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=PFL Course Schedule
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BREAK

7 24.10
31.10 1x45" Urban modeling and computational tools Y
1x45 Introduction to the web tool CityTherm (part 1) Y
1x 45" Introduction to the course project Il Y
9 07.11 2x45 Building-environment interaction: thermal, aerodynamic, and DK
hydrodynamic interaction
1 x45" Supervised group work - course project Il Y
10 1411 2 x 45" Ground-environment interaction: ground properties, thermal, DK
aerodynamic, and hydrodynamic interaction
1 v ALY Cunarvicar arnunm wrarls  rarea nradact 1l (A4
11 21.11 2 x45 Water body - environment interaction: thermal, aerodynamic, and DK
hydrodynamic interaction
1x45" Supervised group work - course project Il Y
12 Z5.11 ZX45 vegetation —environment INTeraction: characteristics or UK
vegetation, evapotranspiration, aero- and thermal interaction
1x45" Supervised group work - course project Il Y
13 05.12 2x45 Human Outdoor Comfort: Parameters affecting human comfort 1Y
and comfort indices (UTCI, PET)
1x45" Supervised group work - course project Il Y
14 12.12 1x45 Climate-Sensitive Urban Design: complex interaction of all urban DK
elements and their effect on UHI and outdoor comfort
2 x 45" Supervised group work - course project Il Y
15 19.12 3 x45 Supervised group work on the course project lI DK,
Course project Il submission deadline: 16:00 on December 19 JY
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CONTENT:

Introduction

Urban forms of water bodies (lakes, ponds,
rivers, fountains, sprays, roof ponds)

Properties of water

Energy balance of the water bodies
Water reservoirs (ponds)
Water fountains

Water sprays

Example exercise
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=PFL Blue areas-Environment Interaction: Introduction

= Blue areas interact directly with the atmosphere above. They also have an indirect effect on
buildings and vegetation.

= Blue areas receive radiation from the Sun. They mainly contribute to the change in atmospheric
conditions by the production of latent heat and the release of moisture.

heat latent heat
radiation radiation
moisture moisture

particles particles
wind blocking

wind blocking

shadi
shading . mn latent heat
2N H 111 moisture " @ diffuse
' IIII III shaglll | I I I ) radiation
i : '\
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=PFL  Cities and Urbanism: Urban Scales
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Reminger from |1

Microscale Local scale Mesoscale
{ : | [ : | : |
100 101 102 103 104 105 m
| | | | | >
Tm 10 m 100 m 1 km 10 km 100 km

¥
Street canyon

Homogeneity vs. heterogeneity of urban properties (the smallest
homogeneous urban unit — an urban block)

Spatially, something homogeneous at a one length scale might be
heterogeneous at another (3D vs 1D treatment of atmospheric
properties at the building scale and city scale)

(1]
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=PFL Urban Water Bodies: Introduction
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Blue areas or water bodies are
elements of the urban environment
mainly made of water:

o At the urban scale: rivers, sea, and
lakes

o At the local scale: ponds, pools,
and fountains

A water body is characterized by its
location, geometry, volume of water
and the area of free water surfaces in
contact with the atmosphere.

The appropriate location and form of
water elements significantly affect the
attractiveness and strengthening of the
identity of places in cities.

Water bodies contribute to the
mitigation of the UHI by the physical
process of water evaporation.

Assist. Prof. Dolaana Khovalyg



=PFL Urban Water Bodies: Introduction
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The atmosphere over blue bodies is:

o Temperate (usually warmer in winter and cooler in
summer) due to the thermal properties of water (its high
heat capacity).

o With faster wind speeds, due to the negligible
roughness of water surfaces.

For cities exposed to expanded surfaces of water
bodies, are observed:

o An inflow of fast, clean and more humid air from these
blue areas.

o A thermal circulation of fresh air from blue areas that is
warmed up over the city and recirculate down to the
sea when weather is stable.

To benefit from these effects, streets should be wide
and open to the blue areas. On the opposite, if the
effects of blue areas are undesirable, buildings should
obstruct the flow coming from them.

Water bodies have thermal inertia: peak temperature
is reached with a delay with respect to peak air
temperature.

Source: Oke, Urban Climates, p. 440
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=PrL Evaporative cooling: Cooling Degree Days

= The cooling degree days (CCD) is the difference
between the dry-bulb temperature (T;;) and the wet- .
bulb temperature (T,,;) over a day: A

N hours }

1
€D = ]Zl Tap@® ~Tup(@) &)
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= The CCD provides an estimation of the potential
evaporative cooling. If water is supplied (e.g., surfaces

are wetted), the CCD indicates the average change in | > DBT-WBT

. 2,6-4,
temperature due to evaporation. .5.3-7.?
®7,2-94
o - @95-11,6

Example of the frequency of
hours of the (T g5- Typ)

m .
— temperature depression for
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Tap-Top Source: Santamouris and Kolokosta, Urban Climate Mitigation Techniques, p. 128



=P~L Urban Cooling Islands (UCI)
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» Zones inside urban areas with lower temperatures due to the presence of vegetation or/and
water bodies are referred to as Urban Cooling Islands (UCI).

Cooling effect of the pond Water spray system

Water surface

Wind

bt s ¢ A
with spray

Wind
-

28

air temperature at 1.75 m [°C]
[
<

n
&

4

Tominaga et al. (2015) doi.org/10.1016/j.s¢s.2015.03.011 Montazeri et al. (2017) doi.org/10.1016/j.landurbplan.2016.10.001
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=PFL Evaporative cooling: Water sprays

Droplets of the water sprays evaporate in contact with
the surrounding hot air. As cool air is heavier than hot
air, a continuous descending flow of cool air is

B CIVIL-309 / LECTURE 08

obtained.

Water sprays are more effective when:

A droplet radius < 0.5 mm
At certain height above the ground for human comfort

O
O
o Nozzles distributed uniformly with no overlap
O

Functioning until wet-bulb temperature is reached

In  Sevilla during the
Expo’1992, for 128
micronizers sheltered with a
continuous flow rate of 7.2
I’h (ZELO system) were
used. A maximum drop of 10
K air temperature was
reached and temperature
was always maintained
lower than outdoor air
temperature.

Temperature (°C)

o Outdoor
~ZELO

Relative humidity (%)

=
[
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Source: Santamouris and Kolokosta, Urban Climate Mitigation Techniques, p. 124



=PFL Evaporative cooling: Fountains

Fountains influence the ambient environment mainly by
interaction (heat,
between the sprayed droplets and air.

B CIVIL-309 / LECTURE 07

Absolute humidity increase (g/kg)

the

mass and momentum transfer)

Cooling occurs due to convection exchanges between the
cooler water and the warmer air and by evaporation.
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PFL Evaporative cooling: Rivers

. wind direction —> ammmmmal . cﬁg
. The eﬁeCt Of rivers on ,r’coolingeffectzon;“ 3
microclimate (extent 5 [5388] 3580 8o - ] e e o
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[ { |
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30.8

the river and the city for
wind speeds of 1-5 m/s.
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Park et al. (2019) doi.org/10.1016/j.landurbplan.2018.10.022
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=Pl Water: Thermo-Physical Properties

Source: Oke, Urban Climates, p. 169

Material Heat capacity Thermal Thermal diffusivity Thermal admittance
CMm3K" conductivity k (m?s?x 107 ps J m2s K™
k(W m~' K™)
Construction and building materials in dry state (built sites)
Asphalt road Range 1.92-2.10 0.74-1.40 0.38-1.04 1,205-1,960
Typical 1.94 0.75 0.38 1,205
Concrete Aerated 0.28 0.08 0.29 |50
Dense 2,11 1.51 0.72 1,785
Stone Typical 2.25 2.19 0.97 2,220
Brick Typical 1.37 0.83 0.6l 1,065
Natural materials (rural and undeveloped urban sites)
Sandy soil Dry 1.28 0.3 0.24 620
(40% porosity) Saturated 2.96 2.2 0.74 2,550
Clay soil Dry .42 0.25 0.18 600
(40% porosity) Saturated 3.10 1.58 0.51 2,210
3 Peat soil Dry 0.58 0.06 0.10 190
w 3 .
'%_C (80% porosity) Saturated 4.02 0.5 0.12 1,420
@ Water' 4°C, still 4.18 0.57 0.14 1,545
2 Air' 10°C, still 0.0012 0.025 215 5
= Turbulent 0.0012 ~125 ~10x 10° 390
@)
|

'Properties depend on temperature

=
-y
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=Pl Water: Thermo-Physical Properties
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Energy balance of the water bodies

Water reservoirs (ponds)
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=PFL Energy Balance of Water Reservoirs

= Blue areas interact with the atmosphere, buildings and .
other urban elements somewhat similarly to ground
and vegetation.

Assist. Prof. Dolaana Khovalyg

= The water bodies interaction with their environment is
always at balance. It is the sum of radiation, sensible
heat, latent heat, ground heat and stored heat.

Q" =Qx +Qf + Q¢ +AQs %)

X, X X X X,
bge (\Q’(b & &(b &
O \‘Q A\
o) N Q O o
&\0(\ &® & o§ \0&
S R O

Q* - net allwave radiation heat flux (W /m?)
Qy - sensible heat flux (W /m?)

Qg - latent heat flux (W /m?)

Q; - ground heat flux (sensible heat by conduction to the substrate) (W /m?)
AQg -stored heat in the water body (W /m?)

B CIVIL-309 / LECTURE 08
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=PFL  Water Reservoirs: Radiation Budget

(a) Bottom (b) Volume (c) Volume
Reflection Absorption Scattering

= The radiation balance of a water body is not
straightforward as radiation can penetrate to
considerable depth in water. Thus, radiation exchange
not only happens on the water surface but also within
the volume of water.

Assist. Prof. Dolaana Khovalyg

= Radiation entering a water body can interact with it in
several different ways depending on the absorption
and backscattering processes within a water body
mainly caused by the water molecules themselves and
by dissolved or suspended substances.

= Case (a), clear water with bottom reflection

o Radiation budget on the top surface (z = h):
Q"= (Ky—Ky,)+ (Ly — Lt) (3-37)
8-2) Qfop = (Ky—p-K)+ (Ly—p-Ly—¢€-0-Ty top)
o Radiation budget on the bottom surface (z = 0):

(8-3) Q;;ot — (Kl,‘c — Pg Kl,r) + (Ll,r — Pg L+ —&g 0~ Tg4)

m CIVIL-309 / LECTURE 08



=PFL  Water: Radiative Properties
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» Radiative properties of water (absorptivity «,

reflectivity p, and transmittance t) depend on
the angle of incidence of the light and the
water depth (path length for solar radiation):

o Reflectivity only depends on the solar incident
angle. The water has reflectivity < 0.1 when
incoming radiation angle a < 65° the
minimum reflectivity of 0.05 at zenith (a =0°,
cos(a)=1).

o Absorptivity depends on the solar incident
angle a and the pond depth H ; the
percentage of radiation absorbed increases
with the water depth.

o Generally, water is transparent to short-wave
radiation, however, absorption depends not
only on the path length but also strongly on
the turbidity of the water

= The Ilow reflectivity of water is an
advantage to lower the diffuse radiation
perceived by urban objects.

o
w0 —
—

OOt
~l &
3

reflectivity factor

CO00000
SO= NWsaOD
i - TR T

o

0.2 0.4 06 0.8 1

0.1 02 03 04 0s 08 07 08 0e 1
cos(a)

Source: Santamouris and Kolokosta, Urban Climate Mitigation Techniques, p. 124
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=PFL  Water Reservoirs: Thermal Storage
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The energy balance of the water body can be
expressed for top and bottom surfaces, as well as for
the water mass. For shallow bodies, such as artificial
water fountains, water temperature could be considered
as uniform, only depend on time.

Radiation absorbed by water raises its temperature.
Thermal inertia due to the storage capacity of water
has the advantage to delay and buffer the temperature
increase.

Stored heat AQg is equal to the difference between the
radiation absorbed by the pond volume with the heat
losses at the bottom and the top of the pond:

AQs = (Kys+ L) — (L1w +Qu+ Qg +Qg) @4

Stored heat AQg is expressed as a function of the
specific heat capacity of water and temperature gradient:

W
3
3
3
3
3
Sl

—
s

K. =(K, - K,,)- absorbed shortwave
radiation (direct and diffuse)
L,=({, - Ly,)- absorbed longwave

radiation from the environment

= Sensible heat flux Q¢ by
conduction to the substrate:

Q¢ = hconv,w iy — Tg) (8-6)

N
(-}
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Energy balance of the water bodies

Water fountains
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=PFL  Water Fountains: Jet Breakup
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Fountains release water into the air in various patterns for
decorative or practical purposes.

After the water has been sprayed out, it becomes a water
column near the nozzle. The jet breakup process

N
N

Assist. Prof. Dolaana Khovalyg

determines the initial conditions of all the sprayed droplets:

o Primary breakup - the droplets are discomposed from ™
the water column

o Secondary breakup - If the droplet diameter is larger

2
than the critical value, it will continue splitting into o =
smaller droplets.
The jet breakup length [ (i.e. the distance between the ~
onset of breakup and the nozzle) is dependent on the nozzle ! ! ’ J |
diameter: g Ll ,,,f- ,—f"//

0.32 Pw ° u2 - D
l=851-D -Weyy5° where wey, = < —2mean . 2m ; 2m;

o

D — nozzle diameter (m) - p,, — water density (kg/m?)
Wep — jet exit Weber number (-) «  ug .4, — jet exit mean velocity (m/s)

" ® Nozzle

o — surface tension of water (N/m)
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=PFL  Water Fountains: Water Droplets Distribution

= Fountain produce droplets of different sizes. The | i &
. . . . . . . | @
distribution of sizes is not uniform typically the number | .-
of droplets decreases as size increases. i 2
o Example: a vertical water jet with the jet velocity ug meqn Of | =
’ | I %
9.9 m/s | .
| |
Initial mass and number distributions of droplets: : :
40 150 | |
35+ aNumber |q25 i i
=~ 30 @ Mass I :
£ 1100 ¢ e
2 257 : £ Different patterns of
T 20 75 © water breakup and
T 45 puy droplets formation
A 150 2
< 10 S
5 25 <
| o Details on the energy

balance and
evaporation of water
droplets, their travel
time are in the
following section on
water sprays.

0.48 1.44 2.41 3.37  4.33
Representative diameter (mm)

o Factors affecting the distribution of droplets: water pressure,
nozzle type, and fluid properties (viscosity, surface tension).

o Because the droplets have different masses, they remain
airborne for different lengths of time; the smaller ones
evaporate before they can fall back to the ground

B CIVIL-309 / LECTURE 08
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=PFL  Evaporation rate: Transport of Water Vapor
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= The expression of the evaporation rate E (n’z—g) due to the transport of water

2g

vapor over a surface depends whether the flow is laminar or turbulent.

a,, (m?/s) - molecular diffusivity of water vapor
q (kg/kg) - specific humidity (see L2, slide 17)

Laminar flow: Fick’s law for the evaporation rate at a horizontal surface:

E = —p-aw-a—z (4-17)

p (kg/m3) — density of water vapor mixture

Molecular diffusivity of water vapor «a,, (m?/s):

po=1atm, Ty, =256 K
validity: T range of 273-373 K

o Only valid when molecular exchange is the U o9 @ i

primary (perhaps the only) transport mechanism.

o Fick’s law is not typically applicable for urban
areas because the flow in the atmosphere at the
Surface layer at local scale is always turbulent.

o Itis applicable for mass transfer of water 380

droplets as flow around them is mostly laminar

T (K)

Pa TO

pq(atm) — atmospheric pressure, 260
T (K) — film temperature (T,+ T)/2

0.

F?GEITTif)(jEBF from L4

340[

320[

p T 1.685 :
a, = 1.97 x 107> - <—0> - ( > (8-7) 1

280}

[ pa=1atm
360j

L 1 L 1 1 1 L 1 1 1 L 1 1 1
2 022 024 026 028 0.3 0.32 034

ow X 107 (m&s)

N
]
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=PFL Urban Water Sprays

= Urban water sprays (misting systems) are public infrastructure systems that release
fine mist or water droplets into the air in city environment.

= They use high-pressure nozzles to create microscopic water droplets. These droplets
evaporate quickly, absorbing heat from the surrounding air.

= The main purpose is to cool public spaces and to mitigate the UHI effect.

B CIVIL-309 / LECTURE 08
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=rrL. Water Sprays: Evaporation & Energy Balance
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Assumptions:

A mass balance on a droplet (mass loss equal to the evaporation rate):

O
@)
@)
O

A water drop is considered to be a sphere
No interaction with among the droplets

The whole volume of the water drop is at the temperature T

Radiation heat transfer is negligible

d (Vdrop ’ pw)

dt

= —E - Agrop (88)

kg

Evaporation rate of the droplet (per Fick’s law), in —-:

E=p-a,-

(

m2s

95 —9e) 1447
h

h,,

N
~

Assist. Prof. Dolaana Khovalyg

— 2

Vdro'ng'”'D3

Energy balance (in W): the rate of decrease in droplet internal
energy (energy storage AQq) is mainly balanced by the rate of
latent heat supply (Qy) and sensible heat transfer (Qf); radiation

heat transfer L; relatively is small.

—AQs =Qu t+ Qg

ar

1
_pw.(g.n’.D'g’).CU.E =TT -

(8-9)

DZ [hconv ’ (Ts - Te) + Lv ’ E]

(8-10)



=prL Water Sprays: Droplet Lifetime

B CIVIL-309 / LECTURE 08

The droplet lifetime t; (s) after injection into an air stream:

T

pW'D(z)

— (8-11)
8 o o iy < W0l = Gle)

@y, pw should be at the film temperature Ty =(T . +T)/2

D, (m) — initial diameter of the droplet
p (kg/m3) — density of water vapor mixture at Ty

T (K) — wet-bulb temperature

Initial temperature transience t [K/s]: the time required for
the droplet to warm up /cool down from its injection
temperature (T;) to final temperature (T,,;,) can be estimated

by calculating % ;

T=—

PwCy- D
6-(Qn +Qf)

’ (wa o Ts)

(8-12)

1000_""|""|""|""|""|"' ]
C ¢, = 350C Ry
_ 800t —266°C
% L p,=1latm
D 600F
c N 7
o i .
O 400[ ]
E .
S 200f 5
0 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 ]
0 50 100 150 200 250 300
71 (5)
308 7, 288K
306 | . 203K .
= 304 4 « 298K -
o . 1 « 303K - w0
53027 | 308k B A
S 300 - |
@ 1 % e
S 298 - T Te=303K
S 296 oy % HR=30%
2 294 ‘-:‘.'-
- | * " e, \
T 202 4 T, W%
g £ : . \\_ o.e,‘- . wa
288 b e oo mmuee ity

1e-05 0.0001 0.001 0.01
Time (s)

1e-06

0.1

N
=]
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Source: Santamouris and Kolokosta, Urban Climate Mitigation Techniques, p. 127
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=PrL Water Sprays: Practice Exercise
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Consider a water spray injecting water drops into the air of a
courtyard, water droplets size are 50 um.

The injection temperature of the water drops is 20°C
(293.15 K). The surrounding air temperature is at 35°C
(308.15 K), relative humidity of 40%, and atmospheric
pressure is 101.3 kPa (1 atm).

Using properties of air and water, determine for the following:

o Latent heat flux in [W/m?] due to the water spray evaporation

o Air temperature drop due to the evaporative cooling of the water spray in the
courtyard volume of 10 m3, if water is supplied at the rate of 16 ml/s

[*1]
o
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=PFL Water Sprays: Practice Exercise Solution

The surface temperature of the water droplet and film temperature needs to be determined:

o T, ~T,, as surface temperature of droplets quickly reaches T, after a very short initial transient

o Wet-bulb temperature at 35°C and 40% RH is 24.5°C (297.65 K)

297.65+308.15
2

Assist. Prof. Dolaana Khovalyg

o Film (average) temperature is Ty =(T,,p,+ Tq)/2 = = 302.9K (29.75°C)

1. Molecular diffusivity of water vapor «a,, (m?/s)
atp, = 1 atm,T;=3029K,po = 1 atm, Ty = 256 K

@, =197 x 1075 - (2). (T)1'685= 1.97 x 1075+ () (w)ms: 0.2616 x 10~% m?/s

Pa T_O 1 256
. . e kg of vater vapor Pv
2. Specific humidity q ( ——): = 0.622 2-8b
kg of moist air q Dy — 0.378 - pv ( )
Partial pressure of water vapour pressure p,, is defined by knowing 17.08-t
: . o =@ 2-10a — . p234.18+f (2-6a)
water-vapor saturation pressure p,, ;,; and relative humidity ¢ Pv =@ Posar (102 p, ;0 = 611 e23818%C
17.08-t 17.08-35

. o State (e), surrounding air: Pye = @ * Dy sat = Pe * 611 - 23418+t = 0.4 - 611 - e234.18+35 = 2252.1 Pa
W Doe 2252.1 kg
- = 0.622 ' = 0.622 =0.0139 —
e 9e = 0.6 pe — 0.378 - Py 0622951300 037822521 20139 kg
% 17.08-t 17.08:24.5
S o State (s), on the surface  Pv,s = @ *Pysat = Ps * 611 - €23418+t =1 611 - e234.18+245 = 3080.3 Pa
= of the drop: Pos 3080.3 kg
S = d = = —_
: 95 = 0022 0378 pys  0%°T01300- 037830803 01 kg



=PFL Water Sprays: Practice Exercise Solution

3. Density of water vapor mixture at Ty =302.9 K:

kg
- Density of air at Ty= 302.9K: Pa = 11653
Expressed analogously to solids per Eqn. (7-4): kg
*  Density of water at T; = 302.9 K: Pw = 9963

P =Py Py +ps: dg

Volume fraction of water vapor is expressed analogously to Eqn. (7-2):

Mmoist air Vwater can be v
= X < =
¢v Vmoist air Myater expressed as ¢v 9 Pw
Humidity by volume per Eqgn. (2-11) — ®r,e + Py,s)/2 — (2252.1 + 2342.6)/2 — 0_019k_g
462 - (t; + 273.15) 462 - (302.9) m?
Specific humidity at the average temperature T; =302.9 K: _ e -ZI_ Tvs _ 0-0139 ; 0.0151 _ 0.01654 %
Finally, ¢ = 0.019 —0.0012 — P =py by +ps: (1 —¢,) =996:0.0012 + 1.165- (1 — 0.0012) = 2. 36k—g3
Y 0.01654-996 m
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=PFL Water Sprays: Practice Exercise Solution

" Latentheattransfer: o _ | .F \here E=p-a,- (95 —qe) _ b a- (s — qe) §
h D/2 2

. | kJ -

o Latent heat of vaporization at film (average) temperature Tr = 302.9 K: L, = 2430@ 2

2:(0.0191-0.0139)

o Latent heat flux:  Qgso0 = 2430 x 10° - 2.36 - (0.2616 x 107*) - 0<10-5

= 31204 = ~31.2 &
m m

= Air temperature drop due to evaporative cooling:

o _ _ 16x107°
o Number of droplets injected: N = 71 Ns5o = %_n_(50x10_6)3

~244.586 x 10° drops/s

o Latent heat of N number of drops in [W]: Qen=0Qp-N-A;=Qg-N- (nD?) Qenso = 99.91 kW

o Air temperature decrease is determined by the heat storage change of the air due to the energy taken for evaporation:

Qr,n Ap 5991293
B;° G © U ~ 1.146 - 1007 - 10

~52K

QE,N:pa°Cp,a'Va°AT — AT =

B CIVIL-309 / LECTURE 08
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Thank you
for your attention

Assist. Prof.

Dolaana Khovalyg
dolaana.khovalyg@epfi.ch
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