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Abstract

This paper describes the modelling of flow rate in a photovoltaic (PV) driven, roof slate based solar sys-
tem for preheating ventilation air in cold climates. The system consists of a photovoltaic driven, attic
mounted fan, which draws air through the spaces between the warm slates and delivers it through a metallic
flexible duct into a house. A model for predicting the flow rate of air as a function of irradiance and ambi-
ent temperature is developed based on the measured performance of the different components of the
system. Considering all experimental sources of error, the model predicts the flow rate of air with a
maximum error of 12%. The model is validated for different combinations of components in a roof section
constructed at Napier University in Edinburgh. The predicted flow rates are within 10% of the measured
values. The model is extended so that it can be applied for different locations and different roof tilts and
orientations. A future paper will make use of the model developed herein for system optimisation based
on maximum monthly volume of preheated ventilation air delivered. The model will also be used to inves-
tigate the effectiveness of PV driven, roof slate based systems as solar air heaters.
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1. Introduction

Condensation dampness and mould growth are common features of modern living and more
energy efficient homes. All houses and apartments require an efficient way to remove moist indoor
air, which causes mould formation and, consequently, health problems such as the sick building
syndrome (SBS) [1]. Removal of moist and stale air by ventilation makes a house healthier for the
occupants and protects the building structure from damage. Several researchers have studied the
enhancement of the rate of negative pressure natural ventilation (NPNV) of buildings using solar
chimneys and solar air heaters [2,3]. Khedari et al. [4], on the other hand, implemented a small PV
driven fan in the structure of a roof solar collector (RSC) to increase the NPNV rates. Natural
ventilation, however, depends on wind speed and, depending on the outdoor temperature, can re-
sult in high heating bills and uncomfortable draughts in the winter. A positive pressure mechan-
ical ventilation (PPMV) system can provide consistent ventilation through all seasons of the year
[5,6].

Standard roof tiles can be many degrees warmer than the ambient outside air [7]. A PPMV sys-
tem can be designed both to ventilate the house underneath and to harness this extra heat and
supply it to the house by means of a small fan [8]. This supplied heat can contribute to the heating
demand, thus reducing the need for auxiliary heating as well as reducing heating bills. Generally, a
mechanical ventilation system has the disadvantage of requiring an auxiliary electric source to
operate the fan [9]. This drawback of the system can be overcome by using a photovoltaic
(PV) module, which can also act as a fast response sensor, to power the fan [10].
2. System description

A sketch of the roof slate based (RSB) solar ventilation air preheater under study is shown in
Fig. 1. A PV driven axial flow fan, situated in a well sealed wooden box between the joists in the
roof, draws air through the spaces between the slates and through holes in the sarking board be-
fore delivering it into a flexible duct extended across the attic from the fan box to the room ceiling.
In addition to having the advantage of being easily mountable with ducts, axial flow fans are
appropriate for low pressure high flow rate applications [11]. As air is drawn past the hot slates,
it absorbs the energy stored before being delivered through the flexible duct into the house.

The slates can be treated as a flat plate roof solar collector. Thermal efficiency calculations re-
quire a careful definition of the roof area from which heat is extracted and also a study of the air
flow patterns underneath the slates. These considerations are beyond the scope of this paper. The
current paper is concerned with predicting the flow rate of air delivered to the house as a function
of irradiance and ambient temperature in addition to other factors such as the PV module, the fan
and the duct specifications. Modelling of the flow rate contributes to the future goal of estimating
the thermal contribution of RSB solar ventilation air preheating systems.

Most available literature on flow rate modelling of PV driven systems is on water pumping and
solar water heating applications. Jafar [12] gave empirical relationships of flow rate as a function
of irradiance at different pumping heads. The coefficients of these quadratic relationships were ex-
pressed as functions of head. Bione et al. [13] also showed a quadratic relationship between flow
rate and irradiance in a PV driven water pumping system. In other cases, the flow rate of water
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Fig. 1. A sketch of the PV driven RSB solar ventilation air preheating system under study.
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was expressed as a quadratic function of the pump voltage [14]. These approaches, as they do not
account for the different variables associated with the piping system, are specific, thus limiting
their range of application.

Other researchers, on the other hand, through considering the properties of the piping system in
their models, have broadened their range of applications. Betka and Moussi [15] and Eckstein
et al. [16] described the pump pressure as a function of flow rate and fan rotational speed, which
is, in turn, a function of irradiance. The system pressure was expressed as the sum of the static
head and friction head. Benlarbi et al. [17] gave the pressure losses in terms of pipe length, diam-
eter and a coefficient representing regular losses. The flow rate in the system is then determined by
simultaneously solving the pressure–flow equation for system losses with that for losses across the
pump.

The following section describes the mathematical model for the RSB system under investigation.
The flow rate of air is expressed as a function of several parameters including irradiance (G, W/m2),
ambient temperature (Tamb, �C), fan electrical and pressure–flow (DP–Q) characteristics and the
properties of the flexible duct (i.e. length (L, m), diameter (D, m) and degree of extension (Ext.,
%). The model developed is based on measurements and is validated through comparison of the
predicted flow rates with the measured values over a range of operating conditions for different
systems.

A sub-model is given for each of the three major components of the flow system: the PV mod-
ule, the fan and the duct. Moreover, the effect of the ‘‘slate packing’’ (i.e. how packed and resis-
tant to flow the slates are) on the fan characteristics is investigated. The development of the three
sub-models is based on typical experimental measurements, which serve as reference conditions.



912 N. Odeh et al. / Energy Conversion and Management 47 (2006) 909–925
Sections 3.1–3.3 introduce these sub-models, and give descriptions of the experimental procedures
and results associated with their development.
3. Mathematical model for PV driven RSB systems

3.1. Photovoltaic model

The electrical output of the PV module is described by its I–V characteristic. This characteristic
changes as a function of incident irradiance (G, W/m2) and PV module temperature (Tmod, �C)
and can be simplified by Eq. (1) as follows:
I ¼ I sc � I0 e
VþI�Rs

A � 1
� �

ð1Þ
The adaptation of Eq. (1) to define module output as a function of irradiance and module tem-
perature is presented by the SANDSTROM model [18]. It can be described by the following
equations:
V ¼ V ref þ lV oc � Tmod � Tmod;refð Þ � Rs � DI ð2Þ
I ¼ I ref þ DI ð3Þ
where
DI ¼ lIsc �
G
Gref

� �
� Tmod � Tmod;refð Þ þ G� Gref

Gref

� �
� I sc ð4Þ
where V (V) and I (A) are, respectively, the voltage and its corresponding current on the I–V curve
at the desired values of G and Tmod, Isc is the short circuit current (A), the subscript ‘‘ref’’ repre-
sents measurements at reference conditions (i.e. Gref and Tmod,ref) and lVoc (V/�C) and lIsc (A/�C)
are, respectively, the open circuit voltage and short circuit current temperature coefficients. The
series resistance Rs is assumed constant. The equations above also assume that the voltage and
current temperature coefficients are constant and equal to lVoc and lIsc, respectively. The module
temperature Tmod can be related to ambient temperature using the following equation:
Tmod ¼ T amb þ
G
800

ðNOCT� 20Þ ð5Þ
where NOCT is the nominal operating cell temperature (�C). Fig. 2 shows a comparison of pre-
dicted and measured performance data.

3.2. Fan characteristics modelling

3.2.1. Voltage, current and fan rotational speed relationships
The fan�s current–voltage (I–V) and speed–voltage (x–V) characteristics are both linear of the

form y = C Æx where C is the slope of the best fit line. The slopes of each of the characteristics for
two tested fans, Fan1 and Fan2 are shown in Table 1. The characteristics for Fan1 and Fan2 were
determined experimentally by varying the voltage from a power pack while readings of current



Fig. 2. A comparison of measured and predicted (according to the SANDSTROM model) PV I–V characteristics at
different irradiances (W/m2) and module temperatures (�C).

Table 1
Data for the two 24 VDC axial flow fans tested

Fan1 Fan2

Rated power, Wa 9.5 20.3
Free flow capacity, l/sa 69 111
Maximum speed (xmax), r/mina 2800 3500
Maximum pressure at xmax, Pa

a 93 199
I–V characteristic slope, A/Vb 0.014 ± 0.003 0.032 ± 0.005
x–V characteristic slope, r/V minb 108.8 ± 1.6 125.3 ± 2.2
A, Pa s3/lb �1.1e�3 ± 0.0 �7.0e�4 ± 0.0
B, Pa s2/lb 8.1e�2 ± 0.02 6.6e�2 ± 0.006
C, Pa s/lb �2.4 ± 1.0 �2.6 ± 0.4
D, Pab 47.6 ± 12.5 62.4 ± 6.6

a Manufacturer�s data.
b Measured.
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and speed were recorded. The speed of the fan was measured using a DT2236 handheld optical
tachometer with an accuracy of ±0.05%. The coefficients of determination for the best fit lines
(y = C Æx) were 0.96 to 0.99 for the I–V characteristics and 0.94 to 0.96 for the x–V characteristics.

The I–V characteristic (dashed line in Fig. 2) is solved simultaneously with the PV module�s I–V
curve to obtain the operational voltage of the fan, while the x–V characteristic is used to deter-
mine the fan rotational speed (x, r/min). It is customary to determine the speed of the fan by solv-
ing the PV I–V characteristic with the motor equations [19]. Alternatively, bearing in mind that
they are valid for a constant torque (i.e. constant pressure across the fan), the I–V and x–V char-
acteristics of the fan can be used [14,20]. This is discussed in detail in Section 3.4.



914 N. Odeh et al. / Energy Conversion and Management 47 (2006) 909–925
3.2.2. The pressure–flow characteristic (DPf–Q)
The DPf–Q flow characteristic changes with fan speed [15,16] and air density. By measuring a

reference curve at known conditions of speed and air density, the DPf–Q characteristic at any
other condition can be derived using fan affinity laws [11].

3.2.2.1. Measurements. Reference DPf–Q curves were taken for the fans given in Table 1 at 2000 r/
min. Fan DPf–Q characteristics were measured according to ASHRAE procedures [21]. Pressure
measurements were performed with an error of ±0.5 Pa using an Airflow Developments inclined
manometer and two pitot static tubes across the fan. Flow rate measurements were performed at
the centre of the duct with an error of ±4 l/s using a self calibrating ultrasonic anemometer with
digital LCD display (Anemosonic UA6). Flow rate measurements were based on 2 min averages
of 5 s measurements. An average value of flow rate was determined by multiplying the measured
flow rates by a factor of 0.9. This procedure, which substitutes for a full traverse of the duct, can
cause an inaccuracy of 5–10% [22].

The speed of the fan was measured using the aforementioned optical tachometer, while the air
temperature was measured to ±0.1 �C using a k-type thermocouple. Rotational speed and air tem-
perature were recorded for each pressure–flow measurement to check their stability.

3.2.2.2. Results. The reference DP–Q curve (i.e. 2000 ±25 r/min (209.4 ±2.6 rad/s), 18±0.1 �C and
758 ± 0.5 mmHg) for Fan2 is compared to manufacturer�s data in Fig. 3.

Measurements were not obtainable at low static pressures and high flow rates because of the
resistance to flow caused by the measuring instrument. The curve shown is typical for axial flow
fans [11]. The ‘‘dip’’ in the measured curve is due to the stall conditions on the blade aerofoils.

The DPf–Q characteristic at reference conditions was approximated by a cubic regression with
an R2 value of 0.9844 (for Fan2) and 0.9911 (for Fan1). The DPf–Q characteristics at other con-
ditions are obtained from these cubic regressions as explained below.
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Fig. 3. Fan performance curves (DPf–Q) for Fan2: a comparison of measured (the points) and predicted curves (the
solid lines) at three fan speeds (from lower to higher curve: 1400, 2000 and 2400 r/min).
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The speed of the fan is obtained as discussed in Section 3.2.1. For a given atmospheric pressure
(Patm, mmHg), air temperature (Tair, �C) and fan speed (x, r/min), the flow rate of air at new con-
ditions (Q, l/s) and the corresponding pressure across the fan (DPf, Pa) can be obtained from the
reference flow rate (Qref, l/s) using the following equations:
Q ¼ 1.92� 10�4 x � P atm

T air þ 273.15

� �
� Qref ð6Þ

DP f ¼ 3.67� 10�8 x2 � P 2
atm

T air þ 273.15ð Þ2
A � Q3

ref þ B � Q2
ref þ C � Qref þ D

� �
ð7Þ
The constants A through D and the experimental errors associated with them are shown in Table 1
for each of the fans. These constants are fan specific and are obtained from the reference regres-
sion curve (see Fig. 3). Accounting for all experimental sources of error, the flow rate and pressure
in Eqs. (6) and (7) are predicted with errors of 5% and 8%, respectively.

Using Eqs. (6) and (7), DPf–Q curves at 2400 r/min and 1400 r/min were generated as shown by
the dark solid curves in Fig. 3. Furthermore, data were measured for Fan2 at 2400 r/min and
1400 r/min and compared to predictions as shown in Fig. 3. Even though a considerable agree-
ment is observed between the predicted and measured values, the cubic regression does not
account for the dip in the curve. An alternative way for representing the fan DPf–Q characteristic
is to describe it in terms of three linear segments [8].

Fig. 3 also shows the pneumatic power characteristic for Fan2 at 2400 r/min. It is seen that the
highest pneumatic power (DPf ÆQ) is obtained at the top of the lower section of the DPf–Q curve
[23]. An optimal length of duct can be determined so that the system operates at that power.

3.3. Duct model

The system DPs–Q curve is a quadratic function of DPs in Q
DP s ¼ K � Q2 ð8Þ

where the coefficient K is a function of the duct properties and density of air as shown in the fol-
lowing equation, which can be derived from Darcy�s law
K ¼ 8f � q � L
p2 � D5

ð9Þ
where the friction factor, f, is a function of Reynolds number ð4q�QplDÞ and the roughness of the duct
(k, mm) and can be obtained from the following equation [24]
f ¼ 1.325

ln k=D
3.7

� �
þ 5.74

N0.9
Re

� �2
ð10Þ
For a flexible duct, the roughness is a function of the degree of extension (or compression).
Thus, the DPs–Q curve depends on the degree of extension of the duct in addition to its diameter
and length. From the equations above, it is seen that if the roughness coefficient is known for a
given extension, the task of determining the system curve for any length and diameter of duct
becomes simple.
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Abushakra et al. [25] introduced a pressure drop correction factor (PDCF) for flexible ducts as
a linear function of compression ratio. This factor is defined as the ratio between two pressure
drops for two different extensions of the same length of duct. This method, however, is only useful
for pressure loss determination and not for generating the DPs–Q curve at a given extension. In
the current study, pressure–flow measurements were taken for two duct extensions (80% and
100%) of known lengths and diameters at room temperature. Eqs. (8)–(10) were then used to cal-
culate an average value of roughness (k) for each extension.

The duct used was 3 m long and 152 mm in diameter Thermaflex Aliflex flexible ducting with
multiple layer aluminium/polyester laminate. Using these measurements and the equations above,
a roughness value of 2.5 ± 1.2 mm is obtained for 100% extension and 9.6 ± 1.5 mm for 80%
extension. Values of 2.1 mm for fully extended and 6.3 mm (i.e. 3 times the value at 100% exten-
sion) for 80% extended metallic ducts are given by ASHRAE [26].

These experimentally determined roughness coefficients can then be used in Eqs. (10), (9) and
(8), respectively, to generate the system curve for any length of duct if the extension, air properties
(i.e. air density and viscosity) and duct diameter are specified. Considering all experimental
sources of error, the pressure (DPs) in Eq. (8) can be predicted with an error of ±0.5–3 Pa (for
80% Ext.) depending on the flow rate, duct length and duct diameter. Fig. 4 shows a comparison
of predicted (based on the predetermined k values) and measured DPs–Q curves for a duct diam-
eter of 152 mm and a temperature of 20 �C.

3.4. The effect of pressure on fan characteristics

The ‘‘slate packing’’ affects the system DP–Q characteristic. Thus, the flow rate–irradiance
(Q–G) profiles are different for different slate types even if the same PV–fan–duct combination
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is used. Moreover, it is reported that for pumping systems, the fan I–V and x–V linear relation-
ships mentioned in Section 3.2.1 change as the pressure across the pump changes [14]. This leads
to the conclusion that the speed of the fan and consequently its DP–Q characteristic may also be
affected by the ‘‘slate packing’’, thus affecting the flow rate.

The effect of pressure on the I–V and x–V characteristics of fans was experimentally investi-
gated in a 2.5 m long, 141 mm diameter steel tube with the fan at one end of the tube and a restric-
tion valve at the other. Opening and closing the valve alters the pressure across the fan. Fixing the
pressure at a desired value and varying the voltage (using a power supply), readings of current and
speed for different voltages are obtained. However, as the voltage is increased, the pressure in the
system also increases. By adjusting the valve position every time the voltage was increased, the
pressure across the fan was maintained nearly constant. I–V and x–V curves were obtained for
different pressures across the fan. The results of the x–V curves for Fan2 are shown in Fig. 5.

It is seen that even though pressure is expected to affect the speed, voltage and current individ-
ually, it has a negligible effect on the x–V and I–V characteristics of the fan. This effect is more
significant in pumping systems because of the associated higher system pressures (meters of water
rather than centimetres). The model can, thus, be simplified by neglecting the pressure dependence
of the I–V and x�V characteristics. The following section outlines the computer model for pre-
dicting the flow rate of air in the system.
3.5. The computer model

A detailed flow chart of the model is shown in Fig. 6. Reference conditions, which can be either
obtained from manufacturer�s data or from measurements on the components, as described in
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Sections 3.1–3.3, are necessary for completion of the model. From the irradiance and ambient
temperature, the model predicts the PV module�s electrical output, which, when solved simulta-
neously with the fan�s electrical characteristic, calculates the rotational speed of the fan. The
DP–Q characteristic of the fan is determined at this calculated speed, while that of the fan–duct
system as a whole is evaluated with the given duct properties (length, diameter and degree of
extension). The flow rate in the system is determined by solving the fan and system DP–Q char-
acteristics simultaneously.

Using the equations above and the experimentally determined reference measurements,
a program was written in Visual Basic for Applications (VBA) to calculate the flow rate
of air. The model was validated through comparison with measurements as shown in
Section 4.

Since the component specific constants used in the model are determined experimentally, the
predicted flow rate is expected to have some error. Sources of error include the determination
of the PV module reference curve, the coefficients in the fan I–V, x–V and DP–Q characteristics
and the roughness coefficient of the duct. Considering all sources of error in the measurements,
the model predicts the rotational speed of the fan and the flow rate with maximum errors of
6.8% and 12.0%, respectively.
4. Model validation

Validation of the program was performed by comparing the predicted performance with that
measured for a roof section constructed at the School of Engineering at Napier University in
Edinburgh. Predicted flow rates were based on measured values of irradiance, PV module temper-
atures and in-duct air temperatures.

The roof section shown in Fig. 7(a) was constructed from interlocking concrete tiles. Holes
of 10 cm diameter were drilled in the sarking board underneath the slates (Fig. 7(b)) and a
well sealed fan box was constructed as shown in Fig. 7(b) and (c). The fan–duct system was in-
stalled in the box (Fig. 7(c)) and connected to an MSX-10 Lite BP Solarex PV module, rated
at 10 Wp.

Measurements of G, Tmod, Tair and Q were taken for periods of constant irradiance to ensure
stability of flow rate readings corresponding to that irradiance.

The irradiance was measured with an accuracy of 3% [27] using a Kipp and Zonen pyranometer
placed in the same plane with the PV module and roof tiles and directly connected to a data log-
ger. Incidence angles were calculated (Azimuth: �15�, Tilt: 45�, Latitude: 55.95�, Longitude: 3.3�)
for the time and date of measurement and, whenever necessary, a transmittance correction for
irradiance falling on the PV module was applied [28].

Two k-type thermocouples, one placed in the middle at the back of the PV module and the
other placed at the outlet of the duct, were used for temperature measurements with an accuracy
of ±0.1 �C. The thermocouples were connected to the data logger, and irradiance and temperature
readings were obtained at the beginning and at the end of each flow rate measurement to ascertain
the stability of the temperature throughout the measurement period.

Flow rate measurements were performed using the aforementioned anemometer (Section
3.2.2.1) at the centre outlet of the duct as shown in Fig. 7(d).



Fig. 7. Tested roof section: (a) roof section, PV module and solarimeter all placed in the same plane, (b) 10-cm holes
drilled in the sarking board , (c) the fan and duct at the outlet of the fan box, (d) the flow rate is measured at the duct
outlet.
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In practise, the duct is not uniformly extended down the attic. If a system curve, DPs–Q is mea-
sured in the roof section under investigation then an effective duct length (Leff) can be defined as
the horizontal length of duct (at a given % extension and the same duct diameter) that has the
same DPs–Q curve as the measured one. For validation purposes, two duct lengths were tested.
D Ps–Q curves were measured in the roof section and translated into Leff for a 152 mm diameter
duct at 80% extension.

In order to measure the system curves, the pressure across the fan, the pressure in the fan box
and the flow rate were recorded at different fan speeds (i.e. fan voltages). Pressure measurements
were performed with an accuracy of ±0.5 Pa using the Airflow Developments inclined manometer
mentioned above (Section 3.2.2.1) and two pitot static tubes: one placed in the fan box (through a
side hole in the joist) and the other downstream from the fan, far enough for pressure recovery to
be achieved. The voltage and speed of the fan were manually altered using a Weir 4000 power
supply.

The two fans mentioned above (Section 3.2.2) and two effective duct lengths (11.5 ± 1.5 and
8.5 ± 2 m) were tested interchangeably. The results are shown in Fig. 8. The solid line with a slope
of 0.9873 and a coefficient of determination of 0.9417 represents the best fit line for all the data
points.
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For comparison purposes, each of Figs. 9–12 shows a flow rate vs. irradiance (Q–G) profile for
two of the four systems. Considering the experimental sources of error inherited by the model and
those attached to the measured flow rate, there is good agreement between the measurements and
predicted values.

As is seen from Figs. 9 and 10, more flow rate is produced with a shorter length of duct. This is
expected because for shorter lengths, the system is working against less resistance to flow.
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In Figs. 11 and 12, both predictions and measurements reveal that Fan2 provides a lower flow
rate than Fan1 at low irradiances but starts producing higher flow rates at some inflection irradi-
ance (G = 580 W/m2 for the 11.5 m length and G = 520 W/m2 for the 8.5 m length). For ventila-
tion as well as heating purposes, it is desired to maximise the monthly volume of air delivered (i.e.
maximise the flow rate). Thus, it can be concluded from Figs. 11 and 12 that if the monthly aver-
aged irradiance for a certain location is below the inflection irradiance, then it is preferable to use
Fan1. Fan 2, on the other hand, is preferable at lower latitudes with higher monthly average
irradiances.
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Fig. 12. Predicted (solid lines) and measured Q–G profiles for an effective duct length of 8.5 ± 2 m for both fans.
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5. Conclusions
1. Condensation dampness and mould growth are major problems in energy efficient buildings
due to the lack of ventilation. A PV driven mechanical (i.e. fan–duct) system, which uti-
lises the solar energy absorbed by the roof slates for preheating ventilation air, is being
investigated at Napier University. Understanding the long term performance of this solar
ventilation air preheating system requires the development of a model that predicts the
flow rate of air as a function of the irradiance falling on the PV module in addition to other
factors such as ambient temperature and component (i.e. PV module, fan, duct) speci-
fications.

2. A model has been developed to predict the flow rate of air in the system through consider-
ation of reference measurements. Considering the different sources of experimental error, the
model can predict flow rate to ±12%. The model has been validated in a roof section at
Napier University in Edinburgh for four systems. The predicted values are within 10% of
measurements.

3. Even though the roof slates impose a resistance to flow, thus increasing the fan torque
and reducing its rotational speed, they have a negligible effect on the fan I–V and x–V
characteristics.

4. For the model developed herein to be applied, the effective length of duct for a given system
must be determined. This can be done by measuring the DPs–Q curve in the roof section, and
an effective length of duct is determined for a given extension (say 80%). A single measure-
ment of pressure and flow rate is satisfactory to define the DPs–Q curve.

5. The model is extended so that it can be applied for any location (latitude, longitude and
weather data of irradiance and ambient temperature) and roof orientation (tilt and azimuth).
Future work will make use of the model to optimise the system based on maximising the
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monthly volume of ventilation air delivered. The thermal contribution and effectiveness of
PV driven RSB systems will also be investigated.
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