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ABSTRACT

This paper is based on a research that attempted to
observe the sensible cooling effect of evaporation of
water from a linear waterway by measuring the
microclimatic weather data of its proximity. The
location in question was Phoenix, Arizona. Evaporation
and prevalent site conditions were modeled using
computational fluid dynamics (CFD) software,
FLOVENT. The model was validated by comparing the
predicted data with the measured data. It was found that
the model did not successfully capture the sensible
cooling effect indicated by the measured air
temperature data. It is rare that CFD and experiment
would match exactly. However, this paper discusses the
building of this type of model and the finer nuances of
modeling evaporation for the outdoors using the first
principles.

INTRODUCTION

Most of our outdoor urban experience in cities like
Phoenix is hot and dull. It is necessary to reverse the
trend for its vitality. A linear waterway microclimate
and the thermal comfort inducing factors in its
immediate proximity were investigated for this study.
Measurement of the cooling effect on air due to
evaporation, evapotranspiration, prevailing breezes and
an attempt in modeling the real site conditions in a CFD
environment formed the crux of the research. This
paper goes to explain in detail, the building of the
model in FLOVENT using first principles. Finally the
results were compared in the light of the real
microclimatic data recorded at a chosen site.

METHODOLOGY

A study area or a ‘site’, day and times were chosen that 
for recording the data and replicating it in a CFD
environment. The ambient air temperature, relative
humidity (RH), surface water temperature, near-water
air temperature, surface temperatures of various

materials and wind conditions were recorded in
intervals. Rates of evaporation and its cooling effect
were calculated using validated calculation methods. A
model of the linear waterway was generated in
FLOVENT to replicate the existing site. ‘Monitor
points’ were established in the model, at the same
points in space where real data was recorded on site.
The CFD model was validated by comparing data
collected on site with the monitor points established in
FLOVENT. Since the model initially used surface
water temperature to model the sensible cooling effect
of water it was finally replaced with the exact
magnitude of the sensible cooling effect calculated
using a validated calculation method. The possible
reasons were explained for the predicted cooling not
matching closely in replicating the actual cooling effect
of evaporation.

THEORY

Evaporation modeling in FLOVENT

FLOVENT as a CFD code, does not recognize the
evaporation process per say. It was necessary to
accomplish finding the rate of evaporation from the
surface of water and its cooling effect upon air outside
the CFD code. Since FLOVENT can model
contaminant concentrations and the mass and heat
fluxes, it is possible to model evaporation indirectly. A
research by Mr. Kolokotroni (1994) discusses
simulation of moisture transfer in space in CFD. With
the study, he validated FLOVENT for modeling
moisture transfer in a space. However, the version of
FLOVENT described by Mr. Kolokotroni did not the
have facility to model a contaminant diffusion or
density – a function that was introduced in later
versions of FLOVENT.

Rate of evaporation

To calculate the rate of evaporation the evaporating
fields can be regarded as ‘evaporative coolers’ and 
cooling the air. There are many methods but the best
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suited to this problem and the most versatile is the
Penman equation solved more than 50 years ago in
1948 by the person of the same name. Derivatives of
this formula are still in use for any evaporating field –
be it an open water body, crop, soil or a tree. The
penman equation is expressed in kg/m2·s (Linacre,
1997, 3) is:

EO=D · rN+ ρ · c · S/rA /D+KS ·LE

where,

D = psychrometric slope. It is tangent to the saturation
vapor pressure vs. temperature curve and is expressed in
Pa/K (Linacre, 1997, 1)

rN = net radiant influx, is expressed in W/m2 (Kraalingen
and Stol, 1997, 5)

ρ = density of air, is expressed in kg/m3 (Elert Glenn et
al., 2001):

c = specific heat of air as a dependent on the ambient
air temperature (Ierardi, 2001), is expressed in J/kg·K

S = saturation deficit. It is the difference between the
saturation vapour pressure of the moisture in air at the
air temperature and the actual vapour pressure of
moisture in air (Linacre, 1997). It is expressed in Pa.

rA = diffusion resistance between air and vapor
(Linacre, 1997), is expressed in s/m.

Cooling effect of evaporation

The magnitude of the sensible cooling effect of
evaporation upon air was necessary to be calculated for
accurately simulating the effect in FLOVENT. The
surface water temperature was used first as an
alternative to simulate the cooling. Calculation of the
sensible cooling effect expressed in W/m2 (Saxena,
2001) is:

QH =– ρ · c · KH · [ (∆T / ∆Z ) + Г ]

where,

ρ = density of air, is expressed in kg/m3

c = specific heat of air, is expressed in J/kg·K

KH = molecular diffusion coefficient for heat = 0.21 m2/s

∆T / ∆Z = Ratio of the temperature difference between 
two locations and the distance between them, is
expressed in K/m

Г = Dry adiabatic lapse = 9.8 X 10-3 K/m

Precedents in Study

Mudit Saxena (2001) in his graduate thesis, undertook
the task of determining the effect of evapotranspiration

of trees upon the air temperature in an urban residential
neighbourhood. The research undertook predicting the
evapotranspiration rates, the distribution of moisture in
air, its mixing and the effect upon the air temperature. It
was found that not much temperature differences were
achieved for noticeable increase in comfort. Contrary to
that finding, this thesis embarked on a similar mission
hoping that the results found will be more encouraging.
The belief was rooted in the marked difference of the
microclimatic locations between the two sites studied.

Temperature decrease = 0.59 °C (1.07 °F)

Temperature decrease = 0.74 °C (1.34 °F)

g / kg

Figure 1 Cooling effect of trees on air temperature in
an urban residential microclimate (Saxena, 2001). Case
1 –house in residential neighbourhood devoid of trees

and Case 2 –house in a residential neighbourhood with
theoretically maximum number of trees around it.

RECORDING THE DATA ON SITE

The linear waterway microclimate

A site was decided from an exciting study already in
place –‘Cool Connectors’. To mitigate the urban heat
island effect, the Cool Connectors site was originally
chosen close to the proposed airport extension (Figure
2). The site demonstrated most of the typical conditions
of any linear waterway, characterized by a desolate
desert environment. It is almost a mile north of the
Phoenix Sky Harbor airport. A spot was chosen near
the only Palo Verde tree along the waterway (Figure 3)
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Figure 2 The Cool Connectors site (boxed) and the Sky
Harbor airport (Hoffman, 2001)

Figure 3 Area of study at the selected site.

The summer-monsoon months were of interest for the
study. Starting September 5th, 2003 the instruments and
tools were available for setting up for recording data on
the site. It was considerably hot and uncomfortable
outdoors–peaking 39.44 °C (103 °F)–during the day.
Few days were utilized in testing the rather
unconventional weather station on the site. When it was
sure that the data was following a similar pattern almost
every consecutive day then 13th September was selected
as the day for the study. To precisely zoom on a typical
day representing was a crucial step. Data is available
for 7:00 a.m. in the morning until 6:30 p.m. in the
evening. Five snapshots of time starting 10:00 a.m. in
the morning at a two hour interval until 6:00 p.m. were
chosen to model the outdoor environment.

Temperature recording devices called ‘hobos’ were
used for recording the data. A test was done to
determine how they would behave with respect to each
other – they were stationed in a standardized
temperature environment, such that they would all tend
to record the same temperatures in quick successions.
Thousand iterations were observed. For 515 of all the
iterations, the hobos recorded temperatures that
matched perfectly with each other. The number of times
when only one of the hobos was delinquent was 174,
when two were delinquent was 144; when three were –
95 and four were –2. All of the delinquents did not
match the rest of the hobos by a margin of error of
0.44°C (0.8 °F). The individual error margins for most
of the hobos that were tested are incorporated as error
bars in Figure 13 when the recorded data is compared
to the FLOVENT predicted data.

Hobos were finally set on site in an array at two levels -
1.8 m (6 ft) high and 0.3 m (1 ft) high from the ground.
Two of these hobos incorporated one additional relative
humidity (RH) sensing capability and a thermistor in
addition to the dry-bulb thermometer. Another two
incorporated the RH sensing capability. The nearest and
the furthest hobos also measured RH while the ones
right up to the bank measured near water air
temperature and surface water temperature with the
help of the thermistors (see Figure 4 and 5). Various
surface temperatures, wind speed and wind direction
were noted every fifteen minutes. The surface
temperatures were noted for –the ground in sun, the
ground in shade, concrete lining called ‘concrete bank 
near’ and ‘far’ and the surface temperature of the tree 
for the foliage and the trunk. Both the monitor points in
the CFD model and the data collection points on site
were designated the same nomenclature (Figure 5).

Figure 4 Apparatus setup on site, surface water and
near-water air temperature.

Figure 5 Nomenclature of the monitor points as shown
in a section from the waterway. Type of data recorded

(red): T = temperature, RH = relative humidity.

Behaviour of the recorded data on site

Cooling effect of evaporation was observed on the
banks of the linear waterway. The temperatures
recorded by any two successive monitor points showed
an increase of 0 °C to 1.4 °C (2.5 °F) moving further
away from the waterway and 0.4 °C to 3.6 °C (0.8 °F to
6.5 °F) within 8.5 m (28 ft) of the water, depending on
location and time of the record. The temperatures
recorded near the ground at 0.3 m-high (1 ft) level as
compared to the 1.8 m-high (6 ft) level were similar or
up to 0.6 °C (1 °F). A series of steady-state iterations of
CFD model were generated to simulate this effect.
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Figure 6 Data for the 1.8 m-high lined monitor points

Figure 7 Data for the 0.3 m-high lined monitor points

Figure 8 Surface temperatures measured on site
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THE MODEL AND ITS SIMULATION

The Model

The model was solved for a steady state form.
Radiation was turned on. The turbulence model was the
Kε turbulent model. The grid was set to a fine setting. 
The ‘smoothing’ function was applied to the grid to
smooth the transition of grid size. The model was set
within a solution domain size 61.6 m x 47.2 m x 18 m
high (200 ft x 155 ft x 58.9 ft high). The effective
height of the modeled space from the ground level was
set 15.2 m (50 ft) (Figure 9). The ambient conditions of
wind, air temperature, sky (radiant) temperature at the
edge of the solution domain are set same as that of the
solution domain conditions. They change according to
each case modeled. The wind was simulated as an
ambient condition and defined as a resultant of wind
vectors in x and z directions of the FLOVENT model.
The sky temperature and evaporation rate were
calculated using worksheets in Microsoft Excel ® using
the applicable formulas. Measured and calculated
attributes were input in the FLOVENT model for
different times of the day (as five cases). For a
particular fluid in FLOVENT, concentration is the rate
of emission from a source. In this case, evaporation
rates were calculated and plugged in later as two
concentrations for the vapour-air mixture –the open
water body and the tree. To model evaporation
correctly, the fluid (vapour-air mixture) had to be
driven by a unique source temperature (as defined by
the surface water temperature and foliage temperature,
recorded on site). In FLOVENT, it is only possible to
associate a source with either a temperature or a
concentration, but not both. Thus another superimposed
source defined the temperature of the surfaces for each
case modeled. The sources were collapsed to
accommodate the surface properties necessary for
evaporation. The rate of emanation of concentration (in
this case, evaporation) calculated as kg/m2.s (lb/ft2.hr)

Figure 9 The model built using FLOVENT comprises of
the open water, the tree, ground made up of soil,
concrete lining the trough and an asphalt street.

lended itself to be easily attached to the collapsed
source. The tree was modeled as a geometric
configuration made from a conjunction of six cuboids.
One may imagine them placed each on all of the faces
of a bigger hypothetical cuboid in the center (Figure
10). This center was actually modeled a void. The
collapsed sources were formed on all of the faces for all
the cuboids except one face each that looked inwards
toward the centre cuboidal void. In the figure, one of
the many two superimposed sources that collectively
defined a tree with other sources, are displayed in red.
Two problems still persisted upon defining the tree
merely as a source–the tree was transparent to sun and
wind. The tree neither cast a shadow nor did it affect
the pressure drop on the leeward side. FLOVENT does
not consider concentration or temperature sources as
objects. The problem was solved in two steps. A
volumetric resistance is applied around the six cuboids.
In Figure 10 it is marked for one of the cuboids in
yellow. Yet again the resistance only addresses the
wind but blindness to sun was still a problem. It was
solved by simulating objects in space replicating the
temperature and thermodynamic properties of tree
foliage. In the same figure it is shown in blue. Similarly
a vapour source was collapsed and a temperature source
was attached to modeled water body (Figure11).
Radiation was solved as a ‘high accuracy’ function. 
FLOVENT models radiation for all cells that are

Figure10 The tree comprises of collapsed and
superimposed sources (red), thermally defined foliage

(blue) and volumetric resistance (yellow).

Figure11 Air-vapour source (outlined bright red)
driven by temperature source under it.
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occupied by an object and abnegates effects on air
temperature. Solar calculations were solved for each of
the cases. For that solar time had to be defined for the
actual time when the data was recorded. With the
addition of location parameters and cloudiness factor
defined, FLOVENT calculated the solar intensity. The
numerical value was also useful for evaporation
calculations. The sky temperature (calculated) is
important to attach to the 'ambients' of the solution
domain for radiation calculations. The materials
defined in the model were soil, concrete, wall, wood
and foliage. Since most of the surface temperatures
were recorded on site, it facilitated in the generation of
the model. During the initial simulation runs the model
did not converge for global conservation. Velocity
residuals in the x,y,z coordinates did not converge and
reached stability at high levels (i.e. above 50). To
reconstruct the model for convergence the FLOVENT
reference guide (2001) suggests ‘gridding’the problem
better and dividing the automatically calculated false
time steps for the errant variables by a factor of 5 - 10.
Since the grid was already solved at a fine mesh the
first suggestion was disregarded. Adhering with the
second, solved the problem. At convergence the
monitor points stabilize at a particular temperature for
that location in space (Figure 12).

(a) (b)

Figure 12 The monitor points approach constant
temperature (b) when residuals converge (a).

SIMULATION RESULTS

Inconclusive validation of the model

Upon all the simulation runs, the monitor points’ 
temperatures were compared to the recorded data. The
model for any of the chosen times did not match
perfectly. An investigation into the 2:00 p.m. case was
carried out. The sensible cooling effect was calculated
as -845.05 W/m2 (-267.9 Btu/hr.ft2). For the ∆T factor,

(in Figure 5) the average of the temperature difference
between monitor point ‘A’ to one indicating ‘from B’ 
and ‘B’ to ‘from B’is considered. ∆Z was the average 
of the distances the same monitor locations. The
numerical value corresponding to ∆T/∆Z was 13.3/4.2
K/m (24/13.8 °F/ft).

10:00 a.m.

12:00 p.m.

02:00 p.m.

04:00 p.m.

06:00 p.m.

Figure 13 The left column indicates monitor point data
at 1.8 m-height. Right indicates data at 0.3 m- height
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For the 1.8 m-high level monitor points, FLOVENT did
not accurately simulate the sensible cooling for most of
the chosen times of the day. The results for all the times
are displayed Figure 14. The temperatures were stable
for all the monitor points and their relative distance
from the waterway did not demonstrate any change.
That meant, FLOVENT predicted that the monitor
points nearer to the waterway would record the similar
temperature as what a monitor point which is far from
the waterway would record.

At 10:00 a.m. this disparity was felt most. A steady
increase in the temperatures was recorded from 32.2°C
to 35 °C (90 °F to 95 °F) for the monitor points at ‘A’
to the one farthest from it at ‘C’ respectively. 
FLOVENT predicted 35.6 °C (96 °F) for almost all the
positions at this time. That meant a difference of 3.2 °C
(5.7 °F) between the recorded and predicted
temperatures at ‘A’ got narrower to 0.3 °C (0.6 °F) at
‘C’. For other times as well the difference was more
prominent at location ‘A’ and the FLOVENT
temperatures were stable at ‘C’. Interestingly, for
instances 4:00 p.m. and 6:00 p.m., the recorded data did
not show sensible cooling due to evaporation.
Temperatures at points ‘A’ through ‘C’ matched very 
close to the actual data. The inability of FLOVENT in
showing any significant trend of temperature drop for
monitor points near the waterway meant that
FLOVENT did not gauge sensible cooling due to
evaporation at the 1.8 m-high level.

FLOVENT did not simulate the sensible cooling
correctly for the 0.3 m-high level monitor points either.
In some instances, though (especially at 4:00pm) it
showed successive rise in air temperature for monitor
points getting away from the waterway edge. This
indicated that the model did in fact factor-in sensible
cooling near the edge of the waterway. But neither the
trend nor the magnitude matched close with the
recorded data. Starting with the 10:00 a.m. case, the
temperatures at all the monitor points were predicted to
be constant at approximately 34.4 °C (94 °F). The
recorded data for that time had steadily increased from
32.8 °C to 36.1 °C (91 °F to 97 °F) for the monitor
point closer to the waterway (at ‘B’) to theone farthest
from it (at ‘8’) respectively. There was a 1.7 °C (3 °F)
cooling under predicted at ‘B’ to a difference of 
approximately 1.4 °C (2.5 °F) cooling over predicted at
‘8’. Similarly for 12:00 p.m., FLOVENT under predicts
sensible cooling significantly –up to the order of 3.3
°C (6 °F)at ‘B’ while matching close to ‘8’.

The 2 p.m. Case

Finally the 1.8 m-high level monitor points’ data were
juxtaposed against the 0.3 m-high level data (Figure 15)
for the 2:00 p.m. case (the case with negative heat flux

to represent evaporative cooling), demonstrated that
FLOVENT did not simulate the sensible cooling
accurately still. Considering that the recorded data may
bear a small error and that experimental data and CFD
predicted data rarely match, the most consistent
problem of FLOVENT seemed to be its inability to
simulate the cooling effect of evaporation near the edge
of the waterway. Comparing the results showed
insignificant difference in either the magnitude or the
trend. The results for the modified model for 2:00 p.m.
are displayed Tables 1 while its comparison with the
previous 2:00p.m. case (for water source represented as
surface temperature) is tabulated in Table2.

24.0

26.0

28.0

30.0

32.0

34.0

36.0

38.0

40.0

42.0

44.0

A B 1_ 2_ 3_ 4_ 5_ 6_ C 8_

FLOVENT *C

on site *C
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26.0
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30.0
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36.0

38.0
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44.0

A B 1_ 2_ 3_ 4_ 5_ 6_ C 8_

FLOVENT *C

on site *C

Figure 14 Alteration in model did not change the
recorded temperatures than for the case for which the

source was defined by a surface water temperature

Table 1
Monitor points for 2:00 p.m. after attaching the (-)ve
heat flux. The difference shows the discrepancy in °C.

FLOVENT °C Recorded °C FLV minus Recorded
A
B
1
2
3
4
5
6
C
8

42.0
39.8
41.9
39.8
41.9
39.8
41.8
40.1
41.8
41.3

40.1
39.4
40.1
40.1
40.6
41.0
41.0
41.6
42.0
42.2

1.9
0.5
1.8
-0.4
1.3
-1.2
0.8
-1.4
-0.2
-0.8

Table 2
Comparison between old and the modified 2:00 p.m.
models. There is an insignificant difference of °C.

FLV minus Recorded (°C)
for Surface-Water

Temperature defined model

FLV minus Recorded (°C)
for Negative Heat Flux

defined model
A
B
1
2
3
4
5
6
C
8

1.8
0.5
1.7
-0.3
1.2
-1.3
0.7
-1.8
-0.3
-1.6

1.9
0.5
1.8
-0.4
1.3
-1.2
0.8
-1.4
-0.2
-0.8
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CONCLUSIONS

The CFD model successfully captured the
thermodynamics of air flow, solar radiation,
conductivity of materials, and the diffusion of fluids.
Except for the sensible cooling effect recorded in close
proximity to the waterway, the CFD model successfully
reflected the actual microclimate. The model did not
successfully capture the sensible cooling effect due to
evaporation from the waterway. The temperatures
simulated at monitor points close to the waterway (up
to 2.7 m [9 ft] away), fell within a difference of 1.7 °C
to 3.3 °C (3 °F to 6 °F) when compared to the recorded
data. Temperatures predicted for the monitor points
located away from the waterway (3.7 m [12 ft] and 8.5
m [28 ft] away) were near accurate for most instances.
Even upon increasing the grid resolution and
calculating the sensible cooling effect and attaching it
to the water source, there was virtually no difference in
predictions obtained by the model. However in the
future, upon successful modeling of the sensible
cooling of air due to evaporation with CFD, a
significant ability to clearly demonstrate revitalization
projects and guaranteeing their success will be possible.
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