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ABSTRACT

This paper deals with the development and the
testing of a simulation algorithm for the temperature
behaviour and the flow characteristics of double
façades. It has been developed in order to obtain a
tool which enables the energy consultant to make
quick design decisions without being required to use
fairly complicated CFD tools.

In order to determine the degree of accuracy of the
algorithm, a double façade has been monitored under
controlled conditions and the results have been
compared against the predicted values for several
design situations. The resulting inaccuracy in some
cases can be traced back to how the flow resistance
of various geometries are modelled.

INTRODUCTION

The paper starts with an explanation of the
assumptions made for the development of the
algorithm. These are related to simplifications
concerning the geometric model including heat flows
and the flow direction. In a first step the temperature
function and the flow function are developed
separately. Starting from fundamental and
established functions (energy transport equation,
Bernoulli) due to space reasons only the basic steps
of the development not the complete calculations
including transformations can be outlined. Finally we
explain how these equations have to be combined to
obtain the complete method.

Characteristic results of the monitoring are presented
subsequently, followed by a brief discussion of the
main reasons for any inaccuracy.

MODEL

Some assumptions made in the course of this work
concern the relevant input parameters and the
necessary output. These assumptions are based on
our experience as consulting engineers and are
summarised here:

To be useful the simulation of a double façade must
yield information about

• the air mass flow through the façade gap to
control the possibility of natural ventilation of
the room behind.

• the temperature of the façade air related to the
height of the façade which determines the
temperature of the supply air in the case of
natural ventilation. It also helps in estimating the
cooling load required in the case of conditioning.

• the temperature of the façade perimeter to
predict possible deformations of the materials
due to thermal elongation.

Design parameters which have the main influence on
the air mass flow and the temperatures are the
following:

• the size of the upper and the lower vent of the
façade.

• the depth of the façade and the position of the
shading device in the depth of the façade gap.

• the material of the shading device, especially the
absorption coefficient.

• the size of the vents of the shading device.

• the quality of the outer and the inner pane,
especially the solar transmission factor but also
the U-value and the absorption coefficient.

Consequently, these parameters are included in the
temperature and the flow algorithm.

There are different types of double façades, however,
usually all types have constructional parameters in
common which have been extracted and simplified.
This process is demonstrated in figure (A1). The
most important simplification is the fact, that the air
exchange between façade gap and the room behind is
not included in the algorithm. We consider this as the
design case since the air temperature must be
determined for the moment when the room window
is first opened by the occupant.
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For a better understanding of the terms used for the
geometry, the model is shown in figure (A2). With
those terms it is important to note, that shaft 1 is
always the shaft between shading device and external
climate and shaft 2 is the shaft between shading
device and internal climate. This is also true for the
monitoring results, even though the façade is then
ventilated with air of the internal climate.

Further on, the determination of the direction of the
different heat flows is part of the development of the
algorithm. This accounts for some further
assumptions. Firstly the flow is aaaumed to be
reduced to one dimension (later a second dimension
is introduced by separating the flow behind and in
front of the shading device). Thus, the air mass flow
is one directional in either the positive or negative y
direction.

The temperature function works with a net mass flow
in the y direction through the system so that there is
no consideration of local, secondary, reverse
currents. This will however, be taken into account by
modelling the flow resistance.

There is also no consideration of any diagonal flow,
in y-z direction for example.

The molecular heat transport is assumed to be normal
to the air flow, in a positive or negative x direction.

Transient effects are not considered.

TEMPERATURE FUNCTION

The temperature function TS(y) for the shaft air over
the height of the system H is generally based on the
energy transport equation (t1).

(t1)

Only steady state conditions are considered and
single heat sources do not occur. The function
reduces to:

The molecular heat transport within the air  (right
side of the equation above) is not considered, only
the net heat flow into and out of the gap in a positive
or negative x-direction. Moreover, the convective
transport is taken as the net heat flow in the main
direction y. Therefore:
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(t2)

For the shafts, the convective heat transfer coefficient
may differ due to different air temperatures and air
velocities within the shafts. Therefore for both shafts
the convective heat transfer coefficient is treated
separately. For the calculation, the approach of
Michejew (see Elsner) has been used which has been
developed for free convection at vertical planes.
According to this approach the heat transfer only
depends on the Rayleigh number which is determined
by a number of parameters including thermal
diffusivity, temperature difference, and height of the
surface. The calculation results in a mean heat
transfer coefficient over the height of the system
hc,m,S.

Since greatly different surface temperatures may
occur, the radiative heat exchange between the
surfaces (e.g i and j) must not be neglected. It is
approximated by the radiative heat exchange factor,
valid for two parallel planes with infinite expansion
and this also averaged over the height of the system:

The factor Ci-j includes the Stefan-Boltzmann
constant and the grey body view factors.

For the heat exchange between the system and the
ambient climate, the standard exchange factors as
found in CIBSE  (Guide A3) are used.

The driving force is the sun's radiation that is
absorbed by the surfaces of the double façade. These
surfaces are mainly the shading device (SD), the
inner pane (IP) and the outer pane (OP). The
absorbed energy, determined by the solar intensity
and the absorption coefficient of the material, leads
to an energy flow to and from the element to its
surrounding (either shaft air by convection, the other
planes by radiation or to the external/ internal climate

by both). The absorbed solar energy q̂& must equal the

total of the element's heat flow. It is shown as
example for the outer pane:

The equation can be transformed to obtain the
temperature function for the surface:

Doing this for all three surfaces, a set of equations for
all surface temperatures is obtained, each depending
at least on one of the shaft air temperatures, another
surface temperature or the external/ internal climate.

It is now necessary to eliminate every unknown of
the equation except for the air temperature. This can
be done e.g. by inserting the TSD- function into the
TOP- function, leaving only the TS1- function as
unknown. We are left with a system of functions.

(t3)

In equation (t3) the abbreviation Z consist of
multiples and sums of the different heat transfer
coefficients related to the respective shaft air
temperature. It gives valuable information about the
ratio of the different heat flows and with that about
there influence on the surface temperature.
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Moreover it can be seen that the temperatures of the
surfaces sre determined by both, the shaft air
temperatures and a constant G. This summand is
determined by the constant solar energy and the
temperature of the internal and the external climate.

Each of these equations can now be inserted into (t2)
whereas shaft 1 (see figure (T1)) gets energy from
the outer pane (OP) and the shading device (SD) and
shaft 2 gets energy from the inner pane (IP) and the
shading device.

Transformation yields a two dimensional system of
first order linear differential equations:

or with vectors and matrices:

The abbreviations a and g, again consist of multiples
of the heat transfer coefficients and the solar
intensity/climate. These are not analysed here for
space reasons.

The system can be solved in two steps. Firstly the
homogeneous solution must be found by calculating
the Eigenvalues and Eigenvectors and secondly the
non-homogeneous solution must be determined. For
the latter, the method of undetermined coefficients
can be used.

The Eigenvalue problem leads to an exponential
function whereas the non-homogeneous solution
yields an additional constant part. The temperature
functions are:

(t4)

With these equations the scalar value IC is another
unknown which must be determined with help of the
initial conditions. These are given as the air
temperatures at the point y = 0, the starting
temperature Tstart. It may chosen as an arbitrary value
but will normally be the external temperature since
the façade gap is ventilated with external air. x( ) are
the Eigenvectors and λ the Eigenvalues of the
system. The letter u is a constant which describes the
air temperature within the shafts when no further heat
exchange takes place (for y = ∞, the Eigenvalues are
always negative).

As described above, the determination of the heat
exchange coefficients requires the mean temperature
of the air and of the surfaces over the height of the

system. They can easily be determined from equation
(t4) by integration.

FLUID DYNAMICS

For the motion of the air, only buoyancy forces are
taken into account. There may also be wind pressure
as a driving force, but firstly, wind pressure is
extremely unpredictable and secondly, lack of wind
pressure normally is the design case.

The starting point is the Bernoulli equation (f1):

(f1)

It says, that the sum of energy per mass [Nm/kg]
remains the same between point 1 and point 2 of a
streamline and may only change its character
between static, dynamic, potential and dissipated
energy. Strictly speaking, the Bernoulli equation is
only applicable for systems with constant density ρ
(what is not the case here). However, if a system is
divided into a number of finite subsystems and the
fluid properties are regarded as constant for each
subsystem, the pressure pi might be related to the
respective density ρi.

For the simulation, only two subsystems have been
chosen (see figure (F1)): the external air (state 1) and
the façade air (state 2). Air mass has to be accelerated
from zero external velocity (w1 = 0) to a mean
velocity within the shaft of  w2 = wm,S.

The system has to be cut at the centre of gravity of
each subsystem. For both it is taken at H/2. However
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this is not completely true for the façade air (the
density function is an exponential function as well as
the temperature function) but is regarded as a minor
simplification (see figure (F1)). Thus, the potential
energy can be cancelled out.

With new abbreviations, Bernoulli is now:

Here we consider only the pressure difference ∆p
between inside and outside. Static equilibrium yields:

With a chosen reference level for the external
pressure pEX = 0, the equation for the shaft air
velocity becomes:

(f2)

With buoyancy driven natural ventilation it is a very
common thing, to determine the dissipated energy in
a similar way to the determination of the turbulence
losses of pipes. They are normally expressed as a
multiple (ζi) of the square of the local velocity wi.
The frictional losses play a minor role but might be
added; they are analytically derived from a parabolic,
symmetrical velocity profile (Hagen-Poisseuilles-
Flow) for pipe flow. Basically, the losses are:

(f3)

The method of interpreting the type of loss to be used
is important and here is considered as follows:

Kind Geometry Where

inlet and
outlet
orifice

For the vents at the top and the
bottom of the façade

bends For any redirection of the flow

duct
branch
and duct
union

For the separation of the flow
into shaft 1 and shaft 2 at the
bottom of the shading device
and the union at the top of the
shading device

orifice

For the inlet and the outlet of
the shading device and any
sudden reduction of the
hydraulic diameter by e.g.
frames

Alternatively to modelling orifices for inlet and
outlets, flanges and diffusers might be appropriate.
Values for ζ can be found e.g. in CIBSE guide C4. It
is important to mention, that for any required area
ratio, the hydraulic ratio has to be taken not the
geometric ratio.

The velocity wi at the single resistance is determined
by the continuity equation. No mass sources or sinks
occur, therefore:

or

(f4)

This is the local velocity expressed as a multiple of
the mean velocity of the shaft. AS, the cross sectional
area of the shaft, is regarded to be constant in this
context. The only exception is of course the local
reduction or enlargement to Ai,S at the local
resistance.

Equation (f4) is important for determining the
velocity at a resistance that belongs to only one shaft,
either shaft 1 or shaft 2. With inlet and outlet and
“duct branch” and “duct union” however, both shafts
have to be considered. For inlets and outlets, the
velocity not at the orifice but at a point within the
undisturbed shaft is needed. Therefore a “virtual
shaft velocity”, wvirt,S, has to be determined, again
based on the continuity equation. It says that the total
mass flowing through the double facade system
consists of the sum of the masses flowing through
each of the shafts.

leading to

and finally leading to (for shaft 1)

(f5)
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and a similar equation for shaft 2. It is again an
expression of the “local” velocity as a multiple of the
mean air velocity.

Equations (f4) and (f5) both contain the density ρ of
the air. Simplifying, the ideal gas law can be used to
determine it.

If the mean density over the height of the system ρm,S

is to be taken, the mean air temperature obtained
from equation (t4) (after integration) can be used. For
the inlet resistance and the “duct branch”, the density
of the external air ρEX can be used, whereas for the
“duct union” and the outlet resistance the density
must be determined from the temperature and the
mass flows of the two shafts, TS1,top, TS2,top and mS1,
mS2.

The loss values ζ now turn into ζeffective. E.g.,
equation (f3) can, in combination with (f4), be
rewritten as

or

Σζi,effective must be completed by adding the respective
factors of (f5) so that the final equation for the mean
shaft air velocity of shaft 1 becomes

(f6)
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and similarly for shaft 2 (by changing the index S1 to
S2).

Comparing this with the derivation of the
temperature function it becomes clear, that the
temperature distribution over the height of the double
façade is dependent on the mass flow through it. On
the other hand, the air velocity is dependent on the
density of the air, which is determined by the
temperature of the air. Consequently, the problem has
to be solved by an iteration process. It can be started
with an arbitrary value for the mass flow and sensible
values for the heat transfer coefficients. With (f6) the

resulting mass flow density SmSmwm ,, *ˆ ρ=& caused by

the buoyancy can be calculated and used as an
improved value for the temperature function. Within

the same step, the heat transfer coefficients should be
newly determined. The solution might converge after
less than ten steps (depending on the accuracy
requirements).

MONITORING

In order to test the developed algorithm, a purpose
built double façade had been monitored over a period
of time. The experimental set up had the required
geometric variability (to change vent sizes and so on)
and had been "turned" around. This means, even
though it was part of the building façade it was
closed to the external climate and opened to the
internal climate. Thus, it was still fully exposed to the
external temperature and the solar radiation but
ventilated with internal air (which does not affect the
testing of the algorithm). This also avoided the effect
of wind pressure on the ventilation of the façade.

The incident solar radiation on the shading device
(not on the external pane!) has been measured using a
Pyranometer (CM11, WMO secondary standard), the
air velocity was measured at about the mid-point of
the façade height using four anemometers and the air
and surface temperatures had been measured at three
heights using thermocouples. The total height of the
façade was 2.05 m, the breadth 0.95 m and the total
depth (both shafts) was 0.24 m.

Two characteristic monitoring results shall be
discussed here. With the help of these the attention
shall be directed to the sensitive dependence of the
prediction on the modelling of the flow resistance,
especially the resistance of in and outlet geometry.

The excerpt presented here shows the air temperature
at the top of the shafts. It is presented as percentage
increase of internal air temperature over incident
solar radiation. Thus, the influence of the external air
temperature has been neglected for the presentation.
This is justifiable as long as the external temperature
is constant over the monitoring period (which was
the case). The prediction has both an upper and a
lower limit. This was calculated according to the
accuracy of the  monitoring equipment. However this
is not presented here as it has no meaning in this
context.

The set up for Measurement 1 was with the shading
device placed at the midpoint of the shaft depth
(0.12 m), an inlet and outlet height of 0.04 m, a
shading device inlet height of 0.17 m and a shading
device outlet height of 0.17 m as well.

The best of the tow prediction lines (figure (M1))
was achieved by modelling both the inlet and outlet
as a flange with an abrupt enlargement to the duct
diameter and a diffuser with a preceding abrupt
contraction. For both shafts there is only a small
deviation between monitored and modelled. The
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upper prediction line ("prediction 2") shows the
results of the modelling of the inlet and outlet as
orifices. Here there is a factor of 2 difference
between measurement and prediction.

The set up for Measurement 2 was changed so that
the shading device was positioned closer to the inner
pane (depth of shaft 2: 0.07 m) and the façade inlet
and outlet were increased to 0.17 m each.
Figure (M2) shows the result of the prediction.
Neither prediction is perfect but this time the best
results were achieved by modelling orifices instead
of flange/diffusers.

CONCLUSION

These examples demonstrate the sensitivity of the
prediction of, and the difficulty of modelling, flow
resistances. There are many factors involved but the
main problem is caused by assuming the same flow
conditions for natural as those used for mechanical
ventilation (using values from mechanical
engineering tables). These values have been
developed in the past for velocity profiles as they
occur in pipes: symmetric and having the highest
velocity at the centre (see figure (C1)).

With natural ventilation however, the driving force is
the reduction of the density due to the increase of air
temperature. This increase is greater near the heat
sources, thus near the panes and the shading device.
Further on it might be non-symmetric because of
different magnitudes of the heat sources. A laminar
profile might look like the one shown in figure (C2).

It is obvious, that the flow resistance caused by local
changes of geometry is unlikely to have the same
magnitude for a symmetric and an almost reversed,
non-symmetric velocity profile.

In many cases however, the flow conditions in a
double façade will be turbulent as well. With
increasing turbulence the velocity profile becomes
more similar to the turbulent profile of the pipe flow.
This might lead to a better prediction since the
resistance factors ζ are usually determined under
turbulent conditions.

As mentioned previously, along with the air
temperature the air velocity was measured as well.
The velocity measurement was not sensitive to the
flow direction. The prediction algorithm however,
calculates the vertical net mass flow. Consequently,
the ratio of measured and predicted air velocity can
be regarded as an index for the turbulence: the higher
the index the more turbulent is the flow (see figure
(C3)).
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Fig. (M2): Measurement2, difference of results of
prediction compared against measurement for using
orifices ("prediction") or flange/diffuser ("pre-
diction 2") for the in and outlets.
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Fig. (M1): Measurement1, difference of results of
prediction compared against measurement for using
flange/diffuser ("prediction") or orifices ("pre-
diction 2") for the in and outlets.

Fig. (C1): Velocity profile for laminar and turbulent
flow (pipe, mechanically ventilated).
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Such an analysis may lead to the result, that with
turbulent flow the accuracy of the prediction
increases. Nevertheless, when using the resistance
factor ζ for analysing the flow characteristics of
buoyancy driven ventilation one runs the risk of
ending up with wrong results.

NOMENCLATURE

Expressions:

A area, [m2]
A Coefficient matrix, temperature
b breadth of rectangular shaft, [m]
c specific heat capacity, [Ws/kg/K]

C
modified Stefan-Boltzmann constant,
[W/m2/K4]

d depth of shaft/ height of vents, [m]
e energy, [W/kg]
g acceleration due to gravity, [m/s2]
H domain height, height of the system, [m]

h
convective heat transfer coefficient,
[W/m2/K]

Σh sum of heat transfer coefficients, [W/m2/K]
k conductivity, [W/m/K]

m̂& mass flow density, [kg/s/m2]

m& mass flow, [kg/s]
p pressure, [MPa], [Pa]

q
~
& productivity of internal heat source, [W/m3]

q̂& rate of energy flow per unit area, [W/m2]

Rair gas constant of air, [Ws/kg/K]
T temperature, [K],[°C]
T Temperature vector
T temperature
w velocity vector, [m/s]
w velocity
W weight of the air column, [kg]
x Eigenvector

α absorption coefficient, absorptivity

λ Eigenvalue

ρ density, [kg/m3]
ζ loss factor

Indices:

c convection
diss dissipated

m
mean value over
height

eff effective OP outer pane
EX external r radiation

i-j
between point i
and j

S
shaft

IN internal SD shading device

IP inner pane y y-direction
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