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Abstract 

Full-scale measureme.nts of the flows through openings under one-side-mounted casement windows are 
reporte~. T.ogether with previous studies on scale-model windows, the results provide a sound basis for 
a . quantitative approach to describe the flow characteristics of this window-type Since tlw design or 
wmdows co "d d · · · . h nsi ere JS commonly applied m naturally ventilated buildings, the presented dc!<..ription of 
t e 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 oft.he ~door climate, a good understanding 
of the ventilat10n 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 
o~ the air depends not only on the existing pressure 
difference and the area of the opening, but also on 
the fl~w resistance of the opening through which 
the arr 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 . ~he 
location of the windows, shape and size of the 
building. 

By separating the driving fore(' :md the 1 l.1>W 

characteristics of the ventilation op(•ning, the o11cct 
of the various parameters can be b •ttcr unders1.11od. 
When studying the origin of the gem•rated presriurc 
difference, one can distinguish two 1.ypes of nat-ural 
ventilation: (a) caused by wind effect:-i, or (b) ca11scd 
by a difference in air temperature b t.ween the ir 1~ide 
and outside air. Both effects are mowally ind pen­
dent and can be described separately. The ventil111.ion 
caused by wind effects through om~-side-mou11Lcd 
windows is treated in another study ( 4]. 

The flow characteristic of an oponing, rewting 
the volume flux through the opening to the exipl.ing 
pressure difference, is given by tlw geometry and 
dimensions of the opening. To be nhle to calc1datc 
the natural ventilation rate of a building, accurate 
information concerning the flow c1u1racteristit!::I of 
the windows is required. Research on the eff e~t of 
the inlet configuration on the ventilation is usually 
directed towards model studies (5-1 O ). In all these 
studies, fixed opening structures were consid1~rcd. 
For many windows however, the window op~n~ng 
areas can be varied by means of' some op~nmg 
component, characterized by the ungle witH the 
plane of the wall. 

A type of window frequently 11:-icd for mrturaJ 
ventilation, is the one-side-mount •d casement, win· 
dow. Warren (11 j investigated ve111.ilation rav~s of 
enclosures fitted with this type of window in a wind 
tunnel and in a field experiment. TIH' measurer(1cnts 
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were perlormed 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 ( </>v) through the opening to the driving 
force for the flow, i.e., the existing pressure dif­
ference (tiP). 

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 <Pv will be generated. A 
relationship between t::i.P 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 p0 of the air and the shape of the opening. 
This can be expressed in an Euler-like relation: 

tiP 
~ =F0 (Lo/H0 ) 

z p0 V 
(1) 

where 
p0 = density of the air in the opening 
v = average velocity of the air in the opening 
L 0 , H 0 =length and height of the opening respec­
tively. 

The aspect ratio L 0 /H0 of the opening is defined 
as the geometric ratio of length over height. The 
function F 0 (L0 /H0 ) 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 0 =1.75+0.7 exp[-(L0 /H0 )/32.5] forL
0
/H0 >l 

(2a) 

or 

Fo = 1.75 +0.7 exp[-(H0 /L0 )/32.5] for 4/H0 <1 

(2b) 

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



When the same opening is considered, but now 
with a flap mowited on one s ide of the frame of 
the opening (Fig . 2, one-side-mounted window), the 
friction factor F w of the opening under the window 
and the effective opening area A.u dep end on t he 
op ening angle. Bot now supposed that this de­
pendency can be represented by t;wo new functions 
f 1(a) and f 2(a) , which relate Fw to F 0 and A.u to 
A0 =L0 H 0 : 

Fw =Fof1(a) 

Aw=Aof2(a) 

(3a) 

(3b) 

Calling v = </>vfA.u, we can now reformulate eqn. (1) 
as: 

M>=FwX! Po(!:Y (4a) 

or 

(4b) 

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

1 2M' 
( )

1/2 

</> = XA0 --

v JF0 /Jw(a) P 
(4c) 

where the term [F0 Lfw(a)]- 112 is referred to as the 
discharge coefficient and where 

f, ( ) = lf2(a) l2 
w a f1(a) 

(5) 

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

The functionf1(a), defining the ratio FwlF0 , can 
be found when we can establish a value for the 
friction factor F w 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 =Lo and 
H=H0 Sina. 

With this length and height, the aspect ratio of 
the effective opening adopted is lmown and can be 
substituted in eqn. (2). So the function f1(a) can 
be written according to eqn. (3) as: 

Fw 
f1(a)= -

Fa 

1.75+0.7 exp[-(L0 /H0 sina)/32.5) 
1.75+0.7 exp[-(L0 /H0 )/32.5) 

(6) 

~I 

Fig. 2 . One-side-mounted window. 
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- a-(deg) 
Fig. 3 . The functionf1(a) as a fw~"tion of the window opening 
for various aspect ratios. 

Equation (6) holds for La!r~0 > 1 or L
0
/H

0 
sina> 1. 

For L 0 /H0 <1 or La!Ha si.J1c .. (!:< 1, the corresponding 
relation can be found in ;...\;.. completely analogous 
way. 

In Fig. 3 a graph off1(a) ~given for some aspect 
ratios according to eqn. (6!. .. The Figure shows that 
for small aspect ratios the mcrease of the function 
f 1(a) to the value 1 is faskT than for larger aspect 
ratios. -For aspect ratios ~proximating zero and 
infinity, f1(a) equals 1 for- all opening angles. For 
a very small split the influ~nce of a flap is clearly 
negligible, even for very small opening angles! 

We want to stress that in general the friction 
factor is not strongly depe:tt<ient on the aspect ratio. 
So an eventual error in the value of the friction 
factor F w resulting from our ad hoc supposition 
about the effective opening area under the window 
flap (area AEFB in Fig. 2, i.e., L

0
H

0 
sina), will not 

give rise to serious miscalculations inf1(a) following 
eqn. (6). 

To establish the function f 2(a), defining the ratio 
A.u/A°' the effective exchru,ge area.Aiu of the opening 
under the window has to be lrnown or estimated. 
Again, we can suppose that the effective opening 
area is represented by thl~ smallest area under the 
window, i.e., area AEFB ln Fig. 2. In this way the 
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simple functionf2(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 thatf2(a) will not exceed the value 1. To 
determine f 2(a) as a function of the aspect ratio, 
eqns. (5) and (4b) can be combined to: 

f2(a) = [ ! Po(~02 ) Xf1(a) r2 

X (:;,; 112 (7) 

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 f 2(a) can be determined experimentally for each 
specific combination of window and window angle 
as the quotient of <Pv over (~)112 with the 'correction' 
factor [! p0 (F0 /A0

2
) Xf1(a)] 112 . In this factor, the 

above-mentioned function f 1 (a) given by eqn. (6) 
can be incorporated. 

3. Experimental set-up 

A compartment (floor area= 6.50 x 6. 70 m2
, Fig. 

4) was built in the centre of a Venlo-type greenhouse 
with dimensions 26.6 x 22.2 m2

• 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 fourvyindows 
in the cover of the compartment was constructed 

Fig. 4 . Compartment in the centre of the greenhouse. 

in such a way that two different window types, with 
aspect ratio 1.00 (L0 =H0 =0.71 m) and 0.47 
(L0 = 0. 73 m and H 0 = 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 <Pv (air 
volume flux generated by the blower) and n (rotation 
velocity of the propeller) were measured at static 
pressures across the inlet and the outlet of the 
blower (P1-o) 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 Pi-o· In our work, 

Fig. 5. Window types on the cover of the compartment. In A: 
L0 =0.73 m, H 0 =1.55 m; in B: L0 =0.71 m, H 0 =0.71 m. 

16 
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2000 4000 6000 . 8000 
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Fig. 6. Rotation velocity of the propeller as a function of the 
airllow rate at various pressure heads (t..l';c.o)· 



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

Du.ring the experiments only one window was 
opened in the compartment. In this way, it is exactly 
lmown 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. 

Du.ring 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. 

1.27 0.0. 3.18 o.o. 6.35 o.o. 
0.81 1.0. 1.75 1.0. 1.75 1.0. 

connec;i~~ ·;o ~~:-~~~;~ L ~~~;;tJ 

Fig. 7. Pressure sensor (dimensions are in mm). 
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4. Results and discus~ion 

For the window wittt aspect ratio 0.47, mea­
surements were performt=rl at window openings rang­
ing from o to 14°. For tlr.e window with aspect ratio 
1.00, the measurements Here carried out at opening 
angles varying from 0° to 77°. For both window 
types, the function j

2
(,J) was determined experi­

mentally from the mea.c:1Jred cf>v and 1::..P, according 
to eqn. (7). The resuJt .3 are presented in Fig. 8, 
together with some thf''?retical results (the dotted 
curves) which will be c/IScussed later. 

We notice that for w111dows with a lower aspect 
ratio, at small opening :µigles, ~he increase off2(a) 
with increasing openinP. angle is. stron~er than for 
windows with larger ~ .;pect ratio. This tendency 
suggests that somehow the effect of the side areas 
under the window has tf 1 be taken into consideration. 
The side areas will be r,:Jatively more important for 
windows with lower as11ect ratio than for windows 
with larger aspect rati(1' 

To interpret these rc,,ults, we start with our first 
simple statement, negwct~g any side_ ~ea effect, 
thatf2(a) = sina. To def ermme the. ad.dit1onal effect 
of the side area to th<' total ventilation, we adopt 
the considerations of B1't [13). Looking at the model 
of Fig. 9, Bot estimatr·d the .Part of the side area 
which remains free tc contnbute to the total ex-

0.6 

0.4 

60 80 
-a (de.g) 20 40 

Fig. 8. Full-scale measured -<alues of the functionf2(a) together 
with a theoretical model (dl1tted curves) related to the opening 

angle. 

F1ow direction inward 
F1ow direction outward 

f 

1.00 0.47 

• 
0 
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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: 

tH0
2 sina cosa-[ 7T(_H0 sina)2(9~~a)] 

In order to amormt to some possible deviation from 
this model, Bot still introduced two arbitrary con­
stants a and b, so that his final results for f 2(a) 
reads: 

f 2 (a) =sina [ 1 +a~: ( cosa-b 

X27T(9~6~a) Xsina)] (8) 

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 f 2(a) can be 
observed from the flow direction through the win-

- - . ~ - . - -- ~· . . ~ - . . . 

dow. This implies that the developed expression 
for f 2(a) holds for both flow directions. 

In addition to the obtained values of f2(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 eqn. (1)), give 
relevant information concerning the friction factor 
F 0 of the rectangular opening only. 

Since both functions f 1(a) and f 2(a) approach 
1.00 at full opening, the window functionfw(a) will 
do the same according to eqn. (5). Measured values 
of M'/(t p0 v2) at increasing opening angle will, 
according to eqn. (4b), approximate the F 0 value 
for the rectangular opening with aspect ratio 1.00 
at full scale. From Fig. 10, it appears that the F 0 

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 M'/[t p0v2

) and based on a model study) 
and the calculated values of F 0 /fw(a) ( = M'/[t PoV2

), 

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-

6P 42 -- .... 1 - 2 
2Pv 38'- "' 

34~ 

30 ~ ... 

26 '-

::!2 '-

18 

14 ~ 

10 ~ ... 
"'"' 

6 

2 
' ' ' 

0 20 

"' outward 

"' inward 

o F0 value (eqn. 2.2) 

... 
"' 6•6.0. • ... ... •• 

I ' l I 

40 60 ao 0 

-a (deg) 
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 valu~ :>t ..v>[t p0 ii
2 ]) given by Baturin ({)and calcu.Uated on the basis of the presented 

approach (F0 /f,,.(a)) 

a L 0 /H0 = 1 ::..,. H 0 =2 

(inflow (outflow F 0 /f.,,(a) ; :.ntlow 

15 
30 
45 
60 
90 

16.0 11.1 18.69 ~J.6 

5.65 4.90 6 .75 ::..go 
3.68 3.18 4.12 .;.oo 
3.07 2.51 3.08 3..18 
2.59 2.22 2 .43 ~.59 

teristics of one-side-mounted windows ~ ... "'r various 
opening angles a and ratios of length L:- to height 

Ho· 

5. Conclusions 

The full-size measurements of window ?am.meters 
of the flow through openings under one-side­
mounted windows correspond with pre-.ious mea­
surements carried out on similar scale-model win­
dows. The results imply the validity of the developed 
approach to describe the flow charac-:eristics of 
these types of window openings for both inflow and 
outflow. In this approach, the ratio between the 
length and height of the opening, i.e., the aspect 
ratio, plays an important role. A simple model of 
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 

f1(a) 
fz(a) 
fw(a) 
Fa 
Fw 
H 
Ho 
L 
Lo 
n 

opening area of rectangular opening (m2
) 

effective opening area of one-side-mounted 
window (m2

) 

function defined by eqn. 3a ( - ) 
function defined by eqn. 3b ( - ) 
window function defined by eqn. 5 ( - ) 
friction factor of rectangular opening (-) 
friction factor of window opening ( - ) 
height (m) 
height of rectangular opening (m) 
length (m) 
length of rectangular opening (m) 
rotation velocity of propeller (rad s - 1

) 

L, ,_;Ho= oo 

(outflow F 0 /f,,,(a) ( ir;Jilow (outflow Fo!fw(a) 

17.3 24.1 30.:.:8 30.8 25.00 
6.9 7.77 9. ,15 8.60 7.00 
4.0 4.38 5 ... 15 4.70 3.50 
3.07 3.13 3.-'54 3.30 2.30 
2.51 

Re 
v 
a 

Po 
cPv 

2.41 2 . ..'59 2.51 1.75 

pressure diffe~nce across the opening (N 
m-2) 
pressure diffe~ence across inlet and outlet 
blower (N m -- 2

) 

Reynolds numtber ( - ) 
average air v~locity in opening (m s- 1

) 

window openung angle (deg) 
density of air in the opening (kg m - 3

) 

air volume flu:.x (m3 s- 1
) 
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