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Abstract. Several studies found in the literature are catr@ut with CFD simulations
about the behavior of the thermodynamic phenomensh® double skin fagcades
systems, but the number decreases dramaticaty istudy is focus on ceramic facades.
In this contribution a mathematical model has bdemeloped [1], so the behavior of a
ventilated facade with a single channel and stestdye can be described; obtaining
temperatures distribution of the system and thdlaw through the channel. The model
input arguments needed are sun radiation, envirariale temperature, room
temperature and channel wide, as well some matepaiperties.

1 INTRODUCTION

A ventilated facade seems a normal facade butsitamaextra channel between the
concrete wall and the (double skin) facade. Becdhsefacade has, at least, two
openings, the air can flow through the channels iBithe main point in ventilated
facades. This kind of facades are very useful imskine countries, the sun radiation
heats the facade, but instead of being accumuiatdte system, the air flow increases
the heat capacity of air, which is pull out throutite upper opening due to the
buoyancy effect. In winter season the system s édfective, but the air in the channel
can still act as an extra layer of insulation mater

In the recent years the studies of double skindegdave increased, it is because a
better thermal comfort is obtained and therefdnesé buildings save energy and are
more sustainable for the environment. Some of théies are mathematic models [3,4]
or expressions deductions [5,6], but the use ofes@fD tools is increasing. Maybe to
obtain some parameter [5], that otherwise it wolidd very difficult to measure or
calculate, or just to study which model suited dreitt this kind of simulations [7]. Only
a few studies have been found about different géeselike [8] in which the channel
has been divided in two sub-channels by means \@n&tian blind. Also a few 3D
simulation studies [8] have been found, due to lhge increased calculation time.
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Besides almost all the studies found are with aggfagade [6,4], which for very sunny
climates it has been shown that overheats theibgild

This study shows that the heat transfer effectoisamly by convection (buoyancy)
but also a big fraction of the total heat is traensfd by radiation between the inner
facade and the concrete wall. This is a great denaiion when one tries to improve the
design of such systems. Nowadays the design oktfi@sades is done in a very
inefficient way due to the fact that a small knodge of the system has been reached.
These studies are difficult to carry out becausesystem is strongly dependent on the
local climate [4,10], which can change a lot fromedo another country, or even inside
one country and/or different seasons.

But the studies done are not enough, more studiestaifferent geometries or
materials in use (for example ceramic materialgukh be done. Moreover all this
studies are very complex to architects; who areghatend, the people who have to
design the facade. Due to this fact, in this progegery simple model with MATLAB
has been developed, so the main variables of teequhena can be obtained; it can be
very useful in order to aid architects to desigm,ai very easy way, a much more
efficient facades in their projects.

Summing up as a benefit of this development, omeficel an easy way to design
facades for architects, so it can improve the amotienergy saved as well as a higher
thermal comfort in buildings along all the yearsé| what climates are better to install
the facades, what is the appropriate materialferskin facade... among others. As it
can be seen, regarding to all of these benefits,ndgw buildings, which ventilated
facades, can be more environmentally friendly.

2 CFD MODEL

2.1 Description

The goal of this point is just to model the systesng a CFD commercial code.
ANSYS-CFX V12 is chosen. In order to check this elpdn experimental facility data
are considered. The experimental facility is lodata the Technical Institute of
Ceramics (Castellon), it consists in a ventilategldmic) facade with a simple channel.
Nine thermocouples are installed in different pimside the channel, the temperature
in the rear wall, environmental temperature , saghation , and the air velocity using
anemometers inside the channel are measured dwéwgral typical days in
Mediterranean climates, in summer and winter sedadhe figure 1, a caption of CFD
model with the different domains can be seen.

Once the model with ANSYS-CFX is constructed, witle same geometry and
materials, i.e. ceramic fagade and simple chantied, data extracted from the
experimental model (environmental temperature, tFatpre in the rear wall and sun
radiation) can be used as boundary conditions. Thersimulation can be run and the
results can be compared with the data obtained il thermocouples and
anemometers. Different 24 hours simulations haen erformed, both 2D and 3D; is
important to note that the results for 2D and 3B ary similar, but the last ones are
very time-consuming. In figure 2 the different bdany conditions can be seen
implemented in CFD model.
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Figure 1: different domains in CFD model.

Figurd@undary conditions in CFD model.

Domain Material Wide (m) Conductivity (W/mK)
Facade Tile 0.008 1.6
Channel Air 0.1 0.02564

Wall Bricks & concrete 0.140 0.5

Table 1: domain properties in the system.

Different options are chosen to model heat trandtebulence and radiation. To
model heat transfer, the thermal energy model @seh, i.e. it neglects the kinetic
energy, but it is not affect the calculations sitice air velocity is always low. Shear
stress transport with Gamma theta transition msdsélected to model turbulence, this
model is necessary if one wants to get accuradierboundary layers, which is very
important in this case. This model takes on accthwturbulence even at low Reynolds
numbers and its transition from laminar to turbekernin special near the wall where the
temperature and velocity gradient is higher Regardo radiation, discreet transfer
model is incorporated.

2.2 CFD model calibration

In this point some comparisons between experimafgtd and the CFD model are
showed.In figure 3, the real temperature in the middlecb&nnel (dots) is compared
against the same temperature point in simulatiomg)( it can be seen that the
simulation obtains a slightly decreased temperat@a®und mid day, this effect is
produced because the thermocouples in the real Imm@e not protected against
radiation, so the radiation emitted between wadllghdy increases the thermocouples
measurement.
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Figure 3: comparison between real (dots) and siradléline) temperature inside the channel.

In figure 4 the same comparison is done with the@ocity, considering that the air
velocity are very low and that it is a variableatelely difficult to measure, the
comparison is quite good.
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Figure 4: comparison between real (dots) and sitedléline) velocity air inside the channel.

It can seem that the radiation between the intemialts could be neglected, but in
fact, it is proportional to the fourth degree ahfgerature and as it has been explained in
figure 3, it affects the phenomena inside the ckanrherefore one wants to know how
much this radiation is important in the global higahsfer, in figure 5 the radiative heat
(blue) emitted by the facade interior and the cative heat (red) extracted from the
facade by the air flow are compared.
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Figure 5: comparison between radiative (blue) amzective (red) inside the channel.

From figure 5 can be deduced that the radiativd feeanore important than the
convective heat when the sun is at zenith, theedfmimprove the design a very simple
idea has been implemented: a blind halfway throtnghchannel. In one hand if the
blind is closed, the concrete wall is protectedirssgathe radiative heat, so the
temperature inside the building is reduced; indtieer hand if it is open, the radiative
transfer is promoted. This phenomenon is obsermefigure 6, where the volumetric
temperature in the concrete wall is plotted with bhind open (red) and closed (blue).
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Figure 6: volumetric temperature in the rear waith open (red) and closed (blue) blind.

It is clear that the blind accomplish its objectitlee volumetric temperature in the
concrete wall is higher with the blind open, andiaghis phenomenon is stronger when
the sun is at zenith.

The comparisons are not only with the real data,dso with the papers already
published. In [3], Jorn von Grabe shows a posableelocity distribution through the
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channel; in [7], M. Coussirat et al. show the duiér temperature; in [10], D.
Faggembauu et al. show the air temperature disioibinside the channel and the mass
flow; also in [8], Nassim Safer et al show the\agtocity distribution in a channel with
a venetian blind. All of these distributions haveeb checked with the CFD model, and
very similar shape distributions have been found.

To conclude this point some conclusions can be mfade the blind is an effective
way to control the radiative heat transfer, whigleven more important that convective
heat transfer during the day; and second, the modeted with CFD is suitable to
simulate a ventilated facade with a simple charBed.it should be used carefully in the

bottom part, a swirl is observed in the simulatiaoear the inlet air, see figure 7.
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Figure 7: swirl observed at the bottom part, nbaritlet air.

3 MATLAB MODEL

In this point a mathematical model of the ventdhtcade, developed using
MATLAB, is presented. This model has as input argote: sun radiation,
environmental temperature, room temperature, chHaditeensions and materials
properties; and as output: some surface and vobkemg@eratures, the mass flow, the
global heat transfer coefficient and a graphic esentation of the temperature
distribution through all the channel. The CFD moebgblained in point two is taken as a
basis to develop the MATLAB model and obtain d&iat wwere difficult or impossible
to be obtained by experimentation.

In figure 8 a sketch of the system with the différéeat transfers and also the
temperatures variables used latter are represefted. radiative heat transfer is
represented by g, the convective heat transfer,,® and conductive heat transfer,
Jeone The temperatures are over some arbitrary surfaces
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Figure 8: sketch of the system with main tempeestand heats.

3.1 Constitutive Equations
Regarding figure 8, and taking the basis of trartspguations in heat transfer, some
energy balances are presented. First a balandeeasuter fagade surface, equation (1);
a balance on the inner facade surface, equatiqriid) a balance in the channel (5)
where @ is the heat that the flowing air takes from thegaf#e and wall by convection;
and finally a balance on the concrete wall sur{f@ge
Graa1 + deonvi = deonarz (1)
(Text - Tl) — (Tl - Tz)
1 L,
hext ke

G+

decond12 = radz t deconvz  (3)

(1 =T) _ (=T (15 =T

I T 1 W
kt hz E 0 F
qrad2+ Qconv2 = 9rad3 + qconv3 + Qair (5)
(T =T (T,=T) (T;—=T) (T.—Ts)
1 + T = 1 + T +q,, (©)
e-0-F h, e-0-F hs;

Graaz + Qconvs = Geonazs  (7)
(T24 B T’;) + (Tc B T3) _ (T3 — Tback)

1 R

e-0-F hs ky,
hext is the heat transfer coefficient between the emvirent and the ceramic facade.

The value for b is found in [17] equal to 14 W/. Furthermore hand h, represent

the same coefficient but between a vertical plame the surrounding flow (inside the
channel), these coefficients were found in [14] df48] to be equal to the next

equations;

(8)
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Where Ra is the Rayleigh parameter, this dimensgsnhumber can be seen as the
ratio of buoyancy forces and the product of therama momentum diffusivities. Note
that in the discussion above the different propsertf air are taken as constants, this is
due to the fact that inside the range of tempegaised, their change is negligible.

We have six equations: four balances equations (@), (6) and (8); and two
equations for both heat transfer coefficients, Wwhare calculated with the same
equation (9), this equation depends on the Rayleighber, but this in turn depends on
the temperatures on the fluid and the wall, scogsdnot add new variables. But, the
variables are seven, namely;, Ty, T3, T, hp, hg and @i. So a new equation should be
added, this equation is extracted from the CFD medplained in point two, some
simulations are solved with different input paraengfi.e. sun radiation, environmental
temperature and channel wide. All the combinationgble2 are simulated, leading to
a total number of 72 simulations.

L (m) G (W/m2) Tamb (K)
0.075 200 287
0.1 400 290
0.125 600 293
800 296
299
302

Table 2: simulations in CFD model, summarize ofedént cases.

From these simulations data were extracted, botaloate the MATLAB model
(which is shown in point four) and to create a neguation. This equation is the
minimum temperature of the air in the channg),fdr a certain height in function of the
dimensionless height, z/Z, sun radiation, G, emrirental temperature, ,f and

channel wide, L.
T—(G +—70'L+16)Z+( 102-L+11) 1

In the next graph, some discrete data obtainedmID @odel about the minimum air
temperature in the channel are shown. It can ba& teat if the temperature is
represented against the dimensionless height, dme® are obtained with the same
slope but different intersection depend on the remmental temperature.
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Figure 9: minimum air temperature against dimerisgmheight, different series represent the
environmental temperature, ranging from 14 °C t6Q9

With equation (11) the number of equations andaideis are the same, so a set of
seven equations, some of them nonlinear, can bedoh MATLAB to obtain the
variables: T, Ty, T3, Te, hp, hg and g

The next step is to calculate a volumetric tempreeadf air inside the channel; this
variable is interesting in order to get an ideauibtbe system performance. First a
temperature distribution over the entire channehegded, this can be provided by
equation (12) This equation express the dimensionless temperaturfunction of
dimensionless deep across the channel, at a cbegmht, see figure 10.

1
% = (— (%)7 + 1) (12)
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Figure 10: temperature distribution between twanite vertical planes.

Note that there are two planes (walls), and theatogu (12) gives the temperature
distribution over one plane. So to find the tempemdistribution, with equation (12),
the channel is divided into two regions, one fatheplane (or wall); and the separation
of these regions is denoted by the minimum tempeegait this height, Tc, which could
not be in the middle of the channel.

Once the temperature over all the facade higherdifferent surfaces and inside the
channel are obtained, some new variables can belasd, such as volumetric channel
temperature, equation (14), superficial temperatyid), and outlet air temperature
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(16). This new temperatures could be calculatedneyans of an average temperature
over all the points in a volume or area (area e in 2D), which mathematically is
expressed as:

Z L
Jo Iy Ty dy dz

Tvol = Z . L (14)
I T, dz
Toyp = 2 15
sup 7 ( )
fLT (z=1dy
Tout = 4 (16)

L

Moreover the mass flow through the channel canabeutated with a simple energy
balance.

Qair
m= 17
Cp (Tout - Text) ( )

The last parameter is the global heat transferficoeit, U, which is the inverse of
the sum of all the individual resistances in thetem; with this parameter some heat
transfer calculus can be done easily. It involwes tesistances across a solid, facade
and wall; and three resistances across a fluid pecause the environmental air and two
inside the channel (remember that the channelideti into two regions, each one with
a different individual heat transfer, Bnd h). The form of these resistances is known,
the system is just a semi-infinite vertical platie®ugh with the heat is transferred in
serial way.

Rext =7— (18)
L

Rfagade = k_ (19)
t

L
Ryau = k_w (20)

w

For the fluid resistance, an average individual lv@asfer is defined as:

_ fOZhdZ
h==—— (1)
1 1
Renanner = }_l_z + }_1_3 (22)
After all the calculations are done, this parameteasy obtained with equation (23).
1
U= (23)

T L, 1 1 L,
T I
hext kt hz h3 kW

3.2 Model flow chart

Next, a flow chart of the complete model is sketth# starts with the some
parameters provided by the used, it has two lothgsmain loop, in which the height is
increased progressively, and the secondary looptwerge a set of equations. After
that some variables are calculated using the teatyoerdistributions.
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Step 6: Volumetric temperature, Ty, €q (14)
Surface temperatures, Ty, eq (15)
Outlet air temperature. T.... €a (16)

v

Step 7: Mass flow, m, eq (17)
Global heat transfer coefficient. U. ea (23)

4 MODEL VALIDATION

In point three some equations are explained; vigmt some important parameters in
a ventilated ceramic facade can be calculatedyedsilthis point some validations are
carried out, the goal is to compare the data etddafrom MATLAB model with CFD
model, which is already explained in point tWoreover, in this point, the dots in all
the charts are the data extracted from CFD modad, the continuous lines are
MATLAB model results; for the bar charts the relatierror is shown above each set of
bars.

r'y

A4

4.1 Punctual temperatures: surfaces, minimum andidtribution

First, the surface temperature is compared forniaén surfaces, outer and inner
sides of facade and the inner side of the wallfigjmre 11 can be seen that the
agreement is quite good, all the surfaces are dodle to the air flow, this cooling is
effective while the air flow is not heat saturated¢ce the air is saturated, the cooling is
slowed down. Some disturbances appear near theflaw, them are due to the swirl
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commented at the end of point two. These data lata@red solving simultaneously the
equations (2), (4), (6) and (8).
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Figure 11: punctual surface temperature againstéight, with parameters G = 600 W/amd T, = 17
°C. Three total surfaces: outer facade side (bloegr facade side (red) and concrete wall chasidel
(purple); colored version online.

In figure 12 the minimum air temperature in therohel (equation 11) is represented
against the dimensionless height for different emmunental temperatures, it is observed
that this temperature increases while the air flthveugh the channel, as commented
before the air absorbs heat from the walls, s®litiated up.
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Figure 12: minimum air temperature at a certaighieagainst dimensionless height, different series
represent different environmental temperature, avbiin radiation is constant to G = 600 \&//im this
case.

In figure 13 the temperature distribution over émgire channel with equation 12 is
plotted against dimensionless deep, O is the fag@ldeand 1 is the wall side; five series
represent the profiles at different heights, oveatal height of 2.5 m. Once more can be
deduced that the air temperature is increased whilews through the channel, and a
minimum temperature around the middle deep of ti@acel is found, as represented by
equation 11. Next to the walls the temperature igradis much larger than in the
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middle, and of course the temperature in the fagadieis higher than in the wall side.
The results are in agreement with the CFD resuliisthe experimental ones.

322
317
— mO.6
< 312
> o1
= 307
w14
302
1.8
297
m2.2
0 0.2 0.4 0.6 0.8 1
y/Y

Figure 13: temperature distribution inside the cle@mgainst dimensionless deep, 0 is the facadeasid
1 is the wall side. Different series representedéht heights, the parameters are G = 600 &M Ty =
23 °C.

4.2 Heats flux: convective and radiative

Solving simultaneously the equations (2), (4), 460 (8), the heat absorbed by the
air can be resolved. Figure 14 shows the heat bbdoby the air against the
environmental temperature for the 800 Wimase. This heat is reduced with an increase
of environmental temperature. The relative erroa ilittle bit higher than in the other
figures, but this is due to the fact that the nfams through the channel is small, so a
little deviation produces a relative greater error

After all the variables in the set of equations e@ked out, the different heats
represented in figure 8 can be calculate, heretlpgstonvective and radiative heat from
and to the wall are represented in figure 15 ande$fectively. The convective heat is
reduced with environmental air because saturatiomio effect commented before;
moreover the radiative heat is proportional to éin@ironmental temperature because
the difference between inner facade and wall teatps (figure 19 and 20) also
increase with environmental temperature, this éffeceinforced with the fourth degree
of temperature.
3.50%4.12%4.74%5.31 % 5.85 %

500 6.46 %
400
2 300
& 200 u CFD
100 m MATLAB

287.2 290.2 293.2 296.2 299.2 302.2

Text (K)

Figure 14: heat absorbed by the air flow againgirenmental temperature, in this case the sun tiadia
is constant to G = 800 W/mBlue bars are CFD data and red bars are Matleb da
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Figure 15: convective heat yielded from concretd against environmental temperature, sun radiagon
constant to G = 800 W/mBlue bars are CFD data and red bars are Matlab da
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Figure 16: radiative heat to concrete wall agagmstironmental temperature, sun radiation is comstan
G = 800 W/m. Blue bars are CFD data and red bars are Matlb da

4.3  Volumetric temperature in the channel

The volumetric temperature validation, with equat{t4), is pretty good in all cases.
Here the data for 400 W/mand different environmental temperature are piot@f
course the value increases with environmental teatyes.

400
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300 A
<
< 200 -
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Figure 17: volumetric channel temperature againgirenmental temperature, sun radiation is congtant
G = 400 W/m. Blue bars are CFD data and red bars are Matlb da
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4.4  Surface temperature: inner and outer fagade ahinner wall surface

Also the data with equation (15) and (16), surf@reperature and outlet temperature
respectively, are quite good respect to the CFR.ddéxt the result for the 800 Wm
case arshown for the three main surfaces (figure 18, 1® 20). All of them increase
with environmental temperature.
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Figure 18: outer ceramic surface temperature agamsronmental temperature, sun radiation is @ontst
to G = 800 W/rA Blue bars are CFD data and red bars are Matlab da
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Figure 19: inner ceramic surface temperature agamgronmental temperature, sun radiation is Gontst
to G = 800 W/rA Blue bars are CFD data and red bars are Matl&b da
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Figure 20: concrete wall surface temperature agaimgronmental temperature, sun radiation is contst
to G = 800 W/rA Blue bars are CFD data and red bars are Matlab da
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4.5 Outlet air temperature
The outlet air temperature for the 400 ¥ tase is shown at figure 21.
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Figure 21: outlet air temperature against enviramaldemperature, sun radiation is constant to4b6
W/m?. Blue bars are CFD data and red bars are Matlab da

46 Mass flow

Mass flow can be calculated with equation (17),clhs plotted in figure 22, for the
600 W/nt case. As in figure 14 (heat absorbed by the iaifjgure 22 the relative error
seems significant, but again due to the small nflagg a little deviation produces a
relative big error. The mass flow reduces with émgironmental temperature because
the difference between outlet (figure 21) and inéhperature is also decreased with
environmental temperature; moreover the mass flmneases with sun radiation.

4 -3.157%3.14%3 .18 %3.26 %334 %3.53 %
2 3
9
S 2
< . m CFD
€
H MATLAB
0

287.2 290.2 293.2 296.2 299.2 302.2

Text (K)

Figure 22: mass flow against environmental tempeeassun radiation is constant to G = 600 W/Blue
bars are CFD data and red bars are Matlab data.

4.7 Global heat transfer coefficient

Finally the global heat transfer coefficient, egoat(23), is plotted against the
environmental temperature in figure 23, for differeun radiations, ranging from 200
W/m?to 800 W/n.

It is important that the bigger resistance is pded by the channel, it is expected
because in fluids the heat transfer is more diffituan in solids and furthermore the
flow velocity is very small so the air behaves damainar flow, which also difficult the
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heat transmission. Also the concrete wall resigaadig due its wide, and the facade
resistance negligible due its high conductivity anthll wide.

These data cannot be compared with CFD model, ginc@o possible to obtain the
global transfer coefficient in a straight way in[@F
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Figure 23: global transfer coefficient against eonimental temperature, different series represemt s
radiation. All bars are Matlab data since it is possible to obtain in CFD model.

In figure 23 it is observed that the global coeéit increases significantly with sun
radiation, which seems logical, but slightly dese=awith environmental temperature.
This effect is explained next. In one hand, whea $kin radiation is high, we can
approach that the global coefficient is not envinemt-temperature dependent; on the
other hand, when the sun radiation decreases,ltih@lgcoefficient turns to be strong
dependent on the environmental temperature (inepeportional). To explain what
happens, it is needed to look at the individualstances: when the environmental
temperature is reduced the resistance associatedhegi concrete wall and the external-
channel (facade side) increase; but the resistasseciated with the internal-channel
(wall side) decreases; note that these are the sigsificant resistances (more than
90%). The increase in the internal-channel resigtas enough to gain the decrease in
the external-channel plus wall resistance, thugtbleal resistance is proportional to the
environmental temperature, so the global coefficien inversely proportional to
environmental temperature.

5 CONCLUSIONS

A model in MATLAB has been implemented to calculatene important parameter
in a ventilated system (surface, volumetric andritistion temperatures, the global heat
transfer coefficient and mass flow). This model hasn validated by means of a model
created in CFD, which is also validated by someeerpental data extracted from a real
ventilated fagcade.

Some conclusions could be made. A blind instaltethe middle plane through the
channel is a good idea to control efficiently treliation transfer in this system.
Furthermore the system (with simple channel) hastter heat transmission when the
sun radiation is higher and a low environmentalgerature.
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So it is concluded that the system, with a simpianoel, is good at least in winter
Mediterranean climates when one wants heat tranbfesuch climates the average
environmental temperature is a little bit lowerrthib4 °C (the minimum temperature
studied in this work) and there are a lot of daythwntense sun radiation. But in
summer, when one does not want heat transfer andasliation is mainly high, should

be a good idea to install the blind commented énldist paragraph.

The model could be improved if a transitory staté@mplemented or even update to
3D; besides convective or radiative sub-modelsdada@ changed in order to increase
the accuracy; also more variables could be addéketanodel, and finally it would be

interesting if the range of environmental tempamtand/or sun radiation could be

extended.
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NOMENCLATURE

B: air compressibility, 3.421- 10-3%.

*¢: tail facade emissivity, dimensionless.

v: air cinematic viscosity, 15.09- 10-6/s

o: Stefan-Boltzmann constant, 5.67-10-8, ik

Cp: specific heat of air, 1004 J/kgK

F: vision factor between the tile and the concvedél, 0.9 dimensionless.

g: gravity acceleration, 9.81 rfi/s

*G: sun radiation, W/

hy: heat transfer coefficient between the ceramiadacand the chamber, Wi
hs: heat transfer coefficient between the concretiéaval the chamber, W/AK.
hex; heat transfer coefficient between the environnagwt the facade, W/m2K.
k: air thermal conductivity, 25.64-10-3 W/mK.

*kw: concrete wall thermal conductivity, W/mK.

*k: tile fagade thermal conductivity, W/mK.

*L: total wide of channel, m.

*L w: concrete wall wide, m.

*L: facade wide, m.

m: mass flow through the channel, kg/s.

Pr: Prand number for air, 0.713 dimensionless.

Oair. heat absorbed by air flow in the channel, W/m

Jeonv. heat transfer by convection, Wim

Orad heat transfer by radiation, Wim

OJeond heat transfer by conduction, Wim

Ra: Rayleigh number, dimensionless.

T1: facade surface temperature (outer), K.

T,: facade surface temperature (inner) , K.

Ts: concrete wall surfaces, K.

*Tpack temperature in the inside wall surface, K.

T¢: minimum temperature in the channel at a condreight, K.
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*T ext: €NVironmental temperature, K.

Tout Outflow air temperature, K.

T,: wall temperature at a concrete height, K.

Tsup surface temperature, K.

Tyvoi: Volumetric channel temperature, K.

Ty: fluid temperature inside the channel at a cettaight, K.
y. deep coordinate, m.

z: height coordinate, m.

*Z: total height of channel, m.
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