification and regeneration are carried out simultaneously. The 
(zigzag) behaviour of the curves is resulted from shifting of the columns in 
the processes. The exit air-temperatures from both dehumidified and 

regenerated columns are greater than ambient-temperature (inlet-
temperature for dehumidification). However, the later generates higher 
temperature, despite that the energies for condensation and evaporation 
nearly equal (as the regeneration temperature is 60°C). During 
dehumidification-process, the ambient-air temperature is increased after 
passing the silica gel column, as the water molecules gave-up their heat of 
condensation.  

 

a: 35°C, 1.5m/s     b: 35°C, 1.5m/s 

 

c: 45°C, 1.5m/s     d: 45°C, 3.0m/s 

 

e: 55°C, 1.5m/s     f: 55°C, 3.0m/s 

 

g: 65°C, 1.5m/s     h: 65°C, 3.0m/s 

Figure 8: Silica-gel columns inlet & outlet temperatures (dehum.- regeneration) vs. time 
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Figure 9 shows the ambient and water-storage-tank temperatures 
(measured at the centre of the tank), and energy losses from the tank 
versus time of day. Obviously, high losses are occurred during the daytime 
(max. around the mid-day time), where the tank received great amount of 
energy from the collector. At this time, the ambient temperature is also 
high. The minimum values of the heat losses are recorded after mid-night 
and near the morning time, as the tank continues to supply part of the 

energy to the drying-chamber for about 3-5hrs (depending on the drying 
temperature) after the collector has been stopped. The losses are also 
attributed to the water-tank size. The development of efficient and cost-
effective thermal energy storage is of great significance as it bridges the 
gap between energy demand and supply (Reddy et al., 2015). A group 
researcher suggested a hot-water-tank design using principle of source-
sink-matching (Zhang et al., 2023). 

 

a: 35°C, 1.5m/s      b: 45°C, 1.5m/s 

 

c: 55°C, 1.5m/s     d: 65°C, 1.5m/s 

Figure 9: Ambient and water tank temperatures, and heat losses vs. time

Heat exchanger-1 (HE1) is used for the regeneration of silica-gel. It 
receives hot water from the water tank via water pump-1 (WP1) and 
transfers the energy to ambient air (which is forced by the blower-1 (B1) 
to HE1 and then to silica-gel). Figure 10 presented the variations of the 
energies carried by the hot water, supplied to the air, and the losses to 

environment. Higher losses are occurred when a great amount of energy 
is accumulated in the water tank, and then forced to the heat exchanger. 
Table1 showed the mean-temperature-difference (Tmean), the 
effectiveness, heat-capacity rate-ratio (HCRR), and heat losses (Qloss). 

 

a: 35°C, 1.5m/s    b: 45°C, 1.5m/s 
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c: 55°C, 1.5m/s    d: 65°C, 1.5m/s 

Figure 10: HE1, Qw, Qair and Qloss vs. Time 

Table 1: Tmean, effectiveness, HCRR, and Qloss 

Drying experiments Tmean 

(°C) 
Eff.ness HCRR 

Q (kJ.s-1) 

T Vel. Value Water Air Loss 

°C m/s - HE1 HE2 HE1 HE2 HE1 HE2 HE1 HE2 HE1 HE2 HE1 HE2 

45 

1.5 
Aver 7 7 0.86 0.54 0.10 0.39 0.9 1.4 0.6 0.1 0.3 1.2 

Max 14 13 0.94 0.74 0.19 2.17 1.7 9.8 1.1 0.3 0.8 9.7 

3 
Aver 8 7 0.87 0.58 0.80 0.11 0.8 0.7 0.7 0.3 0.2 0.4 

Max 22 16 0.95 0.80 0.17 0.50 1.9 4.4 1.2 0.6 1.2 3.9 

55 

1.5 
Aver 8 7 0.85 0.64 0.13 0.20 1.2 0.9 0.6 0.1 0.6 0.8 

Max 13 10 0.92 0.76 0.20 0.50 1.9 1.3 0.9 0.2 1.2 1.2 

3 
Aver 7 7 0.84 0.68 0.11 0.18 0.9 0.7 0.6 0.3 0.3 0.4 

Max 12 12 0.92 0.79 0.50 0.50 1.3 1.3 1.0 0.6 1.0 0.9 

65 

1.5 
Aver 10 9 0.84 0.69 0.12 0.20 1.3 1.0 0.6 0.2 0.7 0.8 

Max 17 19 0.89 1.00 0.18 0.67 2.5 1.3 1.1 0.4 1.5 1.2 

3 
Aver 9 9 0.85 0.71 0.12 0.16 1.3 1.0 0.7 0.4 0.6 0.6 

Max 16 15 0.91 0.79 0.25 0.50 1.9 1.9 1.1 0.7 1.0 1.3 

Heat exchanger-2 (HE2) is run for drying processes. It heats the 
dehumidified air (out of the silica-gel column) before ingoing the drying-
chamber. Figure 11 showed the variations in the energy supplied (Qw), 
transferred (Qair), and lost to the surrounding (Qloss). In drying at 35°C 
(1.5m/s and 3.0m/s), the heat-exchanger is not run. As the exit-air off the 
silica-gel column reached the drying temperature most of the time, and the 

auxiliary heater at the drying chamber’s inlet, added small amount of 
energy when the temperature, of drying-air dropped below 35°C. The 
losses are high and many times exceeded the transferred amount of energy 
to the drying-air; as air velocities of 1.5m/s and 3.0m/s are used. However, 
more energy is carried by the air at higher velocity.  

 

a: 45°C, 1.5m/s                                              b: 55°C, 3.0m/s 
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c: 65°C, 1.5m/s    d: 65°C, 3.0m/s 

Figure 11: HE2, Qw, Qair and Qloss vs. Time 

Heater-1 (H1) is used for regeneration of silica-gel-columns at 60°C. The 
average energy consumed by this heater constituted 25% of the overall 
energy consumed in the system (Table 2). Figure 12 showed the energy 

supplied from H1 (Qheater1) and energy from solar (Qsolar) versus time of the 
day. The energy from the heater =zero, at the time the energy supplied by 
the solar-collector equal or exceeded the regeneration load (60°C). 

 

a: 35°C, 1.5m/s    b: 45°C, 3.0m/s 

 

c: 55°C, 1.5m/s    d: 65°C, 1.5m/s 

Figure 12: Q heater1 and Q solar vs. Time of the day 
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Heater-2 (H2) supplied energy for drying process, and it fixed at the inlet 
of the drying-chambers. The energy consumed by the heater (Qheater2) 
constituted twelve percent of the energy consumed by the system (Table 
2). Figure 13  showed  the  energy  supplied  from  H2 (Qheater2) and energy  

from solar (Qsolar) versus time of the day. The energy output of the heater 
increased from 2kWh to 24kWh as the drying temperature is increase 
from 35°C to 65°C.  

 

a: 35°C, 1.5m/s     b: 45°C, 1.5m/s 

 

c: 55°C, 1.5m/s     d: 65°C, 1.5m/s 

Figure 13: Qheater2 and Qsolar vs. Time of the day 

Water pumps play an essential role in solar-water heating-systems, 
circulating hot water from the collector to the water storage-tank. 
Centrifugal pumps are commonly employed in most solar systems (Rasha, 
2020). The energy used for water pumping (P1+P2) and air blowers (B1+B2) 
are given in Table 2. They are also presented as percentage of the overall 

energy usage. The blowers constituted the largest part of the total-energy 
consumption (33%), while the water pumps used only 5%. Some 
researchers found that, at a mass-flow-rate of 0.041kg/s, the fan-power 
consumption is reduced by 16% compared to a rate of 0.061kg/s (Hassan 
et al., 2023). 

Table 2: Qload, Qelectricity, Qsolar, and solar fraction (f) 

Drying experiments Q load (kWh) % Of the total Q load 

Temp. Air velocity Time Q electricity 
Q solar Total 

Q electricity Q Solar 

(°C) (ms-1) Hrs H1+2 P1+2 B1+2 H1 H2 P1+2 B1+2 Total elec. f 

35 
1.5 143 186 16 122 48 372 39 2 5 38 84 16 

3.0 103 127 12 106 81 326 16 2 5 43 67 33 

45 
1.5 96 132 14 81 35 262 35 8 6 36 85 15 

3.0 78 129 12 80 51 272 28 7 6 36 77 23 

55 
1.5 58 91 5.6 49 21 167 34 14 4 34 85 15 

3.0 72 141 5.8 47 89 283 9 18 3 24 54 46 

65 
1.5 46 82 6.7 31 29 149 20 24 6 26 75 25 

3.0 48 111 7.6 51 41 211 22 20 4 30 76 24 

Average 81 125 10 71 50 255 25 12 5 33 75 25 

Max. 143 186 16 122 89 372 39 24 6 43 85 46 

Min. 46 82 06 31 21 149 9 2 3 24 54 15 
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The moisture uptake on silica-gel is greatly-reliant on the degree of the 
regeneration of the column, humidity and velocity of the inlet-air 
(ambient-air), and regeneration time. The silica gel has relatively low 
regeneration-temperature, it is regenerated at 60°C, with average air 

velocity of 3.25m/s (Brundrett, 1987). Regenerating the columns takes 
long-time, which increased the power consumption. Consequently, the 
drying and thermal efficiencies are not high. Figure 14 presented the 
moisture uptake (MU) on the silica-gel; expressed as (gw.kgs.gel-1). 

 

a: 35°C, 1.5m/s    b: 45°C, 3.0m/s 

 

Figure 14: Moisture-uptake on silica gel vs. Time 

3.    CONCLUSION 

In this work, a general thermal-analysis on the key-components of the 
solar-assisted dehumidification drying system is carried out, where thin-
layer drying experiments with Roselle are conducted. The total drying 
loads are varied from 21 to 89 kWh. Air blowers and water pumps 
consumed 33% and 5% of the overall energy, respectively. The solar-
fraction average-value is found =25%. It is suggested that for future work 
to add photovoltaic panels (PV) to generate electricity (to reduce 
conventional-energy consumption); the water-tank capacity must be 
increasing to match with area of the solar collector; and the silica-gel 
columns  
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