
Full Terms & Conditions of access and use can be found at
https://www.tandfonline.com/action/journalInformation?journalCode=uhvc21

Science and Technology for the Built Environment

ISSN: (Print) (Online) Journal homepage: https://www.tandfonline.com/loi/uhvc21

Thermal resistance of ventilated air-spaces behind
external claddings; definitions and challenges
(ASHRAE 1759-RP)

Mohammad Rahiminejad & Dolaana Khovalyg

To cite this article: Mohammad Rahiminejad & Dolaana Khovalyg (2021): Thermal resistance of
ventilated air-spaces behind external claddings; definitions and challenges (ASHRAE 1759-RP),
Science and Technology for the Built Environment, DOI: 10.1080/23744731.2021.1898819

To link to this article:  https://doi.org/10.1080/23744731.2021.1898819

© 2021 The Author(s). Published with
license by Taylor & Francis Group, LLC

Published online: 24 Mar 2021.

Submit your article to this journal 

Article views: 109

View related articles 

View Crossmark data

https://www.tandfonline.com/action/journalInformation?journalCode=uhvc21
https://www.tandfonline.com/loi/uhvc21
https://www.tandfonline.com/action/showCitFormats?doi=10.1080/23744731.2021.1898819
https://doi.org/10.1080/23744731.2021.1898819
https://www.tandfonline.com/action/authorSubmission?journalCode=uhvc21&show=instructions
https://www.tandfonline.com/action/authorSubmission?journalCode=uhvc21&show=instructions
https://www.tandfonline.com/doi/mlt/10.1080/23744731.2021.1898819
https://www.tandfonline.com/doi/mlt/10.1080/23744731.2021.1898819
http://crossmark.crossref.org/dialog/?doi=10.1080/23744731.2021.1898819&domain=pdf&date_stamp=2021-03-24
http://crossmark.crossref.org/dialog/?doi=10.1080/23744731.2021.1898819&domain=pdf&date_stamp=2021-03-24


Thermal resistance of ventilated air-spaces behind external
claddings; definitions and challenges (ASHRAE 1759-RP)

MOHAMMAD RAHIMINEJAD� and DOLAANA KHOVALYG

Thermal Engineering for the Built Environment Laboratory (TEBEL), Ecole Polytechnique F�ed�erale de Lausanne (EPFL), Lausanne,
Switzerland

The presence of an air-space within a building envelope is known to have a varying contribution to the overall thermal performance of the
wall assembly due to the combined effect of convection and radiation in the air cavity. In particular, the thermal resistance of a ventilated air-
space can vary significantly depending on multiple environmental and thermo-physical parameters. Although the thermal resistance of
enclosed air-spaces in the building structures has been thoroughly investigated in the literature, it has not been defined for a ventilated cavity.
This paper aims to introduce the plausible definitions of the thermal resistance of a vertical ventilated air-space behind external cladding
systems. Both theoretical and applied formulations are provided and compared. The energy balance method is used to model the steady-state
heat transfer through two types of traditional external wall systems (i.e., brick and vinyl siding) in summer and winter conditions. A range of
air exchange rates in the cavity is examined, and the effect of the presence of reflective insulation in the air-space on the thermal resistance
of the air gap is analyzed. The results show that the presence of a ventilated cavity in the wall assembly can influence the thermal
performance of the building envelope. In particular, the effective thermal resistance of a ventilated air-space behind a brick cladding wall
could be between 0.17 and 1.85 times the thermal resistance of the cladding in the range of air change rate in the cavity from 0 to 100 1/h.
The effective thermal resistance of the ventilated air gap behind vinyl siding could reach up to 9 times the thermal resistance of the cladding.

Introduction

In recent years, there has been a growing interest in analyzing the
thermal characteristics of building envelopes to reduce energy use
in buildings since thermal energy losses through the building enve-
lope are responsible for about 50% of all building energy use
(Feng, Sha, and Xu 2016). In particular, the properly chosen mate-
rials of the external wall can help in saving up to 50–60% energy
use of the buildings (Shehadi 2018). Adjacent elements in multi-
layered walls can have an impact on the performance of the entire
assembly as well. For instance, correctly designed ventilated air
cavities behind the exterior cladding systems can contribute toward

energy savings in buildings (Aelenei 2006). Reduction in energy
use of buildings can be achieved by adopting building envelopes
characterized by low thermal transmittance or high thermal resist-
ance value of their elements. The thermal resistance coefficient,
known as R-value, is the temperature difference across the element
divided by the rate of steady-state or time-averaged heat transfer
through one square meter of a building component.

It is becoming more common to construct building walls
with a cladding incorporating a ventilated air cavity to con-
trol drying due to inward driven vapor from rain wetted
absorbent claddings (Straube and Finch 2009). Figure 1
shows illustrations for the two common ventilated wall
assemblies (i.e., brick and vinyl siding). The use of large
ventilated cavities has already been required by some build-
ing codes (NBCC 2005). Several research projects have ana-
lyzed different hygrothermal aspects of the ventilated cavity
incorporated in the exterior surface of the wall assemblies
(Finch and Straube 2007; Balocco 2009; Manuel et al. 2013;
Langmans and Roels 2015; Van Belleghem et al. 2015;
Gagliano, Nocera, and Aneli 2016; Buratti et al. 2018,
Meyer et al. 2019; Tariku and Iffa 2019). A very compre-
hensive literature review on the factors affecting the airflow
rate in the ventilated cavity behind different types of trad-
itional external cladding systems is recently performed by
Rahiminejad and Khovalyg (2021). The expected ventilation
rates in the air-spaces behind several exterior façades are
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collected through the literature. The complexity of the air-
flow in ventilated air cavities is shown to be a result of the
balance between driving forces (wind effect and stack effect)
and the pressure resistance along the air passage. According
to this review paper that considered different cladding sys-
tems, the average value for air change rate per hour behind
various types of external facades stays lower than 1000 1/h
(Rahiminejad and Khovalyg 2021).

The definition of the thermal resistance of enclosed air-spaces
is not a new concept, and the ASHRAE Handbook of
Fundamentals (HOF) (2009) provisions are based on testing and
research data presented by Robinson, Powlitch and Dill (1954).
Despite the prevalence of several studies on the airflow behavior
in an enclosed air-space (Desjarlais and Yarbrough 1991; Saber
2012; Bekkouche et al. 2013; Saber 2013a, 2013b), research to
quantify the thermal performance of ventilated air-cavities behind
external cladding systems is still lacking. In particular, the thermal
resistance of a ventilated cavity incorporated in a wall assembly
has not been identified in the previous publications. The scarcity
of thermal performance data and test methods acts as a barrier to
reliable guidance and wide adoption of wall assemblies that
include air-cavities behind the cladding. As stated in the
ASHRAE HOF (2009), all the available information we have on
thermal resistances applies for ideal conditions, i.e., air-spaces of
uniform thickness bounded by plane, smooth, parallel surfaces
with no air-leakage to or from the space. While it is accepted that
all insulation materials are affected to some extent by air-leakage

(Schumacher et al. 2013), there is little information available to
quantify the air-leakage impact in applications where airflow is
expected to occur, such as air-spaces behind air-permeable and
vented/ventilated cladding systems. Considering another inter-
national standard, EN ISO 6946 (2007) provides a steady-state
calculation method for the total thermal resistance of a building
component containing a well-ventilated air layer that is based on
disregarding the thermal resistance of the air layer and all other
layers between the air layer and external environment, and includ-
ing an external surface resistance corresponding to still air. The
method excludes doors, windows, and other glazed units, curtain
walling, components that involve heat transfer to the ground, and
air-permeable components. However, the research basis is not
reported, and guidance is vague and cannot be incorporated into
practical building design and code applications. Therefore,
descriptions of the thermal resistance of a ventilated cavity in the
current standards are inadequate. Even if this concept has been
considered in a standard such as EN ISO 6946 (2007), the explan-
ation is based on static consideration, and the dynamic variation
of the thermal resistance is not acknowledged.

In the present study, three plausible definitions of the
thermal resistance of the ventilated air gap are described and
compared. Firstly, a theoretical definition is introduced based
on the non-linear network of thermal resistances within the
wall assembly. Due to the complexity of the airflow behav-
ior in the air gap and its dependence on multiple parameters,
the theoretical expression of the thermal resistance of the

Fig. 1. Cross-sections of typical ventilated wall assemblies: (a) brick veneer, (b) vinyl siding.
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ventilated air gap is not straightforward to use in practice.
Therefore, two practical definitions of the ventilated air gap
thermal resistance, apparent and effective, for conditions
with no solar flux are introduced. To simulate a ventilated
wall structure, a numerical code is developed for steady-state
heat flow in the wall assembly based on the energy balance
method through the entire geometry. The model is validated
against the actual hot box test results available in the litera-
ture. Thereafter, two external cladding types (i.e., brick and
vinyl siding) are considered, and the impact of the air
exchange rate, outdoor temperature, and presence of reflect-
ive insulation on the variation of the thermal resistance of
the ventilated air-space per each definition is investigated.
Finally, more analysis is performed for the definition of the

thermal resistance of a ventilated air-space that is more con-
venient for conventional engineering practices.

Theoretical background

To advance understanding of the effect of a ventilated air
gap on the thermal performance of the wall assembly, first
of all, it is necessary to evaluate temperatures and heat
fluxes in and out of the air gap. Therefore, an analytical
workflow in the steady-state condition was developed by
considering the energy balance equations in the ventilated
wall assembly.

Fig. 2. Heat transfer mechanisms in a ventilated wall cavity (source: Authors).

Fig. 3. The overall network of thermal resistances for heat transfer across the vertical ventilated wall.
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Energy balance

An illustration of the heat transfer mechanisms across a
ventilated wall assembly is shown in Figure 2. The overall
network of thermal resistances across the wall assembly is
illustrated in Figure 3. Radiation and convection act on
each surface, while conduction takes place in solid materi-
als such as cladding and wall core. It should be noted that
there are radiation and conduction through the insulation,
usually modeled as apparent diffusion (Mathes,
Blumenberg, and Keller 1990). However, only the effective
conduction part is considered in this study for simplicity.
Combined heat transfer on the external side of the cladding
can be expressed by the thermal resistance Rext, while the
heat transfer on the internal side of the wall core can be
expressed as Rint. Conduction through the cladding is indi-
cated using Rcl, while conduction through the wall core is
indicated using Rwc. The temperature in the centerline of
the air gap is indicated as Tcav. Temperatures and heat
fluxes at each surface and temperature of the airflow and
its enthalpy can be determined by considering an energy
balance at each surface.

Further details of defining energy balance on each surface
are provided per unit of width of the façade considering the
following assumptions:

� All surface temperatures (i.e., the exterior surface of the
cladding, the interior surface of the wall core, and cav-
ity walls) have no significant variations along with the
height of the wall—the temperature of each surface is
assumed to be uniform along with the height.

� Although the air temperature changes along with the
height of the channel, the heat exchange is modeled by
averaging the temperature along the channel.

� The effect of the thermal mass of the solid materials is
not considered.

� Airflow inside the air gap is hydro-dynamically and
thermally fully developed.

� Slot openings with uniform inlet and outlet geometries
are considered.

� External cladding and the wall core are impermeable
(i.e., the effect of the airflow through permeable walls
of the ventilated cavity is not considered in the analysis
of the thermal resistance of the ventilated cavity).

� The effect of thermal bridges across a ventilated air cav-
ity is not considered.

Energy balance of the air cavity
Assuming a differential control volume in the air cavity
(Figure 4), the energy balance includes the follow-
ing terms:

� Change in the internal energy of the air content of the
differential volume:

dqcav ¼ qcav � Cpcav � dcav � um � dTcav (1)

� Convective heat exchange with external cladding (left
cavity wall):

dqcav, conv, 1 ¼ hcav, conv, 1 � ðT1 � TcavÞ � dy (2)

� Convective heat exchange with the wall core (right cav-
ity wall):

dqcav, conv, 2 ¼ hcav, conv, 2 � ðT2 � TcavÞ � dy (3)

� Radiative heat exchange between left and right cavity walls:

dqrad, 12 ¼ hrad, 12 � ðT1 � T2Þ � dy (4)

� Radiative heat exchange between right and left cavity walls:

dqrad, 21 ¼ hrad, 12 � ðT2 � T1Þ � dy (5)

The balance of each contribution is the following:

qcav � Cpcav � dcav � um � dTcav þ hcav, conv, 1 � T1 � Tcavð Þ � dy
þ hcav, conv, 2 � T2 � Tcavð Þ � dy ¼ 0

(6)
Thus:

We can define two variables Lo and Teq as:

hcav, conv, 1 þ hcav, conv, 2
qcav � Cpcav � dcav � um

¼ 1
L0

(8)

hcav, conv, 1�T1 þ hcav, conv, 2 � T2
hcav, conv, 1 þ hcav, conv, 2

¼ Teq (9)

Variation of the air temperature along the y-axis can be
defined by the integration of Equation (7) over the height of
the cavity:

Tcav yð Þ ¼ Teq � Teq � Tenð Þ:e�
y
L0 (10)

dTcav
dy

� hcav, conv, 1 þ hcav, conv, 2
qcav � Cpcav � dcav � um

 !
Tcav � hcav, conv, 1�T1 þ hcav, conv, 2 � T2

hcav, conv, 1 þ hcav, conv, 2

� �
¼ 0 (7)

Fig. 4. Differential control volume in the cavity.
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where Ten is the air temperature at the entrance of the cavity,
that is assumed to be equal to the outdoor temperature
(Ten ffi Tair, ext). Since it is necessary to know the temperature
of the walls T1 and T2 to calculate Teq, it is required to con-
sider the energy balance at each wall surface to determine
the expression for T1 & T2:

Energy balance on the left-side cavity wall
(external cladding)
Assuming a differential control volume for the left surface
of the cavity, three terms for the energy balance are
the following:
� Convective heat exchange between the airflow and the

left wall:

dqcav, conv, 1 ¼ hcav, conv, 1 � ðT1 � TcavÞ � dy (11)

� Radiative heat exchange between two walls bounding
the air gap:

dqrad, 12 ¼ hrad, 12 � ðT1 � T2Þ � dy (12)

� Heat transfer due to conduction through the external
cladding:

dqcond, cl ¼ T1�Ts, ext
Rcl

� dy (13)

The energy balance on the left wall of the air gap is the
following:

hcav, conv � T1 � Tcavð Þ � dyþ hrad, 12 � T1 � T2ð Þ � dy
þ T1�Ts, ext

Rcl
� dy ¼ 0

(14)

By rearranging Equation (14), the temperature of the wall
T1 can be expressed as:

T1 ¼
hcav, conv � Tcav þ hrad, 12 � T2 þ Ts, ext

Rcl

hcav, conv þ hrad, 12 þ 1
Rcl

(15)

To define the outdoor surface temperature Ts, ext (high-
lighted in red), the energy balance at the exterior surfaces
needs to be analyzed.

Energy balance at the exterior surface of
cladding (outdoors)
The exterior surface of the cladding is exposed to solar radi-
ation, radiation with the sky, and with the ambient air. The
convection heat transfer occurs with the outdoor, while con-
duction also causes heat transfer in the cladding. The heat
transfer components are as follow:
� Radiation heat exchange has two main parts in the long-

wavelength region:
� Exchange with the sky:

dqr, sk ¼ hr, sk Tsk � Ts, extð Þ � dy (16)

� Exchange with the surroundings (ground and other
buildings; the outside dry air temperature is
assumed for this mass):

dqr, air ¼ hr, air Tair, ext � Ts, extð Þ � dy (17)

� Heat flow received by the external surface depends
on the incident radiation and the absorption coeffi-
cient in the short wavelength region due to the inci-
dent solar heat flux:

dqsolar ¼ Ia � dy (18)

� Convective heat exchange of the surface with the out-
side air:

dqext, conv ¼ hext, conv Tair, ext � Ts, extð Þ � dy (19)

� Conduction heat exchange through the cladding
material:

dqcond, cl ¼ T1 � Ts, extð Þ
Rcl

� dy (20)

The external surface temperature of the cladding can be
found by solving the energy balance:

hr, sk Tsk � Ts, extð Þ þ hr, air Tair, ext � Ts, extð Þ þ Iaþ
þhext, conv Tair, ext � Ts, extð Þ þ T1 � Ts, extð Þ

Rcl
¼ 0

(21)

Ts,ext¼
Iaþhr,skTskþhr,airTair,extþhext,convTair,extþ T1

Rcl

hr,skþhr,airþhext,convþ 1
Rcl

(22)

Energy balance on the right-side cavity wall (wall core)
Assuming a control volume for the right surface of the cav-
ity, the terms for the energy balance are:

� Convective heat exchange between the airflow and the
right wall:

dqcav, conv, 2 ¼ hcav, conv, 2 � ðT2 � TcavÞ � dy (23)

� Radiative heat exchange between two walls bounding
the air gap:

dqrad, 21 ¼ hrad, 12 � ðT2 � T1Þ � dy (24)

� Heat transfer due to conduction through the wall core:

dqcond,wc ¼ T2�Ts, int
Rwc

� dy (25)

The energy balance on the right wall:

hcav, conv � T2 � Tcavð Þ � dyþ hrad, 12 � T2 � T1ð Þ � dy
þ T2�Ts, int

Rwc
� dy ¼ 0

(26)

By rearranging Equation (26), the temperature of the wall
T2 can be determined as:

T2 ¼
hcav, conv � Tcav þ hrad, 12 � T1 þ Ts, int

Rwc

hcav, conv þ hrad, 12 þ 1
Rwc

(27)

To define the indoor surface temperature Ts, int (high-
lighted in red), energy balance at the interior surfaces needs
to be considered.

Energy balance at the interior surface of the wall
core (indoors)
By assuming a control volume for the interior surface, we will
have only convective and conductive heat transfer terms:

Volume 0, Number 0, Month 2021 5



� Convective heat exchange with the interior area:

dqint, conv ¼ hint, conv � ðTs, int � TiÞ � dy (28)

� Radiative heat exchange with the interior area (the inter-
ior dry air temperature is assumed for the surrounding):

dqint, rad ¼ hint, rad � ðTs, int � TiÞ � dy (29)

� Conductive heat exchange in the wall core:

dqcond,wc ¼ Ts, int�T2
Rwc

� dy (30)

Therefore:

Ts, int ¼
hint, conv þ hint, radð Þ � Ti þ T2

Rwc

hint, conv þ hint, radð Þ þ 1
Rwc

(31)

Heat transfer correlations

Before introducing heat transfer correlations used in the ana-
lytical solution for the ventilated wall assembly, it is necessary
to define key parameters used to characterize the phenomena.

� The hydraulic diameter of the cavity is calculated based
on the rectangular duct flow (Falk and Sandin 2013)
which could be considered as a parallel flow at a high
aspect ratio (Straube 1998):

dH ¼
2 � dcav � w
dcav þ w

for rectangular duct flow

2 � dcav for parallel plate flow

8<
: (32)

� Reynolds number based on the width of the air gap dcav :

ReH ¼ qcav � um � dcav
l

(33)

� Mean air velocity in the cavity calculated from the
given ACH and the height of the air-space:

um ¼ ACH � H
3600

(34)

� Convective heat transfer coefficients
At the outdoor surface: Convection at the exterior surface
always combines free and forced convection, and the latter
is a function of the wind speed. To determine the exterior
convective heat transfer coefficient, a well-known equation
by Nusselt and Jurges (1922) used in studies of building
envelope energy systems’ modeling by Manuel et al. (2013),
Skoplaki and Palyvos (2009), Balocco (2002), and Holman
(1991) was applied:

hext, conv ¼ 5:7þ 3:8 � Vwind ,where V½ � ¼ m=s (35)

At the indoor surface: The overall thermal resistance
for the interior vertical surface is considered as 0.68 hr� ft2�
F/BTU (0.12m2� K/W) based on the standard ASHRAE
90.1-2016 (ASHRAE Standard 2016).

Inside the air gap: Convective heat transfer inside the
ventilated air gap plays a predominant role in defining the
heat flow across the air gap. Thus, the use of the appropriate
correlation is important to estimate correctly the heat transfer
due to the airflow. Manuel et al. (2013) proposed a

correlation for a ventilated cavity and validated the formula
with experimental measurements. The formulas below cor-
respond to each surface of the air gap (the left surface has a
subscript of “1” and the right surface is “2”).

hcav, conv, 1 ¼ 0:85 1:959þ 1:517 T1 � Tave, cavj j� �1
3 þ 1:33um

h i
,

where T½ � in K

(36)

hcav, conv, 2 ¼ 0:85 1:959þ 1:517 T2 � Tave, cavj j� �1
3 þ 1:33um

h i
,

where T½ � in K

(37)

� Radiative heat transfer coefficients
Between outdoor environment and the external surface of
the cladding: The radiation from the sky and surrounding
surfaces can be calculated using the equations provided
below from Manuel et al. (2013) where temperatures should
be in units of Kelvin:

hrad,air¼Fs,ext�air:es,ext:r Tair,extþTs,extð Þ: T2
air,extþT2

s,ext

� �
(38)

hrad,sky¼Fs,ext�sky:es,ext:r TskþTs,extð Þ:ðT2
skþT2

s,extÞ (39)

The outdoor radiative coefficients depend on temperatures
Tsky, Ts,ext, Boltzmann constant r, emissivity at long wave-
lengths of the external surface of the cladding es,ext, and a
view factor Fs,ext-sky usually took as 0.5 in open spaces and
urban boundaries as 0.3535 according to Richman and
Pressnail (2009). The sky temperature is defined by Duffie
and Beckman (2013) with a simple expression:

Tsk ¼ Tair, ext � 6 (40)

Between the walls of the ventilated air gap: As for the
radiation coefficient, since in building applications the hori-
zontal dimension of the air volume is limited (a few centi-
meters) compared to the width and the length of the wall
(meters), the view factor between the vertical faces could be
considered equal to 1 (Baldinelli 2010), therefore the radi-
ation heat transfer coefficient between two walls of the cav-
ity is defined as (Falk and Sandin 2013):

hrad, 12 ¼ 4:e12:r:
T1 þ T2

2

� 	3

,where T½ � in K (41)

where T1andT2 are cavity walls temperatures which can be
defined from Equations (15) and (27).

Validation

Computational method
Based on the analytical solution using the description pre-
sented above, a MATLABVR code was developed to calculate
temperatures and heat flow according to the flow chart
shown in Figure 5. The major part of the code is the proced-
ure of defining the air temperature profile along with the
height of the cavity. Since this profile depends on the ini-
tially unknown wall temperatures of the wall, one must fol-
low an iterative computational procedure. These two

6 Science and Technology for the Built Environment



unknown temperatures are also a function of the air cavity
temperature. Therefore, by assuming initial constant tem-
perature along with the height of the cavity walls and by
guessing average air temperature in the cavity, the

temperature profile in the cavity can be iteratively computed.
This iteration process continues until the integrated tempera-
ture of the air cavity does not change compared to the value
in the previous iteration (the criteria for the difference is
< 0.0001).

Validation using hot box test results
Verification and validation are important components of any
model development. To validate the analytical solution, com-
puted temperatures of surfaces were compared with the
results of two hot-box tests referenced in the work statement
of 1759-RP (Meyer et al. 2019; EXOVA Test Report 2011).
The testing by Meyer et al. (2019) considered brick cladding
with a 0.07m/s forced ventilation airflow behind the brick
veneer. EXOVA tested vinyl siding with a conventional hot-
box test using a mixing fan airflow applied to an exterior
side of the assembly. In contrast to the test performed by
Meyer et al. (2019), no forced ventilation air-flow behind
the siding was applied. Thus, the airflow behind the vinyl
siding only occurs as a result of mixing fan-induced airflow
over the surface of the vinyl siding.

Test for the brick veneer external cladding
The thermal performance of various wall constructions was
studied and reported by Meyer et al. (2019). The influence
of the effective emissivity of weather resistance barriers in
wall cavities on the thermal performance of the wall assem-
blies was tested. The procedure of testing is elaborated in
ASTM 1363-05 test report (2009). Input data from the test
report are listed in Table 1 and the results of the analytical
solution are in Table 2. After evaluating the data available
in the report, the following assumptions were used as input
data for the computational code:
� The mean air velocity in the cavity is assumed to be

equal to the reported airflow
� Values for the cavity geometry (i.e., thickness, height,

width) and walls configuration (i.e., external cladding
thickness, internal layers (wall core) thickness) are
extracted from the illustration in the reportFig. 5. Flow chart for the analytical solution.

Table 1. Parameters of the hot box in ASTM 1363-05 test report (2009).

Parameter Units (IP; SI) Value

um ft/s (m/s) 0.23 (0.07)
dcav ft (m) 0.06 (0.019)
H ft (m) 8 (2.44)
w ft (m) 8 (2.44)
Vwind ft/s (m/s) 17.6 to 21.9 (5.36 to 6.7)
Tair, ext

�F ð�C) 25 (�3.9)
Ti

�F ð�C) 100 (þ37.8)
e1 – 0.9
e2 – 0.2
dcl ft (m) 0.3 (0.09)
dwc ft (m) 0.04 (0.0127) OSB þ 0.3 (0.09) Fiberglass þ 0.04 (0.0127) Gypsum
k BTU/ðhr � ft � FÞ [W/ðm � K)] 0.56 (0.97) Red brick, 0.08 (0.13) OSB, 0.02 (0.04) Fiberglass, 0.10 (0.17) Gypsum
Ts, ext

�F ð�C) 25.45 (�3.64)
T1

�F ð�C) 27.22 (�2.66)
T2

�F ð�C) 37.64 (þ3.13)
Ts, int

�F ð�C) 97.42 (þ36.34)
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� Thermal conductivities of the materials considered are
following: brick 0.56BTU/hr� ft� F (0.97 W/m� K), OSB
0.08BTU/hr� ft� F (0.13 W/m� K), fiberglass: 0.02BTU/
hr� ft� F (0.04 W/m� K), gypsum board 0.10BTU/hr� ft�
F (0.17 W/m� K)

� The mean exterior air velocity is considered as the local
wind speed [19.7 ft/s (6 m/s)]

� There is no incident solar radiation on the external sur-
face of the cladding

� The emissivity of cavity surfaces is equal to 0.9 and 0.2
(right cavity wall covered by a building wrap).

� Temperatures (Ts, ext, T1, T2, Ts, int) are averaged from the
measured values of middle thermocouples (locations 8,
10, 12, 14 provided in the ASTM 1363-05 test
report (2009)).

� Airflow velocity for test #10 was not available, there-
fore, data from test #9 was used.

According to the results presented, temperatures are very
well estimated by the computational workflow developed.
The model agrees with the experimental data with an aver-
age deviation of ±0.12% in K, showing that it can predict
the results in an acceptable range. Although the presence of
the brick ties and studs might affect the airflow pattern and
also create thermal bridges in the air cavity, the numerical
code simply represents temperatures of surfaces between
the studs.

Test for the vinyl siding cladding (EXOVA report)
The EXOVA report (EXOVA Test Report 2011) presents
the testing of the vinyl siding wall assembly in the hot box
apparatus and estimation of the thermal resistance of the air
gap using a sequential approach with four wall configura-
tions. The summary of the tests is the following:

� The first (#1) and second (#2) configurations did not
include any external cladding and no air gap; the outer
surface started from OSB sheathing. The only difference
between these assemblies is that a house wrap is added
to the second configuration.

� The following two configurations (#3 and #4) used
vinyl siding as an external cladding. Configuration #3
had reflective insulation, and it was tested at three dif-
ferent exterior side perpendicular air velocity. The

reflective insulation was not used in configuration #4.
By examining the cross-sections of the wall assembly
presented in the EXOVA report, geometrical data for
the wall assembly was retrieved

� Since air gap thickness was not visible in the illus-
trations of the wall assembly, it was assumed as
0.03 ft (0.009 m), which is a value typical for
vinyl sidings

� The profile depth of the vinyl siding was taken as
0.04 ft (0.012 m)

� The mean air velocity inside the cavity was not pro-
vided in the report; therefore, it was assumed to be
equal to the air velocity on the exterior side

� Thermal conductivities of the materials were considered
as follow: Vinyl Siding: 0.06BTU/hr� ft� F (0.19 W/m�
K), Fiberglass: 0.01BTU/hr� ft� F (0.04 W/m� K),
Gypsum Board: 0.05BTU/hr� ft� F (0.17 W/m� K)

� There was no solar radiation acting on the external sur-
face of the external cladding (I ¼ 0)

� The emissivity of cavity surfaces was 0.9 for the left cav-
ity wall (the inner side of the cladding), and 0.05 for the
right cavity wall (the outer side of the wall core) in the
presence of the reflective insulation (configuration #3).

A summary of the input parameters is provided in Table 3.
Only external Ts, ext and internal surface Ts, int temperatures
were provided in the report. Thus, the results of the analytical
solution were compared with these temperatures. Since the
effect of solar radiation cannot be tested in the hot box
method, there should not be a significant effect of the buoy-
ancy force. Thus, the forced convection correlation presented
in section 0 could be applied to evaluate the heat transfer in
the wall assembly. However, to compare the magnitude of the
difference in the results using forced convection and mixed
convection correlation that accounts for the buoyancy force,
analytical results were computed considering both correla-
tions. The comparison of the results with the test results is pro-
vided in Table 4. According to the comparison, surface
temperatures are very well estimated by the analytical solution
developed. Although the presence of the anchors and junctions
in practice might result in thermal bridges and non-uniform
temperature distribution in the wall assembly, the results of
the simplified analytical solution have a good agreement with
the test results. The maximum deviation between the calcu-
lated and measured values reaches 5.55% (in �F; or 3.81% in
�C) which occurs in test #5 within configuration #3. This is
mainly due to the high airspeed considered in the exterior side
of the cavity which is assumed to be the same in the cavity.

The uncertainty of the measurements is not reported,
however, the model agrees with the experimental data
±0.32% on average, showing that it can predict the surface
temperatures in an acceptable range.

Definitions of the thermal resistance of the
ventilated cavity

To properly evaluate the thermal resistance of ventilated air-
space for energy code compliance purposes required by

Table 2. Comparison of the computed and measured surface
temperatures.

Parameter

Test report Computed results

Deviation� (%)�F K �F K

Ts, ext 25.45 269.51 25.77 269.69 0.067
T1 27.21 270.49 27.64 270.73 0.089
T2

�� 37.63 276.28 36.16 275.46 0.297
Ts, int 97.41 309.49 97.14 309.34 0.048
�The deviation is calculated for absolute temperature scales
(in Kelvin).��Assumed to be equal to the measured temperature behind the
building wrap (e¼ 0.2).
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ASHRAE 90.1, this section presents and compares three def-
initions of thermal resistance of the ventilated air gap and
their comparison:

� “Thermal resistance” (Rcav) is defined based on a non-
linear network of thermal resistances. The illustration is
provided in Figure 6, and the method of defining Rcav is
referred to hereafter as Method 1.

� “Apparent thermal resistance” (Rcav,app) is defined
based on the energy balance. The illustration is pro-
vided in Figure 7, and the method of defining Rcav,app is
referred hereafter as Method 2.

� “Effective thermal resistance” (Rcav,eff) is defined based
on a linear network thermal resistances in an analogy
with a closed cavity thermal resistance. The illustration
is provided in Figure 8, and the method of defining

Rcav,eff is referred to hereafter as Method 3. In a simpli-
fied analysis of thermal resistances summation, Rcav,eff

cannot be separately analyzed due to ventilation air
flows occurring within an assembly. Thus, Rcav,eff is
calibrated to produce the same qi through the wall core
assembly as determined with ventilation airflow in the
cavity. Consequently, the heat transfer effect of

Table 3. Data available from the EXOVA Test Report (2011).

Parameter
[units]

Configuration #3
Configuration #4

Test #3 Test #4 Test #5 Test #6

um ½ft/s (m/s)] 9.02 (2.75) 1.64 (0.5) 18.04 (5.5) 9.02 (2.75)
dcav [ft (m)] 0.03 (0.009) 0.03 (0.009) 0.03 (0.009) 0.03 (0.009)
H ½ft (m)] 8.01 (2.44) 8.01 (2.44) 8.01 (2.44) 8.01 (2.44)
w ½ft (m)] 8.01 (2.44) 8.01 (2.44) 8.01 (2.44) 8.01 (2.44)
Vwind ½ft/s (m/s)] 9.02 (2.75) 1.64 (0.5) 18.04 (5.5) 9.02 (2.75)
Tair, ext [�F ð8CÞ] 50 (10) 50 (10) 50 (10) 50 (10)
Ti [�F ð8CÞ] 100.40 (38) 100.40 (38) 100.40 (38) 100.40 (38)
e1 0.9 0.9 0.9 0.9
e2 0.05 0.05 0.05 0.9
dcl ½ft (m)] 0.04 (0.012) 0.04 (0.012) 0.04 (0.012) 0.04 (0.012)
dwc ½ft (m)] 0.04 (0.012) OSB þ 0.33 (0.101) Fiberglass þ 0.04 (0.012) Gypsum
Ts, ext [�F ð8CÞ] 50.18 (10.10) 50.65 (10.36) 50.22 (10.12) 50.99 (10.55)
T1 [�F ð8CÞ] – – – –
T2 [�F ð8CÞ] – – – –
Ts, int [�F ð8CÞ] 96.28 (35.71) 96.31 (35.73) 96.24 (35.69) 96.13 (35.63)

Table 4. Comparison of surface temperatures with the EXOVA
test (2011) results.

Parameter

Test results Computed results

Deviation� (%)�F K �F K

Configuration #3, Test #3
Ts, ext 50.18 283.25 49.91 283.10 0.05
Ts, int 96.28 308.86 97.72 309.76 0.29

Configuration #3, Test #4
Ts, ext 50.65 283.51 50.70 283.54 0.01
Ts, int 101.71 311.88 98.06 309.85 0.65

Configuration #3, Test #5
Ts, ext 50.22 283.27 49.93 283.11 0.06
Ts, int 101.64 311.84 97.84 309.73 0.68

Configuration #4, Test #6
Ts, ext 50.99 283.70 50.13 283.22 0.17
Ts, int 101.53 311.78 97.84 309.73 0.66
�The deviation is calculated for absolute temperature scales
(in Kelvin).

Fig. 6. Thermal resistance (Rcav) based on the non-linear net-
work of thermal resistances (Method 1) with qi determined
based on the energy balance to account for ventilated airflow
heat transfer (summer condition is shown) (source: Authors).

Volume 0, Number 0, Month 2021 9



ventilation air is accounted for in the effective thermal
resistance determined as described below, and it can
be used in the context of conventional design of wall
assemblies that include ventilated air cavities. The def-
inition per Method 3 is straightforward since it
employs a well-established definition of total thermal
resistance of the wall assembly and a simple additive
rule. Also, the use of Rcav,eff is limited to specific cases
(i.e., no solar flux effect) because the inclusion of solar
energy can cause the effective thermal resistance to
assume large negative or positive values due to the
varying conditions under which solar gain can have
positive (reduce heating loads) or negative (increase
cooling loads) effects; thus, one should use it
with care.

The details of each definition are discussed in the fol-
lowing subsections. The input values such as heat flux,
temperatures of the surfaces, indoor and outdoor tempera-
tures were calculated based on the energy balance using the
numerical code that has already been presented in the pre-
vious section.

Definition of the thermal resistance of the air gap
considering a non-linear network of thermal resistances
(Method 1)

The network of thermal resistances in the ventilated cavity is
illustrated in Figure 9. As shown, the network of thermal
resistances inside the air gap is non-linear and can be pre-
sented either as a triangular (D) connection or a star (Y)
connection (Stevenson 1975; Kennelly 1899).

In the triangular (D) connection, Rcav, conv, 1 represents the
convective thermal resistance of the left cavity
surface,Rcav, conv, 2 indicates the convective thermal resistance
of the right cavity surface, and Rrad, 12 shows the radiative
thermal resistance between two cavity surfaces (Ciampi,
Leccese, and Tuoni 2003). In the star (Y) connection, r1
indicates the surface thermal resistance of the left cavity
wall, r2 shows the surface thermal resistance of the right
cavity wall, and R represents the thermal resistance for the
heat flux absorbed by the fluid in the air duct (Ciampi,
Leccese, and Tuoni 2003). The same D-Y transformation has
been introduced by Ciampi, Leccese, and Tuoni (2003) and
the corresponding resistances defined as:

r1 ¼ Rcav, conv, 1 � Rrad, 12

Rcav, conv, 1 þ Rcav, conv, 2 þ Rrad, 12
(42)

Fig. 7. Apparent thermal resistance (Rcav,app) based on the
energy balance (Method 2) with qi determined based on the
energy balance to account for ventilated airflow heat transfer
with the use of an apparent thermal resistance for the cavity
(summer condition is shown) (source: Authors).

Fig. 8. Effective thermal resistance (Rcav,eff) based on the linear-
ized network of thermal resistances (Method 3) with qi deter-
mined based on the energy balance to account for ventilated
airflow heat transfer with the use of an effective thermal resist-
ance for the cavity (summer condition is shown)
(source: Authors).
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r2 ¼ Rcav, conv, 2 � Rrad, 12

Rcav, conv, 1 þ Rcav, conv, 2 þ Rrad, 12
(43)

R ¼ Rcav, conv, 1 � Rcav, conv, 2

Rcav, conv, 1 þ Rcav, conv, 2 þ Rrad, 12
(44)

The total thermal resistance of the entire wall assembly
can be expressed according to the following equation
(Ciampi, Leccese, and Tuoni 2003):

Rtotal ¼ Rfilm, o þ Rcl þ r1 þ r2 þ Rwc þ Rfilm, i (45)

The above formulation for the total thermal resistance
Rtotal of the ventilated wall assembly with a term of ðr1 þ
r2Þ has been acknowledged in other research publications.
Patania et al. (2010) performed CFD simulations to obtain
the velocity and temperature profiles in a ventilated façade.
The thermal resistance of the entire assembly was defined
similarly to the equation given by Ciampi, Leccese, and
Tuoni (2003). Gagliano et al. (2014) used CFD to investi-
gate the flow and thermal behavior of four types of venti-
lated facades and explicitly expressed that the convective
and the radiative heat transfer within the ventilated cavity
can be represented with an acceptable level of accuracy con-
sidering the same equations given by Ciampi, Leccese, and
Tuoni (2003). A ventilated wall component was constructed
in actual scale and tested under the real weather conditions
(summer) in an outdoor test cell by Dimoudi,
Androutsopoulos, and Lykoudis (2016). The same formula-
tions, as expressed by Ciampi, Leccese, and Tuoni (2003),
have been presented in this research work. A simplified
dynamic thermal network model was established by Xiong,
Yu, and Yang (2015) to obtain the thermal performance of
the hollow block ventilated wall, which physically can be
considered as a ventilated cavity. They introduced the same
D-Y network for one representative ventilated hollow brick.
A similar process was followed by Yu et al. (2017) using an
experimental approach, and the corresponding heat transfer
model was validated against measurements. The heat transfer
model established for the hollow block ventilated wall was
reasonable with a high degree of accuracy. According to the
results, this model can be used to predict the surface tem-
perature of the hollow block ventilated wall and the heat
flux removed by the airflow in the cavity for performance
evaluation. Although the thermal resistance of the ventilated
cavity has not been explicitly expressed in the mentioned
above studies, the corresponding formula of the thermal
resistance of the ventilated air gap can be extracted from
Equation (45) as:

Rcav ¼ r1 þ r2 (46)

By defining the expressions for r1 and r2, the above
equation can be re-written as:

Rcav ¼
1

hcav, conv, 1
þ 1

hcav, conv, 2

� �
� 1
hrad, 12

1
hcav, conv, 1

þ 1
hcav, conv, 2

� �
þ 1

hrad, 12

(47)

As described above, this method might not be straightfor-
ward enough for use in practice because the thermal resistance
for the cavity, as determined by Method 1 only has relevance
to wall assemblies that are evaluated using this method, which
explicitly and separately accounts for heat transfer caused by
ventilation air. Therefore, additional methods of expressing
apparent and effective thermal resistance of the ventilated air
gap are presented in the next sections.

Definition of the apparent thermal resistance of the air
gap considering energy balance (Method 2)

In Method 2, the thermal resistance is formulated using a
common definition of the apparent thermal resistance, which
is the ratio of the temperature difference between two walls
of the ventilated air gap over the heat flux that is passing
toward the wall core:

Rcav, app ¼ DT1�2

qo þ _mCpDTt�b
¼ DT1�2

qwc
(48)

The numerator in the Equation (48) is the temperature
difference of the ventilated cavity walls, and the denomin-
ator is the summation of heat flux entering/leaving the exter-
ior side of the building envelope (qo) and the enthalpy of
the flow passing through the ventilated cavity ( _mCpDTt�b).
It needs to be mentioned that by applying the energy balance
to the entire geometry, the summation of the heat flux pass-
ing through the exterior side of the building envelope (qo)
and the enthalpy flow in the ventilated cavity ( _mCpDTt�b) is
always equal to the heat flux entering/leaving the interior
side of the building envelope (qi) as provided by the
Equation (49). The sign of the right-hand side term may
change according to the direction of the heat flow.

qo þ _mCpDTt�b ¼ qi (49)

On its turn, the heat flux entering/leaving the interior side
of the building envelope (qi) based on energy balance in the
steady-state condition is equal to the heat flux passing through
the wall core due to conduction (qwc). Thus, qi can be defined
by knowing the temperature difference across the wall core
and its thermal resistance due to conduction (Aelenei 2006):

qi ¼ qwc ¼ ðT2�Ts, iÞ
Rwc

(50)

Definition of the effective thermal resistance of the air gap
considering the linear network of thermal resistances
(Method 3)

Developing a simplified method to formulate the thermal
resistance of the ventilated air gap that can be easy to apply

Fig. 9. The networks of thermal resistances for heat transfer in
the vertical ventilated air-space (a) triangular network (b) star
network (source: Authors).
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in practice is one of the main objectives of the present work.
A practical method defined in the current subsection uses a
well-established approach of taking an effective thermal
resistance of the wall assembly by summing up thermal
resistances of separate wall elements. Although the actual
network of thermal resistances of a ventilated wall assembly
is not linear due to the heat flow removed by the airflow,
the linearization of the thermal resistance is imposed in this
method to make the calculation procedure as close as pos-
sible to the conventional practice.

The total thermal resistance of the wall assembly (Rtotal) can
be obtained by following the well-established definition pre-
sented in Equation (51) in which the ratio of the temperature
difference between the outside and inside air divided by the
heat flux passing through the wall core (qi). The thermal resist-
ance of the entire wall assembly can also be expressed via a
series of thermal resistances across the wall, as presented in
Equation (52), which is a common procedure used in practice.

Rtotal ¼ Tair, ext�Ti
qi

(51)

Rcav, eff ¼ Rtotal �
X

Rcond þ
X

Rfilm

	 
(52)

The effective thermal resistance of the ventilated cavity
can be extracted from the calculated value (Rtotal) by sub-
tracting the thermal resistances of the wall core and cladding
due to conduction (Equation (53)) and the film resistance of
the interior and exterior surfaces (Equation (54)).X

Rcond ¼ Rcl þ Rwc (53)X
Rfilm ¼ Rfilm, i þ Rfilm, o (54)

The film thermal resistances can be determined using
tabulated data provided in ASHRAE Standard 90.1. The val-
ues for the thermal resistances of the cladding and wall core
can be determined by knowing the thermal properties of
materials by assuming that walls are impermeable: (i) define

Fig. 10. Comparison of thermal resistance of the ventilated cavity behind brick cladding based on different definitions at I¼ 0 W/m2.
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thermal resistance of the claddingRcl by dividing the thick-
ness of the cladding by its thermal conductivity; (ii) define
thermal resistance of the wall coreRwc by dividing the thick-
ness of the wall core by its thermal conductivity.

Comparison of the methods and discussion

The results on the thermal resistance of the ventilated air
gap (called cavity thermal resistance based on Method 1,
apparent based on Method 2, and effective based on Method
3) are compared in Figures 10 and 11 for the range of ACH
from 0.1 1/h up to 1000 1/h at no solar effect (I¼ 0W/m2).
The solar flux effect was not considered for a few reasons:

� First of all, the energy balance across the wall assembly
presented in section 0 was simplified and did not con-
sider the thermal mass of the wall materials. Thermal
mass effects, especially in the brick veneer cladding,
could have a profound effect on the temperature

distribution across the assembly. Thus, thermal resistan-
ces calculated based on the definitions in the previous
subsections can be used only for steady-state conditions
with a certain accuracy.

� In addition to that, the conventional hot box method
outlined in ASTM C1363-19 and used for rating the
performance of the wall assembly is only appropriate
for steady-state conditions and does not provide the pos-
sibility to test the solar flux effect. Thus, it is reasonable
to consider only non-solar effect cases to modify the
test method further.

General input parameters (thermo-physical properties,
outdoor air temperature, etc.) are shown in Table 5. Two
types of traditional external claddings (e.g., vinyl siding,
brick veneer) incorporated with a ventilated cavity are con-
sidered. The value of the thermal conductivity of the wall
core was taken as k¼ 0.03BTU/hr� ft� F (0.06W/m� K). For
the considered k value, the corresponding thermal resistance

Fig. 11. Comparison of thermal resistance of the ventilated cavity behind vinyl siding cladding based on different definitions of meth-
ods at I¼ 0 W/m2.
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of the wall core (Rwc) is 15.16 hr� ft2� F/BTU (2.67m2� K/
W). Based on the physical properties of the wall assemblies,
the thermal resistance of the brick cladding due to conduc-
tion is Rbr ¼1.59 hr� ft2� F/BTU (0.28m2� K/W) and for
vinyl siding is Rvs ¼ 0.36 hr� ft2� F/BTU (0.063m2� K/W).
The film resistances are taken from the tabulated data in
ASHRAE Standard 90.1 are the following: Rfilm, o ¼0.2 hr�
ft2� F/BTU (0.03m2� K/W) for the exterior surfaces and
Rfilm, i ¼0.7 hr� ft2� F/BTU (0.12m2� K/W) for the interior

vertical wall. The effect of the presence of the reflective
insulation on the cavity surface adjacent to the wall core (e2)
is also investigated by varying the emissivity of the surface
from 0.9 to 0.5. Two outdoor temperatures that represent the
summer and winter conditions in fixed wind speed are con-
sidered (Table 5).

Figures 10 and 11 show results for each analysis wall and
season. According to the results, by increasing the ACH, the
thermal resistance of the air-space decreases per all methods.

Table 5. Input parameters.

Symbol Unit (IP; SI)

Value

Brick cladding Vinyl Siding (PVC)

dcl ft (m) 39.37 (0.12) 0.039 (0.012)
kcl BTU/ðhr � ft � FÞ [W/ðm � K)] 0.25 (0.43) 0.11 (0.19)
dwc ft (m) 0.3 (0.16) 0.3 (0.16)
kwc BTU/ðhr � ft � FÞ [W/ðm � K)] 0.02, 0.03, 0.10 (0.03, 0.06, 0.18)
dcav ft (m) 0.08 (0.025) 0.030 (0.009)
Tair, ext �F ð�C) Winter 32 (0), Summer 95 (35)
Vwind ft/s (m/s) 16.4 (5)
h Degree 0
e1 � 0.9
e2 � 0.9 and 0.05
H ft (m) 9.84 (3)
w ft ð m) 3.28 (1)

Fig. 12. Effective thermal resistance of the ventilated cavity at I¼ 0 W/m2.
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Once the ACH increases, the mean velocity in the cavity, as
well as the convective heat transfer coefficient inside the
cavity, becomes higher which turns the thermal resistance
per Method 1 to decrease. On the other hand, the heat flow
in the cavity increases in higher ACH values which conse-
quently increases the temperature gradient within the wall
core and eventually makes the thermal resistance lower per
Method 2 and Method 3. The thermal resistances character-
ized based on the boundary conditions inside the cavity per
Method 1 and Method 2 are closer in both cladding types.
In the case of vinyl siding, the values of methods 2 and 3
are closer than the case of the brick wall. This is because
the thermal resistance value of vinyl siding is lower than
brick, which has less effect on thermal resistance.

Considering the illustrations in Figures 10 and 11, the
values of Rcav,app are quite close to the values of Rcav. The
difference between the thermal resistance per Method 1 and
Method 2 is higher (on average, 6% in the brick wall and
10% in the vinyl siding) when the reflective insulation is
used. In the case of brick cladding, the difference between
the effective thermal resistance (Rcav,eff and the other two
methods become higher when the ACH values increase (can
reach up to 200% when Method 2 is compared with Method
3). In contrast, there is a small difference between all three
methods in the case of vinyl siding cladding. This is the
result of the effect of the external cladding—a thin layer of
vinyl siding conducts heat well, which results in a smaller
temperature gradient through the entire assembly compared
to brick cladding. The temperature gradient through the wall
core also does not change remarkably in the case of using

vinyl siding, which makes the thermal resistance of the cav-
ity obtained from Method 2 close to the calculated values
from Method 3. The results show that the difference between
the two pairs of selected thermal resistances of the air gap
increases at higher ACH values. This trend is due to the
dependence of Method 2 and Method 3 on the value of the
heat flux passing through the wall core (qi). In other words,
once the airflow rate behind the external claddings increases,
the temperature gradient in the wall core (T2 � Ts, int), and
consequently, the heat flux entering/leaving the interior side
of the building becomes higher, which eventually affects the
thermal resistance of the ventilated cavity.

Since the effective thermal resistance Rcav,eff defined by
Method 3 seems to be convenient for conventional engineer-
ing analysis and is the basis for how thermal resistances are
applied for energy code compliance, further analysis will be
carried out for effective thermal resistance only. Figure 12
shows the variation of Rcav,eff for two types of external clad-
dings. According to the results, by increasing the ACH value,
the Rcav,eff will be more influenced in the case of using reflect-
ive insulation in the cavity (the slope of the curves is greater
in e2 ¼ 0:05 cases than the e2 ¼ 0:9 cases). This is mainly due
to the temperature gradient in the wall core, which is higher in
the case of using the reflective insulation. In the case of using
a brick veneer, this temperature gradient caused by the reflect-
ive insulation becomes more significant compared with the
vinyl siding. Moreover, there are some negative values of the
effective thermal resistances in the case of using the brick
wall. The negative values of Rcav,eff are due to the smaller val-
ues of Rtot than the summation of the other terms (Equation

Fig. 13. Effective thermal resistance of the ventilated cavity behind brick cladding with different R-values of the cladding at I¼ 0 W/
m2. (Solid lines: e1 ¼ e2 ¼ 0.9; dashed lines: e1 ¼ 0.9 & e2 ¼ 0.05.)
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(52)). In contrast to the solid materials in which a negative
thermal resistance is meaningless, negative values of the
effective thermal resistance of a ventilated cavity can be inter-
preted as to its adverse contribution to the total thermal resist-
ance of the assembly. According to the below figure, Rcav,eff

decreases as ACH increases, and the degree of Rcav,eff drop
depends on the ACH value. Ventilation airflow in the air cavity
effectively off-sets or diminishes the thermal resistance contribu-
tion of the cladding to the overall wall assembly, and the clad-
ding thermal resistance no longer fully contributes to the simple
linearized network of thermal resistances as defined by the
Method 3 depiction of an effective thermal resistance for a venti-
lated air-space. Thus, the magnitude of an effective thermal
resistance of a ventilated air-space as defined by Method 3 is
dependent on the thermal resistance of the cladding. External
claddings having a small thermal resistance, for example, a thin
vinyl siding having Rvs¼0.36 hr�ft2�F/BTU (0.06m2�K/W)
shown in Figure 12(b), have a smaller thermal resistance contri-
bution to the overall wall assembly. For external claddings hav-
ing greater thermal resistance, for example, brick veneers that
can have R-value in the range Rbr¼ 0.28 hr�ft2�F/BTU
(0.05m2�K/W) to Rbr¼ 1.70 hr�ft2�F/BTU (0.30m2�K/W), the
increase in ventilation rate with no direct solar gain in summer
can results in an increase in the thermal resistance penalty, as
shown in Figure 13. Admittedly, at a certain ACH level for a
given cladding thermal resistance, even a negative effective ther-
mal resistance can occur. Thus, the effective thermal resistance
of the air-space per Method 3 does not represent a physical quan-
tity, but it is necessary to align the thermal performance of the
assembly as depicted by Method 3 with the more complex and
physically correct analysis of the assembly as represented by
Method 1. Hence, in the context of Method 3, it is called an
effective thermal resistance in this study.

Conclusion

The presence of a ventilated air-space behind external cladding
systems can affect the thermal performance of the wall assem-
bly. Several factors, such as air exchange rate, external clad-
ding type, seasonal variation, and presence of reflective
insulation, can influence the thermal resistance of the air-space.
Because the thermo-hydrodynamic parameters in the cavity
change dynamically as a function of the aforementioned fac-
tors, formulating the actual thermal resistance of the cavity was
challenging. To address this challenge, a detailed steady-state
analysis of energy balance in the wall assembly was performed,
and plausible definitions of the thermal resistance of a venti-
lated air cavity behind vertical facades were defined in this
paper. Three definitions were introduced to describe the ther-
mal characteristics of the air in the air gap. The first method
was based on the non-linear network of thermal resistances of
different layers in the wall structure. Due to the complexity of
using this method in practice and the necessity to consider the
thermal mass effect for the cladding and the wall core, two
other methods were also introduced. The apparent and effective
thermal resistances of the ventilated cavity were defined within
these methods. The apparent thermal resistance (Rcav, app) was

defined based on energy balance and requires knowledge of
surface temperatures of the cavity. It should be noted that the
temperatures of the cavity surfaces could be measured using
temperature sensors such as thermocouples on each surface.
The effective thermal resistance (Rcav, eff ) was defined based on
a linear network of thermal resistances in an analogy with a
closed cavity. Since the effect of solar flux and thermal inertia
were not considered in the simulations, all definitions should
be used only for steady-state and non-solar conditions. The def-
inition of effective thermal resistance was defined as the most
convenient way of characterizing thermal resistance of the air
gap from a practical point of view, accounting that the linear-
ized network of thermal resistances of building components is
the basis for energy code compliance applications.

According to the results, the values of the Rcav, eff could be in
the range from 0.28hr�ft2�F/BTU (0.05m2�K/W) to 3.12hr�ft2�F/
BTU (0.55m2�K/W) in the case of the wall assembly with the
brick cladding for ACH values up to 100 1/h. These values were
remarkable when compared with thermal resistances of the
remaining parts of the assembly: the cladding has
Rbr¼1.59hr�ft2�F/BTU (0.28m2�K/W), the wall core has
Rwc¼15.10hr�ft2�F/BTU (2.66m2�K/W), and the sum of film
resistances is

P
Rfilm¼0.91hr�ft2�F/BTU (0.16m2�K/W)).

Interestingly, the air-space could be able to resist the incoming or
outgoing heat flux from indoors even more than the external clad-
ding when reflective insulation is used on one of the sides of the
cavity. Even though thermal resistance of the cavity Rcav, eff

decreased as ACH increased, the variation of Rcav, eff for brick
veneer case at ACHs up to 100 1/h is still considerable: (i) equal
to 0.57hr�ft2�F/BTU (0.1m2�K/W) when reflective insulation was
not used, and (ii) equal to 1.14hr�ft2�F/BTU (0.2m2�K/W) when
reflective insulation was considered on the outer face of the wall
core. The same trend was observed for the case of the wall assem-
bly with vinyl siding in the range of ACH up to 1000 1/h. The
aforementioned values correspond to the zero solar flux condi-
tions. In the case of exposing the cladding to solar radiation, it is
expected that the thermal resistance of the ventilated air gap can
vary even more. Therefore, the results of this study confirmed that
the air-space could have a noticeable contribution to the thermal
performance of the ventilated wall assembly.

While the steady-state solution was sufficient to show the
main effects of the ventilated air gap on the thermal performance
of the wall assembly, it is recommended to develop a theoretical
solution that can include the transient effects of the outdoor and
indoor parameters on the dynamic performance of the wall
assembly with actual non-zero solar flux conditions. Moreover,
detailed simulations of thermal bridges, airflow blockage, and
re-circulation zones due to the presence of studs, junctions, and
anchors can be performed to improve the evaluation of the ther-
mal performance of the assembly. Furthermore, some studies
demonstrated that higher ventilation rates in the cavity can
enhance its drying potential. This would alternatively result in a
lower thermal resistance of the air-space for energy conservation
purposes. Thus, further studies are needed to find a tradeoff for
the ventilation rate in the cavity and evaluate an optimized value
for the air change rate in the ventilated air-spaces behind external
claddings under different conditions.

16 Science and Technology for the Built Environment



Nomenclature

Symbol Unit IP (SI) Definition

a – Absorption coefficient of the external surface
r – Boltzmann constant
q lb/ft3 (kJ /m3) Density
l lbf� s/ft2 (Pa� s) Dynamic viscosity
e – Emissivity
d ft (m) Thickness
Cp BTU/lb��F (kJ� kg/K) Specific heat
d in (mm) Thickness
F – View factor
h BTU/hr� ft2��F (W/m2� K) Heat transfer coefficient
H ft (m) Height
I W/m2 Incident solar radiation
k BTU/hr� ft� F (W/m� K) Thermal conductivity
q BTU/hr� ft2 (W/m2) Heat flux
r hr� ft2� F / BTU (m2� K/W) Surface thermal resistance
R hr� ft2� F / BTU (m2� K/W) Thermal resistance
T �F (�C) Temperature
u ft/s (m/s) Mean velocity
V ft/s (m/s) Speed
w ft (m) Width

Symbol Definition

1 Left surface of the ventilated cavity
2 Right surface of the ventilated cavity
air Air
app Apparent
ave Average
b Bottom
br Brick
cav Cavity
cl Cladding
cond Conduction
conv Convective
eff Effective
en Entrance
eq Equivalent
ext Exterior
film Film
i Indoor
int Interior
m Mean
o Outdoor
r Radiation
rad Radiative
s Surface
sk Sky
t Top
vs Vinyl siding
wc Wall core
wind Wind

Subscripts
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