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Flow characteristics of one-side-mounted windows
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Abstract

Full-scale measurements of the flows through openings under one-side-mounted casement windov@ are
reported. Together with previous studies on scale-model windows, the results provide a sound bas‘ls for
a quantitative approach to describe the flow characteristics of this window-type. Since the dbeSI'gn of
windows considered is commonly applied in naturally ventilated buildings, the presented description of
the flow through those window openings can be widely employed.

1. Introduction

For residences, schools, greenhouses, livestock
buildings etc., natural ventilation is an important
tool to control the indoor climate. It directly affects
factors such as temperature, humidity and com-
position of the air. These items are of interest with
respect to the comfort and well-being of the oc-
cupants and the energy consumption of the building.
To design a building, or to improve the control
strategy of the indoor climate, a good understanding
of the ventilation features is essential. In view of
their importance, ventilation characteristics of build-
ings and the mechanisms of ventilation have been
subjects of extensive research; e.g. see refs. 1-3.

In general, when air infiltrates an enclosure
through an opening, the pressure difference between
the enclosure and the environment can be considered
as the driving force for the flow. The volume flux
of the air depends not only on the existing pressure
difference and the area of the opening, but also on
the flow resistance of the opening through which
the air has to pass. Though this basic principle is
well established, a universally applicable “law of
ventilation” is not available. The pressure distri-
butions and the corresponding types of flow near
the windows are not only caused by uncorrelated
physical aspects such as temperature differences,
wind speed and wind direction, but they also depend
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on a variety of parameters like window-type. the
location of the windows, shape and size ol the
building.

By separating the driving force and the Il_m."
characteristics of the ventilation opening, the effect
of the various parameters can be better underst: N-f-
When studying the origin of the getwrat.ed presnll_llfi
difference, one can distinguish two types of nal Il‘l :lt
ventilation: (a) caused by wind effects, or (b) cfmunfht
by a difference in air temperature between the inside
and outside air. Both effects are mutually indepcn-
dent and can be described separately. The ventila l-lttﬂ
caused by wind effects through one-side-moufite
windows is treated in another study [4]- )

The flow characteristic of an opening, rel.sitf“g’
the volume flux through the openiny to the exlptlll&i
pressure difference, is given by the geometry ﬂ.l“
dimensions of the opening. To be able to calcuilate
the natural ventilation rate of a building, a-.c(:'tll'ﬂf-(;
information concerning the flow characteristic's Of
the windows is required. Research on the effext l(l)
the inlet configuration on the ventiliation is us#a .3’
directed towards model studies [5—10]. In all f-“c*;ic
studies, fixed opening structures were consndtfffl ’
For many windows however, the window op«hing
areas can be varied by means of some o_p@'l"i‘ﬁ
component, characterized by the angle with th
plane of the wall.

A type of window frequently usc
ventilation, is the one-side-mounted casemen G
dow. Warren [11] investigated ventilation rates "I
enclosures fitted with this type of window in a wuu.
tunnel and in a field experiment. The measurerrients
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were performed at different window angles, wind
speeds and wind directions. Total effects were stud-
ied and no distinction between the driving force
and the flow characteristics of the window opening
was made. Baturin [12] published data (obtained
from laboratory tests) of flow characteristics of a
single, top-hung flap for some fixed opening angles
and geometries. No general description of the flow
characteristics was given.

An approach to describe the flow characteristics
of one-side-mounted windows was outlined in the
thesis of Bot [13], in which the ventilation of
greenhouses was studied. In his approach, the flow
generated by a specific pressure difference over the
window was related to the dimensions of the window
and the window opening angle. His numerical results
on the flow characteristics are based on flow ex-
periments in scale models only (1:30 and 1:10).

Full-scale measurements of the flow through the
opening under one-side-mounted windows are an
essential supplement of this research to definitely
confirm the above-mentioned approach. The present
paper resumes, in short, some relevant aspects of
Bot's thesis and presents full-scale measurements
of the flow characteristics of windows on a cover
of a Venlo-type greenhouse. Just for this type of
building, with its identical windows distributed
evenly on the cover, a knowledge of the flow char-
acteristics of the windows can be applied imme-
diately. With the known flow characteristics of the
windows, the effect of environmental conditions such
as wind speed and temperature difference between
the interior and exterior on the ventilation process
can be studied.

2. Principal considerations

The flow characteristic of an opening relates the
volume flux (¢,) through the opening to the driving
force for the flow, i.e., the existing pressure dif-
ference (AP).

In the case of air exchange through the opening
under a one-side-mounted window, it is obvious
that at a given pressure difference the volume flux
will vary with the size of the window and with its
opening angle. Consequently, this should be in-
corporated in the general expression for the flow
through this type of window opening.

First of all, the flow through a rectangular opening
without a flap (Fig. 1) can be considered. If a
pressure difference is maintained over this opening,
a stationary volume flux ¢, will be generated. A
relationship between AP and the corresponding flux
was established by Bot [13] in experiments with

Fig. 1. Rectangular opening.

scale models. In these experiments, scale-model
windows (i.e., rectangular openings with different
dimensions of length and height) were mounted on
a model greenhouse with the same scale factor.
Through the windows, an airflow could be generated,
from the inside of the greenhouse to the outside,
or the reverse. For various flow velocities through
the window opening, the corresponding air volume
flux and pressure drop across the opening were
recorded. The Reynolds numbers in the opening
were chosen within the same range as those oc-
curring in full-scale ventilation (200 <Re <21000).
From the experiment, it appeared that for the flow
region chosen, the viscosity is of minor importance.
Consequently, the flow is mainly affected by the
density p, of the air and the shape of the opening.
This can be expressed in an Euler-like relation:

AP
1o F,(L./H,) (@Y)
where
p,=density of the air in the opening
U =average velocity of the air in the opening
L,, H,=length and height of the opening respec-
tively.

The aspect ratio L,/H, of the opening is defined
as the geometric ratio of length over height. The
function F,(L,/H,) is called the friction factor of
the opening. In the model experiment, this factor
indeed turned out to be dependent on the dimensions
of the opening only and the fitting curve through
the measuring points could be described by:

F,=1.75+0.7 exp[ —(L,/H,)/32.5] for L,/H,>1
(2a)

or

F,=1.75+0.7 exp[ — (H,/L,)/32.5] for L,/H, <1
(2b)

In both cases Re must satisfy 200 <Re <21000.




When the same opening is considered, but now
with a flap mounted on one side of the frame of
the opening (Fig. 2, one-side-mounted window), the
friction factor F',, of the opening under the window
and the effective opening area A,, depend on the
opening angle. Bot now supposed that this de-
pendency can be represented by two new functions
fi(e) and f>(«), which relate F,, to F, and A,, to
A,=L.H,:

Fw =Fofl.(a) (33')
Ap=Aofo(a) (3b)

Calling ¥ = ¢,/A,,, we can now reformulate eqn. (1)
as:

2
AP=F,x} p.,(i*i‘i)

A, (4a)

or

2
AP =[F, [fu(a)] X} po(ﬁ) (4)

Ao

or (the flow equation in terms of the square law):

2
1 2AP
)y T mm——— WA —— 4¢
*= Tl ( p ) =
where the term [F,/f.(a)] 2 is referred to as the
discharge coefficient and where

USe(@)F?
Si(a)

The definition of the window function f,,(a) in this
way is preferable to its reciprocal form, since it
now approximates zero for a=0 (closed windows).

The function f;(«), defining the ratio F,,/F,, can
be found when we can establish a value for the
friction factor F',, of the opening under the window.
For this purpose, for the time being, it is stated
that the effective opening area of the opened window
equals the smallest area under the flap, i.e., area
AEFB in Fig. 2. We notice that in this effective
opening area, the length and height are L=L, and
H=H, sina.

With this length and height, the aspect ratio of
the effective opening adopted is known and can be
substituted in eqn. (2). So the function f;(«) can
be written according to eqn. (3) as:

Juw(@)= (%)

— Fw
Ji(a) = “FTO
_ 1.75+0.7 exp[ — (Lo /H, sina)/32.5]
T 1.75+40.7 exp| — (L,/H,)/32.5]
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Fig. 3. The function f,(a) as a flnztion of the window opening
for various aspect ratios.

Equation (6) holds for L,/}2 > 1 or L,/H, sina> 1.
For L,/H,<1 or L,/H, sinx< 1, the corresponding
relation can be found in & completely analogous
way.

In Fig. 3 a graph of f,(@) & given for some aspect
ratios according to eqn. (6). The Figure shows that
for small aspect ratios the increase of the function
Ji(a) to the value 1 is faster than for larger aspect
ratios. For aspect ratios approximating zero and
infinity, fi(a) equals 1 for all opening angles. For
a very small split the influence of a flap is clearly
negligible, even for very siall opening angles!

We want to stress that in general the friction
factor is not strongly dependent on the aspect ratio.
So an eventual error in the value of the friction
factor F, resulting from our ad hoc supposition
about the effective opening area under the window
flap (area AEFB in Fig. 2, i.e., L H, sina), will not
give rise to serious miscalculations in f; () following
eqn. (6).

To establish the function f,(«), defining the ratio
A, /A, the effective exchange area A,, of the opening
under the window has to be known or estimated.
Again, we can suppose that the effective opening
area is represented by the smallest area under the
window, i.e., area AEFB in Fig. 2. In this way the
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simple function fy(a) =sina could be estimated, re-
lating the exchange area under the window (Fig.
2) to that without a window (Fig. 1). It is obvious
however, that some contraction will appear in the
opening and that the side areas DAE and CBF of
the opening (Fig. 2) will also contribute to the
effective exchange opening under the window flap.
It seems likely that the side area effect will increase
for decreasing aspect ratios. However, a summation
of the three areas as the representation of the
effective opening area is too simple since it can be
expected that f5(«) will not exceed the value 1. To
determine f,(a) as a function of the aspect ratio,
eqns. (5) and (4b) can be combined to:

Fo 1/2 1
fz(a)=[% po(ﬁ) Xﬁ(a)] x (Af;)m ™

This formula implies that, when air volume fluxes
and pressure differences are measured for a range
of opening angles of windows with different aspect
ratios and therefore different friction factors, values
of fo(a) can be determined experimentally for each
specific combination of window and window angle
as the quotient of ¢, over (AP)'” with the ‘correction’
factor [} po(F,/A,2) X fi(@)]'?. In this factor, the
above-mentioned function fi(a) given by egn. (6)
can be incorporated.

3. Experimental set-up

A compartment (floor area=6.50%6.70 m?, Fig.
4) was built in the centre of a Venlo-type greenhouse
with dimensions 26.6X22.2 m?. The side walls of
that compartment were made of blisterpadding
mounted on a wooden frame. The compartment was
built as airtight as possible. Each of the four windows
in the cover of the compartment was constructed
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Fig. 4. Compartment in the centre of the greenhouse.

in such a way that two different window types, with
aspect ratio 1.00 (L,=H,=0.71 m) and 0.47
(L,=0.73 m and H,=1.55 m) were available (Fig.
5).

In this experiment, the airflow through the window
was generated by a high capacity airblower (Nordisk
ventilator, type CNA 400) mounted in an opening
in one side wall of the compartment. The direction
of the airflow could be altered.

To measure the air volume flux, a large tube,
with a propeller inside serving as volume flux meter,
was mounted at the outlet of the blower. The di-
ameter of the propeller almost equalled the internal
diameter of the outlet tube. The volume flux meter,
in combination with the blower, was calibrated first
in a wind tunnel at the Institute of Agricultural
Engineering (IMAG-DLO) in Wageningen, The Neth-
erlands. According to Berckmans [14], measured
values with this device are dependent on the pressure
head over the propeller. Therefore series of ¢, (air
volume flux generated by the blower) and » (rotation
velocity of the propeller) were measured at static
pressures across the inlet and the outlet of the
blower (P;,) varying from 0 to 40 Pa (Fig. 6). It
is to be noticed that, especially in the case of small
airflows, the rotation number of the propeller is
influenced by the pressure head P,_,. In our work,

Fig. 5. Window types on the cover of the compartment. In A:
L,=0.73 m, H,=1.55 m; in B: L,=0.71 m, H,=0.71 m.
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Fig. 6. Rotation velocity of the propeller as a function of the
airflow rate at various pressure heads (AP, ).




as a rule, ¢, and n were large enough to neglect
the influence of this effect.

During the experiments only one window was
opened in the compartment. In this way, it is exactly
known how much air is blown or sucked through
this window. Moreover, larger pressure differences
could be established.

The pressure in the compartment and outside the
compartment near the window was sampled by a
pressure sensor following Elliott [15]. It consists
of a thin circular disk with a diameter of 40 mm
and mean thickness of 2 mm, positioned on a long
thin stem (Fig. 7). The sampling ports are located
at the upper and lower centre of the disk, sampling
static and dynamical pressures local to the disk.

Special attention has been paid to the dimensions
of the instrument to eliminate dynamical pressure
changes (i.e., dynamic pressure noise generated by
the interference between the flow field and the sensor
body) at the sampling points. A detailed description
is given in ref. 15.

During the experiments, two parallel linked sen-
sors were positioned outside the window out of the
main flow generated by the blower. Another pair
of parallel linked sensors, the reference sensors,
were positioned in the compartment. The sensed
pressures were led to a differential microbarometer
(Datametrics type 590D) with an operation range
of —100 Pa to + 100 Pa and an accuracy of 0.05%
of the reading. To eliminate high frequency noise
in the pressure signal during the measurements, a
pneumatic low-pass filter with a first-order time
constant of 70 seconds was placed between all
sensors and the barometer. Calibration of the pres-
sure probes and testing of the sensors in combination
with the filters and the microbarometer was per-
formed according to Jacobs [16, 17].

Moreover, to minimize the low frequency pressure
noise due to the blast of the wind outside, mea-
surements were performed during periods with low
wind speeds, not exceeding 1 m/s.
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4. Results and discus~ion

For the window wittr aspect ratio 0.47, mea-
surements were perform ~d at window openings rang-
ing from O to 14°. For th* window with aspect ratio
1.00, the measurements ~ere carried out at opening
angles varying from 0° 0 77°. For both window
types, the function fz("’) was determined experi-
mentally from the meas*¥ed ¢, and AP, according
to eqn. (7). The result” 2r€ presented in Fig. 8,
together with some thePretical results (the dotted
curves) which will be (/iscussed later.

We notice that for windows with a lower aspect
ratio, at small opening .ngles, t_he increase of f(a)
with increasing opening/ angle is stronger than for
windows with larger aspect ratio. This tendency
suggests that somehow the effect of the side areas
under the window has t« P€ taken into consideration.
The side areas will be r~latively more important for
windows with lower as(/€ct ratio than for windows
with larger aspect ratic’ .

To interpret these rc-"u-lFs’ we stax"t with our first
simple statement, neg/~Cting any side area effect,
that f;(a) =sina. To deferrrﬁne the additional effect
of the side area to thr total ventilation, we adopt
the considerations of B¢+t [13]. Looking at the model
of Fig. 9, Bot estimatr-" the part of the side area
which re;naixls free to contribute to the total ex-
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Fig. 8. Full-scale measured values of the functioﬁfz(a} together
with a theoretical model «d ,itted curves) related to the opening
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Fig. 9. Model to describe the effect of the side area.

change area. Some elementary geometrics then re-
veal that the effective opening of one side are
amounts to:

90~«a
H.? si —| m(H, sina)®
3 sina cosa ['n( sma)( 360 ):l
In order to amount to some possible deviation from
this model, Bot still introduced two arbitrary con-
stants @ and b, so that his final results for f;(«a)
reads:

H,
Sa(a)=sina [] +a L—" (cosa—b

o

90—« .
><21T( 360 )Xsma)] (€:))

Scale-model measurements reported by Bot gave
fair agreement with eqn. (8) when a¢=0.6 and
b=1.00. The a and b values indicate that the
complete circular sections shield off the side areas
(b=1) and that the front areas are more effective
for the exchange of air than the shielded side areas
(a=0.6).

Figure 8 shows that our experimental results are
in full agreement with the geometrical model (rep-
resented by the dotted curves) describing the ef-
fective exchange area under the window. In the
study on the scale models, the flow direction was
from the inside to the outside of the model green-
house. The full-scale measurements show that no
clear effect on the measured values of f5(a) can be
observed from the flow direction through the win-

dow. This implies that the developed expression
for f,(a) holds for both flow directions.

In addition to the obtained values of fo(a) from
the full-size experiment, another measured quantity
in this experiment supports the similarity of the
flow properties in both full-size and model windows.
In the case of the window with aspect ratio 1.00,
which could be opened almost up to 90°, recorded
pressure differences over the kinetic energy per unit
volume in the opening (according to eqgn. (1)), give
relevant information concerning the friction factor
F, of the rectangular opening only.

Since both functions fi(a) and f3(a) approach
1.00 at full opening, the window function f,(e) will
do the same according to eqn. (5). Measured values
of AP/(} p,9%) at increasing opening angle will,
according to eqn. (4b), approximate the F, value
for the rectangular opening with aspect ratio 1.00
at full scale. From Fig. 10, it appears that the F,
value, based on eqn. (2) and derived from the
experiments with scale models, matches well with
the full-size measurements.

In Table 1, a comparison is made between the
flow characteristics given by Baturin [12] (expressed
as values of AP/[} p,0°] and based on a model study)
and the calculated values of F, /f,,(a) (= AP/[} p,9°],
see eqn. (4b)) based on the proposed approach.
The figures in Table 1 indicate that agreement
between our results and the values given by Baturin
is good. This confirms the data given by Baturin
and demonstrates that the above-mentioned ap-
proach allows the calculation of the flow charac-
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Fig. 10. Recorded pressure differences over the kinetic energy
per unit volume in the opening as a function of the opening
angle for the window with aspect ratio 1.00.
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TABLE 1. Flow characteristics (expressed as valuess »f AP[} p,7%]) given by Baturin () and calcuiuated on the basis of the presented

approach (F,/f.(a))

a Lo/H,=1 L H,=2 L, ==
 inflow ¢ outflow Folfula) < tlow ¢ outflow F,/ff.(a) £ iraflow { outflow F,lf.(a)
15 16.0 11.1 18.69 26 17.3 24.1 30..8 30.8 25.00
30 5.65 4.90 6.75 190 6.9 7.77 9..15 8.60 7.00
45 3.68 3.18 4.12 £.00 4.0 4,38 5..156 4.70 3.50
60 3.07 2.51 3.08 3.18 3.07 3.13 3..54 3.30 2.30
90 2.59 2.22 2.43 2.59 2.51 2.41 .69 2.51 1.75
teristics of one-side-mounted windows Zor various AP pressure differrence across the opening (N
opening angles a and ratios of length L. to height )
H,. AP; , pressure differrence across inlet and outlet
blower (N m~" )
Re Reynolds nurmuber (—)
5. Conclusions J average air vezlocity in opening (m s™')
a window operung angle (deg)
The full-size measurements of window narameters  ~° d_ens:ty of air In t-hf 0_919111118 (kg m~?)
of the flow through openings under one-side- b air volume flux (m” 577
mounted windows correspond with pres-ious mea-
surements carried out on similar scale-model win-
dows. The results imply the validity of the developed References

approach to describe the flow characteristics of
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outflow. In this approach, the ratio between the
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the exchange area under the window shows the
effect of the side areas for various aspect ratios.
The presented description of the flow characteristics
can be a useful instrument for predicting the ven-
tilation rate of buildings containing this type of
window.

Nomenclature

opening area of rectangular opening (m?)

A, effective opening area of one-side-mounted
window (m?)

Si(a) function defined by egn. 3a (—)

Jo(a) function defined by egn. 3b (=)
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Fy friction factor of rectangular opening (—)

&y friction factor of window opening (—)

H height (m)

H, height of rectangular opening (m)

L length (m)

L, length of rectangular opening (m)

n rotation velocity of propeller (rad s ')
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