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ABSTRACT 

 

This work reports the development of a passive Evaporative Cooling Structure (ECS). Experiments on the scaled 

down ECS were conducted and its performance in terms of temperature drops was evaluated. Temperature drops 

of between 5
o
C and 9

o
C were recorded. For the conditions of temperature, humidity and wind speeds prevalent 

in the areas of Kano and Bauchi in Northern Nigeria, the Cooling Loads of the ECS were computed, using the 

corrected values of Cooling Load Temperature Difference (CLTD). The cooling loads were determined to be a 

minimum of 55.54 Watts at a Northwest-facing wall and a maximum of 220 Watts at a South-facing wall. The 

experimental and theoretical values of the CLTD agreed fairly well, with a minimum and maximum differences 

of about 1 and 4 °C, respectively, for one type of ECS wall and about 3 °C and 6 °C, respectively for one type of 

ECS roof. The experimental values of CLTD lead the theoretical values in phase of about one hour for the wall 

but are in phase for the roof. 

Keywords: Evaporation; Cooling Load; Sensible heat gain; Convective heat transfer. 

 

1. INTRODUCTION 

 

The motivation for this study on Evaporative 

Cooling Structure (ECS) stems from the fact that 

large quantities of perishable vegetables like 

tomato available during the harvesting season 

usually go to waste as a result of lack of proper 

storage. Large amounts of fresh produce and dairy 

products are lost due to spoilage in many tropical 

and subtropical areas of the world. This can be 

acknowledged as it is manifest in Nigeria during 

the tomato harvesting season where loads of 

tomatoes are either dried or left to decay. Post 

harvest losses of tomatoes ranges from 20 to 50% 

in developing countries (APO, 1989). This result in 

cheap sales and wastages associated with lack of 

scientific studies of appropriate storage technology. 

If this food could be stored at relatively low 

temperatures until eaten or sold, much of this waste 

could be avoided. However, many of the producers 

of these products cannot afford to use refrigerators 

because they are poor, and because of lack of 

power supply. Although refrigeration is very 

popular for storing vegetables and several fruits 

like banana, plantain, tomato etc., they cannot be 

stored in the domestic refrigerator for a long period 

as they are susceptible to chilling injury (Liberty et 

al., 2013). This is in addition to the fact that 
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epileptic power supply and low income of farmers 

in the rural communities make refrigeration 

expensive. There is, therefore, a need to develop a 

simple method that is feasible on a small farm for 

extending the shelf life of this crop so that it can be 

stored and sold in all seasons. In this case 

evaporative cooling may be a practical method of 

cooling the products. It is widely acknowledged 

that provision of cooled spaces for storage using 

clay-in-clay evaporative cooling structures has been 

practiced in Africa for a long time but there is a 

dearth of scientific study of such structures in 

Nigeria. 

Extending the shelf life of tomatoes is very 

important for domestic and commercial storage. 

Generally, shelf life of tomatoes is extended by low 

temperature storage. Many fruits and vegetables 

can be kept for several weeks at low temperature. 

For example, storage at 13 
o
C is generally more 

favourable as compared to when stored at 24 
o
C 

because of prolonged shelf life and increasing 

vitamin C content of fruits (Mustafa and Mughrabi, 

1994). 

This study is intended to provide the basic 

foundation for the scientific understanding of the 

Evaporative Cooling Structures. The performance 

characteristics would enable scientists and small 

scale farmers construct effective evaporative 

cooling structures. The economic and social 

significance of this necessitates this study which is 

aimed at investigating the performance 

characteristics of ECS by constructing and testing a 

scaled down evaporative cooling structures, as well 

as estimating the cooling loads of the ECS and 

carrying out a comparison of the Cooling Load 

Temperature Difference for the Evaporative Cooler 

with that developed by the American Society of 

Heating, Refrigerating, and Air-Conditioning 

Engineers (ASHRAE). It is expected to bring about 

a better understanding of the behavior of the ECS 

when exposed to different conditions of storage 

namely, temperature, wind and humidity. 

The main function of the ECS is lowering the 

temperature of the storage space and maintaining it in 

space for storing and preserving perishable products. 

The basic principle of evaporative cooling structure 

relies on cooling by evaporation. When water 

evaporates, it draws energy from its surroundings 

which produce a considerable cooling effect. 

Evaporative cooling occurs when air, that is not too 

humid, passes over a wet surface; the faster the rate 

of evaporation, the greater the cooling. The 

efficiency of an evaporative cooling structure 

therefore, depends on the humidity of the 

surrounding air. Very dry air can absorb a lot of 

moisture so that greater cooling can occur. In the 

extreme case of air that is totally saturated with 

water, no evaporation can take place and no cooling 

occurs. 

Generally, an evaporative cooler is made of a 

porous material that is fed with water. The water 

evaporates into the air, raising its humidity and at 

the same time reducing the temperature of the air. 

The evaporative cooling system reported in this 

work is a building structure whose enclosed space 

could be used for storage of vegetables and fruits. 

The heat gain into evaporative cooling structure, 

therefore, must be dissipated to provide for storage 

temperature. 

Heat dissipation techniques used in evaporative 

cooling structure are based on the transfer of the 

structure’s excess heat to a low temperature 

environmental sink. Main sinks are the ambient air, 

water, the ground and the sky. When heat is 

dissipated to the ambient air, the technique is 

known as ‘convective cooling’. When water is used 

the process is known as ‘evaporative cooling’ and 

when the ground or the sky is the sink, the technique 
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is known as ‘ground’ or ‘radiative cooling’ 

respectively. 

The favourable factors for evaporative cooling 

structures are temperature, humidity, air movement 

(from wind or electric fans), and surface area. 

Evaporation can be used to cool air or any other 

wetted substances in contact with it. Each of these 

factors interacts with each other to influence the 

overall rate of evaporation, and, therefore, the rate 

and extent of cooling. 

Recently evaporative cooling systems have been 

used in several engineering applications such as: 

human thermal comfort, humidification, supply air 

cooling for specific functions, poultry livestock 

buildings and fresh agricultural produce storage 

especially fruits and vegetables etc. 

 

2. MATERIALS AND METHODS 

 

2.1 Materials 

The materials that were used for the development 

of the ECS’s and for the experiments on them are: 

Watari riverbed sand from Kano; Clay; Metal 

sheets; Moulds; Thermocouples. The Watari 

riverbed sand was used because in an earlier study 

by Aliyu and Sambo (2012), it was reported that 

the sand is most suitable to be used in the annular 

space of an ECS. This is because, among three sand 

types around Kano, it had the highest percentage 

(93 %) of particle sand distribution which is fine 

sand, with an average particle size of 0.107 mm and 

an average porosity of 35%. 

2.1.1 Prototype ECS: The evaporative cooling 

structures shown in Plates I and II were constructed 

using clay and metal for the walls, respectively. 

The walls are separated from each other by an 

annular space filled with the characterized river-

bed sand. The dimensions of the scaled-down 

evaporative cooling structure for the Clay-In-Clay 

are: outside dimension in cm: 41x32x20, 

thicknesses: inner wall: 2.5 cm, middle wall: 5 cm, 

outer wall: 2.5 cm. and that of the Metal-in-Clay 

are: outside dimension in cm: 41x32x22, 

thicknesses: Inner wall: 1mm; Middle Wall: 5 cm; 

Outer Wall: 2.5cm”.  

 

a)              b)    

 

Plate I: a) Clay-In-Clay Scaled-Down ECS; b) Metal-in-Clay Scaled-down ECS 

 

2.2 Methods 

2.2.1 Experimental Procedure: The temperatures 

taken are: TA = Ambient Temperature; T1 = 

Temperature of the Storage Space; T2 = 

Temperature of Annular Space; T3 = External 

Temperature of the Outside Wall. 
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Experiment 1: The annular space between the two 

walls of the Clay-in-Clay ECS was filled with 

water only. The ECS was then positioned on 

wooden boards and temperature readings were 

taken and recorded at the three points for T1, T2 and 

T3, for 10 hours and at 1-hour intervals. In addition, 

ambient temperature TA was also measured and 

recorded. 

Experiment 2: In this experiment, instead of water 

only between the two walls of the Clay-in-Clay 

ECS, the space was filled with water-saturated 

Watari River-bed sand. The same procedure as 

described for experiment 1 was then followed. 

Experiment 3: The same experiment as described 

for Experiment 1 was conducted on the Steel-in-

Clay ECS, i.e., the space between the inner steel 

wall and the outer clay wall was filled with only 

water ant the temperatures TA, T1, T2 and T3, were 

measured and recorded for 10 hours at 1-hourly 

intervals. 

Experiment 4: Here, the annular space between the 

steel wall and the clay wall of the ECS was filled 

with water-saturated Watari River-bed sand and the 

same experimental procedure as in Experiment 3 

was applied. 

Experiment 5: In this experiment, the temperatures 

at the middle of the inside walls of the ECS were 

measured and recorded every hour for 24 hours. 

This experiment was repeated everyday with for a 

week, and the average daily temperatures were 

calculated. This gives the average Cooling Load 

Temperature Difference for each wall and roof, 

measured practically. 

2.2.2 Determination of the External Cooling 

Loads: This is the estimation of cooling loads for 

the ECS envelopes which are the walls, the floor 

and the flat roof. For the indoor design conditions, 

the dry bulb temperature was selected to be 25.5 
o
C 

and the relative humidity to be 50%. The internal 

heat gain is that contributed by tomato only. 

Among the various cooling load calculation 

methods and because of the nature of the ECS 

system, the Cooling Load Temperature 

Difference/Conduction Transfer Functions 

(CLTD/CTF) was used in this simulation. The ECS 

is a very simple structure and therefore may not 

require a sophisticated method. The task involves 

the determination of heat transfer through these 

materials. It is a sensible heat transfer process. The 

heat transfer through the walls, floor and the roof is 

given by 

 

 )(,, CLTDUAQ FRW        …             (1) 

 

Where: U is the overall heat transfer coefficient; A 

is the area of the surface on the side of the cooled 

space; CLTD is the cooling load temperature 

difference. 

 

For fenestration heat gains the equation is 

 

 )(SCLASCQ                      …      (2) 

 

Where: A is the area of the fenestration; SC is Solar 

constant; SCL is the Solar cooling load. 

 

For internal heat gain, the equation is 

 

 )(CLFQQ i               … (3) 

 

Where: CLF is Cooling Load Factor. 

 

CLTD, SCL and CLF are normally determined and 

tabulated for every hour of the day. That is hourly 

values of cooling loads are determined. There is no 

heat gain due to fenestration in the ECS. The only 
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contribution of the internal heat gain is that for the 

produce to be stored. Using this method, the 

cooling system can be sized based on the time 

when the peak load of the major component of the 

cooling load occurs. This peak is evident in the 

CLTD, SCL, and CLF tables if properly determined 

with some reasonable accuracy. 

CLTD – Walls and Roofs: CLTD values are 

developed for flat roofs and for the walls. They 

have been simulated based on the following indoor 

and outdoor conditions. 

(i) Outdoor Design Conditions: These are: 

Months: January and March; Shading: no exterior 

shading; Clarity: Clear sky; and Temperatures: 

Outside air maximum dry bulb temperature of 35 

°C with a daily range of 12 °C 

(ii) Indoor Design Conditions: Room dry bulb 

temperature constant at 25.5 °C 

CLTD values are found from ASHRAE (2001) and 

ASHRAE (2009) tables. They are designed for 

fixed conditions of outdoor/indoor temperatures 

and latitudes. Corrections and adjustments are 

made if the conditions are different. Corrections 

and conversions are made for Kano and Bauchi 

weather conditions. The correction factors are 

shown in Table 1, where, N stands for North; E for 

East, S for South, and W for west. The conversion 

equations for walls and roofs are respectively 

presented as: 

       

CLTDCONV = (CLTD + LM) K + (25.5 – TR) + 

(TO – 29.4)                        (4) 

 

CLTDCONV = (CLTD + LM) K + (25.5 – TR) + 

(TO – 29.4) f                  (5) 

 

Where: CLTD is sourced from ASHRAE Tables; 

LM is Latitude-Month corrections; K = 1= Colour 

of the walls (Dark); (25.5 – TR) = Cooled Space 

Design Temperature Correction = 25.5 – 20 = 5.5; 

(TO – 29.4) = Outdoor Design Temperature 

Correction; and TO is the average outside 

temperature on Design Day = 30 
o
 C 

 

In addition to determining values of the CLTD for 

the various walls and roofs through this process 

(i.e. using values from the ASHRAE tables for the 

corresponding materials of the ECS and correcting 

them as described above),  the CLTD values of the 

ECS were also estimated directly. This was done by 

measuring the temperature distributions on the 

insides of the ECS. 

Once the CLTD/SCL/CLF values were obtained, 

the cooling load was sized for the peak load on the 

warmest day of the year. Three different types of 

wall materials and three different types of roof 

materials were simulated and summarized below. 

The thermal properties are obtained from, 

ASHRAE, (1981). The sizes of the bricks are the 

standard sizes that can easily be produced locally; 

50.8 mm (2 inches); 101.6 mm (4 inches); 127 mm 

(5 inches); 203.2mm (8 inches). The CLTD values 

for these standard configurations were obtained 

from ASHRAE (1981) and adjusted for Bauchi and 

Kano weather conditions for simulation. 

2.2.4 Wall Material Types Configuration and 

other Data: 

For A Wall: 203.2 mm brick+ 203.2 Sand+ 203.2 

mm Brick; U = 5.248 W/m
2
K 

For B Wall: 127 mm Brick+ 127 mm and + 127 

mm Brick; U = 4.516 W/m
2
K 

For C Wall: 101.6 Brick mm + 101.6 mm Sand + 

101.6 mm Brick: U = 6.532 W/m
2
K 

2.2.5 Roof Material Types Configuration and 

other Data: 

For Roof Type 1: Concrete (Data: U =1.209 W/m
2 

K; Thickness = 101.6 mm     
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For Roof Type 2: Concrete (Data: U =0.715 W/m
2 

K; Thickness = 203.2 mm    

For Roof Type 3: Wooden Roof: (Data: U =0.965 

W/m
2 

K; Thickness = 50.8 mm       

From the Cooling load temperature differentials for 

the walls and the roof types, cooling loads were 

obtained for a design day for the months of January 

and March, by substituting, in turn, the values of 

the CLTD obtained earlier into Equation (1). 

Graphs of the cooling loads and solar time are 

obtained for these days.  

 

3. RESULTS AND DISCUSSIONS 

 

3.1 Results 

3.1.1 Temperature Measurements on the ECS:  

Figures 2 - 5 illustrate that there is a relationship 

between temperatures T1, T2 and T3 and ambient 

temperature. It can be observed from the graphs 

that as soon as there is an increase in the ambient 

temperature (TA), the temperatures T1, T2 and T3 

begin to change, and these temperature drops, may 

imply the direct relationship between increases of 

ambient temperature with decrease in the cooling 

space temperatures. 
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3.1.2 Cooling Load Temperature Difference 

(CLTD) 

Figure 6 shows the CLTD values obtained from the 

ASHRAE tables and from experiments for the 

walls, while Figure 7 shows the plot of the 

corresponding values for the Roofs. Notice that the 

values for the experiments are the same for all 

types of walls and roofs since the walls and roofs of 

the ECS are made of the same materials and 

measurements were taken under the same 

conditions. 
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3.1.3 Cooling Load Calculation Results 

Figures 8 to 15 below represent the plots of the 

cooling load results, obtained as explained earlier, 

for the various walls and roof types, where the 

legend N stands for North; S for South; E for East; 

W for West; NE for Northeast; SE for Southeast; 

NW for Northwest; and SW for Southwest, and 

indicates the direction the walls face. The curves 

for the A-wall for the two months of January and 

February (Figures 8 and 9) exhibit similar 

characteristics with the cooling loads being lowest 

at around midday when the ambient temperatures 

are at their peak. This is also true for the B-wall 

(Figures 10 and 11); for C-wall (Figures 12 and 13) 

this occurred much earlier in the day. 
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Similarly, the cures for the Roof for the two months 

(Figures 14 and 15) exhibit similar characteristics, 

with pronounced peak cooling loads for Types 1 

and 3 roofs occurring after midday – at the day’s 

declination towards sunset – and lowest loads in the 

early parts of the day. Though Type 3 roof exhibit 

similarly tendencies, the peaks are much lower and 

occurred much later, while the minimum loads are 

lower and also occurred slightly later. 

3.2 Discussion of Results 

In experiments 2 and 4, it took a longer time for 

water to evaporate completely because the mixture 

of water and sand, especially to the point of 

saturation, in those experiments, inhibits the rate of 

evaporation. The effect is manifested in Figures 3 

and 5, where, in the former case, the temperatures 

T1, T2 and T3 steadily declined to their minimum 

levels, unlike in Figure 2 (water only between 

walls), where these temperatures rapidly declined 

to a minimum and then ascends again towards the 

end of the experiment. In the case of Figure 5 

(results for the experiment on the steel-in-clay ECS 

with saturated sand between walls), the effect is the 

same when compared to Figure 4 (for the water-

only between walls of the same ECS). However, in 

this case, the effect is less dramatically so, 

compared with the corresponding one for the clay-

in-clay ECS. 

The implications of this from the foregoing are that 

even though the clay-in-clay ECS with only water 

between walls yielded a higher temperature drop 

than that with saturated sand between walls, the 

later requires less operational maintenance (i.e. it 

requires less constant toping up with water). On the 

other hand, the steel-in-clay ECS with almost 

constant temperature drop could be used to hold 

temperature of produces constant irrespective of 

changes in ambient temperature. 

A minimum temperature dip of 5
o
C and maximum 

dip of 9
o
C between ambient temperature and the 

existing temperatures in the evaporative cooling 

structure were obtained. This is comparable with 
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the result reported by Chinenye (2011) and Fabiyi 

(2010), which recorded a drop of 10°C and 7.5°C 

respectively. It can also be observed from the 

graphs that maximum cooling occurs at noon of the 

day, since high ambient temperature increases the 

rate of evaporation, which causes more cooling in 

the evaporative cooling structure. 

3.2.2 Cooling Load Temperature Difference 

(CLTD): In Figure 6, it is observed that up to about 

noon (12
th
 hour), the ASHRAE values agreed fairly 

well with those from experiments, with a minimum 

and maximum differences of about 1 and 4 °C 

respectively. However, a large difference of as 

much as 16 °C is also observed to occur at the 18
th
 

hour. The nearest ASHRAE CLTD to that of 

experiment is that for the C-wall in March. It is also 

observed that, in all cases, the experimental CLTD 

leads the ASHRE CLTD in phase of about one 

hour. 

The comparison between the corrected values of 

ASHRAE CLTD and CLTD from experiments is 

shown in Figure 7. In this case, there is very good 

agreement between CLTD values from experiment 

and those for Type 2 Roof for both January and 

March with maximum differences of only about 3 

and 6 °C, respectively. For these months too, the 

CLTD’s by experiment and from ASHRAE are in 

phase. For all other months, the minimum and 

maximum differences are about 6 and 8 °C, 

respectively. In this case, the CLTD’s by 

experiment and for Roofs of Type-2 for January 

and March lead those of other months by about 3 

hours. 

The values of ASHRAE CLTD have been adjusted 

for the differences in standard conditions between 

the locations at which ASHRAE values were 

originally measured and the location of the present 

study (Kano and Bauchi). Therefore the differences 

observed above between the two sets of values of 

CLTD are only attributable to the fact (Bansal et al, 

2007) in the case of walls, ASHRAE categorized 

each wall into type A, B, C, or D, but gives a single 

CLTD values for all these four, without making any 

distinction between them, which, as a result, 

involve some averaging of CLTD values. 

3.2.3 Cooling Load: From the results shown in 

Figures 8 to 15 show that at the beginning (time T 

= 0) the cooling loads are seen to be generally high 

ranging from 160 Watts to about 90 W for West-

facing and North facing A-walls in the month of 

January and, for the same wall from 140 W (West-

facing) to 90 W (North-facing) in the month of 

March. The loads then fall sharply at the middle 

(between 8
th

 and 16
th

 hour) and finally raising again 

from the 17
th
 to the 24

th
 hours. The same patterns 

were seen in the cases of Walls B and C with the 

maximum loads occurring in the South-facing walls 

and minimum in the Northeast-facing walls in the 

months of January while in the months of March 

the maximum and minimum loads occur at the 

West-facing and North-facing walls respectively. 

The general pattern just described is in agreement 

with Bansal et al. (2008). 

The B-Wall configuration (127 mm Brick+ 127 

mm Sand  + 127 mm Brick; U = 4.516 ) has 

minimum values of cooling load for both January 

and March meaning that B Wall provides the best 

configuration in this category. As for the roofs, 

rather than show a dip in the middle of the day as 

did the walls, the cooling loads are greatest at this 

time of day for the three types of roofs studied. The 

cooling loads rise sharply from about 20 and 10 W 

for Types 1 and 3 to 58 and 23 W in Types 1 and 2 

at the 8
th
 and 18

th
 hour, for the month of January; 

and from 24 and 12 W for Types 2 and 3 roofs to 

about 62 and 30 W for Type 1 and 2 at the 8
th
 and 

18
th
 hour, for the month of March. Again, here the 

bahaviour of the roofs is as sugested by Wahed 
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(2005). Type 3 roof configuration (Wooden Roof: 

(Data: U =0.965; Thickness = 50.8 mm) has 

minimum values and therefore is the best materials 

configuration wall for the roof. 

3.2.4 Validation and Correlation using Cooling 

Load Temperature Difference (CLTD): Since 

there are both experimental results and theoretical 

(ASHRAE) results for the CLTD, a common 

ground for validation and correlation for results is 

the CLTD. Since from the previous discussions, the 

most matching values of ASHRAE CLTD with 

those of experiments are those of C-wall for March 

and the Type-2 roof in January, the two sets of 

values are now compared.  

The validation result shows a fairly good agreement 

between estimated values and the ASHRAE values 

with an absolute difference ranging between 0.7ᴼC 

and 10.8ᴼC, with the minimum difference (of 

0.7ᴼC) occurring at the 13th hour and the maximum 

difference (of 10.8ᴼC) occurring at the 20th hour. 

The correlation coefficient between the two sets of 

values was found to be 0.8435. On the other hand, 

the ASHRAE CLTD values for Type-2 roof in 

January and the corresponding ones from 

experiment shows a better agreement between the 

two values than they do for the walls. The 

minimum and maximum absolute differences 

between the two sets of values are 0.2 and 0.2 °C, 

respectively, and the correlation coefficient 

between them was found to be 0.8627. 

It could thus be said that the measured values of 

CLTD are reasonable and could therefore be used 

to predict the cooling load temperatures for the 

places under study using the model equation given 

below: 

 

822.233101.06752.00468.00035.00003.0107 234566   ttttttCLTD  

 

4. CONCLUSION 

 

The performance characteristics of a passive 

evaporative cooling structure developed for the 

storage of agricultural produce, particularly tomato 

has been presented. Scaled down passive 

evaporative cooling structures were produced semi-

empirically and various tests were performed on 

them. The cooling loads have been found to be 

greater in the month of January compared to the 

month of March and that the cooling is most 

effective at the peak of the day, when the cooling is 

more required. Further, the cooling loads are higher 

at the peak of day than at the beginning and end of 

the day and that these peak loads are identical for 

the months of January and March. 

Temperature dip of 5
o
C minimum, and 9

o
C was 

recorded. This dip is adequate for keeping the 

produce for about 10 days. Therefore, the shelf life 

of tomatoes can be extended by providing proper 

storage environment using the ECS.  

Important parameters to control in creating proper 

storage environment include the wall and roof 

materials of high porosity and thermal properties. 

Solar radiation on the walls and roof of the 

evaporative cooler affect the performance 

characteristics of the ECS. These effects can easily 

be altered by changing the material properties of 

the walls and the roof.  
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