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PREDICTION OF Tdd ANTICIPATED AIR VOLUM:S PASSING THROUGH BUILDINGS
BY M«ANS OF THE AIR CURRENT ANALOGUE

by HePh.L. den Ouden')

Factors of influence on the ventilation

For proper control of the ventilation in a building, it is necessary

to know the factors involved.
These include:
1. the outdoor climate

{a) temperature

{b) wind direction

(¢) wind velocity
2. the building performance

This determines the interconnections between indoor and outdoor
conditions due for instance to gaps at windows and doors or grilles through
which a natural ventilation will be possible. In the case of mechanical
ventilation, this type of air motion is usually undesirable.
3. the presence of any mechanical ventilation system, which has been
calculated with due regard to the conditions desired for the particular
space e.g. the number of ococupants, the possible formation of harmful

products etc.

The influence of the local climate on the relative importance of these

factors

In the case of very appreciable differences between outdoor and
indoor temperatures, an air movement may be caused due to density
differences. At a low outdoor temperature, the upper part within the
building will have an overpressure, the lower part will have an under—
pressure. iwhen openings or gaps in the building are evenly distributed,
poth these pressures will be equal in magnitude, as shown in figure 1.
For very tall buildings and 1little wind, the temperature difference
between outside and inside can be the most important factor as shown
by the investigations of T.C, Min on 23 buildings in Cleveland (U3A)
and Pittsburgh (USA). At entry doors of these buildings, pressure
differences averaged O,7 of the theoretical draught, whica is 2qual
to

1

8p = bly,~v,) (1)

Publication woe. 272 of the desearcha Institute for Public iealth
sngineering Ti0, P.0. sox 214 - Delft - Hdolland.
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For our Dutch climste, the temperature differences are not so excessive.
The design temperature difference for both American cities was about 4200
(+22°C inside and -20°C outside), while for Holland this differcnce is
32°C maximum and for the msjor part of Holland 30°C.

Furthermore the lowest building which was invesiigated in the U,3.A,
(15 storeys) is already classified as high for the Dutch conditions, while
in Holland the proximity to the sea and the [latness of the country tend
to accentuate the relative importance of the role played by the wind. Thege
circumstances result in the wind btecoming an important factor, if not the

most imporvant one.

Pressure distribution around a building due to the wind

Before being able to express the influence of the sbove-named factors
in numerical values, the external pressure distribution around the building
must be known.

This pressure distribution can be established on a model in & wind-
tunnel, in which the pressure at relevant points is measured under the
combined influence of wind direction and preferably includinge tne efrect
of environment. The wind velocity varies with the height in exronential
manner and the exponsnt itself varies with the roughness of the tervain.

Measures must be taken to imitate this roughness, whicn is ceusaed Dy
neighbouring buildings, trees etc, to properly scaled values on the icdel.
On account of the work by several investigators, an lying scsled values on
the model is a relatively easy matter.

Generally, at the side of the building iecing the wind {the indwaré

side), there will be an overpresaure, as velocity is convertel Lo pressure,

whereas on the side averied Troa the wind, 1he lewward side, thero a0 an
undernressure, &s is ususlly the crse on the roof,
The mneessure difference over the Mhuilding s ecual to the sum o0 Llage

overvressures and under pressures, and owing to the Toet fnat -uch o ¢if-

ference in precsure invariatly seeis to balance 1tsel® ou:r | & war- u
air is vrofuced, in this czse a rurrent throw:h the builcding, <nict a0
its way through the availsble avertures /winco. and door—crac .t 1, i
and constently renews the air in the tuilcding.

Uron chrnee of wind cirveetion the 2ir—cuccenb ~2iicon v 0 Too i
4111 Alse chinve.

The relz2tion lLetrean tia value ol ihe 2in’ yoloeily « - £ e
is a3 Tollows. Uron under ning to.zl emrsoersion the v snl o700 »
rressure  which 1s e-usl to 7 ovg, vhere v denots s o sl ennd o, dnee

comrlete converzion deas nnt dele pisce in 7rality, trhe Asier o ccuea on the
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windusrd side will be somewvhet less. The underpressure on the lecwerd
side is likewise a function of the pressure due to velocity, being on an
average equal to half the latter, so that the pressure difference over the
building is on an aver=ge 0,8 to 1.3 times %Pvz. 4
An example of the pressure differences measured on an actual building
is shown in figure 2, in which the measured pressures are given as a
frection of the velocity pressure, so that all the results obtained during
a certain period contribute towerd the depicted polar diagram. The polar
disgram gives the pressure difference in magnitude and sign (+ or =)
between 2 points of the building expressed as a function of the wind

direction.

Some physical observetions on the air current

For a window when closed the rule tc be applied is that the transport

of air at a nressure difference of A p cver the window is given by the

equations i
v =1.c.(ap)” (2)
where
il is the totel length in lineal metras of the crack length
occurring in the window (= total circumference of movirg
parts);
C the air infiltration coefficient in o per hour ner nmetres
of crack at s pressure difference of 1 rm.wze. (2 measure for the
greater or lesser air—tightness of the construction =~f the
crack)
Ap the pressure differcnce over the window in mr,wr. or
kg/mg;
% an exponent in which n hes a value bztween 1 and 2,
Tor a can that closss hadly n apnroxirzies to 72,
vheress for a sap that closes well n z-rovirates to 1.
There is 8 relation between n end Ci
v tha volume passed ir m3/b.

i'rom & large number of weazurencnts tzken on (finished buwilcdiug
constructions, algo in our own courtry, the values of C 2né n were celerrined

for & nurbsr of difterent tyves of vindowz, It wrs found het the voluss

C 2né n 7for ezchb type of window Lhow 5 very wide ¢ilver: ence.

=



A similar comparison rlso aprlies in the case of ventilation cucts,
etc, Here, too, when a certain rate of transport is exceeded the air
current will become turbulent, the velue of n being equel to 2, whilst for
smaller rstes of transport for which the current is of a more laminar
character (in leyers), the value of n approximates to 1. h

For & purely leminar current n = 1, whilst for full turbulencein = 2,

Calculztion of the natural ventilation

Consider a room with doors and windows in its walls. The transports
of air through the window or door cracks, due to the wind, can be calculated
when we know the following:
the distribution of pressure arcund the roomg
the 1 and C values of the windows or doors as the case may be.

The only unknown that is then left is the velue of the préssure,level
in the room. As the incoming and outgoing quantities must be equal to each
other, this pressure level can be calculated in a simple manner.

In calculeting the to—and-fro transports of air for, say a block of
flats, the number of unknovms is egual to the number of rcooms: each roon
has an unknown pressure level, Here again, we can formulate as many
equations as there are unknowns. The solution is, however, rendered difficult
by the exponential characteristic of the equations. Only when the value
of the exponent, % sy is the same for all the eguations can the unknown be
solved, though this entails lengthy cslculations.

As these exponents will as a rule not be equal in reality, whilst in
addition the lay-out mey be rather complicated, this fasct implies that

calculation of natural ventilation is generally an impossibility.

The electrical analogue

We asked ourselves whether there are no other meens in existence
vhereby the performance of returel ventilation or the influence of wind
upon a mechanical ventilation system might be evaluated more expeditiously
than by any possiule calculation.

The air current through a building is actuelly nothing else than e
current passing throurh a large number of resistances in geries and in
parellel, These resistanceshave, moreover, a non-lineer (exponential)

relation between "current" and "potentisl".




in elecirical resistance showing a relation betwzen current -nd

potential of the form: 1

i = C1.(E) B (compare formula 2) (2)

would mean that, provided the velue of n (vetween 1 snd 2) and that
of C could be adjusted at will, the rroblem could be reduced to an eleciricel
circuit of resistances and groups of resistances in whickh the currents in
the circuit form a certain scale of measurement for the air iransporis,
whilst the potential differences are representative of pressure differences.

The experimenters succeeded in constructing such resistances whereby
eech window or door crack is imitated by one ore more electric lamps connect-
ed in parallel, in combination with series or shunt resistances or both.
See Tig. 3.

The electrical analogue instrument evolved by the Institute for Public
Health Engineering TNO is provided with some forty built-in resistances
of this kind, the proportionmlity constant C1 permitting regui~ation in the
retio of 1 to 50, so that the ratio between meximum and minimum resistance
in the ground plan considered is likewise 1 to 50.

An illustretion of the instrument is given in fig. 4.

The instrument is provided with & weasuring vanel on which the currents

(= air transports) in the circuit can be determined.

Thermal nressure diflerences

As already stated, in Holland thermal pressure differences resulting
from temperature differences generslly are of minor influence on the
ventilation since:

- the temperature differences are generally small
- the wind constitutes a more important factor
- the combination of strong wind and low temperature occurs

rerely.

For the higher buildings, this chimney efiect does, however, pley
a role, This thermal pressure difference can be included in the electiric

analogue as a separate, electrical voltage in the electricel natworks.
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Influence of the wind on mechanical ventilation systems

The foregoing practically solely concerned natural ventilation. When
applying mechanical ventilation, the wind will also be of influence on the
various air quantities., In order to investigate this effect, we shall first
neglect those air quantities which directly result from the wind and which
may be considered undesirable disturbances to the ventilation quantities
which were caloulated.

Under this assumption, the influence of the wind is solely manifested
in the form of a pressure difference between intake and outlet openings for
the particular building. Schematically the variation in pressure is presented
in figure 5 for an installation having a ventilator for both air supply and
air exhaust. For the sake of simplicity, a constant rate of pressure drop
has been assumed throughout the circuits In addition it has been assumed
that the ventilators for air supply and exhaust develop the same head. The
upper curve of the figure represents the situation when there is no wind.

A and B represent the pressureSat the openings for air intake androutlet;
in this case zero. U represents the pressure inside the rooms; for our case
it has been assumed as zero although it will generally be selected a little

higher in order to prevent draughts. V., and V., are the ventilators for alr

supply and air exhaust respectively, I; case ihe wind exerts the same pfes—
sure on both openings, the entire curve will be shifted and the mechaniocally
displaced air quantities will not be altered.

A different picture results when a pressure difference exists between
the openings of air intake and outlet due to the wind.

For the case sketched by the lower of the two curves in figure 5, the
wind pressure will contribute towardsan increased air supply. The total
available head becomes higher and the air quantity increases, This is ap-
parent in the figure from a steeper pressure decline resulting from the in-
creased loss of pressure. Vice versa, a negative pressure difference at the
air supply opening will cause a decrease in the total head and the pressure
drop will be less steep, Wind therefore adversely affects the ventilation
in this latter case.

The rate at which the air quantities are altered is determined by the
slope of the curve of the ventilator characteristic: the steeper the slope,
the less the change in the air quantities handled (Fige. 6)es Also of im-
portance is the relation between the pressure head increase caused by the
wind to the total available head of the ventilator. The larger this relation,
the larger the percentage change in the air quantities,

Fig. 6 illustrates the manner in which a favourable wind pressure will
affect the air quantities of a ventilator in the case of a flat or a steep

characteristic curve.,




Influence of the wind on larger buildings having mechanical ventilation

The aforementioned effect of the wind plays a more important role for
buildings of appreciable height, which have been provided with a mechanicai
ventilation system. When in the case of an unfavourable wind, pressure dif=-
ferences result between the points of air intake and air outlet, then the
desired ventilation pattern may be appreciably aisturped.

For a building having windows which can be opened, appreciable cross—
flow ventilation may further result, the extent of which is dependent on
the tightness of the window. This cross-flow ventilation may likewise dis-
turb the scheduled ventilation pattern. For fully closed facades, this latter
possibility is excluded.

One of the first measures which can be taken to limit this undesired
pressure difference is to have intake and outlet openings close to each
other so that the influence of the wind is practically identical for both.

If for any particular reason this is not possible, a second solution is %o
spread the air intake opening over various directions, This may be done for
instance by an air duct running from one facade to another or by placing a
suction manifold on the roof in which air may be drawn in from any direction.
This solution limits the influence which wind can have and also reduces *hc

effect of wind direction.

Some examples of the use of the analogue that was developed

Te The first example given is the design for a 19=-storey ruilding, walch
wae investigated by means ot the electrical analogue. The building was plarn-
ned to be mechanically ventilated, but some gueries arose regarding the
design of such an installation.

bue to the heizht of the building and long vertical air channels formed
by the stairways, the stack effect could be very appreciable and this mizrt
cause draughts in corridors. What forces would be expericnced on the coors?

The wind gains in strength with neight compared to the situatiocn o
ground level, where surrounaing ouildings afford protection,

What would be the etfect of opening windows on the highest ctoreys to
the mechanical ventilation system? #hcn opening a window, a large proporticn
of the air supplied by ventilation will obviously disappear outdoors., Yia the
room in winich the window is opened, wind can aifect the ventilation syiatenm
and this may result in a certain measure or unbalance,

LI the windows can ove opened, even i closed position infiltration wil.
exist, in winter time this implies additionsl ncot less, Ls it

13 (RIS e

wt

w3

s3timate these losses beforeihand in osrler to nave sufficiant invcrmation

pay]

ragarding tiie query whetner windows should be movanlz or (ixed?
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First of all, results are presented of some measurements to determine
the magnitude of vertically moving air quantities resulting from the stack
effect, together with those when wind and stack effect are combined; the

results being valid for ¢losed windows without any means of mechanical

'ventilation.

Fige 7 schematically illustrates a few storeys of the building showing
the location of the various rooms. The internal doors and windows have also
been indicated. It is added that the C-value assumed for the windows was
2¢5 i.e. Teasonably good fits. For internal doors of the room, the C-value
has been assumed as 15, while the C-value for the door to the entry hall
and doors between corridors and stairways was likewise assumed as 15, For
an outdoor temperature of —10°C and a temperature in the building of about
20°C, the air transport due to the stack effect is as shown in fig. Te

The pressure levels at the various points are indicated by encircled
numbers, the direction of air movement indicated by an arrow while the
number near the arrow represents the air quantity involved. The sketch shows
the situations existing at ground level, the first, 13th and 19th storey
{for the sake of simplicity interim storeys have been omitted).

On the lower floors, air will enter the building through gaps at
windows and doors. This procedure will become less marked with height up to
the neutral zone., Above this zone, air will leave the building at a rate
increasing with height. The neutral zone will be slightly below half-way up
the building on account of the entry doors on the ground floor.

Pige 8 illustrates what will happen to the building under the assumed
conditions for a wind velocity of 7 m/sec. From this figure it is clear that
even on the top storey the wind has not fully neutralized the stack effect.
On the 19th storey namely, air still passes outward through the windows
even for the side of the building facing the wind.,

At the wind velocity of 14 m/sec - see fige 9 — this effect has
entirely vanished, It is, however, very clearly evident that this effect
adversely influences natural ventilation for rooms facing the wind in the
upper storeys,

The pressure differences at several doors give an impression of the
forces acting on these doors; they have been expressed in kg per m2. On the
19th storey and for a wind of 14 m/sec which is perpendicular to the facade
and for a simultaneous temperature difference of 30°C between inside and
outside, the force acting on the doors between stairways and corridor will
be 2 kg per m?; for a 7 m/sec wind the force will be 3.6 kg per mz.

For the tests including mechanical ventilation, the disturbance caused
by the wind was only limited due to the fairly large head of the ventilators
for the air supplye.
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Tig.10 illustrates the situation when in addition to the presence
of -7ind plus a temperature difference, a window on the top storey is opened.
Even for a moderate wind (7 n/sec), it is aprarent that the ventilation
for the particular room is aporecisbly affected without, however, con-

siderable disturbance to the ventilation sysiem as a whole,

2. The second example concerrns tie 7enviletion of a laboratory hendling
r2dio-»clive products. Tieasures were esszential to avoid r=dio—-active
contamination and to ensure & n2rticular ventilation pattern under all
meteorological conditions. Briefly summarising, the stiringent demands
concerned avoiding the transport of contaminated sir from certain rooms
to other guarters under all circumstances.

Fig. 11 schematically shows the building. On the upper lef't is the
cyclotron containing the products used for the manufacturing vprocess which
is carried out in the wing at the back of the building.

The lower storey of the front wing mainly contains o7fices and the
wardrobes: on the wight hand side of the upper storey there is =2 space called
"low=1lab" where a low degree of radio-active contamination may be nresent.

Tig. 12 illustrates the plan of the lower storey indicating with thick
arcows the direction of the air motion pattern which must be maintained
under every condition.

T'ige. 13 shows the plan of the upner storey showing "low-lab" and an
insbtrunentation room.,

The following quesiions could be out:

1. Is it noszible to adjust the exhaust system in such a manner

that the above meniioned denmends are fulfilled irresmnective
of wind direction or strength, so that the use of aubomatic

mesns of convrol is avoided?

N
.

%111 %he (sub) vressure levels that occur be allowsble?

(for inatance with resard to the design of donrs and winﬁows).

3. What are the essential amendments necessery to the tuilding
and the ventilation sysiem in order to achievs the alnve
mentioned?

4. hat is the influence of the air quantity infiltrating

throuph windows and dorrs to the specified demendg?

The building is situated immediately bshind the dunes =t a wary :ho-ol

.
[

slance Trom o the aer so £hat one usty cackon wilkh tha nossihility ol

-~

slreors wints, Par the Lest g wind volozity 07 16 m/sec as asnuaed.
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Description of the test

In line with the previously recommended procedure, the pressure

distribution was measured on the model in the windtunnel for 8 wind

' directions, In addition to pressure determinations on the facades, similar

measurements were made at air intake and outlet locations,.

With the aid of the electrical analogue, the additional requirements
were established to fulfil the demands in ocase there is no wind, It was
for instance necessary to install separate air supply fans for the hall
and for the low lab and to install an extra closing door in the corridor
near the cyclotron. This situation is depicted in fig. 14.

When introducing the effect of wind into the electrical analogue, it
became clear that the location at which fresh air was taken in was particula:
1y unfavourable. Differences between the pressures at air intake openings
for the fans of the wardrobe and the manufacturing plant were propagated
practically without change resulting in excessive differences of pressure
between various building sections.

For different locations of these air intake openings (fig. 11, P and Q)

and when these are fitted with specially shaped hoods, the smallest possible

pressure differences reSulfed between both air intake openings.

The pressure variations of the air intake openings, point P for the
hot lab and point Q for the front wing are presented dimensionless in a
polar diagram, fig. 15.

The largest pressure differences occur when the wind is NNE and S, As
particularly strong winds frequently blow from the SW, the air balance in
the building was investigated for a 3 named directions (figs 16, 17 and 13).

It was concluded for instance that even without applying any controls
that the desired air current pattern would pe obtained, while high values
were obtained for the underpressure in the cyclotron,

From a further test it was clear that even at high air infiltration
rates at the windows in the manufacturing hall, direction of the air current
in the corridor would not reverse.

The results obtained allowed a Teply to all the queries that were
submitted, It would have been desirable to have made the test prior to
commencing the actual building, when a simpler and more elegant solution

would have been found.

Conclusion

The examples whicn are siven indicate that all the factors of influence
on the ventilation in a building which were named in the introduction, can
completely be introduced into the eloctirical analogue. Lt is possible to

predict undesirable situatiors by thi: means with a fairly large margin of

certainty and this may oe taien into -ccount in the design of an installatior .
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