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Urban summers are getting hotter.

Osaka, August
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In the past 100 years, the average and daily high temperatures in Osaka have risen by 2°C.
Relative humidity dropped by 12% while vapor pressure is nearly unchanged.
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The number of extremely hot days

(moshobi) is increasing.

"Moshobi" in Osaka
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A “moshobi” is a day with a high temperature over 35°C.
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Summers in Osaka are more than 1°C hotter
than just 25 years ago.
Hourly weather data, August, Osaka
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Use of water for evaporative cooling has a
long history worldwide.

Fountains Windcatchers Uchimizu
and Qanat (watering the street)
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Basics of evaporation cooling
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Evaporating water absorbs heat from the air and
cools it.

Vapor The energy to change water to
vapor is taken from the air. This
! decreases the air temperature.
We can use this natural cooling
effect.

The running costs are only:

\ * Water
Vapor * Energy to pump and atomize

the water
* Ensuring water quality
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Evaporating water tends to drop to the wet
bulb temperature.

The wet bulb temperature is the lowest temperature
achieved by wetted surfaces in a well-ventilated space.

Evaporation

T
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Wet surfaces tend to drop toward
the wet bulb temperature, T,

-

Raindrops, wet clothes, |
surface of rivers and oceans, &
sweat, mist droplets
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The wet bulb temperature depends on air conditions
(temperature and humidity).

Osaka Osaka
summer day “Moshobi”
Temp 30°C Temp 35°C
RH  50% RH 40%

Freezing ST Boiling
0°C N 100°C
P — ey

Wet bulb
temperature
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The wet bulb depression (the difference between wet bulb
temperature and air temperature) is the maximum
possible temperature drop by evaporation cooling.
Osaka Osaka
summer day “Moshobi”
Temp 30°C Temp 35°C
RH  50% RH 40%
X
c0) r\'\\l~
1 ’
. Wet bulb
Freezing SRS depression ~ Boiling
0°C N 100°C
P — T
Wet bulb
temperature
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The cooling effect of water per unit mass is
very strong.

Heat of evaporation (latent heat)
2,450,000 J/kg

1 liter of evaporating water can cool a classroom’s air by 5°C.

1'84 Air
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water 400m3 ¢

Tom Temperature
change
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However, humidity also increases. Without
ventilation, the humidity accumulates.

Therefore, evaporation cooling is not commonly
used indoors.

1‘; Air
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water 400ﬁﬁ ~
10 Temperature Mixing ratio
" change change
+0.002kg/kg’
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Evaporation cooling decreases temperature,
but increases humidity. Balance is needed to
improve comfort and avoid wetting.

Initial air
Temp 35°C
RH 40%

33°C 31°C 29°C 27°C 25°C  24°C
47% 56% 66 % 7% 91%  100%

Temperature
oo o o) Qo o)
Humidity
Cooling to about half the max Maximum possible cooling
Thermal comfort improves « Feels too humid
Evaporation speed is high » Evaporation speed slows
Wetting of surfaces and
clothes
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Outdoors, humidity does not build up.
(Infinite ventilation) The evaporation cooling
is good for relieving summer heat.

_\

Shinsaibashi shopping
i arcade

For the same reason, it is impractical and expensive to
use typical compression air conditioning outdoors or in
semi-enclosed spaces.
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The energy needed for outdoor air
conditioning is many times greater than
equivalent evaporation cooling.

24 kW
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1.5 kW

Energy needed to continuously cool 1000m3 of hot s .
summer air per hour to a 3 °C temperature drop. Mist pump Typical A/C
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We use mist because the increased water
surface area increases the evaporation speed.

A key to quick, effective evaporation is a large water-air surface area.
To increase the surface area of 1 liter of water:

A shallow tray of Imm depth Spray through a mist nozzle

Depth
Imm

Surface area = 600,000m?
Evap. speed increased 600,000x

o
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(@)

Lo
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0000
0. °
Droplet
number x 4rtr?

Surface area = 1m?
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Small droplets evaporate within a few seconds.
The time depends on 2 factors.

The total evaporation time of a droplet can be expressed in terms of the
droplet diameter and the wet bulb depression.

3500 d 2
3000 t@V N
S0, -1,,)
000
500
000
500

0

] d diameter(um)
T, air temperature(°C)
o 20 40 60 80 T, Wet bulb temp.

W
Droplet diameter (pm)

Droplet count
(drops/min)

Ex: d = 20um, T, = 35°C, RH = 45%, T3 = 25°C
20um’ 400

= =0.5s
80(35°C-25°C) 80x10

Small droplets and large wet bulb depression are ideal for mist cooling.
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The wet bulb depression on a hot day in Osaka is
up to about 10K in the afternoon.

Hourly change in air conditions on an extremely
hot day in Osaka
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—Air Temperature = =Wet bulb temp
— Wet bulb depresssion --=Rel. Humidity
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Potential cooling on extremely hot days varies by
climate, often near or above 10K.

o . o . ot Wet-Bulb
Koppen Code | Climate Description Representative Cities .
Depression (K)

Af, Am, Aw
(wet season)
Am, As, Aw
(dry season)

Bsh, BWh

Tropical (wet, wet season)  Singapore, Mumbai, Bangkok, Lagos

Tropical (dry season) Honolulu, Chennai, Brasilia 8-14

Hot desert
(extreme, hot steppe)
Desert

Riyadh, Phoenix, Lahore 17-25

Doha, Karachi, Denver, Madrid,

G (hot coastal, cold, cold 14-21
Turpan
steppe)
Subtropical .
Cfa, Cfb, Cwa, T g Tokyo, Londor?, Mglbourr)e, Hanou 7-16
. Orlando, Mexico City, Nairobi
highland)
Csa, Csb Mediterranean San Francisco, Athens 9-14
(hot/warm summer)
Humid Continental .
Bicl i liEN  (hot summer, monsoon- i Busharest, Hogaiy 7-13
. Toronto, Beijing, Seoul
influenced)
Dsa, Dsb ol PR Salt Lake City, Ankara, Spokane 16-19
(hot, warm)
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The evaporation potential depends on air conditions.
Urban heat islands make evaporation cooling
potential even stronger.

TRE
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As air gets hotter, evaporation potential increases.
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Most mist nozzles spray droplets at the micron
scale.

3500
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Droplet diameter (um)
|
There will be some larger droplets,
which can cause wetting.
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To produce a large amount of micron scale droplets,
high-pressure nozzles are most commonly used,
with hydraulic nozzles the low energy option.

Hydraulic nozzle Pneumatic nozzle

(High pressure water) (High pressure air) High-pressure air

(0.2-0.5 MPa,
600L/h)

www.dry-fog.com

High-pressure water Energy consumption about Low-pressure water
(2-7MPa, 6 — 8 times higher than (0.2-0.3 MPa,
2-6L/h) hydraulic for same flow, 1.2L/h)

But much less risk of wetting.

Osaka Metropolitan University 22
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Surveys show that thermal comfort improves with
mist cooling.

Though temperature drops are often only about 1 — 4°C, and
there is a slight increase in humidity, multiple surveys show
most people feel more comfortable in mist.

Positive Neutral INegativeI
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Uchiyama et al., “A Trial to Reduce Temperature on a Train platform with Mist” Japan Soc. Of
Plumbing Engineers , 25(2),(2008).
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The final key factor in the cooling effect is the mist-
to-air ratio. But outdoor air flow and direction are
difficult to predict.

-

Even a slight breeze can blow One solution: Mist nozzles mounted to a fan
away mist to the side. allow control of the mist direction. The air
flow is fairly steady. Also, the forced
convection of the fan greatly improves
cooling effect.

Air flow is unsteady, direction
and velocity hard to predict.
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Universal solutions are rare. Take advantage of
predictable air flow.

Leave some non-misted space for Spaces with natural shade
people who want to avoid mist.
— — ——

Wind screen

Prevailing
wind
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Mist is visible cooling. Users can choose
their own level of exposure.

Mist mostly evaporated, no wetting, Mist not yet evaporated, wetting occurs,
small effect, but long exposure strong cooling, but short term preferred.

These subjects
tried the mist for 2
minutes and gave
a high rating.

This subject stayed
for 17 minutes
reading a book.
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Clean water is essential!

Spraying contaminated water into the air risks poor air quality and severe
adverse health effects if inhaled, such as legionellosis pneumonia.

* Careful maintenance and cleaning are
required, as with other water-based
cooling systems, such as cooling
towers.

* Maintenance can be partially
automated (e.g., nightly purge of
water in pipes and hoses).

* Tap water (suitable for drinking) is
often used.

* When the water supply is not reliably
clean, or when the sprayed mist must
be particularly clean, reverse osmosis
(RO) filtration can be used, but greatly
increases costs.
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Mist cooling is a low cost, effective means to cool hot
outdoor urban spaces.

* The evaporation cooling effect can quickly reduce air
temperature down to the wet bulb temperature.

* Maximum possible temperature reduction is about 10K or
more in most world climates, but to avoid wetting, aim
for about half of that.

* Energy consumption far lower than equivalent air
conditioning.

* Surveys of thermal comfort improvement with mist are
largely positive.

* Clean water is essential.

* Most system designs must be custom-made to match the
local environment conditions, especially to take
advantage of the local air flow.
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Backup slides for common
Q&A questions

Osaka Metropolitan University 29
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Does the increased humidity “cancel out” the
cooling effect?

6.0

ET*, PMV, SET*Pierce for clo = 0.8, met=2,
v=0.1m/s, (assume w=0.2 for ET*)

5.0

Typical conditions
for Japan in summer
(daytime)

Water vapor prgssure (kPa)

1.0

6 8 10 12 14 16 18 20 22 24 26 28 30 32 34 36 38 40
T, Dry bulb temperature (°C)

No.

Mist cooling is an adiabatic process (zero net energy change).

Constant enthalpy lines cross constant ET* lines, for the better.
30
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Types of Evaporative Cooling : Direct

Adiabatic process
Follows the line of constant enthalpy

Maximum effect at 100%RH /
and wet bulb temperature. & N O | &
S
5/7 ~
4 thy s
Actual effect depends on ’//rg/DZj’/ % .

ratio of air vs. water

\\

Design for roughly %~ %i% S oo

Dry bulb temperature #[°C]

Abs. Humidity x [kg/kg(DA)]
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The cooling effect is extremely fast.

Small droplets evaporate quickly
and reach wet bulb temperature
within tens of microseconds of
formation.

We could spray high temperature
water with almost no change to the
cooling.

Simple /egionella countermeasure?
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Mist droplets are about the same size as pollen,
dust, and smoke. They are airborne, but slowly fall.

micrometres (um)
0.0001 0.001 0.01 0.1 1 10 100 1000
Pollen
Mould
House Dust Mite Allergens
Bacteria

Cat Allergens

Viruses

Types of Dust  Biological Contaminants

‘Hoawy O
‘Suspended Atmospheic Dist
N
Oil Smoke
O
A Smog
Tobacco Smoke
Soot
Gaseous
Contaminants
8
0.0001 0.001 0.01 0.1 1 10 100 1000
micrometres (um)
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Accurate measurement problem
If sensors becomes wet, they tend to read at the wet bulb
temperature, not the actual air temperature.
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Pull a sensor out of water,
temperature quickly falls, but it
over 5 minutes to recover to the
actual air temperature.

NN
N &

NN

Temperature ("C)

—WetTC )

—Ambient Temperature

—Ambient wet bulb temp.
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60 0 60 120 180 240 300 360 420
Time elapsed from removal from water (s)

Take care not to rely on wet sensor data to evaluate mist cooling. It is wrong,
and leads to over-estimation!
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Thermal comfort surveys and predictions are done on a 7-level scale.

Very Very
Cold | Cold | Cool | Comfort|Warm| Hot | Hot
-3 -2 -1 0 +1 +2 +3

PMV (Predicted Mean Vote)
TR SRR S
Try it at

https://comfort.cbe.berkeley.edu/
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