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Background and aim of the work

Measuring the drag force in wind tunnel

> Description of the effect of the city within numerical mesoscale models

l

» The “center” of gravity” of the force will move towards the front when
the packing density is increasing (Britter and Hanna, 2003; Annual Review
of Fluid Mechanics 35, 469-496). Consequences on the appropriate choice
of the reference area for the calculation of C,

y

» The aim is to discuss wind tunnel measurements of the drag force
measured with a direct method

g @Bate pboma e a b @ olomar A



Description of physical models

» Wind tunnel experiments at the Faculty of _
Engineering and Sustainable Development at the kS L
University of Gavle (Sweden) \\J—_ ‘ =
> Closed-circuit boundary layer wind tunnel: 11m ()x ’\\w T ot ey e

3m (w) x 1.5m (h)

MAIN DIMENSIONS:

AR
2
0

> 1 reference wind velocity U, (measured with a TSI |
hot-film anemometer at the cube height H): —T o —

% g Max. wind speed 22m/s
Section through fan unit

independence tested and confirmed in previous work
(Buccolieri et al., 2017, Environmental Fluid
Mechanics 17, 373-394).

A,=0.25 Air flow

2,=0.0625

Drag force and pressure
measurements were
performed separately on
individual (target) cubes

> H=0.06m
> A,=A,=0.028 to 0.69
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Description of physical models

» Two different conditions for the fetch
v’ the entire fetch was covered with the roughness elements (“BL roughness”)
v’ the fetch was smooth with no roughness elements (“BL no roughness”)

> Reynolds number = H*xU,; (H)/v= 38,000 (BL no roughness)
20,800 (BL roughness)
Reynolds independence condition; sufficient to maintain a turbulent flow throughout

» Blockage coefficient

D = A, 04er proy. /A =0.1% fulfils the requirements of the VDI 3783 guidelines

wind _tunnel

I(Z) z -0.46
Anmodelproj: Projected area of the T :1-2[1_1)
cube along the main wind (H)
direction 30 4 ® BLroughness 3.0 :
AW,,,d_tunne,: cross-sectional area of * BLno roughness 25 M 1) £\ 008
the measurement section in the . 20 I(H)ZI'I(HJ
wind tunnel ’ .. + m
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Instrumentation and measurement set-up

DRAG FORCE measurements on the TARGET CUBE

Air flow

» The cube was above a
circular disk, which was
placed in the centre of
and at the level of the

Circular disk,f" Turntable
ra

PC with Lab View program turntable
Amplifier Signal processing
Load cell —>
AD-converter Monitoring

» The cube was connected to the load cell, which was mounted on a stable tripod
standing on the floor of the laboratory hall

» The load cell measured the force in one direction (i.e. along the flow direction) since
it was mounted in parallel with the main wind flow
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Instrumentation and measurement set-up

PRESSURE measurements on the TARGET CUBE

L domg Jemi  2em;
» Static  pressure  measured via ——— === 0250m
pressure taps of 0.8mm diameter e o o e f — - :
[] lcm i
> Pressure taps connected to a 3 R R . . T
. . = 1cm 2
multiplexer (scanner valve) which ElE 8 ¥ mesaee ‘ 8
transferred each pressure to the s e i SR .
1 1lcm
Furness FCO12 pressure transducer @ L

» The signal was sampled with 1000 Hz i LR N
and the final reported pressure was . g [t
the average over 30 seconds E g
Extra pressure taps near the edges of : =
the wall (c)




Instrumentation and measurement set-up

PRESSURE measurements on the TARGET CUBE

> WINDWARD: The area was divided into 40 sub- NEREREN
areas (A, with j=1 to 40) according to where the 10 i e e
taps were located R R

n O e : e 1 e | e :

0 1 1 1 |

- = F=h~ AT --sr--q
Fwindward_zpiXAi g 'i' i ° i ° E

i=1 il R Bk

: Eleie oo

(the measured pressure p; is assumed to be constant = I R B
over the entire sub-area A;) cie e e
S R

> LEEWARD (area A,.....qrd)

‘ drag force along the
F}eeward =P average X Aleewrad flow direction

pressure windward leeward
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the drag force distribution
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BL no roughness case (results for the BL roughness case show a similar behaviour)

The standard load cell method, which is simpler to set-up, could be used for
the evaluation of the drag force within similar kind of arrays
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the drag force distribution
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» Lowest packing densities: the force is almost equally distributed along the array

» With increasing packing density most of the force is generated by first rows
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the drag force distribution
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effective rows of cubes generating the drag force

HOW MANY CUBES (or rows of cubes) GENERATE THE DRAG FORCE?

the effective size of the object as it is "seen" by
drag area AQ the fluid flow around it

Ap=CpA

Standard procedure: set the area equal to the area of the projection of the body on a
plane normal to the stream. This procedure results in area equal to the frontal area of
one cube or row. BUT:

» Low packing density (cubes well separated): drag area close to the total frontal area
of all cubes

1,=0.0625

A,=0.25 Air flow

» GENERAL: the appropriate drag area depends on
the packing density



Results effective rows of cubes generating the drag force

HOW MANY CUBES (or rows of cubes) GENERATE THE DRAG FORCE?

drag force on the cube \ C,, for the target cube
L. _ FD C _ AD
Set the drag coefficient equal to ‘ A, = T D=7
one and solve for the area 2PU2ref(H) Cube

A
< E \ physical frontal area

(" CASE 1 - N independent cubes (low 7)) \\\7
F = NF _
D total D AD_total — NAD
\
4 CASE 2 - large A,
F D_total — F firont _cube AD_total = AD_ front cube

- J




effective rows of cubes generating the drag force

HOW MANY CUBES (or rows of cubes) GENERATE THE DRAG FORCE?

/ GENERAL CASE \

N N
. i i
FD_total - ZFD ZFD N
-1 _ i=1 _ i
: AD_total _ 1 5 _ AD
- i=1
normalized by the drag area of the isolated S 2 P Uref (H )
cube (AD_isolated_cube) ‘~/2
N .
Al
N (1 )= Total drag area Ay ol A,) ; ?
\ ffeetve ™ Drag arca Of iSOlated Cube AD isolated _cube AD isolated cube /

» Assessment of rows of cubes which are effective in generating the drag force

» It can be employed for regular arrays of buildings subjected to perpendicular
approaching wind provided that the drag force of upstream to downstream rows is
known
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effective rows of cubes generating the drag force

HOW MANY CUBES (or rows of cubes) GENERATE THE DRAG FORCE?

Normalized drag area for one row

3.5 — @ BL no roughness

Ve N
/ \ H BL roughness
| " \ A,=0.25
E \ ¢ o o/ 1 m
e, \ 7 I ==~ _ 1,=0.44-0.69
Q ~ -— ” I 1 7 \ p— . .
2 LN \
T 15 — 1,=0.028-0.11 Vey 1 \
(] \
Y- ’ ' * |
[ =
W \ "y
‘. ¢ :/ NEXT STEP: Link the drag area
05 - Ap to A, for the calculation of
o C, or other parameters, under
o 1 2 3 4 5 6 7 8 9 10 11 several wind directions (no drag
Number of rows force measurements required)

lD l — D_total f(l )
total =1 p C,x f(A, total
S PUsa(H) p % /(4 _total)
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Conclusions

» A novel technique (based on a standard load cell) is set-up to directly
measure the drag force in wind tunnel

» A comprehensive dataset of drag force measurements

» Change of the distribution of the drag force within the array, with most of
the force acting on first rows of the arrays at higher packing densities

» Consequences on the estimation of C, employed for parameterizing urban
effects in dispersion models. Based on the measured drag force, we

propose

= recommendation on the choice of the appropriate reference area for
the calculation of C,
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