


Evaluation of the Cooling Load of a Building Envelope in Owerri, Nigeria, to Support the Optimized Design of a Suitable  Sub-Wet-Bulb Evaporative Cooling System for The Structure.

[bookmark: _GoBack]ABSTRACT
The work focuses on designing a comfort-cooling evaporative system for a pilot building in Owerri, using data derived from the building’s thermal conditions. The initial step involved estimating the building cooling load by identifying key design parameters, namely ambient climatic data for the location and the target indoor comfort parameters that the proposed system must deliver. In this case, the primary inlet air (dry-bulb) was assumed to be 36 °C with 40-60% relative humidity, reflecting the local climate, while the target indoor conditions were set to a dry-bulb of 24.5-27 °C and 50-60% RH, appropriate for tropical air-conditioning. For the office space located at latitude 5°29′ N, longitude 7°0′ E, the cooling load was calculated to be 1 kW (with a 10% safety factor), equivalent to approximately 0.3 tons of refrigeration. Using this load, the system components were sized from first principles and design guidelines, arriving at a heat-exchanger area of 0.7 m², fan and pump power in the range of 300-370 W, working air ratio of 0.3, a 10-litre water reservoir and local poorly weaved fibrous cloth. The deployment of these design parameters enabled the production of an innovative, energy-efficient, eco-friendly sub-wet-bulb evaporative cooling solution for buildings in Owerri, Nigeria.
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1. INTRODUCTION 
According to the American Society of Heating, Refrigerating and Air conditioning Engineers (ASHRAE) [1],  the energy consumption of the Evaporative Cooling systems can be reduced by 60 to 75 percent over conventional (vapour compression) air conditioning systems. This margin of energy savings depends on sizing, location and application. It is particularly critical to identify the correct size of residential cooling equipment since it is the key to achieve comfortable interior conditions and saving on initial and operating costs.
Design and installation of air-conditioning system and equipment is usually preceded by painstaking evaluation of their cooling demand [2]. The cooling load is the amount of heat which must be removed by the proposed sub-wet bulb evaporative air-conditioner  per unit time to maintain the design indoor climate of the conditioned office room, for the comfort of the occupant(s) and office equipment. The proposed Sub wet bulb evaporative  system is required to remove the heat load in the room at a time [3]. According to ASHRAE [4;5] the standard thermal comfort conditions in summer are achieved between temperature 22OC - 27OC and humidity ratio 12-17g/kg. Ibe and Anyanwu [2] defined range of thermal comfort for occupied space as 21-25oC dry bulb temperature and 50-60% relative humidity for tropical air-conditioning. The present work shall carry out a cooling load estimation of a building  (space)  in Owerri, Nigeria for the purpose of providing the required data for development of  a suitable sub wet bulb evaporative cooling system that will satisfy the building (space) cooling load requirement. Many researchers have done so many study with the aim of developing an evaporative air-conditioner that will satisfy the comfort demand of a building envelope. Ahmed, Al-malum & Rahman [6] designed an indirect evaporative cooling systems for building environments application. The findings show that it is possible to greatly improve the cooling performance of the IEC system by modifying certain important parameters. Liu et. al [7] optimizes a heat and mass transfer model for energy recovery in indirect evaporative cooling systems. The study aims to enhance the annual energy efficiency of these systems by analyzing various operational parameters and their impacts on cooling performance. The result shows that the annual energy efficiency ratio (EER) for the energy recovery indirect evaporative cooling system could achieve values exceeding 10.5, which demonstrates significant improvement compared to conventional systems. The system’s energy consumption was reduced by approximately 30–40% compared to traditional cooling methods, particularly in regions with high humidity.
Boukhanouf, Alharbi, Ibrahim, & Kanzari [8] presented a computer model and experimental results of a sub-wet bulb temperature indirect evaporative cooling system for air conditioning in hot and dry climate regions. The system used porous/fired clay materials as wet media for water evaporation. The supply air and working air flows were staged in separate ducts and in counter flow direction. Modelling results were conducted for ambient air dry bulb temperature ranging from 30o C to 45o C and relative humidity lower than 65%, showing that supply air would be cooled to below wet bulb temperature. In addition, it was estimated that the indirect evaporative cooler would achieve cooling capacity of approximately 27 W/m2 of exposed ceramic material wet area and with overall wet bulb effectiveness greater than unity. This performance made the system a potential alternative to conventional mechanical air conditioning systems in buildings.
Comino, Romero-Lara & de Adana [9] investigated the effectiveness of regeneration indirect evaporative cooling (RIEC) systems under variable inlet air conditions was examined using experimental and mathematical modeling. The dew point effectiveness in this investigation is 0.91, indicating a considerable degree of cooling was accomplished. The proposed system is also recommended for use as a model to examine the overall global behavior of RIEC.
2. METHODOLOGY
2. 1 Selection of Outside and Inside Design Conditions / Parameters of the building envelope
Air conditioning is meant for achieving human thermal comfort in a stipulated climate. Selection of parameters must be done, considering the fact that the input parameters that affect the performance of the SWEC system are temperature and humidity of ambient air which in turn affect the product air temperature achieved by this cooler and ultimately the thermal comfort and cooling capacity [10]. 
The parameters are; viz
(i) Inlet  (ambient ) data
  Inlet air dry-bulb  temperature for owerri = 36oC  
Ogueke, Onwuachu & Anyanwu [11], Paul-Okore, Ike, Nwaji, Nwufo, Ogueke & Anyanwu [12];  Nwaji, Okoronkwo, Ogueke, & Anyanwu [13] reported the average day time temperature for all the seasons for owerri to be in the range of 31 – 35o C while   maximum dry-bulb ambient temperatures is 38oC [14]. Assume ambient Relative humidity to be 40% for dry season, 
Therefore, from the psychrometric chart,  
, Design wet-bulb ambient (outside) temperature = 25.7oC
(ii) Saturation and Supply (Product) Air Temperatures of the system
Therefore, the product air temperature can be calculated when the outdoor design condition and unit evaporation efficiency are known, using eqn 1 [15].
		
Where: =System product /supply air dry bulb temperature [°C]
e=Evaporation efficiency of the unit, given as 85% (ASHRAE, 2020; Al-Azri et al., 2020; Jaffar, 2021). 
 Saturation dew point temperature = 23.9 oC (from the psychrometric chart)
Hence,   25
Therefore, 25.7  is the design supply or product air temperature for the present work.
2.2  Room data and features
Table 1: Room data and features are presented, viz
	
	

	Location
	Department of Mechanical Engineering building, Federal University of Technlogy Owerri, Nigeria, (ground floor) at latitude of 05o29IN and longitude of 07o0IE.

	Room dimension
	Length = 10ft (3.048m), Width = 10ft (3.048m), height = 9ft (2.743m)

	
	

	Volume
	 = 

	Other data
	1No wooden door and glass window both on a  south facing wall, one window, 1No wall exposed to sunlight



2.3 Sources of Heat Gain in the Pilot Office Room and Calculations
To determine the room comfort set-point temperature as well as the air change rate, the room cooling load should be evaluated.
Figure 1 is the schematic representation of the building envelope (fabric) indicating the walls (represented by A, B, C, and D), ceiling represented by E, floor represented by F, a window and a door.

[image: ]
Fig 1: Schematic of the building (room) envelope
Sources of Heat Gain are grouped as follow and presented, with minimal assumptions [4, 2, 16, 17, 18]
(a) Transmission heat gain;
These Heat gains through walls, Roof (Ceiling) and floor. From figure 1,  Wall A is a south Facing wall, exposed to outside (ambient) while Wall B is a partition wall , adjacent an unconditioned room. Wall C and D are walls  in an unexposed internal corridor. Heat gain through roof (Ceiling) is represented by E . This roof / ceiling is next to an unconditioned office space in the first floor of the building. The floor is represented by F on figure 1..
For wall A, the transmission load is given by eqn 2;

Where;  Thermal transmittance (overall heat transfer coefficient) of wall A (W/ m2K), assume 0.228 W/ m2K for a 9inches hollowed concrete block wall with a 4inches air-gap, Nigerian standard. See the evaluation in appendix for details.  Area of wall surface (m2), evaluated (m2). Cooling load temperature difference, given as 13.2 for a concrete block wall of 203mm thickness, facing South by 1pm [2].

With a glass window at area equal to 30% area of Wall A, we have;
Area of window; m2
Therefore exposed surface area of wall A,   is evaluated as;
 m2  , hence

For the glazing, the transmission through the glass window is given by eqn 3 and 4 [2].

And 

Where;
= Heat transmission through glass due to temperature difference between room and outside (KW), = Heat transmission through glass as a result of combined effect of direct and scattered radiation on the glass (KW), = Thermal transmittance of glass (W/m2K), assuming ordinary plain glass with light venetian blind internal shading,  5.7(W/m2K) (ASHRAE fundamentals, 2001), = Total area of external glass (m2) = m2 ,
= Maximum solar heat gain (W/m2) = 295 W/m2 for a south facing sunlit glass window for latitude 5oN for October/November, = Shading coefficient = 1 for ordinary glass (4mm). = Storage load factor = 0.6 for South facing bare glass at 1pm design.
Substituting into eqn 3 and 4, assume  =   ; 
Therefore, we have;

For Wall B,
According to ASHRAE [4], [19], whenever a conditioned space is adjacent to a space with a different temperature, transfer of heat through the separating physical section must be considered. If the adjacent space is not conditioned and its temperature is not available, the outdoor (ambient) air temperature should be used at less 5oF (-15oC).
Therefore, the heat load of wall B, is given by eqn 5;

Substituting into eqn 3.7, assume  =   ; 
Therefore, we have;
  
For Walls C and D, same condition in wall B is applied to C and D as they are not exposed, and the room walls have equal surface area.
Therefore, wall C,  and wall D,  
Total wall transmission load      
                               ) 
For Heat gain through Roof,
For the concrete ceiling, shown as wall E in figure 1, the condition in wall B is also applicable as the room above (floor 1) is unconditioned and the temperature is not available.
Therefore, the heat load on E , (ceiling) is given;
  
For Heat gain through floor, 
Albright [20]  presented the heat gain from the floor,  as shown eqn 7

Where;
= Perimeter heat loss factor (W.m-1K-1),  = Storage chamber perimeter (m),  The perimeter heat loss factor of 1.6 W.m-1. K-1 was used [20]. The perimeter, P of the floor is obtained by the summation of the dimensions of the room.
Substituting into eqn 3.9, assume  =   ; 

However, technical literature gives the ground temperature value as varying between 10oC and 13oC, but for load estimation considerations, it is a common practice to assume no temperature differences between the conditioned space and the ground directly beneath the space [2].
Therefore, the heat load from the floor of the room, ; is given as zero, 
(b) Internal heat gains
(i) Heat gain due to occupancy:
Heat gain due to occupancy is divided as sensible heat; , and latent heat, , given by eqn 8 and 9


Where;
 number of people in the office room = 1 for a personal office,  sensible heat release from occupancy  which is provided in the 1997 ASHRAE fundamentals [4], chapter 28, Table 3.  latent heat release from occupancy  which is provided in the 1997 ASHRAE fundamentals [4], chapter 28, Table 3.  Cooling load factor = 1
From the ASHRAE tables for heat gain from occupants for diverse activities; 
 for an occupant engaged in a very light work like reading and writing

 Also, from same ASHRAE tables,
 190 btu/hr and for an occupant engaged in a very light work like reading and writing, hence;  
Substituting, we have,  and 
Occupancy total heat gain  
Alternatively, Fellow [21] evaluated using eqn 10, as shown;

Where;
 Sensible heat + latent heat by occupant(s) in (kj/hr),  number of hours of work.
Assuming 443Kj/hr for office work [4, 21], and the staff works for 8hours,
Therefore;

(ii) Heat gain due to lighting:
Heat gain load from illumination; is given as;
 Power of rating of bulbs   (Ibe and Anyanwu, 2010)
For an 1No. of 5watts energy saving bulb, 
(iii) Heat generated by appliance like laptop is pegged at 3watt = 0.003KW.
(c) Outside air load:
(i)Ventilation: Ventilation is the outside air intentionally introduced into the office room by the indirect evaporative cooling air-conditioner  and / or design feature to mitigate odours and to maintain the freshness of the circulating air. The cooling load imposed by ventilation is divided into sensible and latent heat respectively.
Using the approximate method, the ventilation sensible heat gain;  is given by eqn 11,


Where;  mass of inlet air (outside air) required for ventilation (kg/s),  humid air heat capacity of the outside air (KJ/KgK) = 1.005 KJ/KgK
Also, ventilation latent heat gain;  is given by eqn 12,

Where; = moisture content of ambient air (kg/kg of dry air),  moisture content of room air (kg/kg of dry air), L = latent heat of vapourization at standard conditions = 2257kj/kg at 25oC [14]
From ASHRAE handbook [1], a ventilation rate of 2.5 l/s = 0.0025m3/s for non smoking occupant (see appendix for the table), Also, mass of outside air required for ventilation of the office roomiven as mi;

 Where (from the psychrometric chart at outdside design condition). Therefore, 

Substituting into eqn 11 to get the ventilation sensible heat gain ,, assume  =   ; we have;

Also solving for the ventilation latent heat gain, , , from the psychrometric chart, at state point 1 and 2,  = 0.0147    kg/kg and    =  0.00765kg/kg . Therefore,
Substituting into eqn 12 to get the ventilation latent heat gain ,, assume  =   ; we have;

Therefore;
Total ventilation load                                                

(ii) Infiltration heat load (air-change load) is described as the heat gained from the openings/cracks on the building fabrics and heat gained from opening on the doorway or while opened intermittently for entry and exit of occupants. 
The infiltration heat gain is given in eqn 15 and 16  for infiltration sensible and latent heat gains respectively;

Where;  mass of outside air that infiltrated (kg/s),  humid heat or humid air heat capacity of the outside air (KJ/KgK) = 1.005 KJ/KgK. Also, for  latent heat gain;  is given by eqn 16,

To get , the mass, we determine the infiltration rate using eqn 18, as shown;

Using ACH = 0.5 for residential building, we have;

Therefore, 

Where;
= 0.895 at outside design condition
Therefore;

Substituting into eqn 3.18 .to get the infitration sensible heat gain ,, assume  =   ; we have;
The infiltration sensible load becomes;

Also,
From the psychrometric chart, at state point 1 and 2,  = 0.0147    kg/kg and    =  0.00765kg/kg . Therefore, substituting into eqn 3.14 to get the infiltration latent heat gain,, assume  =   ; we have;

Therefore,
 Total infiltration load 

2.4 Sizing and Material Selection of the proposed Sub wet bulb evaporative Cooling System
It is particularly critical to identify the correct size of residential cooling equipment since it is the key to achieve comfortable interior conditions and saving on initial and operating costs. The design of the system was painstakingly done from the first principle in order to satisfy the cooling load value of the space.
3 RESULTS AND DISCUSSIONS
The result of the cooling load estimates of the space  is presented on Table 2, while the corresponding design / sizing data of the proposed cooler is presented in Table 3.
Table 2: Summary of cooling load calculated values for the office room
	S/N
	Classification
	Sources
	Sensible (KW)
	Latent (KW)
	Total (KW)

	1
	Transmission heat gains
	
	
	
	

	I
	
	Walls
	0.162
	
	0.162

	Ii
	
	Roof
	0.048
	
	0.048

	Iii
	
	Floor
	Nil
	
	0

	Iv
	
	Glazing
	0.5
	
	0.5

	2
	Internal Heat gains
	
	
	
	

	I
	
	Occupancy
	0.067
	0.056
	0.123

	Ii
	
	Lighting
	0.005
	
	0.005

	Iii
	
	Equipment
	0.003
	
	0.003

	3
	Outside air load
	
	
	
	

	I
	
	Ventilation
	Nil
	Nil
	0

	Ii
	
	Infiltration
	0.041
	0.0071
	0.0481

	
	Total
	
	0.785KW
	0.0631KW
	0.889KW



Considering a Safety factor at 10% , we have;


Converting this value to tons of refrigeration, we have; 
Therefore; the proposed cooling will generate 
The estimated sensible cooling load which is room sensible heat (RSH) 
Table 3:  Design parameters of the proposed Sub wet bulb evaporative Cooling  System
	
	Design Parameters
	Design Equations
	Corresponding values

	1
	design Room Air Temperature  
	
	  oC


	2
	Required Air Quantity
	
	

	3
	Air Change per Hour (ACH)
	
	

	4
	Evaporating Surface Sizing
	
	0.7m2

	
	
	
	

	5
	Sizing of Pump
	
	

	6
	Total Dynamic Head (TDH)

	
	0.7m

	7
	Pump  power requirement
	
	100watts

	8
	Sizing of Fan:
Head drop
	
	500pa

	9
	Fan power
	
	200-270watts

	10
	Volume flow rate
	
	

	11
	Working air ratio
	
	0.3

	12
	Velocity of inlet ambient air
	
	2m/s

	13
	Air flow regime
	
	Laminar

	14
	Wetting pad
	
	Poorly locally weaved fibrous cotton fabric



Where, =Estimated sensible cooling load [kW], estimated as ,   The actual (practical) air flow rate required of the unit to handle the room cooling load [m3/s],  Room sensible heat (KW), already estimated at  and Total load is 0.978kw,  density of product air (kg/m3)= given as  1.204(kg/m3)1.0 kg/m3 , specific heat of humid air (Kj/KgK), given as 1.025 Kj/KgK (neglected), = The volume of the space (room) = 25.5,   Water application rate = 4.0L/min.m2  , pump power requirement,  density of water (kg.m-3),  acceleration due to gravity (kg.m. s-2), Total dynamic head, that is head required (m),  flow /discharge rate (m3.hr-1),  pump efficiency = 0.85,   static pressures at the inlet  and exit respectively, The fluid velocities at inle and outlet;  (Ashraf and Shams, 2017).  Elevations;  (for horizontal configuration), The fluid density ,  is the gravitational acceleration,  is the total head loss. 
The design of an indirect evaporative cooling system is a balance between the indoor temperature that can be achieved with the outdoor design conditions at the time of the peak room cooling load, and the air change rate required to achieve the supply air temperature to handle the room cooling load, as well as the corresponding design parameters of the cooler as presented.  Table 2  presented the cooling load values from all sources of heat gain, evaluated in line with the ASHRAE, Nigerian building codes and  literatures. However, ventilation load logically excluded from the present design as there is no feature for recirculation of air and there is also no feature for exhaust. These mentioned functions will be achieved through infiltration when the prototype is fabricated. Table 3 presented the corresponding design parameters for the proposed cooler. The cooler’s power requirement of 300-370 watt was a clear indication of its low energy requirement. The actual (practical) air flow rate required of the unit designed to handle the room cooling load was  at air change per hour of 14. However, according to (Ibrahim et al., 2014), the air change rate through the space to be served can be as high as 20 Air Changes or more. The design adopted multi-plate type heat and mass exchanger. The total heat and mass exchanger area ,which accounts for all the surfaces involves in the evaporative cooling was designed at . It can be seen from table 3 that  the heat and mass exchanger which is the evaporating surfaces require the supply of  in order to achieve adequate wetting of the wetting pad which was a Poorly locally weaved fibrous cotton fabric. It is also observed that the present design threaded high head drop for a high cooling performance of the system. The high head drop was owing to a proposed heat and mass exchanger flow configuration, which will ensure extended evaporation, thereby allowing cooling to continue to saturation, producing a near complete heat and mass exchange in the heat and mass exchanger. Therefore, the present  study which involved a standard cooling load estimation of space  and corresponding correctly designed sub wet bulb evaporative air cooling system will hold the room (space) set point temperature except in extreme (above design) conditions [22]
4. CONCLUSION
The study conducted an assessment of the cooling demand of a building envelope in Owerri, Nigeria, with the goal of guiding the optimal design of a dedicated sub-wet-bulb evaporative cooling system tailored for the building. After estimating the cooling load of the test building, the corresponding system components were sized accordingly. The originality of the proposed  air cooling system is in its design and sizing.  Its energy efficiency in hot humid climate of owerri is a function of the cooling load estimation of the space of application, as well as the corresponding sizing of its components, which make it suitable for application as a sustainable comfort cooling solution in Owerri, Nigeria.  
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