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Abstract

Timber roof constructions are commonly ventilated through an air cavity beneath the
roof sheathing in order to remove heat and moisture from the construction. The driv-
ing forces for this ventilation are wind pressure and thermal buoyancy. The wind driven
ventilation has been studied extensively, while models for predicting buoyant flow are
less developed. In the present study, a novel analytical model is presented to predict
the air flow caused by thermal buoyancy in a ventilated roof construction. The model
provides means to calculate the cavity Rayleigh number for the roof construction,
which is then correlated with the air flow rate. The model predictions are compared to
the results of an experimental and a numerical study examining the effect of different
cavity designs and inclinations on the air flow rate in a ventilated roof subjected to vary-
ing heat loads. Over 80 different test set-ups, the analytical model was found to repli-
cate both experimental and numerical results within an acceptable margin. The effect of
an increased total roof height, air cavity height and solar heat load for a given construc-
tion is an increased air flow rate through the air cavity. On average, the analytical model
predicts a 3% higher air flow rate than found in the numerical study, and a 20% lower
air flow rate than found in the experimental study, for comparable test set-ups. The
model provided can be used to predict the air flow rate in cavities of varying design,
and to quantify the impact of suggested roof design changes. The result can be used as
a basis for estimating the moisture safety of a roof construction.
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Introduction

The purpose of a roof is to act as a climate shelter to maintain a good indoor cli-
mate in a building. As it is a part of the building envelope, it is exposed to varying
weather conditions. To protect the construction and ensure the roof function, heat
and moisture must either be prevented from entering the construction, or be
removed (Gullbrekken, 2018). A common way of achieving this in the Nordic
building tradition is with a ventilated air space as one of the layers in the construc-
tion, referred to as the air cavity. The air cavity is typically located between the
outer rain protective layer and the thermal insulation, as seen in Figure 1. In the
roof, the ventilation of this cavity is typically driven by natural effects, that is wind
and thermal buoyancy caused by temperature gradients (Hagentoft, 2001).

The climate in the Nordic region ranges from humid continental to subarctic,
with warm to mild summers and cold winters (SMHI, 2019). The traditional use for
cavity ventilation was to remove heat transmitted through the insulating layer of a
roof (Blom, 1991). This reduces roof surface temperatures in order to avoid snow
melting and reforming as icicles at the eaves. As demands on building envelope
energy efficiency have increased in recent decades, snow melting is less pertinent as
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Figure |. Reference construction used in case study, typical for the Nordic building tradition.
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improved insulation causes a smaller heat transmission through the roof. However,
the reduced temperatures cause a larger risk for moisture problems. Consequently,
moisture removal is the main purpose for air cavity ventilation in current roof con-
structions (Blom, 2001; Petersson, 2009).

To predict the efficiency of a ventilated construction, a building performance
engineer must be able to predict the air flow rate and thermal conditions in the air
cavity. Air cavities in walls have been studied experimentally (Falk, 2014), and
numerically (Nore et al., 2010; Van Belleghem et al., 2015). The research on roof
air cavities is more limited. Studies have been performed on the air flow rate in air
cavities considering wind as a driving force (Gullbrekken, 2018). Thermal buoy-
ancy has also been studied, but mostly from the perspective of heat removal in hot-
ter climates (Biwole et al., 2008; Bunnag et al., 2004; Chami and Zoughaib, 2010;
DeWith et al., 2009; Lee et al., 2009; Li et al., 2016; Manca et al., 2014; Susanti
et al., 2008). An experimental study on the ventilation of wall air cavities from a
moisture perspective was performed by Vanpachtenbeke et al. (2017). An experi-
mental study on moisture levels in ventilated roof cavities was performed by
Viljanen et al. (2020).

Some analytical models of the hygrothermal behaviour of roof air cavities have
previously been proposed. Such models, including the modelling of air flow resis-
tance, are described in Liersch (1986) and Hagentoft (1991). Blom (2001) describes
the development of a model for predicting thermal conditions, as well as a com-
parative field study, with the main focus on snow melting. An analytical model for
air cavity air flow is provided in Griffith (2006), however with more focus on the
detailed modelling of the thermal conditions rather than the air flow conditions. A
statistical model for estimating the climatic conditions in the air cavity based on
internal and external climate was developed by Tieben et al. (2020).

To be able to provide robust solutions even when considering current design
trends such as longer, highly insulated roofs and novel eaves design solutions, a
means of modelling the air flow in a wide range of design options is required. To
the knowledge of the authors, there are currently no detailed and validated yet
flexible and efficient calculation models readily available for the design of the air
cavity in ventilated roof constructions. This leaves only experience and in some
cases standardised local regulations (an overview is provided by Gullbrekken,
2018), or alternatively resource-consuming numerical models, as a basis for the
roof design.

The aim of the present study is to provide a flexible and efficient analytical
model for characterising a roof construction with regards to the potential for buoy-
ant air flow, especially relevant in colder Nordic climates where moisture removal
is the main purpose of air cavity ventilation. Only the effect of thermal buoyancy is
studied, the interaction with wind driven flow considered out of scope.
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Figure 2. Schematic representation of a cavity ventilated roof construction. Upper case
symbols refer to the global coordinate system, while lower case symbols refer to the local
coordinates of the cavity. Here, h [m] is the cavity height, | [m] is the cavity length, 6 [°] is the
roof inclination and H [m] is the total roof height. The coordinate x is parallel to the air cavity,
while the coordinate Z is in the direction of gravity.

Thermal Buoyancy Model

This section describes the theoretical background of the analytical model developed
in this study, henceforth referred to as the Thermal Buoyancy Model. A schematic
drawing of a cavity ventilated roof construction is provided in Figure 2. The air
flow rate through a section of the cavity of width 1m, ¥'[m?/s-m], is related to the
velocity of the flowing air and the geometry of the cavity through equation (1):

V=u, h (1)

where u,, [m/s] is the mean air velocity, and 4 [m] is the cavity height.

Thermal buoyancy is the effect of temperature gradients causing density differ-
ences in a fluid, which generates a pressure difference leading to a flow. The tem-
perature gradient is caused by cool air entering the air cavity at the inlet, and then
being heated by the sun-heated external roof surface as it flows, according to equa-
tion (2) (Arfvidsson et al., 2017). A temperature gradient may also be caused by
under-cooling of the external roof surface, for example by night-time long-wave
radiation, when air may be cooled upon entering the cavity and flow downward.
However, this case is not directly treated in this study.

Tux) = To — (Ty — T,) - b (2)
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where T, [K] is the air temperature along the cavity length, Ty [K] is the effective
air temperature of the cavity, T, [K] is the temperature of the outdoor air entering
the cavity, x [m] is the distance from the inlet as defined in Figure 2 and /y [m] is
the characteristic length of the cavity. The characteristic length is a measure for the
thermal disturbance of the air, calculated according to equation (3):

lh=p-cy V-ag' (3)

where p [kg/m’] is the density of the air entering the cavity, ¢y [J/kg - K] is the spe-
cific heat capacity of air at constant atmospheric pressure, 4 [m] is the cavity height,
u, [m/s] is the mean air velocity in the cavity and ay [W/(m? - K)] is the effective
heat transfer coefficient of the cavity.

The parameters 7y and «( depend on the thermal properties of the materials in
the roof, and the thermal conditions of the system. For steady-state conditions,
these parameters can be calculated through the definition of the thermal network
of the roof construction, which is then reduced according to Figure 3 (Hagentoft,
2001).

The thermal network displayed in Figure 3 considers heat transmission from the
indoor and outdoor air, radiative heating of the roof surface by solar radiation,
heat losses caused by longwave radiation, as well as convective and radiative heat
transfer within the air cavity. Such a thermal network may be expanded to the
desired complexity, and reduced according to techniques described by Hagentoft
(2001). The reduction of the network in Figure 3 is detailed in Svantesson and
Sawén (2019).

The pressure difference caused by this temperature gradient can be described
through equation (4) (Hansen et al., 1992):

H

APS —&- JO p— pcavity(Z)dZ (43)

!
APs=g-pop-sing-(Ty~ 1) | 1- e (4b)
0

where APy [Pa] is the stack effect pressure difference over the air cavity. With the
air being heated along the cavity length, the temperature gradient is positive, caus-
ing the air to be pushed upward. Further, g [m/s’] is the gravitational constant, x
and Z [m] are defined according to Figure 2, B [K '] is the coefficient of thermal
expansion, @ [°] is the roof inclination and p [kg/m’] is the outdoor air density. The
density gradient p,,,;,(Z) is converted to a temperature gradient using equations
(2) and (3), and the Boussinesq approximation that all fluid properties besides den-
sity remain constant with respect to temperature.

While the thermal conditions govern the driving force for air flow, the geometric
conditions cause a flow resistance S [Pa/(m?/s)]. This is caused partly by frictional
pressure losses Sy as the air flows along the air cavity, and partly by local losses S
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Figure 3. Thermal network of the cavity, reduced according to Hagentoft (2001). In the first
step, T, [K] is the cavity air temperature, T, [K] is the outdoor air temperature, T; [K] is the
indoor air temperature, T* [K] is the sky temperature, ac [W/(m? - K)] refers to convective
heat transfer coefficients, a, [W/(m? - K)] refers to radiative heat transfer coefficients,

R [m2 . K/W] refers to heat transfer resistances of the surrounding materials, and Iy [VV/mZ]
refers to the portion of the solar heat load absorbed by the roof surface. In the second and third
steps, equivalent fictive heat transfer coefficients aqy, ag and [W/(m2 . K)} have respectively
been defined in the A — Y network transformation. Finally in the fourth step, all of the external
influences on the cavity air temperature can be described through To [K] and o [W/(m? - K)].
The full derivation of this thermal network is provided in Svantesson and Sawén (2019).

caused by air contraction and expansion at the inlet and outlet of the cavity
(Kronvall, 1980), as well as local obstructions to air flow. Assuming laminar flow
conditions, the total air flow resistance can be calculated according to

S =S8+ (5)
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The frictional flow resistance is independent of the air flow rate. Based on
Poiseuille’s law, it can be calculated as follows (Kronvall, 1980):

3241
= =B 6
2 11 & h

= — 4+ — .. - —

SERESHCS) @

2-b-h

D, =
" Tht b (6c)

where u [Pa-s] is the dynamic viscosity of air, & [m] is the cavity width, 4 [m] is the
cavity height, ¢ is a non-dimensional geometric factor , and Dj, [m] is the hydraulic
diameter of the cavity.

The influence of local losses, however, is air flow rate dependent. The Reynolds
number, Re, can be defined to represent the air flow rate non-dimensionally:

U 'Dh

Re=p (7)

where u,, [m/s] is the mean velocity of the flowing fluid. For a simplified case with
no obstruction at the air inlets and outlets, the air flow resistance due to local losses
can then be described through the following formula (Kronvall, 1980):

e
Se=p-—— (1 + KR 8
3 u(le).D%( (Re)) (8a)
0.98 - Re 993  if Re<1000

K.(Re) = .
(Re) 10.59 - Re= %37 if 1000<Re<2000

(8b)

where K, is an empirically determined factor. For a given roof construction, the air
flow resistance due to local losses may instead be calculated based on given pressure
loss data, for example, for a fire-resistant air vent or a similar inlet design.

The result of the above equations can be summarised through equation (9),
which defines the air flow rate as a function of the pressure difference and air flow
resistance:

. APg
V= — 9
0 o)
However, considering equation (4), we find that APg is a function of both
(To — T.) and Iy, and by extension of V. Equations (5) and (8) provide that S is a
function of V. Summarising this, we can define the function f as shown in

equation (10):
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AL = f((Ty - T.), V)

i
S

Function V' =

Air flow rate, V [m?/s]

J(Th - T2), V) F((To~ T} V) mmmmm =]

[

S(To—T), V)

Figure 4. Schematic representation of the relationship in equation (10). Here, To [°C] is
constant and Ty, T, and T3 [°C] refer to different outdoor air temperatures.

APs((Ty — T.), V)

S(V) (10)

f((Toy—T.), V) =

As schematically shown in Figure 4, the function f will have a different beha-
viour for any given driving temperature difference (7y — 7,). By producing such
curves for each (7yp — 7,), we are able to predict the air flow rate by locating the
point f((Ty — T,), V) = V. This is the principal task performed by the Thermal
Buoyancy Model, the inner workings of which are further described in the
following.

As equation (9) is dependent on the geometric and thermal conditions of the air
cavity, a non-dimensional representation of these conditions allows a direct predic-
tion of the air flow rate for any given construction. The air flow conditions caused
by thermal buoyancy can be represented by the cavity Rayleigh number Ra.,
defined as (Hagentoft, 1991):

_pc gBpH(Th-T) (11)

R
e (e %)) S

The first factor, referred to as the cavity Prandtl number Pr., is dependent on the

material properties of the construction and the air, while the second factor, called

the cavity Grashof number Gr., describes the driving forces and flow resistances.
Inserting equation (4a) into equation (9) and solving the integral provides the following;

= g.BPH(;:O - Te). (1 _170 + I;eé> (12)
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Figure 5. Calculation method of the Thermal Buoyancy Model (TBM).

which when combined with equations (3) and (11) provides

l ly —1
RARLY

p-<
ap

l(]:

-V = Ra, - (1 (13)
Solving this equation system yields a solution for /y which in turn provides the
resulting thermal conditions and air flow rate. In the Thermal Buoyancy Model,
the equation system is solved using the numerical vpasolve function provided by
the Symbolic Math Toolbox (MATLAB, 2020). The full solution sequence is pro-
vided in Figure 5.
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Figure 6. Schematic view of the experimental setup. The dots represent measuring points for
air and surface temperature. The cavity had a length of 3500 mm, and a width of 500 mm. Full
information on the experimental setup is provided in Svantesson and Sawén (2019).

Comparative studies

As a basis for assessment of the output of the Thermal Buoyancy Model, two
comparative studies were performed. Firstly, an experimental study was con-
ducted, and secondly, numerical simulations were performed. Finally, the
Thermal Buoyancy Model was implemented using MATLAB to allow for
comparison.

Experimental study

The experimental study was performed at one of the laboratories of SINTEF and
NTNU in Trondheim, Norway (Bunkholt, 2019; Bunkholt et al., 2020; Svantesson
and Sdweén, 2019). Experiments were conducted on a full-scale model of a section
of a cavity-ventilated roof construction, represented schematically in Figure 6. The
model was built by Gullbrekken (2018), and modified for this study. In the model,
the roof inclination and air cavity height could be changed to study different geo-
metrical configurations of the air cavity and their effect on the thermal buoyancy.
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Figure 7. Air flow rate V as a function of air cavity height h and roof inclination 6 in the
experimental and numerical studies, for two of the cases studied. In the first case the roof
inclination is fixed at # =45 mm. In the second case, the air cavity height is fixed at h=70 mm.
The differently coloured lines represent different heat intensities | applied to the heating foil.
Note that some of the data points in the numerical study are missing due to divergence of the
numerical model.

Heat was introduced using a heating foil along the top inner surface of the air cav-
ity to simulate solar radiation on a roof surface.

Tests were performed for roof inclinations between 5 and 45°, and for cavity
heights between 23 and 70 mm, corresponding to typical Nordic roof designs. The
length of the test roof was 3500 mm, and the width of the cavity 500 mm. The
effective heat transfer coefficient «q for the roof calculated according to the process
outlined in Figure 3 was apW/(m? - K) under the studied thermal conditions
(Svantesson and Sdwén, 2019).

The heat loads applied through the heating foil mounted inside the cavity ran-
ged between 5 and 80 W/m?. Considering roof surface absorptivity and heat trans-
mission, this was estimated to correspond to solar heat intensities of 100—1000
W/m? on a real construction with solar absorptivity a,, = 0.94 W/(m? - K). This
estimation was done using similar techniques of network analysis as showcased in
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Figure 3. Various roof inclinations, air cavity heights, and applied heat loads were
combined in 80 different test set-ups. For each test set-up, the surface and air tem-
peratures were measured using thermocouples attached to the model. The air flow
rate was estimated using smoke tests. Smoke was released from a smoke-pen or a
sampling tube, and the time was measured for the smoke to travel through the cav-
ity. Five measurements were performed for each case, and the average value was
assumed to correspond to the maximum velocity of the air flowing through the
cavity (Svantesson and Sdweén, 2019). The coefficient of variation for these tests
was in the range of 2%—10%.

Numerical study

The numerical study was performed using the CFD module of COMSOL
Multiphysics (COMSOL, 2017). To simulate air flow due to thermal buoyancy, the
non-isothermal flow physics module was selected (Svantesson and Sdwén, 2019).

To reduce computational cost, the cavity was modelled in two dimensions with
no influence of the cavity edges on the air flow rate. The cavity was represented in
the Finite Element Model using a free triangular mesh, with a quad mesh represent-
ing the cavity boundary layer. A maximum element size of 0.01 m was selected.

The same test set-ups were simulated as in the experimental study, with roof
inclinations between 5° and 45°, and for cavity heights between 23 and 70 mm. The
cavity length was 3500 mm. Based on early estimates for Reynolds numbers, lami-
nar flow conditions were assumed. This assumption was later shown to hold for
most test cases, as seen in Figure 9. The heat applied to the heating foil in the
experimental model was represented by a convective heat flux along the cavity top
surface, with heat fluxes of ((5 W/m? — 80 W/m?).

Out of 80 test set-ups considered in the parametric sweep, 58 achieved conver-
gence. Some of the divergent configurations were modified to improve convergence,
with limited success, likely due to numerical issues with the boundary conditions
(Svantesson and Sdwén, 2019).

Implementation of Thermal Buoyancy Model

The analytical Thermal Buoyancy Model has been implemented in MATLAB and
is available as an Open Source project (Stockhaus and Sdwén, 2020). As every given
roof construction exists in different conditions, there may be a need for modifica-
tions, for example to the calculation of the effective heat transfer coefficient «y, to
obtain representative results. Of note is that the model considers steady-state condi-
tions, which may not be realistic for rapid changes in solar heat load. Also, the
model is not applicable when the wind is the governing driving force for the air cav-
ity flow.

To allow for comparison, the same test set-ups as in the experimental and
numerical studies were modelled using the Thermal Buoyancy Model. For each test
set-up, the following parameters are inputs to the model:
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Figure 8. Air flow rate V in the experimental study in comparison with the numerical study
(CFD) and the Thermal Buoyancy Model results (TBM) respectively, for all set-ups, with the
differently coloured dots representing different cavity heights.

Ambient air temperature 7, [K]

Effective air temperature 7y [K]

Effective heat transfer coefficient g [W/(m? K)]
Relative humidity RH [%]

Cavity inclination 6 [°]

Cavity width b [m]

Cavity height 4 [m]

These parameters could all be used as defined or calculated in the comparative
studies. Specifically, Ty and « for each test set-up were calculated according to the
steps outlined in Figure 3.

Analysis and comparison

For the experimental and numerical studies, quantitative results were obtained for
the air flow and thermal conditions in the air cavity.

The results of the simulations were found to correspond well to the experimental
results, as seen in Figure 7, which shows measured and simulated air flow rates
through the air cavity for some of the test set-ups. The trends are similar. As
expected, an increased heat load or roof inclination caused an increased air flow
rate, due to an increased driving force. An increased cavity height resulted in an
increased air flow rate due to a decreased air flow resistance.

Using the known cavity geometry, the driving force and air flow resistance could
then be calculated, allowing a comparison with the analytical Thermal Buoyancy
Model. The full results of the comparative studies, compared with the output of the
Thermal Buoyancy Model, can be seen in Figure 8.
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Figure 9. Reynolds number Re, as calculated from the air flow rate V measured in the
experimental study, simulated in the numerical study, and predicted by the Thermal Buoyancy
Model, respectively. The differently coloured dots represent different air cavity heights. Hollow
dots exceed the critical Reynolds number Re.; = 2000, and have been excluded from the
statistical analysis.

The calculated cavity Rayleigh number, Ra,, for each test set-up in the experi-
mental and numerical studies is plotted against the Reynolds number, Re, calcu-
lated from the measured/simulated/predicted air flow rate, ¥, in Figure 9. The
relationship is clear to be seen in all three studies. For most cases, the assumption
of laminar flow was found to hold, that is Re<Re,,; = 2000. The cases where the
critical Reynolds number was exceeded have been excluded from the statistical
analysis.

Performing a curve fit using a single term power series model on the values pro-
vides the result shown in Figure 10. The experimental study generally estimates
higher air flow rates than the numerical and analytical studies. On average, in the
relevant regime where Re<Re.; = 2000, the experimental study shows a 29%
higher air flow rate than predicted by the simulations, and a 24% higher air flow
rate compared to the Thermal Buoyancy Model prediction. In turn, the Thermal
Buoyancy Model predicts a 3% higher air flow rate, on average, than the numeri-
cal study.

The difference in the results can be explained largely by the simplifications and
assumptions made when setting up the different models. For instance, any imper-
fections and measurement uncertainties in the experimental model will have a
stronger impact for lower air flow rates, which were notably more difficult to mea-
sure confidently. The simulations also include a number of simplifications (mesh
size, 2D approximation, etc.) in order to achieve convergence in a reasonable time
frame. Nevertheless, based on the comparative studies, the correspondence is
strong enough that the Thermal Buoyancy Model can be regarded as a useful tool
and as an efficient complement to time-consuming CFD simulations.
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Figure 10. Reynolds number Re as calculated from the air flow rate V measured in the
experimental study, simulated in the numerical study, and predicted by the Thermal Buoyancy
Model, respectively. Curve fits performed using a single term power series model, excluding
values which exceed the critical Reynolds number Re; =2000.

Application: Case study

To evaluate the relevance of thermal buoyancy in the context of natural roof cavity
ventilation, the driving force due to thermal buoyancy calculated using the
Thermal Buoyancy Model was compared to the driving force of wind (Svantesson
and Sdwén, 2019). The thermal driving force for typical weather cases was found
to be comparable in magnitude to the driving force of wind with a speed of 1 m/s
or less perpendicular to the ventilation openings. In the studied climate, such con-
ditions where thermal buoyancy is of relevance arise for over 25% of the year,
meaning that the thermally induced air flow could be of great relevance to the dry-
ing potential of the air cavity. Indeed, as noted by Vanpachtenbeke et al. (2017),
sunny days with little wind are of greater importance to the drying process than
cloudy, windy days.

The model was applied in a case study performed on a reference roof construc-
tion shown in Figure 1. The construction was chosen for being a typical design in
Nordic climates as well as for its inherent moisture safety problems. Based on the
roof materials, the roof construction has a calculated ag = 2.29 W/(m? - K). The
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Figure 1. Example output and usage of the Thermal Buoyancy Model. This graph shows the
relationship between I,;, Ra. and V in the case study construction with ag=2.29 - W/(m? - K),
and for a specific T, = 20°C. For a given solar heat load I,y =450 W/m? - K, (/) provides the
calculated cavity Rayleigh number, and (Il) and (lll) allows for a prediction of the air flow rate,
V=141 - 1073 m¥/s.

air cavity width in the roof is 0.552 m, the roof length from inlet to outlet is 10 m,
the cavity height is 0.045m, and the inclination is 30°.

The values calculated by the Thermal Buoyancy Model when applied in the case
study are displayed in Figure 11. Here, the cavity Rayleigh number is calculated as
a function of the solar heat load, represented by the orange line. Then, the air flow
rate is calculated based on the cavity Rayleigh number, as represented by the dotted
blue line. Thus, for any given climate conditions, the air flow rate can be predicted.
As an example, for a given solar heat load I,,; = 450 W/(m? - K), line (I) provides
the calculated cavity Rayleigh number, and lines (II) and (III) allows for a predic-
tion of the air flow rate, ¥ = 14.1 - 107> m3/s

Note that the graph shown in Figure 11 will look different for any given con-
struction and for different climate conditions, as the effective heat transfer coeffi-
cient «, as well as the outdoor air temperature 7,, affect the relationship between
solar heat load, cavity Rayleigh number and air flow rate.

Conclusion

In the present study, a novel analytical model, called the Thermal Buoyancy
Model, was devised to predict the air flow rate in a cavity-ventilated roof
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construction, by means of calculating the cavity Rayleigh number for the present
climatic conditions and design of the air cavity. The cavity Rayleigh number is a
dimensionless representation of the driving force, flow resistance and thermal
properties of the fluid and roof materials. Its relationship with the characteristic
length for heating of the flowing air allows predicting the thermal conditions in the
air cavity, and by extension calculation of the air flow rate.

The Thermal Buoyancy Model output was compared to the results of an experi-
mental and a numerical study, where the flow behaviour in typical roof construc-
tions was investigated. On average, the predicted air flow rate was found to be
underestimated by 20% in comparison with the experimental study, and overesti-
mated by 3% compared to the numerical study. However, the trends were similar
in both the Thermal Buoyancy Model output and the two comparative studies.

The Thermal Buoyancy Model can be applied in the evaluation of the perfor-
mance of a roof construction, by using the predicted air flow rate as an input for
hygrothermal simulations.

In future research, the impact of wind on the thermal conditions and the flow
driving forces could be included to expand the model and allow its application
in assessing the moisture safety or thermal efficiency of cavity-ventilated roof
constructions.
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