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Abstract 
Given the perennial incidence of thermal discomfort, health issues, as well as 
energy costs associated with naturally ventilated classrooms in Yola, the study 
aimed at enhancing the effectiveness of classroom designs for natural ventila-
tion comfort by examining the effects of six architectural design variables—size 
and position of openings, form of buildings, orientation of buildings, site 
planning, topography, and physical features, on the ventilation coefficients of 
61 classrooms selected from nine stratified clusters in Yola, Adamawa State, 
Nigeria. Data were analyzed using percentages, ratios, means as well as stan-
dard deviation, and then sorted in groups using tables. The study revealed 
that the form and orientation of the classroom-buildings, as well as topogra-
phy, site planning and other physical features, have no significant effect on 
ventilation coefficient. In addition, a new mean ventilation coefficient was 
obtained in ten classrooms against an earlier claim that ventilation coefficient 
cannot exceed a fixed average regardless of the ratio of wall opening to floor 
area. 
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1. Introduction 

Ventilation is primarily required for the human physiological need for oxygen 
from fresh air. It helps prevent the contamination of air and overheating of hu-
man body as well as the building structure.  
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Defined as the supply of outside air indoor and the replacement of vitiated air, 
ventilation provides sufficient air from which oxygen for respiration by humans 
is extracted, while maintaining concentration of carbon dioxide within safe lim-
its [1]. Ventilation could be achieved by natural or (and) artificial (mechanical) 
means. Natural ventilation can be induced by wind pressure, temperature dif-
ference (stack-effect), or humidity difference (cool-tower effect), wind towers, 
wind scoop, cool tubes, venturi tubes, solar chimney, air vents, etc., or a combi-
nation of any of these [2] [3] [4] [5] [6]. Natural ventilation can also be achieved 
by ordering of building forms and fenestration, orientation with respect to wind 
direction and the specification of appropriate materials for the building compo-
nents or enclosure system [7]. While form deals with the size and shape of a building 
with its roof, fenestration involves the sizing and placement of openings like win-
dows and doors on the enclosure system of the walls and roofs [8] [9]. The choice 
of (building) form, fenestration and materials are normally derived from a care-
ful examination of relevant climatic information and data including air temper-
ature, relative humidity, precipitation and wind. 

With any given space, as a product of the architectural design process, ventila-
tion is a fundamental requirement [8] [9] [10]. Indeed, effective and productive 
human activities require a conducive space [11] [12], which in turn depends part-
ly, on adequate ventilation [13]. 

Architecture, as an activity that produces a classroom-design (and indeed any 
shelter in the built environment), has been described in different ways by differ-
ent theorists at different times. Notwithstanding, a designed space must provide 
a decent and conducive environment for desired activities. Indeed, the fundamen-
tal function of a building is to protect its occupants from the harsh external en-
vironment. The architectural approach has always been prompted by the climate 
in the time past, resulting in Igloos for the Eskimos, round huts in Northern Ni-
geria, and rectangular forms in South-West Nigeria [10]. Even the cultural theory 
of form portrays buildings as the expression of the structural relationship be-
tween technological, social, symbolic and natural forces [14]. However, these forces 
have since been reinforced by economic, political and popular factors that arose 
from the global energy crisis of 1973 as well as climate change due to global warm-
ing, prompting the need for building, land, nature and energy conservation through 
practices that lower energy demand, including (but not limited to) designing spaces 
for natural ventilation. 

2. Background of Study 

Natural Ventilation is the passive change or movement of air within buildings [9]. 
It is an important aspect of design which has influenced form throughout histo-
ry. Functional architectural designs for natural ventilation, requires micro-climatic 
analysis of buildings’ location [3] [15] [16] [17] [18]. In fact, diverse architectur-
al design-expressions are essentially, products of difference in climatic conditions 
[Gropius (1955) cited in [4]]. However, the design features of classrooms (in-
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cluding the location or site, orientation, form and size, fabric, and fenestration), 
in the hot dry climate of Yola appear generically same as those found in milder 
climatic zones of Nigeria. 

Considering the perennial thermal discomfort, heat stress and other heat-related 
issues experienced in some naturally-ventilated building spaces in Yola, the ex-
tent to which classroom-designs are effective was attempted in this study. This, 
more so as said classrooms are operated on exclusive natural ventilation. 

Similar ventilation studies done in other climatic regions have been documented, 
but first, it is important to analyze the climatic data of temperature, rainfall and 
relative humidity of Nigeria. Nigeria is grouped into four broad climatic zones: 
the hot dry, temperate dry, hot humid and warm humid zones [19]. In this clas-
sification, Yola, falls within the hot dry zone with mean daily maximum dry-bulb 
temperature during the dry season of not less than 35˚C; diurnal temperature 
range up to 20˚C; relative humidity not more than 40% and a mean yearly rain-
fall below 1000 mm (Upper Benue River Basin Development Authority Yola, 
2009). Also, it is important to note that upper limit of comfortable temperature 
in naturally ventilated spaces in the tropics has been estimated as 31.5˚C, at wind 
speed of 1.0 m/s [20]. Higher wind speeds may be desirable to maintain thermal 
comfort at higher temperatures, obtainable in a hot dry climate [21]. 

Now, in a study of thermal and visual comfort in ten selected primary school 
classrooms in the warm humid climate of Ile-Ife, Nigeria, a mathematical model 
was used, and it revealed that only 40 percent of the classrooms meet what was 
termed “good” ventilation criteria [22]. In a survey of 3,544 students and teach-
ers in 29 naturally ventilated and air-conditioned classrooms in Hawaii, it was 
discovered that the temperature range of thermal comfort lies between 22.0˚C 
and 29.5˚C for occupants of naturally ventilated classrooms [23] reported by 
[20]. Studying the effects of building orientation, architectural features, window 
location, size and components, plan form, adjacent buildings, landscape ele-
ments and land forms on ventilation, it was reported that the (ventilation) coef-
ficient of a space cannot exceed 0.4 [8]. A thermal comfort study of major parts 
of Nigeria reported the exceptional prevailing wind direction of North-West in 
Yola. This is against the North-East and South-West prevailing winds obtainable 
in other parts [10]. In the first International Development Agency Education 
Project initiated by the Nigerian Government to establish standards for the de-
sign and construction of school buildings throughout the federation, the com-
plex nature of the climate of the northern zone brought about by contradictory 
requirements during the different seasons of the year was reported [17]. Another 
researcher [24] identified poor ventilation as a discrepancy in the compact layout 
system of buildings recommended for the hot dry zone. 

Contrary to [8], the Centre Scientifique et Technique Du Batiment [25] re-
ported in its study that ventilation coefficient (the ratio of wind speed at level 
indoor to the incoming wind speed at the same level outdoor) could be more or 
less than a reference value of 0.6 (referred to as global ventilation coefficient) 
depending on architectural features of building and space. 
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Studying the effectiveness of window openings for natural ventilation in resi-
dential quarters in the warm humid climate of Ile-Ife, it was concluded that win-
dow openings were designed more for aesthetic appeals than for physiological needs 
[26]. In a case study of the School of Architecture at Lyon, France, designed for 
both natural and mechanical ventilation, the high level of discomfort experienced 
by the users of the multi-storey building was reported; openings at the roof level 
of the glazed atrium of the building were recommended to increase natural ven-
tilation rate by stack-effect [27]. 

Most of the cited works above are in the hot humid climates and are micro- 
climatically oriented. This is in agreement with [15] and [18] that thermal com-
fort through natural ventilation requires the analysis of a given location because 
a wide variation of climate conditions can occur as a result of local, natural and 
man-made features. Works done on thermal comfort indoors in the hot dry cli-
mate of Nigeria are mainly on temperature. Such works are even too generalized 
to be relevant to the various microclimatic conditions obtainable in different lo-
calities. This has created the situation whereby a prototype design of public and 
institutional buildings (including public primary schools) are repeated in mi-
cro-climatically different locations of the nation. Some of the buildings may not 
function efficiently in some locations [24]. To achieve efficient natural ventila-
tion, there is a need to evaluate the functionality of buildings designed and con-
structed for natural ventilation in different localities, with a view to possibly re-
view the designs [17]. Yola has been particularly known for its multiple prevail-
ing wind directions and low wind speed [10]. There has not been any known at-
tempt to study natural ventilation in buildings in the hot dry climate of Nigeria 
in general and Yola in particular. Among the consequences of lack of such study 
is the sustained ignorance of the design-causes of, and solution to inadequate nat-
ural ventilation. This dims the prospect of natural ventilation-enhancement of ex-
isting and proposed architectural spaces in the study area. The unpleasant expe-
riences of thermal discomfort and heat stress and the attendant productivi-
ty-reduction continue unabated. 

This work seeks to break a part of the unpleasant cycle; it evaluates, and aims 
to enhance the natural ventilation-functionality of classroom-designs in public 
primary schools in the hot dry climate of Yola. 

3. Methodology  

The Centre Scientifique et Technique du Batiment [25] proposed a method of eva-
luating Global Ventilation Coefficient CG, of wind-induced indoor air motion. The 
coefficient, defined as the ratio of the mean indoor air velocity, Vi at a height of 1.5 
m to the outdoor air velocity Vo, at the same height, is said to vary with the fol-
lowing: 

1) Characteristics of the site; 
2) Orientation of the building and of the wind; 
3) Exterior characteristics of the building; 
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4) Interior architecture and aerodynamics of the building. 
The evaluation of four corresponding coefficients, Csite, Corientation, Carch.exterior, 

and Caero.inter was proposed by the method. The minimum of the four coefficients 
is taken as the global ventilation coefficient, CG of a given space. That is:  

( )G site orientation arch exterior aero intermin , , ,C C C C C=             (1) 

With reference to the ventilation performance of a standard architectural model 
in a wind tunnel, each of these coefficients is evaluated using a specific, but de-
tailed methodology. The ventilation performance of the standard architectural 
model is given as Co = 0.6, and a required coefficient, Cx = f(Co). 

The standard architectural model has a floor area of 30 m2 and a height be-
tween three and four meters with a ceiling slope of 10˚ towards the wind direc-
tion. Inlet and outlet openings are about 30 percent of the respective windward 
and leeward walls, and the wind is incident perpendicular to inlet. The site is con-
sidered flat and obstruction-free [25]. 

3.1. Evaluating the Coefficients 

The following steps are proposed to evaluate each of the four coefficients listed 
above [25]. 

3.1.1. Evaluating the Characteristics of the Site Coefficient 
The value of the coefficient of the characteristics of site is derived from three other 
factors: 

1) Site topography (CTP), whether good or poor for airflow; 
2) Site physical features (CEP), like vegetation and other buildings; 
3) Site planning (CPM), to reflect the relative position of buildings on site. 
There is a distinction between good and poor airflow sites. Good airflow sites 

and their proposed relative value or coefficients are: 
1) Locations between two hills with good orientation to local wind, CTP = 1.1 

Co; 
2) Locations on hill top with a building-roof sloping windward and roof slope 

higher than site slope, CTP = 1.2 Co; 
3) Locations on hill-top with a building-roof sloping parallel to site slope, CTP 

= Co; 
4) Locations on hill-top with building-roof sloping windward and roof slope 

greater than site slope, CTP = 1.3 Co. 
Poor sites for airflow and their proposed relative value or coefficients are:  
1) Windward locations at the lower level of a hill, CTP = 0.6 Co; 
2) Leeward locations at the level of a hill, CTP = 0.5 Co; 
3) Valleys deprived of local winds, CTP = 0.3 Co; 
4) Cliffs, CTP = 0.7 Co. 
To evaluate the coefficient of site physical features, the [25] assumes rural or 

low-density urban sites, with vegetation and other obstructions five to ten me-
ters high at the windward side of buildings. It is proposed that: 
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1) Buildings are sited at a distance not less than twelve times height of ob-
struction if such obstruction is parallel to wind direction; 

2) Buildings are sited at a distance less than four times height of obstruction if 
such obstruction is perpendicular to wind direction; 

3) If the two conditions above are fulfilled, then CEP = Co and if otherwise, CEP 
≤ 0.5 Co; 

4) For unobstructed buildings, CEP = Co. 
To evaluate the coefficient of site planning, CPM the method deals with two types 

of site planning: 
1) Grid-type (╬) planning; and 
2) II-shape planning. 
For grid-type planning, the value CPM depends on the distances between rows 

of buildings, between buildings within a row, relative position of building’s row 
from the first row, and angle between wind direction and normal axes to open-
ings. 

The value of CPM, according to the method, varies from 0.1 Co to 1.5 Co, i.e. 
0.1 Co ≤ CPM ≤ 1.5 Co. 

For II-type planning, [25] proposed the values of CPM varying from 0.6Co to 
1.2 Co. 

When CTP, CEP and CPM have been evaluated, the coefficient, CSITE is evaluated 
according to the following rules [25]: 

1) If the conditions for the appropriate distance from neighboring obstacles 
are met, then CSITE = CEP = Co; If not and CTP is higher or equal to Co while the dis-
tance between neighboring buildings are appropriate then, CSITE = (CPM + CTP)/2; 

2) If the condition for appropriate distance from neighboring obstacles is met, 
and CTP is lower than Co then, CSITE = CTP; 

3) If the building is located on hill-top with a windward orientated pitch roof 
of slope 20˚ more than slope of hill, and the distance from neighboring build-
ing is appropriate while wind is incident normal to the opening, then CSITE = 
1.5 Co; 

4) If the building is located on hill-top with a wind-orientated pitch roof pa-
rallel to slope of hill, and the distances from neighboring buildings are appropri-
ate while the wind is incident normal to opening, then CSITE = 1.3 Co. 

3.1.2. Evaluating the Coefficient of the Orientation of the Building and  
the Wind, Corientation 

The value of this coefficient according to [25] depends on the following parame-
ters: 

1) The angle between incident wind and normal axis to opening θ; 
2) The angle between incident wind and the orientation of the site plan Φ; 
3) The nature and characteristics of the site plan.  
It is estimated that:  
Corientation = Co, if Φ = θ ≤ ±20˚; 
Corientation = 0.75 Co, if θ = ±45˚; 
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Corientation = 0.5 Co, if θ = 90˚. 

3.1.3. Evaluating the Coefficient of the Exterior Characteristics of the  
Building, Carch.exter 

The value of this coefficient is dependent on five other factors: 
1) The value and characteristics of the opening CP; 
2) The architecture of the roof CT; 
3) The existence of an open roof CET; 
4) The existence of concrete stilts CPL; 
5) The presence of wind walls CJ. 
The value of CP is estimated based on the porosity of the facades (porosity be-

ing the ratio of opening area to the area of bearing wall or facade) and the inci-
dent angle of wind to the opening. 

If the incident wind is normal to windward opening and: 
1) Porosity of the windward and leeward walls are 15 percent, then CP = 0.7 Co; 
2) Porosity of the windward and leeward walls are 30 percent, then CP = Co; 
3) Porosity of the windward and leeward walls are 40 percent, then, CP = 1.2 Co; 
4) If there is a difference in porosity, then that of the leeward should be great-

er to improve airflow; 
5) Effect of side opening is said to always be positive; 
6) If there is no leeward opening, then side opening of equivalent porosity 

partly compensates. 
The value of the effect of roof, CT, depends on whether building is on flat or slop-

ing site. For buildings on flat site: 
• CT = 0.6 Co, for an extended flat roof; 
• CT = 0.65 Co, for a mono-pitch roof with highest part on windward façade; 
• CT = 0.7 Co, for a roof with four slopes (hipped roof); 
• CT = 0.8 Co for a simple flat roof; 
• CT = 0.9 Co for a double-pitch roof; 
• CT = Co for a mono-pitch roof with lowest path on the windward facade; 
• CT = 1.1 Co, for a building raised 1.5 m above ground, with a mono-pitch roof 

having lowest part on the windward facade. 
For buildings on sloping site and the roof slopes opposite to the ground, the 

method proposes CT = 1.3 Co. 
The value of the effect of an open roof, CET, is appreciable, provided there are 

two openings: one each on the windward and leeward façades and the total open-
ing area per room is between two and three square meters. Two cases were ex-
amined by the method: 

1) When the higher opening of the roof is on the windward façade, CET = 1.15 
Co; 

2) When the higher opening of the roof is on the leeward façade, CET = 1.4 Co. 
The effect of a concrete stilt, CPL, is significant, according to the method, if a 

building is raised on concrete silt of height greater than one meter and there is 
unobstructed wind. In that case, CPL = 1.2 Co. 
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In the presence of a wing wall of minimum height and length of 2.5 and 2 me-
ters respectively, its coefficient according to the method, CJ = 1.1 Co. 

Having estimated CP, CT, CET, and CJ, the method proposes two building con-
figurations and steps to evaluate the effect of their exterior characteristics, Carch.exter. 
The two building configurations are: 

1) Mono-zone buildings with windward or leeward openings; and 
2) Multi-zone buildings with windward or leeward opening together with roof 

openings.  
For mono-zone buildings with windward openings the following steps were pro-

posed to evaluate Carch.exter: 
1) Windward and leeward openings should have porosities higher than 15 per-

cent, and if there is no leeward opening, side opening should have porosity up to 
20 percent. If these conditions are met and conditions “2-3” below are not, then 
Carch.exter = Cp; 

2) In addition to condition “1” above, if there is a well designed roof opening, 
then Carch.exter = (Cp + CET)/2; 

3) If the building is on concrete silts and has wing walls, then Carch.exter = (Cp + 
CPI + CT)/3 = (CP + CJ = CT)/3; 

4) If the windward and leeward openings have porosities of 30 percent and the 
building is on a slope, having roof slope opposite site slope, then Carch.exter = 
1.3Co. 

For multi-zone buildings, with windward or leeward openings together with 
roof openings, the following steps were proposed to evaluate Carch.exter: 

1) If there is no wing walls and stilts, then Carch.exter = CET; 
2) If the building has wing walls or stilts, then Carch.exter = (CET + CJ)/2, 
Carch.exter = (CET + CPI)/2. 

3.1.4. Evaluating the Effect of Interior Characteristics of Building,  
Caero.inter  

Two building interior characteristics were recognized by the method as factors 
influencing airflow through the building: 

1) The building internal partition Cc; and 

2) The building’s furniture. 

If the internal partition is parallel to airflow, then Cc = Co. If the internal parti-
tion is perpendicular to airflow and has porosity more than 50 per cent, then Cc 
= 0.9 Co. If the internal partition is perpendicular to airflow and has porosity less 
than 20 per cent, then Cc = 0.3 Co at the leeward zone. The windward zone is 
ventilated only if there are side openings with a porosity higher than 20 percent, 
in which case, Cc = 0.8 Co at the windward zone.  

The method did not propose steps to evaluate the effect of building furniture. 
Hence it was proposed that Caero.inter = Cc. 

The concept of ventilation coefficient is relevant to the study in focus to the 
extent that it can be used to assess the ventilation status of architectural spaces in 
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general. However it is not sufficient to evaluate the effectiveness of such spaces 
for natural ventilation in a given climatic context. For instance, an architectural 
space of ventilation of 0.5 may be considered adequate where the required wind 
speed for comfort is 0.6 m/s and the available wind speed outside is above 1.2 
m/s. The same space would be inadequate for natural ventilation where the re-
quired wind speed for comfort is 0.9 m/s and the available wind speed outside is 
below 1.2 m/s. 

4. Discussions 

The effectiveness of classroom-designs for natural ventilation in the hot dry cli-
mate of Yola was investigated. 61 classrooms drawn from 9 primary schools 
(Table 1 below) were the subjects of the study. Classroom-design variables which 
affect ventilation coefficient (a natural ventilation parameter) have been identi-
fied to include: size and position of openings, form of buildings, orientation of 
buildings, site planning, topography and physical features. The effects of these va-
riables on ventilation coefficients of the classrooms were examined and the find-
ings presented below. 

4.1. Ventilation Coefficients 

The mean ventilation coefficient of all the studied classrooms was less than 0.5 
(see Table 2). This suggests that less than half of the available (free) wind out-
side is admissible by the classroom designs. Openings are located at the work- 
plane zones only and none at higher levels. Hence, the natural ventilation is 
only by wind, while the Stack, Bernoulli’s and other effects are not exploited. In 
the study area, the mean external wind speed is below 1.0 m/s, suggesting low 
level of effectiveness of the classroom-design for natural ventilation. This tends 
to agree with the earlier study by [22] where only 40 percent of the classrooms 
were reportedly effective in terms of natural ventilation, in a warm-humid cli-
mate. 

A comparison with the global ventilation, CG (0.6) reported by [25] revealed 
some factors responsible for the low ventilation coefficients of the classroom-designs 
in the study area. Whereas the total opening area as percentage of floor area, 
and the ratio of outlet area to inlet area of the standard architectural model 
[25] were 40% and 1.3 respectively, the mean corresponding values are less 
than 20% and 1.0 for the studied classrooms. Even the three classrooms having 
ventilation coefficient of 0.7 (greater than CG) have total opening area ranging 
from 21.1% to 27.2% of floor area. Their ratio of outlet area to inlet area is how-
ever comparable to the standard architectural model, ranging from 1.2 to 1.5. 
Some other incomparable factors may be responsible for the greater values of 
ventilation coefficient of the three classrooms. Attainment of a ventilation coef-
ficient greater than 0.4, as obtained by [25] and this finding (see Table 3), how-
ever contradicts the earlier work of [8] which reported a maximum attainable 
coefficient of 0.4. 
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Table 1. Identification numbers of studied classrooms. 

Name of school Identification number of studied classrooms 

Bekaji P/School B/1B; B/2A; B/3A; B/4A; B/5C 

Capital P/School C/1A; C/2Au; C/3B; C/4B; C/5A; C/6B; C/7A; C/8A 

Damare P/School D/1A; D/2B; D/3A; D/4A; D/5A; D/6A 

Karewa P/School K/1A; K/2C; K/3A; K/4C; K/5C; K/6A; K/7B; K/8A 

Luggerre P/School L/1B; L/2A; L/3A; L/4C; L/5A; L/6A; L/7A; L/8A 

Mustapha P/School M/1A; M/2B; M/3A; M/4A; M/5A; M/6A; M/7A; M/8A; M/9B 

Namtari P/School N/1A; N/2E; N/3A; N/4C; N/5B 

Toungo P/School T/1Bg; T/1Bu; T/3A; T/4A; T/5A; T/6A 

Yelwa P/School Y/1A; Y/2A; Y/3; Y/Y/1A; Y/2A; Y/3; Y/4C; Y/5B; Y/6A 

 
Table 2. Classrooms with ventilation coefficients less than 0.3. 

Identification 
number 

Form of  
roof and 
corridor 

Relative angle: 
dominant wind 
to inlet plane 

T.O.A  
as % of 

floor area 

Outlet area/ 
inlet area 

Window sill 
height above 
ground (m) 

Ventilation 
coefficient  

(V. C) 

B/1B DWIC NML 12.0 0.5 0.9 <0.3 

B/3A HWOC NML 12.2 0.5 1.0 <0.2 

C/3B MWOC PRL 16.7 0.9 1.0 <0.3 

D/3A DWIC PRL 16.0 1.0 1.3 <0.3 

D/4A DWIC NNP 16.6 1.0 1.0 <0.3 

K/1A DWOC NML 16.4 0.9 1.1 <0.3 

K/3A MWIC NML 16.7 0.8 1.3 <0.2 

K/4C MWIC PRL 19.4 0.8 1.3 <0.2 

K/6A DWOC NNP 15.4 0.9 1.0 <0.2 

L/2A HWOC NM 14.3 0.3 1.4 <0.2 

L/6A MWIC PRL 18.9 0.8 1.3 <0.2 

L/7A HWOC NNP 15.8 1.1 1.2 <0.3 

M/1A MWIC PRL 16.1 1.5 1.7 <0.2 

M/2B NWIC NNP 15.4 0.8 1.7 <0.3 

M/3A MWOC NNP 15.2 1.0 1.2 <0.3 

M/4A DWIC NNP 22.9 0.9 1.2 <0.2 

M/5A MWIC NNP 15.8 1.0 1.2 <0.3 

M/6A HWOC PRL 16.0 0.9 1.0 <0.2 

N/3A MWOC NNP 15.0 1.1 1.0 <0.3 

T/1Bg DWIC NNP 30.6 0.8 1.3 <0.3 

T/5A MWOC NNP 13.5 1.9 0.8 <0.3 

Y/2A MWIC NNP 16.1 0.7 0.6 <0.3 

Y/4C MWIC NNP 18.4 0.8 1.1 <0.2 

Y/5B MWOC NNP 15.5 1.0 0.7 <0.2 

MEAN 16.7 0.9 1.1 <0.3 

STANDARD DEVIATION 3.64 0.31 0.26 0.05 
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Table 3. Classrooms with ventilation coefficient 0.3 or below 0.5. 

Identification 
number 

Form of 
roof and 
corridor 

Relative angle: 
dominant wind 
to inlet plane 

T.O.A as % of 
floor area 

Outlet area/ 
inlet area 

Window sill 
height above 
ground (m) 

Ventilation 
coefficient 

(V. C) 

B/4A DWOC NNP 16.2 0.9 1.0 0.3 

C/4B DWIC PRL 20.6 0.9 1.1 <0.4 

C/5A HWOC NNP 15.9 1.3 0.8 <0.4 

C/6B MWOC PRL 12.2 1.0 1.0 <0.4 

C/7A MWIC NNP 18.9 1.3 1.0 <0.5 

C/8A MWIC NML 17.3 1.3 0.9 <0.4 

D/1A DWOC PRL 30.5 1.1 1.3 <0.5 

D/5A MWIC NNP 19.5 1.0 1.2 <0.4 

D/6A HWOC NML 13.3 0.7 1.1 V5 

K/2C MWOC NML 12.9 0.8 1.3 0.4 

K/5C MWIC PRL 19.3 0.8 1.4 0.3 

K/7B DWOC PRL 16.3 1.0 1.1 <0.4 

K/8A DWOC NNP 16.2 0.9 1.3 <0.4 

L/1B DWOC PRL 16.9 1.0 1.3 <0.4 

L/3A MWIC NNP 22.4 1.3 1.6 <0.5 

L/4C MWIC PRL 20.3 1.2 1.2 <0.4 

L/5A HWOC NNP 13.8 1.7 1.1 <0.4 

L/8A MWOC NML 10.3 1.0 1.2 <0.4 

M/7A HWOC NNP 19.8 1.0 1.3 <0.4 

M/9B HWOC PRL 17.9 1.1 1.3 <0.5 

N/1A DWOC NNP 12.7 1.1 1.0 <0.4 

N/4C MWOC NNP 15.5 1.0 1.1 <0.5 

N/5B MWOC PRL 13.5 0.6 1.3 <0.5 

T/1Bu DWIC NNP 30.4 0.8 5.2 <0.4 

T/3A DWOC NNP 22.1 1.0 0.9 <0.4 

T/4A MWIC NNP 16.1 1.0 1.1 <0.4 

T/6A HWOC NNP 16.3 1.0 1.3 <0.4 

Y/1A MWOC NNP 14.5 1.0 1.1 <0.4 

MEAN 17.6 1.0 1.3 <0.4 

STANDARD DEVIATION 4.73 0.22 0.78 0.05 

 
The orientation of the building does not appear significantly responsible for 

the general (95.2%) low level of the ventilation coefficient of the classrooms. 
This is because only sixteen (26.2%) of all the studied classrooms have window 
planes parallel to the dominant wind. However, among the nine classrooms 
having ventilation coefficient 0.5 or more, only one (11.1%) has window planes 
parallel to wind. None of the three with ventilation coefficients of 0.7 have win-
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dow planes parallel to wind (see Table 4). There appears therefore to be a corre-
lation between classroom ventilation coefficient and the angle of incidence of 
wind to window inlet plane. This agrees with [2] [4] and [8]. 

4.2. Building Forms 

Classroom-building forms studied do not seem to have any significant effect on 
the ventilation coefficient of classrooms. The mean ventilation coefficient of the 
five form-groups range between <0.3 and <0.5 (Table 2 and Table 3). A paired 
comparison between the ventilation coefficients of buildings with mono-pitch 
roof and corridor (MWIC) with the corridor windward side (Mean V.C < 0.3, 
SD = 0.11) and buildings with double pitch roof and corridor (DWIC) with the 
corridor on windward side (Mean V.C < 0.4, SD = 0.08) using t-test (calculated 
t-value = 2.0795 and critical t-value = 2.365 at 0.05 confidence level) indicate in-
significant difference in the means. There is however a significant difference in 
the means of classroom-buildings with mono-pitch roof and corridor (MWIC) 
but different orientation to wind at 0.05 level of confidence. This suggests that 
building orientation play a more significant role than building form in natural 
ventilation. 

In considering the slope of the roofs, the size of the corridors and the presence 
of wing walls, window hoods and shading devices, most of which the study did 
not cover, could be responsible for this outcome on building form. All the class-
rooms studied are rectangular in plan with mean “width to length ratio” of 2:3. 
Ceiling heights or classroom heights range from 2.6 m to 3.0 m with average 
value of 2.8 m. The presence or absence of corridor along one or both sides of the 
length of classrooms is a major distinguishing feature. Corridor width ranges from 
1.8 m to 2.4 m. 

 
Table 4. Classrooms with ventilation coefficient not below 0.5. 

Identification 
number 

Form of  
roof and 
corridor 

Relative angle:  
dominant wind 
to inlet plane 

T.O.A as  
% of floor 

area 

Outlet area/ 
inlet area 

Window sill 
height above 
ground (m) 

Ventilation 
coefficient 

(V. C) 

B/2A MWOC NM 16.3 0.7 1.1 0.5 

B/5C MWIC NNP 21.1 1.3 1.2 0.7 

C/1A MWIC NM 20.6 0.8 1.1 0.5 

C/2Au DWIC NM 24.2 1.5 4.1 0.7 

D/2B DWOC PL 28.3 2.4 1.2 0.5 

M/8A DWIC NNP 17.2 1.0 1.0 0.5 

N/2E MWIC NM 22.5 1.2 1.2 0.7 

Y/3 HWOC NNP 17.3 0.8 0.9 0.5 

Y/6A DWIC NNP 15.6 1.0 0.9 0.5 

MEAN 20.0 1.2 0.14 <0.6 

STANDARD DEVIATION 3.88 0.47 0.92 0.09 
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The forms of roof range from mono-pitch to double pitch and hipped roof, 
with roof slope from 15˚ to 25˚. Where the roof is mono-pitch, it slopes from the 
corridor side, bounded by a parapet wall of two or more meters in height, and 
drains to the opposite side. The effect of different roof and corridor forms on 
wind flow was not significantly manifested. Windows are casement with double 
leaves, with sill height 0.9 m above floor level. Windows can open 90˚ to 180˚ to 
opening plane. Doors are metallic and usually opens 180˚ outwards. None of the 
classrooms have window or other openings 2.1 m above ground. There are no 
roof openings except by default in Damare (D/2B). Hence the possibility of ven-
tilation by stack-effect is precluded. 

4.3. Orientation of Buildings 

The orientation of buildings with respect to the cardinal direction does not seem 
to affect their mean ventilation coefficients. Whereas 18 numbers (29.5%) of the 
classroom-building are orientated E/W, with mean ventilation coefficient < 0.4 
(SD = 0.15) and 43 numbers (71.5%) are orientated N/S with mean ventilation 
coefficient < 0.4 (SD = 0.1), there is no significant difference in their ventilation 
rate. In fact two (66.7%) of the three classrooms with ventilation coefficient = 0.7, 
have E/W orientation. Whereas only three (7.0%) of all the classrooms orientated 
N/S have ventilation coefficient 0.5 or more, six (33.3%) of those orientated E/W 
have ventilation coefficient 0.5 or more. Hence, the more adopted N/S orienta-
tion recommended to minimize solar radiation does not seem to have more pos-
itive impact on natural ventilation than the E/W orientation. 

Even in terms of orientation to wind, there seem to be no noticeable effect of 
wind direction on mean ventilation coefficients. A paired comparison of the 
mean ventilation coefficient of building with window plane normal (NML) to 
dominant wind and those parallel (PRL) to dominant wind indicate no signifi-
cant difference in the mean values (calculated t = 0.9578 and t, critical = 2.156). 
The reason for this may not be far-fetched. The effect of other variables may be 
at play. For instance a closer look shows that four (38.5%) of all the classrooms 
with wind normal (NML) to window planes have ventilation coefficients 0.5 or 
above, whereas only one (6.25%) of the classrooms with dominant wind parallel 
(PRL) have ventilation coefficient 0.5, and that is an exception. 

The building D/2B has an open roof. [25] had earlier reported the positive ef-
fect of open roof on natural ventilation. Five (15.6%) of the classrooms with 
window planes neither normal nor parallel (NNP) to dominant wind have ven-
tilation coefficients 0.5 or above. These ratio seem to suggest that ventilation 
coefficient increases with wind direction from parallel (PRL) (6.25%) to neither 
normal nor parallel (NNP) (15.6%) and normal (NML) (38.5%) to window 
planes. This again agrees with earlier study by [2] [4] and [8]. The incapacity of 
the wind meter to measure wind speed below 0.3 m/s may partly contribute to 
the apparently non-conforming results. 

Orientation of buildings in relation to cardinal direction varies between North- 
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South and East-West. This has some effect on the likelihood of opening windows. 
Windows are not likely to be opened when it admits direct solar radiation into 
classrooms; when building is oriented East-West. Classrooms B/IB and K/3A are 
examples in this category. However, orientation of building does not appear to 
affect wind flow because wind directions vary with location and time. Class-
rooms C/3B, C/6B, D/3A, K/4C, M/1A, and M/9B are all oriented North-South, but 
wind direction observed was parallel to window plane. Classrooms B/3A, D/6A, 
K/1A, AND N/2E have same North-South orientation and wind direction nor-
mal (NML) to window plane. On the other hand, classrooms B/1B, B/2A, C/1A, 
C/2A, K/2C, K/3A and L/2A are oriented East-West but experienced wind flow 
normal to window plane. Classroom D/1A has East-West orientation but wind 
flow parallel to window plane. Hence, when blows normal to window plane, 
wind flow is highly enhanced. When the wind is parallel to window plane, there 
is poor wind flow into the classrooms. The two cases occur irrespective of the 
building orientation.  

There is only one classroom with wing wall that is more than one meter in 
width, classroom C/4B. This may account for a relatively fair airflow to the 
classroom despite the fact that the wind flow outside was parallel to window 
plane. The presence of open roof by default in classroom D/2B may have con-
tributed significantly to its wind flow despite the unfavorable (parallel to win-
dow plane) wind direction. 

4.4. Size and Position of Openings 

The size of openings seems to significantly affect the ventilation coefficient of 
classroom when there is appreciable variation in opening size and positions. 
This reinforces the report of [28]. For instance, there is a significant difference 
(at 0.05 confidence level) between the mean ventilation coefficient of classrooms 
with total opening area below 15 percent and those 20 percent or more (calcu-
lated t-value = 2.243 and critical t-value = 2.170). A paired comparison between 
classrooms with total opening area below 15 percent of floor area and those 15 
or less than 20 percent reveal a contrary trend. The mean ventilation coefficient 
of the former is slightly higher than that of the latter. 

A number of factors may be responsible. A noticeable factor is the orientation 
of window planes to dominant wind direction. Whereas there are only two 
(16.7%) of the classroom in the former group with window planes parallel to 
wind, ten (27.8%) of those in the latter group (TOA 15% or <20% of floor area) 
have window plane parallel to wind. 

The position of opening in terms of distribution on windward (inlet) and lee-
ward (outlet) facades seem to have a significant effect on the ventilation coeffi-
cient of the classrooms. All the openings are located at work-plane zones, on 
opposite walls and none on adjacent walls. This is partly because the adjacent 
walls are either partitions between classroom or bearing blackboards, and other 
teaching aids. The mean ventilation coefficient of the classroom with ratio of 
outlet area to inlet area less than one is significantly (at 0.05 confidence level) 
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lower than that of classroom with same ratio being one or more (Calculated t = 
3.334 and critical = 2.045). There is also a significant difference in the mean ratio 
of outlet area to inlet area in the two groups (that of former is 0.7 SD = 0.25, and 
of latter 1.2, SD = 0.30). This outcome is in line with the earlier work of [8]. 

The position of opening in terms of window sill height above ground does not 
appear to have any significant effect on the ventilation coefficients of the class-
rooms even when there is a significant difference in height. For instance the dif-
ference in the mean window sill height above ground not more or less than two 
meters (0.92 m, SD = 0.11) and those more than one or less than two meters 
(1.25 m, SD = 0.15) is significant at 0.05 confidence (calculated t = 9.599 and 
critical t = 2.062), but there is no significant difference in their mean ventilation 
coefficient (calculated t = 1.551 and critical t = 2.062). Even the paired compari-
son between classrooms with window sill height above two meters (mean height 
4.7 m, SD = 6.55) and those less than two meters (mean height 1.25 m, SD = 
0.15), there is no significant difference (at 0.05 confidence level) between their 
mean ventilation coefficients (calculated t = 1.573 and critical t-value = 7.318). 
There are two classrooms on the upper floors of storey buildings; hence their 
window sill height relative to the floor may not be significantly different from 
those of classrooms on ground floor. 

4.5. Regression Analysis 

A linear regression of ventilation coefficient against the other variables, using the 
SPS5 17.0, yielded a coefficient of determination, R2 = 0.18. This value is consi-
dered too low to produce a fairly reliable predictive linear equation. Because the 
study is primarily an evaluation and not a predictive or exploratory research, 
some other uncontrolled factors such as the inability of the anemometer to 
measure speed below 0.3 m/s and the unstable and uncontrollable wind direc-
tions may have significantly reduced the coefficient of determination. 

4.6. Effectiveness of Classroom-Designs 

The maximum value of the mean external wind speed in Jimeta is 1.22 m/s (SD 
= 0.26) while that of Yola is 1.1 m/s (SD = 0.27) both occurring in the month of 
April. There is no significant difference between the two means (at 0.05 confi-
dence level calculated value of t = 1.222 and critical value of t = 2.101). Hence 
the values from the different sources (meteorological stations) do significantly 
agree and could be relied upon. The mean value of the instantaneous wind 
speeds observed in January and March (2009) respectively at all the schools are 
0.80 m/s (SD = 0.43) and 1.04 m/s (SD = 0.28). These values also significantly 
agree with the corresponding values of 0.82 m/s (SD = 0.27) and 0.97 m/s (SD = 
0.22) in Jimeta (meteorological station) and 0.71 m/s (SD = 0.23) and 0.94 m/s 
(SD = 0.22) in Yola (meteorological station). A mean value of 1.0 m/s is consi-
dered reasonable as reference available external wind speed for natural ventila-
tion design purpose in the study area and climate. 

The desired wind speed for thermal comfort (based on the effective tempera-
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ture of 26˚C) when the dry bulb temperature is 34˚C and relative humidity of 
45% is 1.50 m/s. This seems to agree with [13] and [20] to the effect that wind 
speed above 1.5 m/s may be required for thermal comfort at temperatures above 
31.5˚C. 

A desired indoor wind speed of 1.5 m/s when the outdoor wind speed is 1.0 
m/s calls for a classroom-design with ventilation coefficient of 1.5 (required in-
door wind speed divided by available external wind speed). This may be referred 
to as the critical ventilation coefficient for an architectural space. It is expected 
to vary with climatic conditions and regions. For Yola, at temperature of 35˚C 
and relative humidity of 45% considered as the most unbearably hot climate 
condition, the critical ventilation coefficient is 1.5. If the required ventilation 
coefficient is 1.5 and the maximum observed ventilation coefficient is 0.7, then 
none of the classroom-designs studied in the study area meet the required level 
of effectiveness in terms of natural ventilation. If the effectiveness of class-
room-design for natural ventilation is expressed in terms of natural ventilation 
obtainable as percentage of that required for thermal comfort, then three (4.9%) 
of the classrooms having ventilation coefficient of 0.7% are 46.7% effective, while 
only nine (14.7%) of the classrooms having ventilation coefficient of 0.5 or more 
are 33.3% effective in the study area and climate. A substantial 52 classrooms 
(85.3%) fall below 33.3% level of effectiveness. The average level of effectiveness 
of the classroom-designs studied for natural ventilation in the hot dry climate of 
Yola is 29.3%. 

4.7. Effect of Site Differences 

There is no significant difference in the mean ventilation coefficient of the stu-
died classrooms and schools. This shows that the effect of site topography, plan-
ning, adjacent buildings, fences, and other site features is not significantly dif-
ferent in the mean from site to site. It does not suggest that these site conditions 
do not affect the ventilation coefficient of individual classrooms. On the con-
trary, it could be observed that all the classrooms where definite value of ventila-
tion coefficient were obtained (B/2A, B/5C/ C/1A, C/2Au, D/2B, K/2C, K/5C, 
M/8A, N/2E, and Y/6A) have virtually no discernable obstruction to wind flow 
on their windward sides, despite variation in topography, planning and physical 
features. 

4.8. Contradictory Claims 

That the definite mean ventilation coefficient of ten classroom (0.54) is signifi-
cantly higher than maximum obtainable value (0.4) reported by [8] even when 
mean value of total opening area (19.8% of floor area) is significantly lower than 
25% is a sharp contradiction. The contradiction may not be attributable to dif-
ference in methodology. The study by [25] using simulated architectural model 
in a wind tunnel as did [8] produced a reference ventilation coefficient of 0.6. 
Values higher or lower than the reference ventilation coefficient are obtainable 
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depending on site conditions, orientation of building in relation to wind, exte-
rior characteristics, as well as the interior architecture and aerodynamics of the 
building. The focal theory emerging from empirical data of live buildings seem 
to strengthen the background theory of [25] that ventilation could be more than 
0.4 and weaken the contrary theory by [8]. 

4.9. Conclusion from the Findings 

The ventilation studies done by [22] on classrooms in Ile-Ife, and [23] in Hawaii 
on residential and institutional buildings in Hong Kong are typical mi-
cro-climatic oriented works in different locations and climates. These are in 
consonance with [15] [17] and [18] to the effect that a functional design for nat-
ural ventilation requires micro-climatic analysis of a location. There has not 
been any known attempt to study natural ventilation in buildings in a hot dry 
climate of Nigeria in general and Yola in particular. This work evaluated the 
functionality of classroom-designs for natural ventilation in public primary 
schools in the hot dry climate of Yola. There was also the need to establish the 
applicability and limitations of existing generalized theories on natural ventila-
tion to the peculiar climatic context of the study area. There appeared to be no 
contextual benchmark for assessing effectiveness of architectural designs in 
terms of natural ventilation. Such a benchmark, if it existed, had not been estab-
lished for the study area. This study has been able to fill some of the gaps hig-
hlighted. 

The ventilation coefficients of the studied classrooms was discovered to range 
from values less than 0.2 to values as high as 0.7 with mean value less than 0.5. 
These values may not ordinarily be considered too low or too high except consi-
dered in the light of the climatic context of the study area. 

It was also discovered that: 
1) The forms of the classroom-buildings have no significant effect on their 

mean ventilation coefficients. This is contrary to earlier claims by [2] and [8]; 
2) The orientation of the classroom-buildings in relation to cardinal directions 

was found not to significantly affect the ventilation coefficient of the classrooms. 
It was however revealed that the orientation of the classroom-buildings in rela-
tion to wind directions significantly affected the ventilation coefficient of class-
rooms. This agrees with earlier claims by [2] [8] and [25]; 

3) The other variables that were found to have significant effects on ventila-
tion coefficient of the classrooms are: size of openings expressed in terms of total 
opening area as percentage of floor area, position of openings expressed as ratio 
of outlet area to inlet area (this also reinforces earlier claims by [2] [8] and [25]); 

4) “Critical” ventilation coefficient was propounded as a contextual bench 
mark for assessing the effectiveness of architectural spaces. A “critical” ventila-
tion coefficient of 1.5 was established for the study area, the basis upon which 
the classrooms studied were found to be 13% to 47% effective in terms of natural 
ventilation; 

5) Ventilation coefficient of 0.54, which is significantly higher than 0.4, was 
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obtained in the study area. This is contrary to an earlier claim by [8]; 
6) Differences in site conditions (topography, planning and physical features) 

in the study area do not have any significant effect on ventilation coefficients of 
the classrooms (this is at variance with [25]). 

5. Summary and Recommendations 

The mean ventilation coefficient of the classrooms in the study area is below 0.5 
suggesting that the available wind is not maximally utilized for natural ventila-
tion inside the classrooms. The effect that the classroom-building forms have on 
this ventilation rate could not be determined from the study. Even the orienta-
tion of the buildings with respect to cardinal directions does not seem to affect 
the mean ventilation rate of classrooms. The size of openings, however, signifi-
cantly affects the ventilation rate in the classrooms. A “critical” ventilation coef-
ficient of 1.5 has been established for architectural spaces in the study area. Giv-
en the low level of the available external wind and the desired mean ventilation 
coefficient, the classroom-designs are inadequate for natural ventilation required 
for comfort in the study area and climate. The average level of effectiveness of 
the classroom-designs studied for natural ventilation in the hot dry climate of 
Yola is 29.3%. 

The claim by [8] that ventilation coefficient cannot exceed 0.4 has been re-
futed by the study, given that a mean value of 0.54 was obtained in some class-
rooms. The effect of differences in site conditions in the study area is not signif-
icant, contrary to [25]. 

To improve the ventilation coefficient of the classrooms in the study area, the 
following retrofitting action for existing classrooms and guidelines for future de-
signs are recommended: 
• Sizes of classroom openings should be increased to a minimum of 30 percent 

of the floor area; 
• Shading devices should be provided for openings exposed to direct solar radia-

tion; 
• High-level window openings should be provided to generate ventilation by 

both wind and stack effect; 
• Trees should be planted around classrooms to reduce the negative effect of 

solar radiation on comfort, and redirect by-passing wind. 
Guidelines recommended for future classroom-designs are: 
1) Porosity of walls should be at least 30 percent of wall area; 
2) Openings should be of equal size on opposite walls to optimize the effect of 

out let-inlet-ratio on ventilation; 
3) Windows should be alternately arranged on opposite walls rather than di-

rect opposite arrangement; 
4) Roof openings and other ventilation including techniques should be incor-

porated into designs to generate ventilation by both wind and stack-effect; 
5) Multi-storey buildings should be encouraged to reduce overcrowding of 

buildings at ground level and exploit more wind at higher levels; 
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6) Classroom-buildings should be orientated North-South to minimize solar 
radiation; 

7) Classroom-buildings should have corridors and shading devices to encour-
age opening all windows; 

8) Roof slope should be at least 30˚; 
9) Rectangular plan form of length-to-width ratio of 1.7:1 should be adopted; 
10) Plan forms and other elements that can catch wind from all directions and 

redirect by-passing wind into classrooms should be adopted. 
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