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PREFACE

The wind laboratory of the Technical University of
Denmark was established by Professor Nekkentved in 1936,
The objects of the laboratory were to investigate natural
wind conditions on the basis of model +tests as well as
tests in nature,

Until 1941 measurements were made of the shelter at
screens both in nature and in wind tunnel, the work being
particularly concentrated on the shelter given by systems
of screens and hedgerows. The model tests and the measure—
ments made in nature were not in satisfactory conformity
and in course of time it became evident that the discrep—
ancy was due to a difference in turbulence in the natural
wind and the flow of air in the wind tunnel,

After a standstill due partly +to the war the work
on the problem of shelter at hedgerows and screens was re—
sumed in 1946. A model technique was now successfully dev—
eloped by use of a turbulent boundary layer in the wind
tunnel, and by basing a model law on the roughness para—
meter of the legarithmie velocity profile conformity was
obtained between the measurements in nature and the model
tests,

These investigations of the shelter of hedgerows and
screens were concluded in 1952 and were together with the
model law published in Martin Jensen, Shelter Effect, Co-—
penhagen, 1954,

After 1952 the wind laboratory continued investigat-—
ions into the shelter at houses and the problem of the dis-
persal of smoke from chimneys. In connections with these in—
vestigations the model law was tested on ever—decreasing
scale models.

This paper deals with the work of the wind laboratory
from 1952 to 1957, From a theoretical point of view +the
model laws are, of course, the factor of prime importance.
For practical purposes the results with regard to shelter
at houses and the dispersal of smoke may be presumed to
be of some interest, It must, however, be considered of
greater importance that a model +technigque supported on
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y and tested in practice has become available making
it poss1b1e in & suitably equipped aerodynamic laboratory
to solve a number of important problems within these fields
2% Almost all previous investigations within the fields
here . dealt with were carried out as model tests, and
matters will frequently go wrong when the results of such
model teats are transferred to nature. Except for those
mentioned in Chapter 4 all the investigations reported on
in this paper were checked by measurements in nature.

1n ~$§}1 the investigations mentioned deal with phenomena
elﬁyer " depending directly on the speed of the wind, such
as shelter, or directly connected with the speed, such as
the d1spersa1 of smoke. In the years 1957 to 1960 the wind
Toadi on houses and structures was investigated. Also in
thls respect regard must be paid to the turbulence of the
’ “in the model tests. A publication dealing with these
1nvest1gat10ns is in course of preparation and will be
qsued as Part II of this paper,

ij“In 1960 the research work ceased as the wind labor-
a}p;y was abolished.

ia

“’E, Glntelberg, Ph.D, rendered valuable assistance in
preparing the empirical method for the measurement of the
COs—content of atmospheric air used in the quantitative
model tests of smoke dispersal.

The economic basis for the investigations into shelter
at houses and dispersal of smoke was provided by the Da-
nish National Institute of Building Research.

The translation into English was performed by Mr,
P, Prom.

Figures and tables are numbered according to the page
on vhich they are printed. Thus, Figure 18 is to be found
on page 18,
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Figures and tables are numbered according to the page
on which they are printed. Thus, Fig. 18 is to be found on
page 18,

1. APPARATUS AND EXPERIMENTAL TECHNIQUE

1.1 Cup-anemometer. Lattice-masts

Cup—anemometer, The speed of the wind in nature was
measured by means of a cup—anemometer, The apparatus was
designed to measure the mean speed of the wind over a
given period, say, one minute.

As natural wind is changing speed all the time, the
measurement of the mean value presents certain difficult -~
ies. A cup—anemometer cannot follow the pulsations of the
wind but will give a damped variation, The mean value of
this damped rotation is different from the mean value of
the wind. In order that the optimum results may be obtain—
ed, the apparatus must be so desighed as to follow the pul-
sations of the wind as closely as possible, The object is,

in the first place, to obtain a great turning moment from

the wind, in the second place, a small moment of inertia of
the mass of the rotating parts and, in the third place,
the minimum friction in bearings, gears and contact path.

A series of experiments with different shapes of cups
proved that hemispherical cups gave the maximum turning
moment in proportion to the weight of the cup.

In a second series of experiments the number of cups
was varied. 2 and 3 cups gave almost the same turning
moment in proportion to the moment of inertia of the mass,
but 2-cup-anemometers had dead points at which they ecould
not start by themselves and this was not the case when 3
cups were used. When 4 or more cups were used the moment
of inertia increased far more than the turning moment.
It is therefore better to use 3 cups.

Finally, a third series of experiments proved the

‘most favorable ratio between the diameter of the cup and

its radius to the axis of rotation to be about 3=1,

The apparatus resulting from the abovementioned ex—
periments has the following technical data, see also
Figures 2 and 3, It has 3 hemispherical cups, r = 2.4 cm.
The cups are pressed on a spinning lathe out of 0,04 cm
aluminium sheeting with a 0.2 em bulb along the edge.
Weight per cup 4.3 g, The cups are riveted to arms of
aluminium 0f circular cross—section, diameter 0,3 cm,
Radius to the centre of cup 4.8 cm. The plane of the cup's
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opening contains the axis of
rotation. The arms carrying
the cups are by means of Ar—
aldite glued to an aluminium
head, diameter 1.3 cm, screw-
ed to the top of the axle,
The axle is of brass, of dia-
meter 0.5 cm and runs on two
ball-bearinga, SKF No.13 300.
The bearings are cleaned of
grease and kept lubricated
with a very thin 0il.The low-
er end of the axle carriesa
gear with 15 teeth driving a
gear with 96 teeth. The axle
of the large gear is provid-
ed with a contact cylinder,
diameter 0,5 cm, one—half of
the circumference of which
is of the insulation material
Araldite and the other half
of brass connected to one
terminal of the apparatus, A
S spring of phosphor - bronze
o] "1 k) connected to the other ter—
minal presses against the
contact cylinder withaforce
of 15 g, The circuit in the
Fig. 2 c someter anemometer will be closed
1g. . up—anemom .
®" The total beight of the ap- ;h:“ :2:0';9:_“ cups has made
paratus is 25 cm. The casing is . utions and .the
11 cm high and 8.3 cm in dia- Dumber of contacts is re—
meter, gistered by a counter connect—
The anemometer closes the ed with the apparatus, The
contact for each 6.4 revolutions poment of inertia of the mass
and the count is made by an of the rotating parts is
electrical counter,
0.38 g cm 82,
The measuring panel is
for each cup-anemometer pro-
vided with an electrical impulse counter with four digits,
24 V, 500 Obm, The counters can register a maximum of 10
impulses per second.

In the circuit between the cup-anemometer and the
counter a clockwork switch has been inserted for automatic
control of the measuring time.

The laboratory has 12 cup—anemometers of the type
described above,

The cup - anemometers
were adjusted in the 60-60
cm wind tunnel of the labor-
atory. If the speed of the
wind, v, is plotted in terms
of the number of impulses
per minute, N, a straight
line will be obtained,common
to all twelwe apparatus, The
line has the equation
v =0,084 N+ 0.6
v m/s, N impulses per minute.
The lower limit for the use
ﬁ of the apparatus is that dur-
ing measurements the speed
of the wind must not get be—
low 1.5 m/s, so the mean
value should probably not be
less than 2.5 m/s. The upper
limit is determined by the
fact that the counter can
cope with 10 impulses per
second, that is N = 600, +to
which corresponds v = 50 m/s
as the maximum speed in the
gusts. The maximum value of
the mean speed ought not ex~

E;illllﬂli.~ _
00 0%
Contact spring and cylinder

ceed 30 m/s.

Lattice-masts. For the

Fig. 3. Cup—anemometer, installation of the cup—ane-—

mometers for measurements in

nature two lattice — masts

were built, They were designed with a view to lightness,
rigidity and strength.

The masts consist of sections, 2 m in length,. As
shown in Figure 4a they are of triangular cross—section.
They are built of three mahogany battens connected by a
lattice of aluminium tubes, At the joints the tubes are
squeezed flat and fastened with screws,

The sections are joined togetber by Fish-plates of
aluminium and 1/4“ brass bolts,

Otherwise the data of the two stands are as follows:

Length 16 m i2m
Cross—sections of battens 4.,0/2,0 cm 3.0/2.0 cm
Tubes for lattice D/d  1.2/1.0 em 1.0/0.8 cm
Weight 2.5 kg/m 2,0 kg/m



Fig. 4a. Section of a lattice=
mast,

The mast may be assembled
in a total length of 16 m and
weighs only 40 kg.

Fig. 4b. The spire of the
Church of Our Saviour in Copen-
hagen,

3 cup-anemometers are mount -
ed for the measurement of the
velocity profile over the cen-
tral part of Copenhagen. The
two lowermest anemometers are
mounted on light lattice—masts
like that shown in Fig. 4a.The
uppermost anemometer is seen to
the left below the ball on the
top af the spire,

Figure 4h shows the stands in use for measurements at the
80 m spire of the Church of Our Saviour in Copenhagen. The
stands are placed horizontally and carry a cup-anemometer
at their outer ends,
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1.2 Wind tunnel. Pitot-static tubes. Manometer

Mot -

-

7

Vertical section Honeycombs
T ’ L Working sections N

LE‘ Guide vanes
Horizontal section

Fig. 6. Wind tunnel in the wind laboratory of the Technical
University of Copenhagen. -

The tunnel is of closed working section type. Its cross—section
is square, 60-60 cm, the full length 10 m.

Wind tunnel. The laboratory tests were made in a
wind tunnel of the type with enclosed working section and
open return flow. The tunnel, which is shown in Figure 5,
is 60:60 cm in cross—section and has a total length of i0m.

A detailed description of the tunnel is to be found
in Martin Jensen: 'Shelter Effect', Copenhagen,b 1954,

The 4 sections of the experiment stage are of a total
length of 5,6 m and at each end provided with honeycombs.

. In a number of the tests carbon dioxide or smoke was
dispersed in the tunnel. In order to obviate an increasing
contamination of the air in the room,an interimistic part-
ition was built across the laboratory, separating the inlet
and ontlet openings of the tunnel, During the experiments
the spaces on both sides of the partition were open to the
air, so that pure atmospheric air was sucked into the tun—
nel, . .



\ 7

-V 4
Fig. 6a. Pitot—static tube of Fig. 6b. Pitot—static tube for
Prandtl type. precision measurements,
The length of the lover ho— The length of the longer
risontal branch is 9 cm. horizontal branch is 1.2 cm.

Pitot—static tubes. The velocity of the wind in the
tunnel was measured by means of pitot—static tubes and a
manome ter,

A pitot—static tube of Prandtl-type is shown in
Figure 6a. The total pressure is taken from a hole at the
point of the horizontal branch and the static pressure from
a slit situated 3 times the diameter of the tube from the
point of the branch.

For finer measurements of velocity profiles in the
different boundary layers in the tunnel, the pitot — static
tube shown in Figure 6b was used,

The two branches are tubes of external diameter 0.icm.
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The short branch is open at
the end so that the pressure
there will be the sum of the
dynamic and static pressures.

The longer branch pro-
trudes 0.3 cm forward of the
short branch and is closed
at the end but provided with
two lateral holes, d = 0,009
cm, abreast of the point of
the short branch, From these
holes the static pressure is
taken,

The velocity pressure
will thus be registered by a
manometer, +the two sides of
which are connected with the
two branches of the pitot —
static tube,

The pitot — static tube
was mounted in the manner
shown in Figure 7, so that
1 it might be moved in the

vertical, symmetrical plane
of the wind tunnel and ad~-
\ Justed with an accuracy of

0.01 cm.

Manometer. The air press-
ure was measured by means of
a manometer of FUESS manu-
facture with sloping scale,

The manometer 1liguid
was alcohol of specific
Fig. 7. Holder for the pitot= gravity 0,800, and the scale,
St“i; t:::n:noglgﬁesg;lder the graduated in mm, may be in—
pitot—static tube may be placed  Clined corresponding to
at any point of the vertical factors of 0.4, 0.2, 0.1 and
symmetrical plane of the tunnel, ©0.05 of the pressure of mm

water column,
The manometer is shown
in Figure 8.
In the measurement of velocity pressure the pressure
pulsations were damped by the insertion of a 100 cm
capillary tube, of internal diameter 0.1 cm, between the




Fig. 8. FUESS manometer with
sloping scale,

Length of manometer tube:
20 cm.

total pressure side of the pitot—static tube and the mano—
meter, The flow in the capillary tube due to the pulsations
is of so low velocity as to be laminary, so that the damp~
ing will give the correct mean value,

1.3 Hot-wire anemometer

By measurements in the wind t{unnel of the speed of
the wind in areas in which the direction of the wind could
be determined only with approximation, for instance at
screens or around models of houses, use was made of a hot-
wire anemometer the detector of which is almost insensitive
to the direction of the wind. Under such circumstances

pitot-static tubes are less suitable due to their sensitive—

ness to direction.

The righthand side of Figure 9 shows the hot—-wire de-
tector used.,

The actual hot-wire is a platinum wire of diameter
0.03 mm and 3 mm in length. In a few experiments wires 6 mm
long were wused. The ends of the wire are welded to two
heavier platinum wires,d = 0.1 mm, which in turn are solder-
ed to two manganin wires,d = 0,75 mm, The manganin wires are
taken through two glass tubes, glued by means of Araldite
to an acryl head, to two terminals fastened to the acryl
head. o .

The welding of the platinum wires was performed in
the following manner: One end of the detector wire, in the
following called A is wound tightly once around one of the

Hol-wire
delector

Acryl

Glass tubes

Mangarin
975 mm

Pt s8dmm

Pt ¢ 403mm "\
length 3mm—

Fig. 8. Hot-wire anemometer on the constant-resistance principle.
To the left a diagram of the metering bridge. To the right a
detector with a 3 mm long hot—wire,.
The total height of detector: 13 cm,

heavier platinum wires, in the following called B, in the
desired position about 1 mm from the end of B,

A carbon rod is placed in contact with the same end
of B. The other end of the carbon rod is connected with
one pole of a 4 V storage battery the other pole of which
is through B connected with terminal B on the acryl head.

1f the circuit is closed for about one second,B will
be heated to bright redness and this heating will be suf—
ficient to weld wires A and B together.

Wire A should be so mounted as to be under a slight
tension sufficient to keep A tight during the tests. This
may be done by bending wires B suitably from each other
during the mounting.

The detector is so designed that it will give little
disturbance of the flow of air while at the same time its
suspension is sufficiently rigid to prevent vibrations of
the wire. In the wind tunnel the detector was mounted on a
portable stand so that it might be placed anywhere in the
tunnel,

The hot-wire detector was connected with one side of
a Wheatstone bridge as shown in the diagram in the lefthand
side of Figure 9.

Measurements of the velocity of the wind were made
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Fig. 10, Calibration curve for hot—wire anemometer with 3 mm long
hot-wire.

The abscissa is the amperage through the hot—wire in mA, the
ordinate the speed of the wind in m/s.

according to the constant — resistance method, +that is to
say that the resistance of the wire is kept constant during
measurements so that the amperage required may be taken as
a measure of - the velocity of the wind at the wire.

The zero instrument of the bridge is an ammeter with
an internal resistance of 50 Ohm and fulldeflection of the
needle at 1 mA.

For wind velocity v = 0 the other resistances in the
bridge are so adjusted that the resistance and thus the
temperature of the wire will be of a suitable value, In
these experiments a temperature of about 500° C was used,
i.e. the wire was just about to become incandescent.

If the hot—wire is exposed to a speed of wind it will
give -off an increasing amount of heat and its resistance
will decrease. To return the temperature and resistance of
the hot-wire to the original values and thereby stabilise
the bridge, the current through the wire must be increased
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and this is done by reducing the resistances R, R, R, and
R,. The amperage through the detector is measured on an
ammeter with a range of 0.2.— 0.7 A and suppressed zero
position,

Calibration of the hot-wire was performed in the free
flow of air in the wind tunnel by means of a pitot—static
tube. Thereby the correlated values of the wind velocity
and the current through the hot—wire were determined.

Calibration was performed before and after each ex—
periment,

Figure 10 shows a typical calibration curve for a
3 mm hot—wire, The device described is capable of measur—
ing wind velocities of up to 15 m/s with an error of less
than 0.5 m/s. The sensitiveness of the apparatus is high-
est for small wind velocities,

1.4 Tunnel coatings

To produce different turbulent boundary layers in the
wind tunnel the bottom was provided with coatings of differ-—
ent roughness,

In all cases the coating extended from the honey comb
at the inlet end to the 4th experiment section, i.e. over
a length of 5.5 m. The coating extended over the entire
width of the tunnel which is 60 cm.

Glazed cardboard. Sheets of glazed cardboard were
fastened to the bottom of the tunnel with screws. A veloc—
ity profile is shown in Figure 49, The roughness para -
meter is 1,5:1073 cm. The thickness of the boundary layer
in the 4th section was 10 cm,

Smooth masonite plates, Figure 13a. 0.3 cm thick
plates of hard masonite were screwed to the bottom of the
tunnel with the smooth side upwards, Examples of velocity
profiles are shown in Figures 29 and 40, The roughness para—
meters are 1.8:10-3 and 0,9-10~3 cm respectively, and the
thickness of the boundary layer in the 4th section 10 cm.

Sandpaper, Figure 13b, was glued to masonite plates
screwed to the tunnel bottom, A velocity profile is shown
in Figure 54. The roughness parameter is 2,5°30~2 c¢m. The
boundary layer was 12 cm thick in the 4th section.

Corrugated paper, Figure 14a, was glued to masonite
plates screwed to the bottom of the tunnel. The height
from the bottom of the corrugations to their crests was
0.35 cm, the distance between the crests 0,9 cm. Examples
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of velocity profiles are given in Figures 29 and 40. The
roughness parameters are 0,041 and 0,067 cm, respectively.
Maximum thickness of boundary layer 14 cm.

2,5°2 cm fillets, Figure 14b. Wooden fillets, 2.5 em
in height and 2 em in width were fastened to the bottom
of the tunnel, First the fillets were placed at right
angles to the longitudinal axis of the tunnel and spaced
20 cm apart, They were then turned at random up to 20", and
the space was likewise varied at random between 15 and 25
cm, A velocity profile will be seen in Figure4(0. The rough—
ness parameter is 0.41 em and the thickness of the bound-
ary layer 20 cm,

Small broken stones, Figure 15a, Cubical stones of
sizes between 1.5 and 2 cm were distributed over the bottom
of the tunnel., A velocity profile is shown in Figure 29.The
roughness parameter is 0,37 cm and the maximum thickness of
the boundary layer 15 cm.

Large broken stones, Figure 15b, Cubical stones of
sizes from 3 to 6 cm were distributed over the tunnel bottam.
A velocity profile is shown in Figure 29 . The roughness
parameter is 0,86 cm and the maximum thickness of the bound-
ary layer 22 cm,

Model of a city. To meet the desire of obtaining
a roughness corresponding to that of a model of a densely
built~up area, attempts were made to place models of houses
at random on the bottom of the tunnel. The velocity profiles
of a series of arrangements of this kind, all of the same
density, were measured,

It appeared that the velocity profiles might differ to
a considerable extent, inasmuch as the arrangement of houses
just in front of the point of measurement exerted a great
influence,

Accordingly, it was evident that a model arrangement
could not be made by putting up houses at random, but that
it would be necessary to use a schematic location of the
houses, After some initial experiments the arrangement of
the houses described below was fixed and used in the further
experiments.

The models were placed as shown in Figure 16 in rows
across the tunnel at angles of 70 to 90° with the longitud—
ipal axis of the tunnel. The angles were varied at random.
The space between the rows of houses corresponded to the de-—
sired density of building, To avoid the possibility of a
'‘rythm' in the turbulence the spaces between the houses
were varied slightly and casually.

*£310 ® Jo [9PON
*or *313
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Fig. 14a.

Fig. 152,
Corrugated paper.

Small broken stones.

sememes Fig. 14b. Fig. 15b.
; : 2,5-2 cm fillets,

Large broken stones.
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The house models were 2.9 cm wide and 7,0 cm high to
the ridge of the roof. Roof slope 1+1. They were glued to
the rough side of the hard masonite plates described above.
The density of the built—up area was 0.25, On a scale of
about 1300 this will correspond to a densely built— up
area of five—storey houses., The velocity profile is shown
in Figure 29 . The roughness parameter was 3.5 cm and the
maximum thickness of the boundary layer 30 cm.

In some experiments a turbulence grid was placed at
the inlet end of the tunnel for the purpose of producing
a thicker boundary layer, This did not have much effect
on the roughness parameter and the velocity profile remain—
ed logarithmic. The boundary layer, however, became some—
what thicker, for corrugated paper and the city model up
to 45 cm, ’ '

1.5 >Smoke plant. Photographic technique

Smoke plant. For the performance of gqualitative
smoke tests in the tunnel a smoke plant was constructed
as shown in the diagram in Figure 18,

The smoke was produced in a smoke generator of steel.
Compressed air is supplied to the top of the generator and
the smoke is forced out through the lower pipe into a
large bottle operating as a precipitator. Thence the smoke
passes through a venturi meter provided with a manometer to
control the velocity of the smoke, The smoke then passes
on to, for instance,a chimney model in the tunnel,

The smoke powder used, which gives off a dense, white
smoke, is composed of 15 g sawdust with an admixture of a
solution of 4 g KNO3 and 1,5 g calcic soda in 18 ml water,
After drying 18 cm3 solar oil with asphalt is admixed.

The quantity of oxidiser, KNOg, is thus slightly "de—
ficient, so that by supplying compressed air to the powder
in a closed container the combustion may be controlled,

The powder is filled into a tinplate box with per—
forated bottom, This box is placed in the smoke generator
where +the powder is ignited by a gas flame, The smoke
generator is then closed and compressed air admitted,

The smoke venturi meter is of brass. A longitudinal
section is shown at the bottom of Figure 18, The venturi
meter is adjusted by means of a gasometer,

From the smoke generator to the precipitator  the
smoke is taken through a copper tube, otherwise rubber
hoses were used.
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Wind - tunnel

s 1 4 1

Venturi meter

Venturi meter
'///Al"/ 722
0 mm _L_ S0mm
Fig. 18. Arrangement for visual smoke experiments.

The smoke is produced by combustion in the gemerator., The gquant—
ity of smoke is controlled by regulating the guantity of compressed
air for the combustion, The quantity of smoke is measured by the
venturi meter,

Photographic technique. Photographs of smoke plumes
in the tunnel were mostly taken in the 4th section which
was provided with a plate-glass window in one side and on
the other side provided with an internal cover of black
velvet,

In the ceiling of the 4th section a window was in—
stalled together with a case containing 3 photo-lamps each
of 11,000 1m, so screened as to keep the light within a
50 cm wide field around the vertical, symmetrical plane of
the tunnel,

For the photographic work use was made of a Leica
camera and films ADOX KB 14, exposed corresponding to DIN
17/10 and somewhat overdeveloped.
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1.6 CO:2 dosage. CO2 analysis

?:7 — — e a— ﬁ
! Wind- tunnel
! Model chimney
Manometer 'Y
3
QV
co Standard §j
colour s
= Regulatory I
Regulaltor Venturi meler Washing botlle Discharge

Fig. 19, Arrangement for quantitative smoke experiments,
The dosage is shown in the lefthand side of the figure. CO, is

blown out of the chimney model. The quantity is measured by the Ven—
turi meter shown in detail in Fig. 18.

The analysis is shown in the righthand side of the figure. The
CO,~contaminated air is sucked out at the wall of a house model,
paSses through a washing bottle containing Ba(OH)2 and an indicator,

For the model tests of smoke dispersal, CO0y was used
to represent smoke in the quantitative tests. The equip—
ment for these measurements comprised a dosage plant and
an analysis plant.

£0, dosage, lefthand side of Figure 19. From the COg
cylinder, which is provided with a reduction valve for
fine adjustment, the COs passes through a venturi meter
of the same type as that used in the smoke plant. The
venturi meter is connected to a FUESS manometer whereby the
quantity of COp flowing through it may be determined.

From the venturi meter the COg is taken through a
chimney model into the wind tunnel.

LC0s_analysis, righthand side of Figure 19, The
quantity of COg emerging from the chimney model at a given
place in the wind tunnel is taken to express the contamin—
ation of the air at that place,
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To make it possible to determine the C0; content of
the air at any place in the tunnel use was made of the
plant outlined in the righthand side of Figure 19. The
suction of air from the tunnel might, for instance, as
shown in Figure 19, take place from the front of a house
model. 1In other cases, when it was desired to determine
the COp concentration at a peint in the open air outside
the house models, a thin copper pipe with its mouth placed
at that point was used as a sampler,

The quantity of air sucked from the wind tunnel was
in all cases of a magnitude which did not influence the
main flow through the wind tunnel.

The sample of air from the wind tunnel was taken
through a poly-vinyl hose to a wash bottle inm which it
was sucked through a solution of Ba(0H)p., From the wash
bottle the air was sucked into a flask. The vacuum requir-—
ed to suck the air through the system is produced by re-
ducing the quantity of water in the suction flask., The
quantity of water drained off corresponds to the quantity
of air which has passed through the wash bottle.

The Ba(OH)2 solution used in the experiments was a
standard solution of 150 ml containing 3.5:10~5 g mol
Ba(0H),. To the solution was added a small quantity of the
indica%or thymol blue.

The method for the determination of the €0y content
of the air sucked out depends upon the measurement of the
quantity of air to be taken through the wash bottle +to
cause the indicator in the solution to change from blue to
a yellowish colour,

The Ba(OH)2 solution was prepared immediately before
each test in order to prevent the C0y content of the
atmospheric air from affecting the very weak solution,

For each test a double dose of the solution was made,
i.e.300 m1, 150 ml of which was placed in the wash bottle
while 150 ml was titrated with 0,01 n HCl to control the
strength of the solution.

To the 300 ml solution was added 2 ml thymol blue,
consisting of 0.2 g thymol blue + 14,5 ml NaOH dissolved
in 400 m1 distilled water. The range of change of the
indicator is taken to be between Pg = 7.9 and 9.6, At 7.9
the colour is almost a pure Yellow, at 9.6 almost a pure
blue.

Furthermore, 7.5 g BaCl,,2H90 was added to the 300 ml
solution, This addition was necessary to reduce the C04 ~
concentration and thus the HCOé‘concentration of the solu~
tion saturated with BaCO03 formed by the passage through
the wash bottle. Ba(OH)g + Coy ~» BaC0g + H,0,
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Fig. 21, Adjustment of CO,—apalysis, . o . .

Through the 4 m long s%eel tube atmospheric air is supplied in
a guantity which may be measured by means of the vent..ux"x contraction
of the tube. At the inlet end COp is added in quantities controlled
and measured by the small venturi meter., At the outlet end ot.‘ tl}e
large tube the COp—contaminated air is sucked out for analysis in
the plant shown in the righthand side of Fig. 19.

All tests were stopped when the indicator had assumed
a given yellowish colour, a measuring glass containing a
solution of that colour being placed beside the wash bottle
as a standard of comparison. ]

The absorption of C); in the wash bottle is not per—
fect. In the tests air was analysed containing up to 4 per
mille added COp, and it applies to these mix?ures that
about 70% of the CO2 content will be absorbed in the wash
bottle when the rate of flow is about 1 1 per hour,

Rather than calculating the quantity of CO0y in the
air on the basis of the stremgth of the Ba(OH)2 solution,
the quantity of air flowing through the apparatus §nd the
absorption percentage, it was chosen to standard1?e the
entire measuring process and by empirical means to find an
ad justment curve for the C0p analysis. .

The adjustment curve indicates the per mille of CO%
added to the air in terms of the quantity of air that mus
be sucked through the bottle inorder to make the indicator
in the standard solution change colour,

Direct air mixtures containing known quantities of
added COy, were produced, the mixture was sucked through
the standard solution and determination was made of the
volume of air flowing through it before colour changes
gave the points of the adjustment curve, )

For the adjustment the plant shown in Figure 21 was
used., By means of the wind tunnel atmospheric a%r was suck—
ed through the large steelpipe, the quantity being measur—
ed by the venturi contraction at the middle. At the same

3
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Fig, 22, Calibration of the standardized CO,-analysis,

The abscissa is the reciprocal value of %he quantity of air re—
quired for a change of colour of the indicator, measured in litres;
the ordinate is the quantity of C0, added in per mille,

The natural quantity of C02” contained in the air is 0.3 per
mille, which corresponds to the point at which the calibration line
intersects the ordinate axis,

time CO0y was added at the inlet end of the pipe in quan—
tities measured on the small venturi meter.In this way air

of a given content of COz could be taken off at the outlet.

Figure 22 shows the adjustment curve.The method gives
a suitable accuracy by measurements of concentrations of
between 0,3 per mille and 4 per mille added COj.

The use of this empirical method requires that during
the tests the same conditions are maintained as those ob—
tained during the adjustment.

Thus, the standard solution must be very carefully
made, The rate of flow through the wash bottle must be kept

23

almost constant, and this is dome by regulating the flow
from the suction flask and thereby the vacuum in the wash
bottle. The pressure may by read on the manometer inserted
in the connection between the wash bottle and the suction
flask, see Figure 19, Finally, the natural COp content of
the air must be assumed to remain constant, so the labor—
atory must always be effectively aired before and during
the tests,



2. THE MODEL LAWS

2.1 Laminary and turbulent flows. Velocity profile

Laminary flow. In a laminary flow in the direction of
the X—axis with a velocity gradient in the direction of the
Z~-axis, a shearing stress 7, Will occur in a section paral—
lel to the XY-plane and at a distance z therefrom,

du
T2 = Vag
in which u is the velocity and p the dynamic viscosity.
The kinematic viscosity v is defined by
y =

p
in which p is the density,

The viscosity of a laminary flow is due to the random
movement of the molecules., Molecules from one layer will
move into another layer carrying with them a momentum in
the direction of flow corresponding to that of the layer
from which they departed.

The diffusion of momentum as well as of all other

qualities in a laminary flow is due solely to the irregular
movements of the molecules,

Turbulent flow. In a turbulent flow of, for instance,
air, entire volumes of air will move in irregular eddies
in the direction of the main flow,

The flow may be taken to be the mean of a motion,
namely the main flow superposed with a complicated second—
ary motion whose velocities are casual as regards direct—
ion and value,

Normally, turbulent flows are dealt with statistic—
ally, mean values being used in the description, usually in
terms of time,

The momentary velocity at a given point has the com-
ponents u v and w, and the mean velocity through the time
interval A will then be

T +
a= 1
Ay -

udt and the two corresponding equations,

o> b
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If the mean velocity u is deducted from the total
velocity u at a given point of time, a velocity u', the
eddy velocity, will be obtained, representing the irregular
part of the turbulent flow. Thus

a=u+u', v=v+v' andw=w4+ W',

Over a period of time of sufficient length the mean
value of the eddy velocity will be zero,

' =v' =w' =0,

The flow may thus be taken to be described by u v and
w with u' v' and w' as a supplementary quality, and it will
thus be possible to speak of a steady,stationary turbulent
flow when at all points u v and w are independent of time.

 The irregularity of the turbulent flow produces an
eddy viscosity far greater than the molecular viscosity in
the laminary flow, In the turbulent flow entire part volum—
es of the medium move across the main flow, while in the
laminary flow it is only a case of irregularities due to
movements of molecules.

Correspondingly the interchange of all quantities be—
tween one layer of the flow and another will be far greater
in the turbulent flow than in the laminary flow,

The flow of natural wind close to the surface is gener—
ally a turbulent flow. Only at low wind velocities in con-—
nection with inversion laminary flows may occur,

This paper deals only with phenomena occurring in
turbulent wind.

Turbulent boundary layer., If in a parallel flow, for
instance in a wind tunnel, a plane sheet is mounted paral-
lel to the flow, this sheet will affect the flow. The part—
icles of air closest to the surface will be braked and at
increasing distances from the windward edge +this braking
effeect will be transmitted farther and farther out into
the flow.

The layer of the flow influenced by the surface is
called the boundary layer and its thickmess will increase
with the distance from the windward edge of the sheet.

Above the boundary layer the flow is independent of
the sheet.

In the boundary layer the velocity varies with the
distance from the surfacej; the velocity is zero at the sur-
face and increases with the height above it.

Both the height and character of the boundary layer
are to a material extent determined by the roughness of
the surface. A surface can be aerodynamically smooth or
aerodynamically rough to different degree.

3+
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A surface is aerodynamically smooth if immediately

above it there is a sublayer with laminary flow, i.e. a

layer in which laminary viscosity predominates. In this
layer the velocity gradient will be very great, Above this
laminary sublayer we have the turbulent boundary layer in
which eddy viscosity prevails,

Above an aerodynamically rough surface no thin lamina-
ry layer will be formed, but the flow will be turbulent
right down to the actual surface., The flow is therefore
called a pure roughness flow.

The factor determining whether a surface will be aero—
dynamically rough is that its obstacles are so great as to
be able to prevent the formation of the laminary sublayer,

Reynolds' number., 1In his classical examipations of
the flow of water in smooth pipes, Reynolds demonstrated
that the change from 1laminary to turbulent flow depended
solely on the non—dimensional number

-l-l_(l .

Re = 3

in which u is the mean velocity through the cross—section,
d the diameter of the pipe and y the kinematic viscosity.

The flow will become laminary when Re is less than
about 2000,

Reynolds' number may be defined correspondingly for
flows not passing through pipes, some characteristic length
being chosen to represent d,

The thickness of the laminary sublayer depends on the
value of Reynolds' number, the thickness decreasing as Re
increases, This means that a given surface may be aero—
dynamically smooth at low wind velocities and aerodynamic-—
ally rough at higher wind velocities, At low wind velociti—
es the obstacles of the surface will be entirely submerged
in the laminary sublayer, whereas at the higher velocities
of the wind the obstacles will be large enough to destroy

the laminary layer,

Almost all surfaces in nature will be aerodynamically
rough. Only surfaces such as those of large ice~fields may
be aerodynamically smooth at low wind velocities,Therefore,
natural wind close to the ground will normally be turbulent

right down to the surface and +thus be a pure roughness
flow,

Eddy viscosity. The shearing stresses in the tur~
bulent flow may be defined on an analogy with the shearing
stresses in the laminary flow.

If we consider a flow in the direction of the X-axis
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with gradient in the direction of the Z-axis at u = u(z)
(v = w = 0),the shearing stress in a horizontal section at
height z may thus be defined by
du
Tz T A dz *
Coefficient A, the exchange coefficient, is anglogo?s
with the molecular viscosity p and is of the same dimension.
~ Corresponding to the kinematic viscosity v the eddy
viscosity may be defined by
A
K ==.
o
The shearing stress for z approaching zero is called
<z . In the natural wind it is the friction stress at the
surface. 7, must depend on the roughness of the surface and
on u.

Friction velocity. Prandtl introduced the term friction
velocity which he defined by

"1
s
u, = \5

in which 1, is the friction stress for z = 0 and.p the dens-
ity of the air, u, is wused as a unit of velocity at ?he
different levels, and it will thereby be possible to obt§1n

a non—dimensional expression for the velocity distribution,

Like Ty s depends on the roughness of the surface and onu.

Velocity profile. The variation of the;veloc%ty with
the height in the turbulent boundary layer u(z) is to be
determined from the equation

du du
L P L p

Insofar as it is possible to ignore the pressure grad%ent
changes in the direction of the mean wind, 7, may in a
stationary flow be taken to be independent of the he1ght:
This will for natural wind blowing over an ordinary terrain
hold good up to a height of 100 m, a particularly importam
zone with regard to technical problems,

If we therefore take
T, = Tor
the differential equation for the variation of velocity
with the height will be
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du _To
dz ~ pK°

In the turbulent boundary layer the velocity gradient
decreases with the height, K must therefore increase with
the height. Let us introduce the simple assumption that K
is varying linearly with the height,

K =xu,(z + zo)

in which z, Tepresents a length dependent upon the rough~
ness of the surface, and we obtain the differential equation
- T u
du o)

*
iz = pxu‘(z " ZO;V= x(z " i;jr’ whence

=|ﬁ|
It

3
K(loge(z + zo) - logezo).
At the given roughness used by Nikuradse in his funda—
mental experiments on the flow in rough pipes, the ratio
between the size of grain and the roughness parameter is
30. At other forms of irregularities this ratio will have
other values, at soil bearing grass or low grain crops it
may be 4. Over an urban distriet with a density of build-
ings of 0,25 the ratio between the height of the houses and
the roughness parameter is 2, if the density is 0,14 the
ratio will be 3, ‘

The result to be derived from the above, is in other
words, that the wind velocity will vary with the height ac—
cording to the logarithmic formula

z
ugz) 1 t 2,
PR log _,
u, X e z,

*

u(z) is the velocity at height z, u, the friction velocity,
which for a given z  will generally depend only on the
velocity of the free wind. « s Kirmdn's constant, is a
universal constant of numerical value 0.4. z is the rough—
ness parameter and depends solely on the roughness of the
surface; if two surfaces have similar irregularities in a
ratie of £, their z_ values will likewise be of ratio f.
The lefthand side ofthe equation represents the non-dimen—
sional velocity, and correspondingly the term following
log_ is the non—dimensional height, The formula cannot be
used at levels close to the obstacles, for there a strong
influence will be exerted by the nearest parts of the rough—
ness, a local effect for which the formula cannot, of
course, make allowance; it is therefore usual in the count—
er after log_ to delete z . 1In many cases the reference
point for z in the formula does not coincide with, for in-—
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Fig. 29, Velocity profiles over different coatings of the bottom
of the tunnel, :

The abscissa is the relative speed of wind, the speed at 100 cm
level having been fixed at 1.00; the ordinate is the logarithm of the
height above the surface,

stance, the surface of the ground, If a plane surface is
covered with a dense layer of balls, the point of departure
for the measurement of z will, of course, not be the plane
but a place on the level of the centres of the balls or
perhaps sligthly higher. z must be measured from the level
at which the wind velocity is theoretical zero. In the
measurements of the velocities another zero point for z may
have been used, for instance a point displaced by the dis—
ance d, The formula will then read

- d
ulz)  1,,, z=4d
ll.‘l X e Zo



30

corresponding to an upward displacement of zero of d + Zg.

Figures 289 40 49 and 54 show some examples of veloc-
ity profiles over different surfaces in the wind tunnel.
The smoothest surface is that of the masonite plates in
Figuré_29 with z, = 9.1.1074 cm, the roughest surface that
of the model of a city in Figure 29 with zo = 3.5 em.

Figures 31 35 and 48 show some examples of velocity
profiles measured in nature. The harrowed field in Figure
31 corresponds to the smoothest surface that may be found
in agricultural areas, it has zq, = 8.2:102 em. At the
top of Figure 31 the velocity profile over the central part
of Copenhagen is shown. In this case the points of measure—
ment were not sufficiently high to obtain the rectilinear
part of the profile. The unbroken, thin line is the tangent
to the profile and shows a value of z, = 750 cm. This cor—
responds to the city model on scale 3.5+750 = 1:+214, which
is very close to the ratio between the height of the houses,
namely 7,0 em to about 15 m,

In the derivation of the formula for the velocity pro-
file it was assumed that

K= xu/(z+ zo).

From Figures 29 31 35 40 48 49 and 54 it will be seen

that this assumption was justified as the logarithmic velo-
city profile obviously covers a very comprehensive field.

It is, however, a condition for a rectilipear velocity pro—
file in a logarithmic depiction that the temperature varies
with the height in such manner that the air will be in neu—
tral equilibrium.

Thickness of boundary layer. Nikuradse found that a
surface is aerodynamically smooth if

utzo

<0.13

and aerodynamically rough if

wz,
—;—-—) 2,5.

The thickness & of the turbulent Eoundary layer over
an aerodynamically rough surface may be calculated from

-2 0-8 when 2-10°< = < 5.10%,

[+]

d =2 0.341 x

in which x is the distance to the windward to the place
where the boundary layer begins to form.
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Fig. 31. Different velocity profiles measured in nature.

The abscissa is the relative speed, the speed at 10,000 cm level
having been fixed at 1,00; the ordinate is the logarithm of the
height above the surface.

2.2 Model law based on the roughness parameter

The investigations elsewhere available on the subject
dealt with in this paper were made either without regard
to the model law or were based on the notion that the law
of identical Reynolds' numbers in nature and model should
actually be maintained,
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Reynolds' number for an object is
vod
Re = —
y

in which v_ is the undisturbed velocity, d a measure of
length in 1fe object and y the kinematic viscosity,

In other words, the model law demands that the product
of velocity and size of the object is to be identical in
the model experiment and in nature, It will, of course,
hardly ever be possible to fulfil this model law require —
ment within the fields here dealt with, If it is a matter
of wind conditions at a 20 m high house at a speed of wind
of 20 m/s, the product will be 4-106 cmz/s. In a wind tunnel
this would require a model of a height of 4 m and a wind
speed of 100 m/s. A wind tunnel of sufficient capacity for
this experiment would probably not be available,

For by far the greater part of the conditions prevail-—
ing in the aerodynamics of natural wind there is, however,
no problem at all involving Reynolds' number. The model law
is an entirely different one, namely a law based solely on
turbulence,

The wind blowing over the surface of the earth is
turbulent. Its mean velocity increases with the height a—
bove the surface, These are the two most remarkable featur-
es of natural wind and they are essential with regard to
the movements of the wind not only over open land but also
over cultivated and built—up areas,

Despite the fact that the two abovementioned character—
istics of the wind, the turbulence and the velocity profile,
are very much in evidence ~ as far as the velocity profile
is concerned, of course, only qualitatively, most laboratory
experiments curiously enough become invalid because air
currents of an entirely different character are used.

Most wind tunnels have a very short working section,
frequently a free jet, by which out of regard to investiga—
tions of aeronautics it is endavoured to maintain a con~
stant velocity throughout the cross—section. Besides, every—
thing is being done to keep a low turbulence in the flow of
air. Such tunnels are unsuitable for investigations of the
phenomena in natural wind at the surface of the ground, and
the many experiments made can by used only with great
caution.This applies also to most experiments made in wind
tunnels having a long working section,

If model experiments are made of shelter conditions
at a solid screen and the model is mounted on the bottom
of the tunnel, its lowermost part will be within the bound-
ary layer which is to be found over the bottom of the
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tunnel, no matter how smooth it may be., According as this
boundary layer extends to a greater or higher level of the
model, the conditions of flow will change. This fact has
alarmed many investigators and different tricks have been
used to avoid getting the model down into this boundary
layer. The model has been suspended in the middle of the
tunnel, and in order to avoid false results due to air that
may flow under the model and into the sheltered area, the
suspended models were provided with a base plate as a sub—
stitute for the surface of the earth. A boundary layer will
be formed also over this plate; if the plate projects only
a short distance to the windward of the model, this bound~
ary layer will, of course, only be thin. To have boundary
layers entirely eliminated use has at times been made of
symmetrical double models suspended in the middle of the
tunnel,

Unfortunately, these efforts to eliminate the boundary
layer will in most cases lead to serious errors when the
results of the model experiments aréd applied to real ob-
jects standing on the ground.

To demonstrate these conditions measurements was made
in nature of the shelter behind a screen, and in the wind
tunnel measurements on a model of this screen were perform-
ed, '

The arrangement in nature appears from Figure 34, The
screen was solid, 0,95 m high and 35 m long, and was mouni—
ed at right angles to the wind, The speed of the wind was
measured in the vertical plame in the direction of the wind
abreast of the middle of the screen, Within the area in—
cluded in the measurement of the shelter the flow may be
considered two—~dimensional. The speed of the wind was
measured by means of cup-anemometers as described in
Chapter 1.1. The terrain was a stubblefield extending over
a long distance to the windward.

An 8 m tall mast with 4 cup—anemometers was erected
35 m to the windward of the southern end of the screen,
here the velocity profile was measured. At the same dist —
ance from the northern end of the screen a cup~anemometer
was mounted at a height of 0,95 m. The recordings there to-
gether with the recordings at the mast were used as a basis
for the calculation of the shelter given by the screen.

Measurements within the shelter zone of the screen
were made by means of 5 cup~-anemometers mounted on a pori-
able pole.,

During the experiment which was made in the course of
the night between October 25th and 26th,1959, the wind was
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Fig. 34, Arrangement for the measurement of the shelter behind a
screen in nature,

The screen was solid, 0,95 m tall and 35 m long, and placed in
direction N~S. The velocity profile was measured at an 8 m tall mast
erected 35 m to the west of the southern eand of the sereen. The
measurements of the speed of the wind there and at an apparatus mount-
ed 35 m to the west of the northern end of the screen at 0.95 m level
were used as the speed of the undisturbed wind in the calculatjon of
the shelter value, The shelter was measured abreast of the middle of
the screen at 5 different levels.

from the west and its speed at a level v. 8 m was 8 —~ 10
m/s. The weather was overcast without precipitation,

The velocity profile measured is shown in Figure 35.
The roughness . parameter was 0.74 cm. Figures 36 and 37
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Fig. 35. Velocity profile over a Stubble field.

The abscissa is the relative speed of wind, the value being fix—
ed at 1,00 at a level of 10,000 cm; the ordinate is the logarithm
of the height above the surface of the ground,

The profile was measured at the 8 m mast shown in Fig. 34.

show two sections of the shelter zone behind the screen,
namely the shelter in a horizontal line at a level of 0.4
times the height of the screen above the ground, and the
shelter in a vertical line at a distance of 4 times the
height of the screen from the screen, respectively.In both
figures the shelter curve is shown in solid line and de—
signated by the number 128,
The shelter s in a point at a screen is defined by
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Fig. 36. Shelter behind a solid screen in nature and in model ex-
periments,

The ordinate is the shelter s; the abscissa the distance x from
the screen made non-dimensional by division with the height of screen
h. The shelter curves shown correspond to a level of z = 0.4 h.

The fat curve represents the measurement in nature shown in Fig.
34. The height of the screen was 128 times the roughness parameter
z . The other curves correspond to different model experiments, e is
a 'model experiment with the screen erected on a smooth plate of mode—
rate extent; the plate was suspended in the middle of the tunnel. 4
ie a model experiment with the screen freely suspended in the middle
of the tunnel; it represents 'poised double models', 1390 122 and
6.1 are model experiments in which the screen was standing in the
turbulent boundary layer developed over different coatings of the
bottom of the tunnel; the figures indicate the ratio between the
height of screen and the roughness parameter,

It appears that the condition for a true model experiment is
that the experiment is performed in a turbulent boundary layer with
a roughness parameter true to scale,
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Fig. 37. Shelter behind a solid screen in nature and in modelex-

periments, .

The abscissa is the shelter s; the ordinate the level z above
the ground made. non—dimensional by division with the height h of the
screen, The shelter curves correspond to the distance x = 4 h from

the screen,
For further information see text of Fig. 36.

in which v, is the speed of the wind at the point when
there is no screen, and vy the speed of the wind when the
screen has been put up. :

] - The speed v, of the unobstructed wind at the different
levels was determined by interpolation between the measure—
ments at the mast. All determinations of the speed of the

wind represent the mean value for 10 minutes,

.In the wind +tunnel experiments were made on a sym—
metrical double model of the screen suspended in the smooth
flow in the middle of the cross—section of the tunnel, The
screen was 2.5 cm high and of infinite length. The speed of
the wind was measured by means of the hot—wire anemometer
described in Chapter 1,3, The shelter -curves in the twe
sections are  designated by d and shown in broken lines in
Figures 36 and 37. It will be seen that the shelter behind
the - suspended double model is quite different from that ob—
tained in nature. . :

4
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In the case of body in double flow, like the freely
suspended model screen, the free flow, the potential field,
on the windward side will extend all the way in to the thin
boundary layer surrounding the body. There will always be
a stagnation point in front of the body at the place where
the current divides to flow in two currents, one to each
side of the body, and where the velocity will be zero,

When it is a body in single flow, 1like the screen
standing in the field, a shelter zone will form on the
windward side, this zone being bounded +towards the free
flow by a vortex layer which in a rounded curve conneets
the ground with a point on the body,in this case the upper’
edge of the screen., There will therefore be no point at
which the velocity of the unobstructed flow is zero.

When a body is in double flow, the flow behind it will
vary with ever—-recurrent eddies forming and breaking into
the eddy region from alternate edges, so that the whole
eddy region will move up and down without symmetry on the
symmetry axis of the body. This is the wellknown Kdrmin
Vortex Street.

At a body in single flow a rear vortex layer will
form bounding the shelter zone, The vortex layer will
certainly oscillate somewhat in the vertical plane, all
discontinuity surfaces being unstable, but these small
motions will cause only minute variations in velocities,
Particles of air from the unobstructed flow will only to a
limited extent enter the vortex layer and pass on into the
shelter zone which, on the whole, will be subject to mini-
mal changes because it is supported by the solid boundary
constituted by the ground.

If we are to have any chance of obtaining from model
experiments conditions resembling those measured in nature,
the model screen must thus be mounted on a base plate which
can support the vortex layer to the windward of the model
and the shelter zone behind it in the same way as in nature,

As previously mentioned, many model experiments have
been made with model suspended in the middle of the tunnel
and provided with a base plate of moderate extent, A de—
termination of the shelter of such an arrangement was there-
fore made. The screen was 2.5 cm in height and of infinite
length and it was mounted on a masonite plate extending 15
cm forward of and 40 cm to the rear of the screen,

Figures 36 and 37 show the results in broken lines and
designated » , A comparison with the measurement made in
nature, shown in solid line and designated 128, indicates
appreciable deviations,
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Natural wind is practically always turbulent all the
way down to the surface of the ground. It is thus a rough-—
ness flew, and Reynolds' number does not apply to t?e
velocity profile of a turbulent flow, The flow is determin-
ed by the roughness, or perhaps rather by the turbulence3
but this makes no difference as the turbulence is determin—
ed solely by the roughness when the atmosphere is i9 a
neutral state, i.e, when there are no positive or negative
thermic contributions to the turbulence,

It now begins to emerge that conditions for model ex—
periments must aim at making the flow in the wind tunnel
turbulent in a manner similar to the +turbulence of the
wind,

In a wind tunnel with the bottom covered with smooth
masonite plates a boundary layer will be formed having the
velocity profile shown in Figure 40 with a roughness para—
meter z, = 1,8:10"° cm. A covering of corrugated paper will
give z, = 4.1-10"2 cm, and a cover of 2 cm wide and 2.5 cm
high fillets gives z, = 0,41 cm. The corresponding velocity
profiles are also shown in the figure.

With the tunnel bottom dressed in these manners the
shelter behind the model screen was measured. The screen
stood on the bottom of the tunnel and the turbulent bound-
ary layer was of a height of more than 4 times the height
of the screen. The results are shown in Figures 36 and 37.
The experiment im nature is shown in solid line, the model
experiment with corrugated paper covering in thin, solid
line designated 122, whereas the experiments on the smooth
masonite are represented by the broken curve designated
1390, and that on the covering with fillets by the broken
line designated 6.1.

The three model experiments, curves 6.1 122 and 1390
correspond to three different degrees of turbulence of the
wind. Over the smooth surface the turbulence is less than
that over the rough surfaces, It is clearly apparent from
the figures +that it is of decisive importance for the
shelter behind the screen whether the bottom of the tunnel
is rough or smooth, or in other words, whether the turbul-
ence is great or small,

At the present time it is impossible to give a mathe—
matical description of the turbulence in a flow in such a
manner as to be sufficiently detailed and at the same time
also practicable in its wider application. Thus, it will be
impossible in this way to cope with the problem of the
model law for more or less turbulent flows. It is not necess—
ary,however, to include a description of the actual turbul-
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Fig, 40. Velocity profiles in wind tunnmel,
The abscissa is the relative speed of the wind, the speed at

100cm level having been fixed at 1.00; the ordinate is the logarithm
of the level above the surface. .

ence, we need only stick to the fact that phenomena in a
pure roughness flow depend upon the roughness.
) The problem of the model condition for natural wind
is reduced to a model condition for the roughnesses of the
surfaces. Theoretically the easiest procedure would be to
reproduce the terrain to be investigated in the proper
scale in the wind tunnel, In practice this will often be
very difficult, more particularly in case of cultivated
surfaces of the earth. It may, however, be done in a much
easier way.

In Chapter 2.1 the formula was derived for the veloc—
ity profile in a turbulent flow over a rough surface
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in which the roughness parameter z, represents a length

characteristic of the roughness.

The velocity profile is the most outstanding feature
of a pure roughness flow, and there is every reason to ex—
pect that the other phenomena of the flow must depend upon
the same physical values as those entering into the form—
ula for the velocity profile,and in respect of our problem
concerning the roughness this will mean the roughness para-
meter z .,

We’have thus arrived at the condition for model ex-
periments that the velocity profile in the wind tunnel must
be similar to that in nature on the scale selected, or more
simply, that the roughness parameter of the tunnel bottom
shall be on a scale with the roughness length in nature.

% _p
Z a?’

(4]

in which Z._ is the roughness parameter in nature, 2z _ the
roughness parameter in the tunnel, D end d a measurement
of the object in nature and in tunnel, respectively. The
model must, of course, be entirely submerged in the turbul—
ent boundary layer of the tunnel,

Figures 36 and 37 show all the shelter curves. At each
curve the value of the ratio between the height of screen
and the roughness parameter has been stated. In the model
experiment in which the screen was standing on a smooth
plate of moderate extent the boundary layer was quite thin
and the model was thus exposed to a flow of a constant
velocity independent of the height. Viewed on the basis of
the new model law this may be characterized by the state-—
ment that the roughness parameter was infinitesimal small
or h+2z = e,

Figd}es 36 and 37 make it apparent that symmetrical
double models give entirely wrong results. Otherwise there
is a gradual change in the shelter curves from the very
rough model experiment having h + z, = 6.1 to the very
smooth one having h & z_ = 1390. The experiment with the
model on a short plate enters reasonably as an even smooth-
er case.

Finally the figures show the excellent conformity be—
tween conditions in nature and model experiments when the
values of h + z_ are approximately equal, i.e. 128 in na-—
ture and 122 inthe model experiment over corrugated paper.

4
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The above conditions for true model experiments make
certain new requirements as regards technique and equipment,

The model 1law in this form requires that it is
possible to dress the wind tunnel with rough coverings giv—
ing a wide range of roughness parameters, in order to ac—
comodate both variations in roughness parameter and the
different scales of models, Chapter 1.4 contains descript—
ions of a number of roughnesses,

Furthermore, the experiment must be made in the bound-
ary layer of the tunnel bottom. The boundary layer increas—
es rather slowly, particularly over smooth surfaces, so a
considerable length of tunnel will be required,

2.3 Experiments to check the model law

In addition to the experiments mentioned in Chapter
2,2 on the shelter behind a solid sereen several control
experiments were made to check the scope of application of
the model law,

Figure 43 shows the results of shelter measurements
behind artificial screens in nature and in model experiments,
The shelter was measured at a level of 0.4 h above the
ground, h being the height of the screen. The screens con—
sisted of horizontal boards spaced so as to give a hole
percentage of 38. The experiments were two~dimensional. The
abscissa in PFigure 43 is the distance from the screen to
the point of measurement made non-dimensional by division

with the height of screen, The ordinate is the shelter s
defined by

V -V
0 S

v
o
in which v_ is the speed of the wind at the point without

the screen, Ve its speed at the point with the screen
mounted,
The full-line curve shows the shelter behind a 3.5 m

tall screen in a terrain with a roughness parameter of 4.5
em. The short—dash curve shows the shelter behind a 5 em
tall model screen when the tunnel bottom is dressed with
corrugated paper giving a roughness parameter of 0,09 cm,
Finally, the long—-dash curve represents the shelter in a

model experiment with smooth tunnel bottom having z =
1,1-3073 em, 1In nature the ratio between the heightoof
screen and the roughness parameter is 78, and in the twe
model experiments 56 and 4500, respectively, The figure
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Fig. 43. Comparison between shelter curves from measurements in

nature and in model experiments, . _
The abscissa is the distance x from the screen made n?n*d1me98
ional by division with the height h of the screenj the ordinate is

the shelter s; the measurements were made at a éevel of z = 0,4 h.
The percentage of hole area of the screen was 38, )

< F The sﬁlid curve represents the shelter behind a_3.5 m tall
screen in nature. The short-—dash line is the shelter behind a mod:l
screen in the turbulent boundary layer over corr?gated paper. Tle
long-dash curve originates from a model experiment in smooth tunnel.

shov a good conformity between model experiment and nature

when the roughness parameter is according to scale,.where—

as the smooth tunnel bottom will give an entirely different
shelter curve. .

The velocity profiles for measurements in nature and
in the tunnel are to be found in 'Shelter Effect' by Mar—
tin Jensen, Figures 177 and 179,

Figure 44 shows the results of some other shelter ex—
periments. Board screems with a hole area of 45% were used.
The screen in nature was of a height of 2.5 m and was plac—
ed in a very smooth terrain, namely in the tidal flats out—
side the sea—wall at Hejer in Southern Jutland. Here a
several kilometre wide marshland covered with grass and



10
s
09 '
pra ;\\*\ Z=04h-
o7 =3 N @ =45%7
06 =S
o5 ,
04 N TR
4 N \\ | ‘\QN
03 Sy XS
Y, ‘\‘>\ T~
o/ , == Lin

2 4 6 & W 214 18 202 242628 o

Fig. 44. Comparison between shelter curves from measurements in
nature and from model experiments,

. The abscissa is the distance x from the screen made non—dimens-
ional by division with the height h of the screen; the ordinate is
the shelter s. 'The measurements were made at a level of z = 0,4 h
The hole percentage of the screen was 45, : ’

The solid curve represents the shelter behind a 2.5 m tall
screen in an extremely smooth terrain, The long-dash curve shows the
shelter behind a model screen on a smooth tunnel bottom, The short=
dash curve shows the shelter behind a model screen in the turbulent
boundary layer over corrugated paper,

submerged at high tide extends to the seaward., At suitable

water levels the grass will rise vertically from the bottom
to the surface of the sea on which it will lie horizontal-

ly and prevent all wawe formation. The roughness parameter

was 1,8°1072 c¢m. The model experiment was made with screen
models of a height of 5 cm on a smooth tunnel bottom with

2 =1.1-1072 em as well as on a bottom covered with cor—

rugat;d gaper and having z% = 0.09 cm. :

) n Figure 44 the shelter behind the s i

is shown.in full=line curve.The model experi;:g:no;ns;:::;e
got;om is shown by the long-~dash curve, while the short—

tz:neip;2§tz;?resents the shelter measured over the rough

In nature the ratio between height of screen and rough—
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ness parameter was 14 000, in the smooth—bottom model ex—
periment 4 500 and in that on rough bottom 56, It agan ap—
pears that there is a fine conformity between model ex—
periment and nature when the roughnesses are reasonably
similar, whereas otherwise the model experiments do not
give a suitable representation of what happens in nature.

Finally, measurements were made of the shelter in
pature at a three—wing school at Frerslev on the Island of
Zealand, and a shelter measurement in wind tunnel of a
model on a scale of 13140 of the same school,

The Frerslev school is situated in a flat terrain. To
the west and north of the school are open fields and the
playground is asphalted. At the time of measurement in 1955
there were no hedgerows offering any shelter, so shelter
conditions were determined solely by the school buildings.

The measurement in nature comprised in the first place
a determination of the velocity profile at a mast erected
in the sports ground of the school as shown in Figure 46,
On the pole 4 cup—anemometers were mounted at levels 1,2
2 4 and 8 m. A series of values of the simultaneous speed
of wind at these levels was measured.

Cup—anemometers were thereupon mounted at a level of
1.2 m at the five points marked in Figures 46 and 47.
Simultaneous measurements were made at all these points of
a number of mean values of the speed of wind for one minute.
The shelter was calculated by taking the measurements at
1.2 m level on the mast in the sports ground as the speed
of the undisturbed wind.

Figure 47 shows the results of meagurements made on
September 3rd between the hours of 13%%  and 1630. The
weather was half overcast and the wind was blowing from
255° from north through east,changing within an arc of 10°
during the time of observation. At the level of 1.2 m the
speed of the undisturbed wind was 7 — 8 m/s.

The sports ground was grown in grass of a height of
2 cm, in front of the school to the windward lay grass
fields, Figure 48 shows the velocity profile, the rough-
ness parameter z, = 0.30 em,

The shelter® in the playground was determined as a
mean of 15 measurements, the results are indicated by the
upper numbers in Figure 47,

- In the tunnel the bottom was covered with glazed card—
board sheets., The velocity profile, which was measured in
the 4th section by means of the small pitot—static tube,is
shown in Figure 49.Roughness parameter z_ = 1.5-103 em,

Thus, the ratio between the roughngss parameters was
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Fig. 47. Comparison between the shelter in nature and in model
experiments,

The shelter values from the measurements made at the school
shown in Figure 46 are noted as the upper figure at each point of
measurement, The lower figure indicates the shelter from the model
experiment in the wind tunnel.

13200, and the model was on a scale of 1+140. This conform—
ity is sufficient to fulfil the model requirements,

In the model experiment the speed of the wind at the
different points was measured by means of the hot-wire ane-—
mometer. The hot—wire was vertical and 0.3 em in length.
Its centre was 0.84 cm above the tunnel bottom, correspond-
ing to the level of the cup-anemometers in nature.

The results of the model experiments are indicated by
the lower numbers in Figure 47,

Fig. 46. Comparison between the shelter in nature and in model ex-
periments.

The upper parts shows the plan of a school situated in an entire
ly open terrain. At westerly wind a velocity profile was measured
frow the mast shown, which was 8 m high. At the same time the speed
of the wind was measured at the 5 points marked between the buildings
at a level of 1,2 m above the surface.

The lower part shows a cross—section of the buildings.
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Fig. 48, Velocity profile over a field with short grass,
The abscissa is the relative speed of wind, the speed at 10,000
cm level having been fixed at 1,00; the ordinate is the logarithm of

the level above the surface. The profile was measured at the mast
shown in Fig. 46,

Table 49 contains a record of the speed of the wind
at the different points both in nature and in the model ex—
periment, The speeds have been converted to correspond to
an undisturbed speed of 10 m/s.The table shows a satisfact—
ory conformity between nature and model experiment,
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Fig. 49. Velocity profile over glazed cardboard in wind tunnel.

The abscissa is the relative speed of wind, the speed at.100 cm
level having been fixed at 1,00; the ordinate is the logarithm of the
height above the surface,

Table 49, . Comparison between the speed of wind in nature and
in model experiments at the school shown in Fig. 46. :

Measurements were made at 1.2 m level in nature and the cor—
responding level in tunnel. The speed of the unobstructed wind at
this level was fixed at 10 m/s.

Nature,m/s Model,m/s Error,m/s-
9.0 9.0 0.0
5.5 3.5 2,0
5.0 6.0 -1.0
6.5 5.5 1.0

12,0 11.0 1.0
Average 0.6 m/s
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2.4 Model law for the dispersal of smoke

A chimney is assumed to emit Q cm3 per second of a
gas or a fine suspension, This matter is distributed in
the plume of smoke and at a certain distance from the
chimney it may pass down between houses or down to the
ground, The matter of interest to us is the concentration
of gas q at a given point. q represents cm3 gas per cm3
contaminated air,

Let us consider a closed curve around the point.
Through this curve streamlines are drawn thus forming a
tube in which the point is situated. The curve and thus
also the stream-tube are chosen of so small dimensions
that the velocity v may be considered constant throughout
the cross—section F containing the point. The quantity of
gas passing through the stream-tube is B'Q, p' being a con-—
stant smaller than 1, We thus have

B'Q = qFv.

The velocity v is proportional to the friction veloc—
ity v

*
v = v,

and the area F is proportional to the square of some
characteristic length,for instance the roughness length z,
2
n P
B'"F = L
If the two last equations are inserted in the first
equation and it is solved in relation to q, and f* 8" and
g'" are taken together as b, we have

e

z, Vv,
in which q is the concentration of gas in cm3/cm3, Q the
strength of the source in cm3/s,z the roughness parameter
in em, v, the friction velocity in cm/s, and b a non—dimen—

sional coefficient indicating the variation from place to
place in the given arrangement

2
z, V,

Q L

b may be termed the non~dimensional concentration,

b =g
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't may at times be more convenient to use the reciproc—
al value of the non~dimensional smoke concentration
i__9
b 2 !

z, v, 4
and as i is proportional to Q, % may be termed the non-
dimensional strength of source. :



3. SHELTER AT HOUSES

3.1 Introduction. Experimental technique

- When buildings are situated in open country it will
frequently be of great interest to establish an efficient
shelter, partly out of regard to the people living there,
and partly, in certain cases, out of regard to the vegetat—
ion in adjacent gardens,

Especially in the case of rural school buildings it
is of importance to provide good shelter in the playground.

The experiments referred to in this chapter were made
on models of different types of school buildings for the
purpose of obtaining information with regard to the shelter
effect of the actual school buildings,

In the course of the experiments a total of § differ~
ent schools was investigated.In all cases the school build-
ings were 1 or 2-storey houses, The simplest specimen con-—
sists of a onme-wing building, the model of which is shown
in Figure 53, In addition the experiments comprised a two—
wing, a three—wing and a four—wing school building and a
school consisting of three low, parallel buildings,

In each case the shelter measurements of the models
of these five schools comprised only the area of the school
grounds arranged as a play-ground.

In some of the types of schools the models include
lean-tos and hedgerows about the play-ground.

All the models were on a scale of 313200,

The models were arranged in the fourth section of the
tunnel. There a turntable had been built into the floer of
the tunnel, so that the model might be turned in relation
to the direction of the wind.Figure 53 shows a model mount—
ed on the turntable. The turntable was smooth, while the
rest of the bottom of the tunnel was coated with sandpaper
with z_ = 2.5-10"2 cm. Figure 54 shows the velocity profile
over tBis coating,

The roughness used in the <tunnel corresponds to a
roughness in nature of z = 5 ecm.

Measurements of thd speed of the wind in the tunmel
were made by the hot—wire anemometer described in detail
in Section 1.3,

The hot-wire used was 0.3 cm in length, The wire was
mounted vertically at the point of measurement. All measure—
ments were made with the centre of the hot—wire at a level

53

Fig. 53. 'Model for investigation of the shelter at a house.

In the wind tunnel the model was mounted on a turntable so that
the shelter might be investigated at different angles of incidence
of the wind,

of 0.75 cm above the floor coating, which corresponds to
1.5 m above the ground.

The result of having the hot-wire placed vertically is
that measurements will be independent of turns of the wind
in the horizontal plane; at the same time measurements will
be independent of vertical turns of the wind of up to 45°.

Before measurements were made at any point,the direct-—
ion of the wind was, however, ascertained by means of a bit
of thread affixed to a pin at the point of measurement.

In the second section of the tunnel a pitot—static
tube was mounted in the free flow above the boundary layer
to control the velocity of +the wind in the tunnel during
the experiments,

For each of the 5 school models shelter conditions
were investigated at a number of points in the play-ground
at different wind directions,

- The results of these measurements are shown in Figures
55 to 73, in which the shelter is given in per cent,

13
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Fig. 54. During the experiments on shelter at houses the tunnel was

dressed with sandpaper and had the velocity profile shown in the fi-
gure,

The abscissa is the relative speed of wind, the speed at 100 cm

level having been fixed at 1; the ordinate is the logarithm of the
height above the surface,

vV -V

s = ~>—= 100 _

in which®s is the shelter in %,v_the velocity at the point
of measurement when the shelterigg arrangements were remov—
ed, and v_ the velocity measured in the shelter zone.

A shelter of s = 25% at a given point thus means that
at the point the speed of wind is reduced by 25% because
of the sheltering arrangements. A shelter of 8 = —10% means
that the speed of the wind at the point has been increased
by 10%.

As it is the object of the shelter to create more com—
fortable conditions for human beings, a shelter of less
than, say, 50% will not be of much interest, Corresponding
to this evaluation, isoskepes have been drawn in the figur-
es for 50, 60, 70, and 80% shelter (skepe = shelter), and
for the sake of lucidity areas of more than 50% shelter have
been hatched on a graduated scale increasing in density

with the amount of shelter, as shown in the lower parts of
the figures,

55
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Fig. 55. Shelter at an isolated house. ) )

At the top of the figure the shelter is shown at a wind blewing
at an angle of 45° with the longitudinal axis of the house. In the
lower part the shelter is shown at winds at right angles to the house.
Isoskepes have been drawn for 50 60 and 70% shel?er,.and areas hfv—
ing more than 50% shelter are hatched with a density increasing with

the shelter, In the remaining areas the shelter is given in %,



57

56

(R
o
\e\o.o,
GRS
s o
oo
o

62
LSRN
02005050

50

29,
ey,
5 %oooooo/o\
S0

s,

X2

&G
BRI
LR
5

9
2
.
o

%

2

%

N\o

&
<

55
ol
%]

o5
e
2,

Y,

\
A
Ky

ALK
cooow\o\
2L No

1

XS
QRURAK

Vo

<
52
G

PR
729

K62
20,00 09

£ IC K KK

0000“00000 o,

4./
X
ode%e.

X
] ~ S &
”.I_/e R .m S M.
) N S s ]
~ N S < < =
m - p “ 9 “
g 3 78 B8R @8
8 o \. . M
¢ 4 Qo 778 BRI DR
2120 0o B w :
m Q ~ &) L L= IR + M
BhkAold3 L2 ¥ OB n B b g3z
O wwH OFH A A fe 4 & " o N aba
LS8 0@ ] 0o - . - O © @ o hys o ot o
S w e or - o = -~ O se @
VP SHO P Wa .1 N e s Rk e g
~Hod & &9 o d [.a e~ &0 WL b >%
WS Hoe wHad e’k £ N BP o o) R e 3
a4 - O b - -] -] a Q o > e W N n
- <] — B 4 60 mMoO £ +da il B -
m~obod HoHgOo W g [>T - mwes P s
r-] o oo e o 3] n m 2 Mﬂ.uﬂ Feo "
d P L HP LoB®m A w0 o ® & 2 M &8
a’ 3o~ B oo m i S0 wooaw w o =52
W o o o f 80 PP [ o e -8R
a PRI sw.13u — | %o P Awaa W
2.8 o P PP RO » 28 @ | & PR agza
cPrabman @a 0 BB HD T 4% @ [ =g
e O Q M QOO T W ] [ O I -1 wa 2 gddw
d FoMoo B8 g Tt Aol . B _ T 28 0d
+ S8 0 0 U O+ P d [ -] @ & m W QO e o201
go, SR H v K ¥ 3 +.9 8 ow a5 [ RCH:
B0 @ o m23odaae o ~P P oow®O S e [
OO WM 2 0N OODLO QW D @S “wo Qi ¢33
Nylgev rgeee | oaw A% PB W adcd ge=2z
L od /] n [+] =
® HHN AR O HPPmQ o © Swmusg b0 8 8 So S E
i R o NAdAY O ,000F 0T 05 ®o0Kd 8Q e s w oo
$ P Lo Ld-ddo008 & G- L8 o $ 00 ~*" 2 e
-] o O OR P VP M WO P P4 O Qb “d o
e [ < < g0 d 0 . o - A mg me = o o4 @ > oot
= At o nss.11eue7wb BO emo, g9 d nw g e
m A8 «e0 BESL D0 0 cod EwbB M - 488
- wbggowe ad by o~ a4y c R $% .5
3 oo Oafgaodwad A lmMmeoe mMo3d o oodw sl W@ B3
] Ped DWmA ok A — noda9dK oSN oes 2T o .
) ¥ O e B O - o o D~ -~ PP d O ©W e e P-Rhh ol
- Qoo NHdOAddw HAdOO©d a4 PRy n 89
g wdn—eo ROAP . 0P " Q@ hwmong wgdd 2=
Fod a~88 o0 grHodd TAIEPEMD Aow g m~
m CTUO KPP OPRHAMWME® NN HOmMO 0O 48 - Pl
A8 o P y @ o B D w ® oS
"] @O Qe B O B Wk o ¥ o0 B P2 e © >an
- Qoo Kt Polowoeo OHO o  &.9 aaen 2o
% WeR g8 POMOHPIPHON M=ol oMo S8 BLg4
W ® g E BEMoORK A P~ 0w d 8 8.3
r Gt () m 4 o Ao n 2 ] Q [ X @ a Fel
k VOt dero WO &.0RdHQ OPH OH 0.0 n o Y-
- H,C0 PR Ehe omdmd yu R ey ool © @@ o
b~ n od 30K ° < ) -5203 A
[ o Y P oo &g s Bt 0 &0 & BD BD ED nw® e 29
-1 el rd Do M B B H B MO BeH @ HT o ga b
7] By B0t o O Of OB O PR O Ok OQ W] - b
numd ot L1 o &= - @ B - g lall R . aw s
=} gdd #P - W e P - s S w a8y
9 so28EP 2L 0% . B3 L7 % o<z 2 iy, B OEEZ
. wd ot W) ot ] et . . *
o S dmMPEEd mew A H mP O©08 E OM Dol - Woavw



59

58

o %0 x ﬁo ﬂo -l/,o
Yo e Se ”o No
\\
Xo Qo Yo Re No
Ko ”w.o ao ﬁo
No : o Lo
Z
No No
. _7_// ® $ 'S
| o \)
§ - i ¥ 0§ ¢
) B N k] 3 4 .m
S 3 \\\ m 3
Qo 728 BRI Ban
“wo u..o z_vo l_,o ﬁo ”o o t.wo
h’ﬂo ﬂo wo ~./o N0
%, o
ﬂo J.o o
Ro nl_mo Yo
i, !
o
. h
o Yo So Re
.
o %,
1
® $ Y
“ M s § s 3
$ 3 M i
N 3,0 %
K o ®» S5
§ 3 \&w N 2228
“ i el
19 \ 2,
$ N Re \\\.M 8 ZHN




7 —

2%
R
AR IR KRR

o

2
%,
e

Q
A
&
3
%5
ot
® ’.
/ \‘_
4
Ll

e g e g
)00 00, 4, NI R )
e e N,
SBEIHALIRIAKS
GIHRK
RN
i
CRANS
e
95
s
SBAR,
00,0, %
GBS
B
%

(-]

N
30
°
-7 -2
¢
-4 -2f
°

61

% Potete ! '
(XXX \ \

() "
XS oouuunuuuu"/
AR ICHR XX H KR %
EHHALOBKAAIHR
ARG
S SRIERERIES

K0
(I &

bod! %%

GIEALIELRNS XXX

KK Vo

K IR RRLAK LRGN

BEKATAN LR AR IR RN

IR RTINS

e oeasesete e tetetelotalotetetotetoton

! GI0IIOLIELIIERIEIRG

et A e e et e ettt

e et tete sttt Yot e el %

TR IR LHARILIULALAK

s s e e e eteede e et et e Tede e
QCRRAUKHARAK
BHRRHHIHS
SR
030000
5%,

S e

f
sheller in %

P/
SUring
B0-60 % shelter

60-70 % shelter

HMea.
[ 4
£
(]

60

. 0o °
Q° 0 Q0 Q0 ﬂo < W
¥
i,
5 ). S
S° Ro %o ©o o Wo o )

o Yo o Se ©o 9o
,..\\V
ooov(\\\\ No Do Mo ©RQe Ne “o No
SIBUBUERALD ~N ' ¥ \
LIRS
LEERRRECHRNLHEICAARRS
BB BLBLOLOB ;
. & N
e Re fe Re No
'
o Xo

v
n %

shelter

MR

5
o

4
80-70% shelter

$0-60 % sheller
70-80 % shelter
20-90 % sheller




63

%

QOO
QX AKRND
QX ARX)

)
.

o,
QD
2%

Q

o,

*
o

’0

ca®,
..
..0
)
Sotele!

R
2o,
0
XX

".
OCRNK,
R

SN

",
o,

0.,
3
NN

o
R
.
°,

2
.
o

N\

.4

N
X
Q%
X

&%
’.
L)
XS
ol

o,
>
D

e,
3.
R
e

?
",
s

I\

in-

ing.

for 50 60 70 and 80% shelter.

ter are hatched with a density
- In the remaining areas the shelter is

Shelter at a four-wing build

.

Isoskepes have been drawn
Areas having more than 50% shel

Figs, 64 65 66 and 67.

62

\ 7 ,
o ™o
S s e
=
No o o
o 0 Yo D
N 0
N
©
{o Qo %0 No
Yo Qo ™o No
L
o
~ Ko »o ©o
Yo wo o
Do oo
o Qo
Yo o
et '
s, 7B
QI A AN A
I S S AKKAE AR o o
% %
2 RO
S ARTSROT >
e e R
PRI 0

Y S 2 3
g 3 8 2% e
$ Q0 /.8 KRR GHN

creasing with the shelter.

given in




65

64

7 /
WN“\
o N3
IXNXA o0t eiatedetele
0.0.0.0 v ¢ R XK XX A
QR R RIS b TLRLRLRAITL
OIS IHIH I AR RIS A
ORI IR ARII KK KR I K I R AN
.w0}’.0’.0‘00’....0.0.".' .,
.0«\{0\\‘\.\.\\\\\\\‘«\
A R A A
O RERANNRNAL ‘\\sw\\\s\\\\\\\\
e e
o
' |
| |
i
| |
1 © [
] ! !
' i |
| | |
r ¥ 1 % 8§ &
| _ s e & & 8 $
! [} “ ” < X ~ ﬂ X3
1 ] 3 I3 3
1 3 S
i o & 2 9
o
| .M Lm “\ R ® R g R
: Q| 3 R e
< 3 N <
I3 \ ' \ ]
Q D o, \\ﬂ : S
X N A\ W 77 N R
N
) . N
Q
S
K
%o,
LR LX)
%ol
’.0’.
edelel
R
Jedotes: 7,
{XX%)
X X
IXX)
%m&p\\ N QA
oveeds nuo Ne
00000000.\
R
0000\
O 0.9 0.0
0099, 0. ¢
0000000000,\
Josetetolede,
oteteletedels \\\
ovotetetelete,
Fodetototedets:
odetetototetetess é
GRS 2o
0 0. 0.0 0000 00 4 R X )
O 0 9.0.0.90.0.9.0.9 0. eV 0",
XXX ICHK K I R Iy XSO
LIRS RIS
LRI
o e e e et et e e tetetetetoletatotodedets!
GRRIHERIARIKLKIREIEKAUHER
0.'00’...0.’0."..00.0‘0.-
. : \ .
! I8 -
' !
H |
i i
1 L |
i ) |
i ! !
]
i
' ! o 2 % LS s
[ i 1y N 8 S
' I I -8 3 3 X
! I ) N w 9
_ $ S
i .W S .0R R o
i < < X
Q3 “
[ mm D
3 v b
@ Q o \0 ! ]
X S *o 77 b AN




67

T
S
2
% S
o, e
AL TR
A GRS TAK KR,
% 5 o At
55 o EREEBPHRNL
% X el O RHHHIANX
S QIR L HKARX 28
KA LRSI
o SRIBELINKe
K% QRRLRHIRAN
% ouocoooouoocuoucno.
000424040,
IARELIIRN
otetedolelototeless,
) o todateletetolelod
ot teleteletete
KR IO
Je e \
7
d
' ! N
1
! ]
1
“ e o
] ' 1 N
i ' | ® 5 $ g
! 3 b b
| | ;)
] e [ ~ d ~
[N ¥ _ b -~ P R k
| ! i m 5 ] - %
. _ 3 S, ¢ R
m 2 2 s M N
n a3 “ < R S
' ]
< 3 - \ Y
° ” [ 4
Q = 2
AN f
7/
QR8I
"00‘.’.“0"".‘0“"0‘0’ S 0.0
OO R RAAIAXRNK
- 9. P94 5’.’..'.’.'. D0 0.0.0.0.0.0.090
x

66

>
S

Do

v

%

el
o |
| 4
n

e ——f——=(

Shelter
% shelter

M\

A
8
D
Measuring

60-70% shelter

R0-60% shelter

70-40.

45
(




69

et |

7 Awa”

asuring

Me

RS
OO0
oS

e,

25,
ene\\\\\\\

.,

2,
s

%
0l

s
,
K

3
%
8
5
7,

s
%
2%
%
o,
%

A
(5
&

AN
oo,y
2227558

Section A-8

Shelter in %

DN

s0-70 % sheller

50-60 % sheller

4

o
5
0%
5
%
%
P
,
”

%
2,
5

s,

&

\\\ 2
e
e,
RIS
KRS
et
ot e
e,
SO
XS
2,
5
5
L2K5
",
KAk
SR
KO AIRD
e
o r, )b,y
ot
e
e,
KD
e
0,
5
Vit
ol e
e
‘0,

K
%07,

SRR

~7v-év.%»sbeher

%

%

0,
’

s
“
7
552
o
%k
%5
3555
v,

Z
2,

7

25

0%

i
,

&
%
",
2%
0%,
K5
v,
.,
70,

5%
o
&
5
s

&0-90 % shelter

68

a
RISy
KRS

52
%,

70-60 % sheller

D)

Shelter in %  50-60% shelter 60-70% shelter

£

—— e e

tevel’

Meas

Section A-8

ring

Shelter at a school consisting of three parallel

Figs, 68 and 69.

in—
is

shelter,

In the remaining areas the shelter

have been drawn for 50 60 70 and 80%
Areas having more than 50% shelter are hatched with a density

ings and a lean—to parallel therewith,

L]
v
w
—
L
-1
w0
o
-]
-
1]
@ =
By B0
o - .
- ® Ve
o
o B g
n g -
— -t
o w A
] $ o
Bl @ .
a by o
F-] ©



& K2
S
© O o I AI AR
e e,
ﬂ e
W ARSI
et e e,
° ° e e e e e
e ey
RS SIS H
gt e e s
e e e e,
B ARSI KS
e e
(s
A AKX
” A AN
S IIAAIL S
SIS,
° ° e e e
IR
A A TIN5
A I
e et
e e et
e e
e e e e,
3 ™ A A A K55
‘v, %, 02477,
° b 2 et
% e
OO0
Lt Zeere’;
KR Cr SR KN IS
OSSO s
KRS AN
e,
RIS

T1

S |

Measuring level’

N

V4

©
8
n %

Sheller

S0-60% shelter
60-70% sheller

70-80% shelter

DN

4#

Section A

$ ‘ 5
N :

W @
"&o Mw !

o O
ORI L L7
&é§&%&b§%§?§

70

Shelter at the same buildings as in Figs, 68 and

]
>y
<
Lol
o
[
E-
e}
L
° w
> <
mw
v
* g
$ 7 3
I 4 o
A & o
] . ]
' L] (=
& ' s g
B |
®
g 33
N
I
1 M =3 et
13 At 00._
AN -
o
§ Il® S 5
X i ﬂ ] o
K] 3 s 4
e ————
Q o S r »
R mv ) It m
©
o mm { - @
L AIDERRRRNDE ! ! - 0
BN 3 ! 3
L
e ! b 3
GLLTIAAIHEIN ! <
e e e e,
O I ¢ -
LRI °
e e, 1
N R BIIRAIIHIDS [N N
I BNk
R ) -
e Y | 1
R SIS IAT I x q ~ L P
e A o
g, U 1 Q
RTINS ’ < < ) T e
LN Q N 9 G M st h
) [
S /R S 5 o=s o
O o~ R T~ & o0
8 ~ -~ Rl Ral
“ \ } ﬂ —J _m . x M
«w
Re 728 el B -5
Q - D N
by © &0

18

the shelter

ining areas

In the rema

th the shelter,

in %.

creasing wi

Areas having more than 50% shelter are hatched with a density in—
given i



Q.
AN
SIS, o
A ey
GRIBTIR K
s e
oS
25

5

RO

RIS
RSN

2 2,

73

72

ne\\\\w\s\\o\\\\\\\\\ % ~|
H
]
1
~
HES
1Y
e EN
"W. !
H
" |
- 1
m !
q T 3
H
o oo !
»®
S &
8 R s ) ) 3
x b X % S
slQ g g Y 3 Q
-8 V -
Q b S b3 < 9
Q a_n m © ] 2 2 R
& s, R R R ;
§ 38§ § 78X S
S VIS S < N ]
K% S O s
H\s\m%\vo S0l .x /I -“ “o \\\ x w 1,07 ” s M
] L]
) -y i
o g - "
Q° B & [] © @ o ©a K
=3 © f7 e [ -]
© ~ow P ot @
Vo Y- B TS 273
. -t
]e aga a.d A8 Wmag
2 E.at 23 wa
«ukmv N OWw @ © & Ww o
AR WOy O = (= -]
.\oouooooooooo\\ Qo ke y @ ® e
LSRRI . 0
0 0israseysssreteiatetate o Y Y a o YT
5202529005509 9 W S0 & o o o
i A i B He 8233
e P o 7 o
i, vo s 4 9 ood
O A - 2 =@
) -] vl =1
) o 5
I o O 1A w g O [
= “ aoﬁu.m ER) 6u.m
- E-] [
i Hwwo” B a% o” 3§
1 gew e Ed Woo
™~ - = b @ P om
e o o o 9
] ~ D NSO ~ Y 4 L3 Q@
e mae .8 ma %4
a LR 36 @
~ pr- L & @
H o gwd ° 8+ A
_g RS W ] « B o
B go il gv 13
S| 3%8E, i3 S5,
L]
g 4 wao 2 w e
< Qe 2O W Q — ®O W
? R0 e S owa
v v o ) ¢
[ ~.e g0 g ago
t | » @ < w ] < @
! i L IR | L [ -]
| i - @ -3 e o
1 ' o< E-] 4 < -
' o | og.d 0w W How
® IS S 'S ) I R » 8 r
(3] ™ O - i I —y o . o~ o o =
X N X < ! i Q PR @b wH®
< S v o L 1 i h htm. b o e 2 T
= < § < S 0 < nyowr na Bows
o 3 9 o 380 ww B o b0
2 ¥ R ® ! [ PR ] .0 @mpra
S /s BB R | o 5254 55 .88%
K . .
mw \\\\ mw N Mw mw HES < Raf"3 g d
N \\_ ) d s 48 3 8 358 SERET
] © a0
Re TR S BN 9 4% 28k RS
B = Mig e & &9 ord

in %.

given 1in



74

3.3 Discussion

Compared with hedgerows and perforated screens, houses
—~ as will appear from the two preceding sections — afford
poorer shelter, in the sense that only small areas with
more than 50% shelter will occur,

Lean—tos with flat roofs seem to afford better shelter
than normal houses with saddle~roofs.

As mentioned, only small areas having shelter of any
importance will occur at houses, and as houses to a great
extent cause large eddies in the wind, the shelter must be
judged to be considerably inferior to that indicated by
the hatched areas in the foregoing figures, At any rate;
if the shelter is to afford possibilities for human com—
fort, it will, of course, be of importance to reduce the
velocity of the wind, that is what is expressed by the
shelter percentage. But it will also be of importance that
the reduced wind is steady, particularly as regards direct-—
ion, A wind which one moment blows into the face and the
next moment into the back of the neck is felt to be highly
disagreable even if it is rather light,

As regards the last-mentioned feature the wind in
shelter areas at houses is very disagreeable. It changes
direction with the unobstructed wind, but will frequently
turn to an even greater degree when the free wind changes
its velocity.

Figure 75a shows the flow over a house, The picture
was taken at the starting of the flow and it will be seen
that a small eddy has been formed +to the leeward of the
ridge, Figure 75b shows the air~curremnt a little later and
the eddy now fills the entire space over the leeward sur—
face of the roof., A little later still the eddy has grown
to the same size as the house and reaches the ground, as
will be seen in Figure 75d.The eddy now passes on in direct-
ion with the wind, it has commenced to do so already in
Figure 75d, leaving a shelter zone separated from the un— f
obstructed flow by a discontinuity surface, as shown in )

Figure T5e. 1If the flow stops, +the discontinuity surface
will, however, at once be converted into a large eddy which
will roll in over the leeward side of the house, as will

we ot
X

W
.

\

be seen from Figure 75f. the direction of the wind will change 180°
The performance shown in Figures 75a - 75f will take It can thus be established that hou;es afford
place whenever the velocity of the wind rises or falls, shelter. When a good shelter is desired it will b:rnezzgr

with the result that at most places in the shelter zone sary to employ hedgerows or pe

a lean—to, rforated screens, or perhaps



4. DISPERSAL OF SMOKE FROM CHIMNEYS

4.1 Introduction

The smoke emerging from an isolated chimney will, as
shown in Figure 77, undulate up and down in shapes that
constantly change in the course of time, The plume will,
however,remain within a parabolic envelope as shown in the
figure.In the course of time the plume will sweep over the
entire zone confined by the enveloping curve.

If the smoke is considerably 1lighter than the atmo~
sphere, for instance because its temperature is high, it
will rise on its way from the chimney. At very low speeds
of the wind it may rise to a considerable height, but at
only moderate wind speeds the rise will normally be of
little importance.

The concentration of a noxious gas in the smoke at a
given point in the surroundings will be in inverse proport—
ion to the speed of the wind and will thus, ceteris paribus,
constitute the greatest nuisance at small speeds of the
wind.

In most places very low wind speeds will be of rare
occurrence as compared with moderate speeds. In the solu—
tion of the problem of the dispersal of smoke we shall
therefore here presuppose a certain moderate speed of wind,
so that the rise of the smoke due to its lightness in rela-
tion to the atmosphere will be of little importance. The
rise may be regarded as a welcome reserve in the rare cases
when the speed of the wind is very low.

The smoke dealt with in this paper comprises all smoke
gases, soot and the finest ash particles, all these com—
ponents conforming to the laws for mass exchange.The coars—
er ash particles have, however, an appreciable rate of fall
and will therefore reach the ground more quickly.

In Figure 77 the centreline of the enveloping curve
has been drawn. At some distance from the chimney this
centreline will be horizontal unless buildings or con-
figurations of the ground influence the course of the smoke
In the immediate zone, however,i.e, within the order of 50
times the cross—section of the chimney, the centreline may
curve upwards or downwards,dependent upon the shape of the

17

%

Fig, 77. Smoke plume from an isolated chimney,

. The smoke plume ondulates upwards and downwards but remains with-
in the parabolic envelope,

cross—section of the chimney and the ratio between the
speed of the smoke inside the chimney and the speed of the
wind, At a given height of chimney the centreline of the
plume may be raised by & correct choice of cross—section
and by the use of a great speed of the smoke. The turbul-—
ence of the air—current will also to some extent influence
the level of the centreline, and the turbulence will be of
material importance in determining the thickness of the
enveloping curve of the plume,

When the atmosphere is in neutral equilibrium, the
turbulence will be purely mechanical and depend ;n the
roug?ngss of the terrain, This may be considered the normal
condition., This paper deals solely with conditions in an
atmosphere in neutral equilibrium.

The following designations will be employed:

z, roughness parameter of the terrain,

vV, Speed of the unobstructed wind at the level of the top
of the chimney,

A area of the clear opening of the chimney

Vg mean speed of the smoke over the area A,,

z  rise of the plume in the immediate zone,

From these values a non~dimensional, characteristic
set ?u§t be derived, The lengths are made non~dimensional
?y division with a length corresponding to the cross—sect—
ion ?f the chimney; for this purpose the square root of the
opening of the chimney will be used, a =VA,

) T?e speed of the smoke, v » is, of course,made non=
2;me?s;ona1 by dividing it with®the speed of the unobstruct-
wind,

7
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Thence, we obtain the following set of values:

z
o . .

o Don-dimensional roughness parameter,

Vs
¥ = 7 non—dimensional speed of the smoke ,

o

u = =~ non—dimensional rise in the immediate Zone,

Further,
g height of the chimney above the ground,

height above the ground of a homogenous built~up area.

[

4.2 Immediate zone. Shape of chimney, tarbulenece,
speed of smoke

The immediate zone is the area from the chimney to a
distance of about 50a, a being the cross—section of the
chimney.

In the experiments wuse was made of the three shapes
of cross—section shown in Figure 79 all of which have the
same area of clear opening. Smoke from the smoke generator
described in Section 1,5 was sent up through the chimney
in a quantity measured by the small venturimeter. The plum—
es of smoke were photographed and the pictures used for
the measurement of the rise, z, etc.

The square chimney was placed with one side in the
direction of the wind and also at an angle of 45°. The
rectangular chimney was mounted lengthwise in the wind and
at right angles to it,

The experiments were made both in wind with little
turbulence and in a more turbulent air—current. In the
former case the bottom of the tunnel was coated with cor—
rugated paper with a roughness parameter equal to 0,07 cm,
At the experiments with greater turbulence ithe model of a
city with a roughness parameter of 3.5 ecm was mounted on
the bottom of the tunnel,

In the experiments a turbulence grate was used at the
inlet end of the tunnel, so that at the place of measure-
ment the thickness of the boundary layer was 45 cm. The
chimney was placed in the front part of the 4th section
with its opening 30 cm above the floor of the tunnel,

Figures 81a — 84b show examples of photographs of the
smoke plume.

B non—dimensional height of the chimney above the grount
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Fig. 79. Cross—sections through chimney wodels.

Shape of cross—section., The importance of the shape
of the cross—section for the situation of the plume at the
boundary of the immediate zone,i.e. at a distance of about
50a from the chimney, will appear from Figure 85. The non=
dimensional rise of the plume u is plotted as an ordinate
and is positive upwards. A negative u will thus mean that
due to a downward suction behind the chimney the centreline
of the plume will be below the level of the opening. The
results are given for three different values of the non=
dimensional smoke velocity, w, namely 0.5, 1.5 and 2.5 and
for the two degrees of turbulence.

The figure shows that in all cases the rectangular
cross—section placed lengthwise in the wind is the best
one, i.e, the one giving the greatest rise or the least
lowering of the plume., When, however, the rectangular
chimney is placed at right angles to the wind, it will in
all cases be the poorest one.The next best is the cylindric—
al chimney.

The two arrangements of the square chimney give only
slightly different results, and it may therefore be presum-
ed that the values of u for other angles between the side
of the chimney and the wind will range between the values
measured in these experiments. In other words, we may
characterize the square chimney in terms of the arbitrary
wind direction, as shown in the figure.

We can thus compare the round chimney with the square
one at the arbitrary direction of the wind, The circular
cross—section will always be the best one, At small turbul-
ence and low smoke speeds the difference in value of u will
be highest, namely 2,0, i.e. that a square chimney must be
built twice its cross—section a higher in order to be as ef-—
ficient as a round chimney in keeping the plume at a high
level,

The rectangular chimney gives so different values of
u in the two positions examined that it cannot on the




80

Figs. 81a ~ 84b. Smoke plumes in windtunnel.
The data for each figure is shown in the following table.

Fig. . Cross—section of chimney Turbulence | w = ;g
in tunnel [
81a rectangular, crosswise small 2,18
81b " , lengthwise " 2,18
82a circular great 1.94
82b " small 0,49
83a " " 1.0
83b " b 2.0
84a " " 3.0
84b . " 4,2

The influence of the cross—section on the position and width of
the plume is seen by comparing Figures 81a, 8ib and 83b. Here the
turbulence and the value of w are the same,

It is seen that the plume from the rectangular crosswise chimney
is considerably lower than the plumes from the rectangular length—
wise chimney and the circular chimney.

The influence of the turbulence is seen from Figures 822 and
83b. Both figures are with circular chimneys and w = approx. -2, The
great turbulence in Figure 82a causes plumes with larger widths than
those in Figure 83b where the turbulence is small., It is seen that
the centreline of the plumes lies a little lower in the case with
great turbulence.

The influence of the smoke speed on the plume is seen from
Figures 82b ---- 84b which all concern a circular chimney in small
turbulence, but with increasing values of the non-dimensional smoke—

v : :
speed v=:;§. It can be seen that when w is increased the plume rises,
o
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Fig. 85, Influence of the cross—section shape on the rising of
the smoke,

The ordinate is the non-dimensional ris2, The experiments were
made for two values of the non—dimensional roughness and three va-~
lues of the non—dimensional velocity of smoke,

basis of these experiments be evaluated for the arbitrary

wind direction, It must, however, be noted that the Ffavour—
able values of u obtained when the longer side is parallel

to the wind will presumably apply only to a narrow margin

of wind directions, It is to be presumed that, say, a 45°

position will give as inferior a value of u as the trans—

verse position = if not poorer.The highly favourable value

of u when the longer side lies in the direction of the wind
will therefore probably not be of much importance. in

practice.

The judgement given above of the qualities of the
different cross-sections with regard to giving a high
level of the plume will especially be of importance when
the turbulence is slight, At high degrees of turbulence
the importance of the cross—section shape will decline,
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Fig. 86, Influence of the turbulence on the rise of the smoke

plume,

The abscissa is the nopn—dimensional rise at small turbulence,
the ordinate the rise at great turbulence, The experiments were made
for three values of the non-dimensional velocity of the smoke, as
will appear from the marks,

The turbulence. As mentioned above, the experiments
on the course of the plume in the immediate zone were made
at two degrees of turbulence. At low turbulence the en—
veloping curve of the plume will, of course, be a much
more slender parabola than that obtained in strong turbul-
ence, but that which is of interest to us in this connect-

ion is only where the centreline of the envelope is situat—

ed on the boundary of the immediate zone, i.e. at a dis~
tance of the order of 50a from the chimney.

Figure 86 shows how the non—dimensional rise u depends
on the turbulence for the different cross—section shapes
of the chimney. The ordinate represents the rise u in the
flow with high turbulence, the abscissa the rise in the
flow of small turbulence, The straight line drawn approxi-
mately through the points has a gradient of 0,8. Numerical—

ly the rise will thus be least in case of strong turbulence.
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Fig. 87. Influence of the velocity of the smoke on the rise of
the smoke plume from chimneys of circular cross—section.

The abscissa is the non—dimensional velocity of the smoke; the
ordinate the non-dimensional rise. The solid curve and the solid
marks correspond to the experiment at low turbulence, The broken
curve and the open marks correspond to those at great turbulence.

The speed of the smoke. The most important factor
with regard to the rise of the plume within the immediate
zone is the ratio between the speed of the smoke and the
speed of the unobstructed wind at the level of the opening
of the chimney,

Figures 87, 88 and 89 show the results for the three
different shapes of chimney.The abscissa is the non—dimens-
jonal speed w of the smoke, the ordinate the non—dimension—
al rise u at a distance of 50a from the chimney., Full-line
curves and solid marks correspond to low turbulence, broken=
line curves and open marks to high turbulence,
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Fig. 88, Influence of the velocity of the smoke on the rise of
the plume of smoke from chimneys of square cross—section,

The abscissa is the non-dimensional velocity of the smoke; the
ordinate the non—dimensional rise.The solid curves and the filled in
marks correspond to the experiments at small turbulence, the broken
curves and open marks to experiments at great turbulence.As will ap—
pear from the marks the experiments were made both with the wind
parallel to the side of the chimney and at an angle of 45°

In the case of the round chimney in Figure 87 the
turbulence is of little importance. For w = 1,7 u is zero.
At lower values of w u will be negative, at greater values
positive, The curves are approximately rectilinear with a
gradient of du/dw = 4,5, which means that an increase of w
by 1.0 will compensate for a reduction in height of the
chimney of 4.5 times the cross—section a.

As will be seen from Figure 88 the square chimney
shows some difference according to whether the air is more
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Fig, 88, Influence of the velocity of smoke on the rise of the
smoke plume from chimneys of rectangular cross—section,

The abscissa is the non-dimensional velocity of the smoke; the
ordinate the non—dimensional rise, The solid curves and the filled in
marks correspond to experiments at low turbulence, the broken curves
and open marks to experiments at high turbulence. As shown by the

marks the experiments were made both with the wind blowing against
the long and the short sides of the chimnmey.

or 1ess turbulent. 1I1f, in the case of the greater turbul-
ence, we take the mean of the two positions of the cross=
section the gradient will be du/dw = 3.5. In the less
turbulent flow the gradient is almost twice as great, name—
ly du/dw = 6.5.

Figure 89 shows that the rectangular chimney in the
position lengthwise in the wind gives considerably higher
values of u than the same chimney at right angles to the
wind.In the lengthwise position du/dw = 4 in both high and
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low turbulence., In the transverse position the gradient
will be greater in low turbulence, namely du/dw = 4, while
in high turbulence du/dw = 3.

4.3 Isolated chimney

A systematic investigation was made in the wind tun—
nel of conditions at a house standing at varying distances
from an isolated chimney,

The tunnel bottom carried a model of a built—up area
and at the inlet end a turbulence grate was placed. There—
by the turbulent boundary layer at the place of experiment
in the 3rd and 4th sections became 45 cm high; the velocity
profile was logarithmic with a roughness parameter of 2,7
cm,

The chimney model was round with outer and inner dia—
meters of 0.90 and 0.69 em, respectively. Through the
chimney a known quantity of 002 per unit of time was blown.
The non-dimensional speed, w, “of the smoke was about 1.5,
ranging from 1,3 to 1.8, but its value is of relatively
slight importance when conditions are investigated at so
great distances from the chimney as was the case in this
instance.

For the experiment the house shown in Figure 90 was

Measurements incm

Fig. 90. Model of house for
sampling of air for analysis.

Fig. 91. Contamination of ajr behind an isolated chimney.

The abscissa represents the distance from the chimney to the
nearest house in proportion to the height of the'bouse; the ordinate
the height of the chimney in proportion to the height of the house.
The curves correspond to the different levels of the non-dimension—
al smoke concentration. The solid curves represent conditions at the
leeward front of the house, the dotted curves thus on the windward

side. The maXimum concentration, whether on the windward or leeward
side is shown by a fat line,
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used, It is a model of a typical 3-storey dwelling—-house
on a scale of 1:+170. At the middle of one front of the
house model a recess was cut and closed by a perforated
metal plate. From the enclosed space air was sucked to the
COg analysis plant, Thus, the measurements give the mean
COp concentration in the area shown in Figure 90 at the
middle of the facade of the building.

Otherwise the arrangement will appear from the upper
part of Figure 91, The chimney is situated at a short dis—
tance from the last house in the ‘'roughness', The house
model is placed at distance x to the leeward of the chim-
ney, The house was at all times placed with its front at
right angles to the direction of the wind and with its
centre, 1i,e, the point of suction, just below the chimney
viewed in the direction of the wind,

Figure 91 shows the results of the measurements, The
abscissa is the distance from the chimney to the house in
proportion to the height of the house. The ordinate is the
height of the chimney in proportion to the height of the
house.The curves have been drawn corresponding to constant
values of the non—-dimensional concentration b, derived in
Section 2,4. The full-line curves represent conditions on
the leeward side of the house, The broken-line curves cor—
respond to those on the windward side. The maximum con—
centration, whether on the leeward or the windward side, is
drawn in heavy line, as solid and broken lines respective—
ly.

It will appear from Figure 91 that the concentration
is greatest on the leeward side of the house when the dis—
tance between the chimney and the house is less than 4-6
times the height of the house, except as regards small con-—
centrations when the leeward side will always be the more
exposed.,

Fig. 93, Contamination of air behind the chimpbey on a house.

The abscissa represents the distance from the chimney to the
nearest house in proportion to the height of the house, the ordinate
the height of the chimney in proportion to the height of the house,
The curves correspond to different levels of the non—dimensional
smoke concentration. At the ordinate axis the conditions prevailing
on the leeward side of the house bearing the chimney are shown. The
curves show conditions at the windward front of the next house of
the group; at the leeward front the concentration is a trifle
smaller.
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4.4 Chimney on a house

A systematic investigation was made in the wind tunnel
of conditions at a house placed at varying distances from
a chimney on another house.

The upper part of Figure 93 shows the arrangement.The
experiments were exactly like those described in Section
4.3. The chimney was, however, og square cross-—section with
a clear opening of 0,6 c¢cm and an external cross~section of
1.0 cm,

The results appear from Figure 93.The abscissa is the
distance from the chimney to the house under measurement
in proportion to the height of the house. The ordinate is
the height of the chimney in proportion to the height of
the house. The curves have been drawn to correspond to con—
stant values of the non-dimensional concentration b deriv—
ed in Section 2,4.The concentration is nearly equal at the
windward and leeward fronts, but sligthly greater at the
windward facade.The measurements shown in Figure 93 origins
from the windward facade, On the ordinate axis the concen~
trations at the leeward front of the house ecarrying the
chimney are shown.

4.5 The distant zone

The two preceding Sections dealt with conditions at
the houses nearest to the chimney, This Section will deal
with smoke conditions in general in an extensive, homogen—
eous built—-up area around a tall chimney. The experiments
aim solely at indicating how tall the chimney must be in
order that excessive concentrations may be avoided anywhere
within the built—up area.

For these experiments the tunnel was lengthened by 2
m, so that the working sections were of a total length of
7.5 m. The extension was interposed between the 1st and
2nd sections,

The tunnel bottom had a homogeneous roughness in the
form of a model of an urban distriet extending of the full
length of the tunnel. In the 3rd and 4th sections the veloc—
ity profile was logarithmic with z, = 1,9 cm. The chimney
model, which was of circular cross—section with internal
and external diameters of 0,8 and 1.0 c¢m, respectively, was
placed in the forward part of the 3rd section. The non=

dimensional velocity of the smoke in all the experiments
was w = 1,0,

95

2007 T 1 4
0| log, o 7
1 va
{7 /
16 /'
15 7
% 4
13 /
12
1/

10
29 4

a7 a
a6 7
a5 ‘/
% —A
29— £
a2
Y toge ¥

{ 2 3 4 5 & 7 & 9

.

Fig. 95, Smoke contamination in the distant zone,

The abscissa is the logarithm of the non-dimensional strength
of the source; the ordinate the logaritbm of the non—dimensional
height of the chimney. The curve corresponds to the maximum con—
centration at roof level and is to be found at a distance of 10-12
times the height of the chimney above the buildings,

At the level of the ridges of the houses air was suck-
ed out for COp analysis. To neutralize local effects suct—
ion was made through four tubes distributed over 10 em of
the width of the tunnel, 5 cm on each side of the centre-
line, The chimney was placed in the centreline of the
tunnel,

For each height of chimney the concentration at ridge
level was measured at different distances from the chimney.
From these measurements the maximum was determined to be at
a distance from the chimney of 10~12 times the height of
the chimney above the roofs,

The results are shown with solid marks in Figure 95.
The abscissa is +the logarithm of the non—dimensional
strength of source %; the ordinate is the logarithm of the
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non—dimensional height of chimney o. ,
From Sections 4.3 and 4.4 it appears that out of

regard to the nearest house a chimney must be higher when
placed on a house than when it is isolated; these are the
conditions shown in Figure 93. If in that figure we con—
sider the curve corresponding to b = 8-10-3, it will be
seen that the maximum height of chimney, i,e, 0 = 1.9 will BIBLIOGRAPHY
be required when the nearest house is at distance f =

Log o = 0,64, log = 5,8, This point is indicated by an
open circle in Figare 93, The other curves in Figure 93

. . . X JENSEN, MARTIN: Shelter Effect, Investigations into the
have given the open circles in Figure 95,

Shelt d its Effect

It will be seen that the investigations in the inter— ﬁi;ogzzazlci gﬁpegzagzz i3541 s fects on Climate
mediate zone pass into the distant zone in a quite natural P8«
manner, Tge straight linelin Figur; 95 is not theoretically JENSEN; MARTIN: The Model—Law for Phenomena in Natural Wind. -
motivated but is in excellent conformity with the experimen s . Editi 5
tal results. The line has a gradient of 1/2 and the equation Ingenisren, International Edition, Vol. 2, No 4, 1958.
loge o = E(loge % ~ 4.6), whence LETTAU, H.: Atmosphliirische Tgrbulenz. ~ Leipzig 1939,

1 1 NIKURADSE, J.: Gesetzmissigkeiten der turbulenten Str8mung
°c=Tolb" in glatten Rohren., — V.D.I. Forschungsheft 356,

1932,

NIKURADSE, J.: Strdmungsgesetze in rauhen Rohrem., — V.D.I.
Forschungsheft 361, 1933,

PRANDTL, L,: Ergebnisse der Aerodynamischen Versuchsanstalt
zu G8ttingen, III Lieferung, Berlim 1927. IV Liefe-
rung, Berlin 1932,

SCHLICHTING, H.: Neuere Untersuchungen fiber die Turbulenz—
entstehung. — Naturwiss, 22, 1934,

SCHLICHTING, H.: Experimentelle Untersuchungen zum Rauhig—
keitsproblem. — Ing. - Archiv, 7, 1936,

SCHMIDT, W,: Der Massenaustausch in freier Luft und verwandte
Erscheinungen. - Probleme der kosmischen Physik VII,
Hamburg 1925,

SUTTON, 0.G.: Micrometeorology. — New York, Toronte,
London 1953,





