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Abstract: This paper presents a comprehensive investigation to evaluate the impacts of 8 

air cavities between existing walls and insulated panels on the overall R-values of the ret- 9 

rofitted building envelope systems, addressing a key challenge in exterior envelope retro- 10 

fitting. The effects of several factors are considered including the air cavity thickness 11 

(ranging from 0.1 cm to 5 cm), airflow velocity (varying between 0.1 m/s and 1 m/s), and 12 

surface emissivity (set between 0.1 and 0.9) in addition to the thickness of the insulated 13 

panels (ranging from 1 cm to 7 cm). It is found that any increase in the air cavity thickness 14 

increases the overall R-values of the building envelope assemblies when air is trapped 15 

within the sealed cavity. However, when air convection is prevalent, the overall R-value 16 

of the retrofitted walls decreases with any increase in air velocity and air cavity thickness. 17 

For sealed air cavities, the analysis results show that a 9% improvement in R-value of the 18 

retrofitted walls. However, the R-value of retrofitted walls with unsealed air cavities can 19 

degrade by 76% and 81% for natural and forced air flows, respectively. Emissivity adjust- 20 

ment is found to be the most effective in improving thermal performance of building en- 21 

velopes with sealed air cavities, increasing the R-value of retrofitted walls by 13.6% when 22 

reduced from 0.9 to 0.1. 23 

Keywords: Air Cavity Thickness, Air Velocity, Building Envelope, Emissivity, Insulation, 24 

Thermal Resistance 25 

 26 

1. Introduction 27 

The overall building sector accounted for 28.1% of the global total energy consump- 28 

tion during 2023. Specifically, residential buildings consumed 86 exajoules representing 29 

19.3% of world energy demand, while the other building types accounted for the remain- 30 

ing 8.7%[1]. The ongoing increase in global energy consumption has resulted in signifi- 31 

cant challenges, particularly for the residential sector [2]. Indeed, high energy demands 32 

by the built environment have contributed to increases in greenhouse gas emissions and 33 

global warming [3]. In addition, population growth is estimated to drive up to 52% in- 34 

creases in urban building energy demand by 2050, with climate change could increase 35 

cooling needs by 14% per °C while reduce heating by 10% per °C and spike peak electric- 36 

ity demand by up to 170% in some US cities [4]. 37 

 38 

Improving energy efficiency of buildings can significantly reduce their energy needs 39 

and associated carbon emissions [5]. One effective measure to enhance the energy perfor- 40 

mance of buildings is to insulate their exterior envelopes. Indeed, the deployment of 41 
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thermal insulation in building envelope has been shown to reduce heat transfer, conse- 42 

quently lower energy needs for space heating and cooling while maintaining suitable in- 43 

door thermal comfort levels [6]. It has been shown that insulating building envelope sys- 44 

tems can save up to 50-60% of the total energy use in buildings [7], with demonstrated 45 

savings of 47.2% in residential building through optimized wall and roof thermal insula- 46 

tion levels [8]. The economic benefits of the deployment of thermal insulation depend on 47 

the building types and climatic conditions [9]. Recent advances in dynamic and multi- 48 

functional insulation materials have indicated that even higher potential for energy and 49 

cost savings could be achieved compared to those obtained their static insulation counter- 50 

parts for buildings in a wide range of climatic conditions [10].  51 

 The thermal performance of buildings envelopes is characterized by their thermal 52 

resistance or R-value, which measures the capability of an envelope assembly to resist 53 

heat flow due to a temperature difference across its inner and outer surfaces. Building 54 

envelope systems with higher R-values exhibit better thermal insulation properties and 55 

lower heat transmissions [11]. Moreover, the placement and thickness of the insulation 56 

layer can affect significantly the overall R-value of the building envelope assemblies [12]. 57 

The presence of air cavities between insulation layers and other construction layers can 58 

significantly affect the R-values of building envelope assemblies, with optimal positioning 59 

and material selection critical to maximizing energy efficiency [13]. In most applications 60 

to building envelope systems, sealed air cavities impede heat flow due to the low thermal 61 

conductivity of stationary air and these sealed cavities can act as thermal barriers and can 62 

enhance the overall R-value of building envelope assemblies [14]. However, the thickness 63 

of sealed air cavity may need to be optimized to maximize the thermal performance of 64 

building envelope assemblies [15,16]. Moreover, the inclusion of reflective coatings within 65 

sealed air cavities can further enhance their thermal performance [17,18]. Thermal impacts 66 

of sealed air spaces within specific configurations of building envelope assemblies are 67 

documented in the ASHRAE Handbook of Fundamentals [19]. 68 

In addition, unsealed and ventilated air cavities within building envelope systems 69 

have been considered to enhance air flows for a wide range of applications and purposes. 70 

For instance, ventilated facades are utilized to lower temperatures of the exterior surfaces 71 

and reduce thermal loads to cool building [20]. Moreover, ventilated air cavities are used 72 

as effective options to dry moisture within building envelope assemblies including insu- 73 

lation layers and prevent conditions conducive to mold growth and structural damage 74 

[21]. Specifically, airflows within unsealed cavities can dissipate excess heat during the 75 

summer season, and can retain heat during the winter season, thereby contributing to a 76 

balanced thermal performance of wall assemblies throughout the year [22]. To experimen- 77 

tally evaluate the effects of ventilated air cavities, a study has proposed modifications to 78 

the ASTM C1363-19 hot box method to measure the effective thermal resistance of venti- 79 

lated air spaces. With the use of precise temperature and heat flux sensors, thermal be- 80 

havior of ventilated cavities can be captured accurately [23]. Parametric studies have 81 

shown that the angle of façade placement and the ventilation velocity significantly influ- 82 

ence both airflow pattern and thermal resistance level [24]. Another study by Domínguez- 83 

Torres et al. demonstrated that optimally designed opaque ventilated façades with win- 84 

dows in Mediterranean climates can reduce yearly heat flux by up to 32%, with key pa- 85 

rameters including open ventilation grilles, a 0.1 m air channel thickness, and a 0.4 solar 86 

absorptivity outer surface [25]. Thermal performance improvements in ventilated stone 87 

facades are empirically demonstrated with optimized design specifications, including in- 88 

sulation thickness and air gap dimensions, achieved a 30.9% reduction in U-values (from 89 

0.33 to 0.228 W/(m²·K)) [26]. Facades with combined airflow channel and reflective barri- 90 

ers have been found to have increased their overall thermal resistance by up to three folds 91 

when compared to non-ventilated retrofitted facades [27]. 92 
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Low-cost alternative approaches for improving the energy performance of envelope 93 

assemblies specific existing buildings have been proposed especially in Europe using pre- 94 

fabricated exterior insulated retrofit panels [28]. Indeed, prefabricated insulated panels 95 

have been successfully used as part of Dutch-inspired initiative to retrofit several homes 96 

throughout Europe [29]. A detailed review of alternative designs of insulated panels has 97 

been recently presented by Biega and Krarti [29]. The common feature of these insulated 98 

panels is the ease of installation along the outside of the existing façades without disturb- 99 

ing building occupants, unlike the case of traditional retrofit approaches. Some of these 100 

prefabricated insulated panels must be hanged on existing walls creating potential air 101 

cavities [29]. While prefabricated insulated panels are increasingly used for building en- 102 

velope retrofits [28], to date, no analysis has been reported to address the thermal impacts 103 

of these air cavities between the insulated retrofit panels and existing wall assemblies 104 

where cavity thickness, airflow and emissivity interact dynamically. The detailed analysis 105 

presented in this paper addresses this research gas to determine the energy performance 106 

of wall assemblies retrofitted with prefabricated insulated panels considering the impacts 107 

of sealed and unsealed air cavities. This study aims to evaluate how air cavities in retro- 108 

fitted wall assemblies affect overall R-values, considering cavity thickness, airflow, and 109 

surface emissivity. By quantifying these effects, actionable insights can be provided for 110 

optimizing panel installations to maximize their thermal performance. First, the analysis 111 

approach is outlined including the description of the air cavity configurations of retrofit- 112 

ted wall assemblies with insulated panels. Then, the solution methodology is presented 113 

with the results of a verification analysis. Finally, the thermal impacts of sealed and un- 114 

sealed air cavities between wall assemblies and insulated panels under various design 115 

and operation conditions to account for air cavity thickness, insulation thickness, surface 116 

emissivity, and outdoor conditions. 117 

2. Materials and Methods 118 

Figure 1 illustrates the general analysis approach considered in this study using com- 119 

putational fluid dynamics (CFD) modeling. First, the wall assembly with the attached ret- 120 

rofit insulated panel is described in Section 2.1, including material properties and thick- 121 

nesses. Then, the governing equations used in the CFD modeling analysis are outlined in 122 

Section 2.2 to determine effective thermal performance of retrofitted wall assemblies ret- 123 

rofitted with insulated panels. The results of the CFD analysis are verified in Section 3 124 

with well-established data including those listed in ASHRAE Handbook of Fundamentals 125 

(HOF) [20]. Finally, the main findings from a series of sensitivity analyses are summarized 126 

and discussed in Section 4 to assess the impacts of various specifications of wall assembly 127 

and insulated panel.  128 

 129 

 130 
Figure 1. General analysis approach considered for the evaluation of thermal performance of wall 131 

assemblies with air cavities. 132 

2.1. Wall Assembly Description 133 

For this study, the case of retrofitting existing walls with insulated panels is consid- 134 

ered as illustrated in Figure 2. These insulated panels can be prefabricated and seamlessly 135 
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installed on-site without significantly disturbing the occupants of buildings. Such prefab- 136 

ricated insulated panels have been demonstrated in deep retrofit projects across Europe 137 

using the Energiesprong approach [28]. Figure 2 shows that an example of a prefabricated 138 

insulated panel that can be installed to retrofit existing building walls along either their 139 

exterior facade [Figure 2(a)] or from their interior side [Figure 2 (b)]. Figure 3 illustrates 140 

an insulated panel and its installation mechanism to an existing wall using guided clips 141 

and bars as well as French cleat hangers and receivers based on the design proposed by 142 

Biega and Krarti [29]. The installation on the exterior wall facades offers the benefits of 143 

easy installation and reduced disturbance to the indoor occupants [24]. 144 

 145 

 146 

 147 
(a) (b) 

Figure 2. An existing building with added insulated panels from (a) outside and (b) inside of the 148 

conditioned space. 149 

 150 

  

(a) (b) 

Figure 3. Installation details of insulated panel to the outer surface of existing wall using (a) guide 151 

clips and French cleat hangers connected to (a) back of the insulated panel and (b) guide bars and 152 

French cleat receivers connected to the outside surface of existing wall [29]. 153 

To showcase the analysis approach for the impact of air cavities in retrofitted the wall 154 

assemblies with insulated panels, the specific case of a rigid thermal insulation layer is 155 

attached to an existing concrete wall is considered as shown in Figure 4.  156 

 157 



Energies 2025, 18, x FOR PEER REVIEW 5 of 22 
 

 

 158 
Figure 4. Section for an insulated concrete wall assembly 159 

 160 

 161 

As illustrated in Figure 4, an air cavity separating the existing wall and the insulated 162 

panel wall can affect the overall heat transfer through the retrofitted wall assembly. In- 163 

deed, when the cavity is not sealed, air can freely flow by natural or forced convection 164 

and affects the thermal performance of the wall assembly. In addition to the airflow type 165 

and rate, the thermal performance of the insulated wall assembly can depend on several 166 

factors including surface emissivity, air thickness, and indoor-outdoor difference. Figure 167 

5 illustrates the three cases of airflow within the air cavity analyzed throughout this study 168 

including sealed cavity [Figure 5 (a)] and unsealed air gap with natural convection cavity 169 

with free flow of air by natural convection [Figure 5 (b)] or forced convection with a pre- 170 

defined inlet air flow velocity [Figure 5 (c)]. 171 

 

  
(a) (b) 
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(c) 

  172 

Figure 5. Three airflow configurations considered in the analysis including (a) sealed air cavity (b) 173 

unsealed air cavity with natural convection, and (c) unsealed air cavity with forced convection at 174 

airflow velocity 175 

 176 

2.2. Overview of Modeling Analysis  177 

For the study, steady – state condition is considered. The flow of air with the wall 178 

cavity, such as noted in Figure 4 is governed by the in-compressible Navier-Stokes equa- 179 

tions, 180 

Continuity Equation: ∇ · 𝒖 =0 (1) 

Momentum Equation: 𝜌((𝒖 ∙  ∇)𝒖) = −∇𝑝 + 𝜇∇2𝒖           (2) 

where 𝒖 represents the velocity field, ρ the density, p the pressure, and µ the dynamic 181 

viscosity of air. 182 

The thermal energy transfer within various layers of the wall assembly including air 183 

cavity and solid layers is described by applying the energy balance principle for both the 184 

fluid and the solid domains as in: 185 

For Air (Fluid): 𝜌𝑐𝑝((𝑢 ∙ ∇)𝑇) = 𝑘 ∇2𝑇 + 𝑞𝑟𝑎𝑑 (3) 

For Solids: 𝑘 ∇2𝑇𝑠 = 0 (4) 

where T and Ts denote the temperatures of air and solids respectively, cp and cp,s are their 186 

specific heats, and k and ks are their thermal conductivities and qrad is the radiative heat 187 

flux. 188 

For this study, the computational fluid dynamics tool, ANSYS version 12, is used to 189 

solve the combined heat transfer and airflow problem stated by Eqs. (1)-(4) [30]. Specifi- 190 

cally, the energy balance and momentum balance equations are solved using the discrete 191 

ordinates or DO model for radiation and the k-omega model for viscosity. The DO model 192 

allows to solve thermal interactions between solid surfaces with adjacent to fluids or other 193 

solid systems using “semi-transparent” media. The k−ω model is widely utilized for solv- 194 

ing turbulence flow problems [31]. The convective terms in the momentum and energy 195 

equations have been discretized using a second-order upwind scheme, selected for its 196 
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effective balance between accuracy and stability for low-speed buoyancy-driven flows 197 

[32]. This approach minimizes numerical diffusions while maintaining accurate solutions 198 

for flows with air velocity ranging between (0.1 m/s and 1.0 m/s. The coupled pressure- 199 

velocity set of equations has been solved using the Semi-Implicit Method for Pressure- 200 

Linked Equations (SIMPLE) algorithm with second-order pressure interpolation [32]. For 201 

the final solutions, convergence criteria are set to be 10-14 for energy and 10-6 for momen- 202 

tum equations. The CFD analysis uses a structured hexahedral mesh (25,675 nodes and 203 

25,268 elements). 204 

 205 

2.3. Thermal Properties of Wall Assembly 206 

In most configurations considered in this study, the height of the wall and thickness 207 

of the concrete wall are set to be 1.0 m and 10.0 cm while the thickness of the insulated 208 

panel can vary from 1.0 cm to 7.0 cm. Additionally, the thickness of the air cavity, located 209 

between the concrete layer and the insulated panel, is set to vary from 0.1 cm to 5.0 cm. 210 

Furthermore, the emissivity of the air cavity inner surfaces is varied from 0.1 to 0.9 while 211 

the air velocity for the case of unsealed air cavity with forced convection is changed from 212 

0.1 m/s to 1.0 m/s with the air flows from the inlet and exits from the outlet of the cavity 213 

as depicted in Figure 5. For unsealed air cavities, the inlet air temperature is set be the 214 

same as the ambient outdoor temperature, Ta,air,gap. 215 

The thermal properties for both the concrete layer and insulated panel considered 216 

throughout the study are listed Table 1. 217 

 218 

 219 

 220 

Table 1. Properties for concrete and insulation layers 221 

Material 
Density  

(kg/m3) 

Specific Heat Capacity 

(J/kg K) 

Thermal Conductivity 

(W/m K) 

Insulation 45 1500 0.025 

Concrete 2400 880 0.4 

 222 

The inside air temperature is maintained at 20°C (293.15 K) and the outdoor air tem- 223 

perature is at 0°C (273.15 K) to represent winter conditions. (Table 2).The main variables 224 

obtained from the CFD based solutions are illustrated in Figure 4 include (i) are air cavity 225 

inner and outer surface temperatures Ts,in,gap and Ts,out,gap (ii) outlet air temperatures from 226 

the cavity, Ta,inlet,gap (for free flowing air cases), (iii) heat flux at the interior wall surface, 227 

Qs,in , and (iv) net overall heat flow rate for the wall assembly, Qwall. 228 

To calculate the over-all R-value of the insulated wall assembly, Rwall , the air temper- 229 

ature difference between the indoors and the outdoors, ∆Tin-out (i.e., 20 K in this study) is 230 

divided by the heat flux obtained at the inside wall surface, Qs,in: 231 

𝑅𝑤𝑎𝑙𝑙 =
∆𝑇𝑖𝑛−𝑜𝑢𝑡

𝑄𝑠,𝑖𝑛
 (5) 

To better assess the impact of the air cavity between the insulated panel and the ex- 232 

isting wall assembly, the R-value obtained by Eq. (5) is normalized by the R-value of the 233 

insulated wall assembly when no air cavity exists, Rwall-no-gap. This normalization allows for 234 

a direct comparison of thermal resistance contributed by the air cavity relative to that for 235 

the baseline configuration with no air cavity. Thus, the normalized overall R-value, r, is 236 

estimated as follows: 237 
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𝑟 =
𝑅𝑤𝑎𝑙𝑙

𝑅𝑤𝑎𝑙𝑙−𝑛𝑜−𝑎𝑖𝑟𝑔𝑎𝑝
 (6) 

3. Verification Analysis 238 

To verify the accuracy of the modeling approach, the CFD modeling analysis results 239 

are compared with those outlined in the ASHRAE HOF for various cavity thicknesses and 240 

boundary conditions for the case of sealed air cavities within wall assemblies [18].  241 

Specifically, ASHRAE HOF indicates that the R-value for a sealed air gap with a 242 

thickness of 1.3 cm, at a temperature difference of 15°C and an average air cavity temper- 243 

ature of 10°C, is 0.16129 m²K/W [18]. Using the CFD modeling approach used in this study 244 

based on Eq. (1) through Eq. (4) with the boundary temperatures at the inside and outside 245 

surfaces of the exterior wall assembly set to be 281 K and 296 K, the R-values for both the 246 

air cavity and the overall wall assembly are estimated as listed in Table 2 for various mesh 247 

configurations having different numbers of nodes. The CFD analysis results are generally 248 

very close to the reported ASHRAE HOF value for all the considered mesh configurations 249 

indicating that accurate solutions for assessing thermal interactions within the wall as- 250 

sembly including the sealed air cavity can be determined even for coarse mesh configura- 251 

tions. 252 

 253 

Table 2. Effect of mesh configurations on the estimations using CFD analysis of the R-values for air 254 

cavity and wall assembly 255 

Number of 

Nodes 

Number of 

Elements 

Air Gap 

Temp 

(K) 

Heat Flux 

(W/m2) 

Rwall 

(m²K/W) 

Rairgap 

(m²K/W) 

Computation 

Time 

(sec) 

Error % 

238 198 283.06 6.217 2.413 0.163 11.590 0.865 

1717 1600 283.06 6.217 2.413 0.163 15.652 0.859 

6834 6600 283.06 6.218 2.412 0.162 21.799 0.658 

13556 13247 283.06 6.218 2.412 0.162 22.598 0.562 

17989 17633 283.06 6.2185 2.412 0.162 31.615 0.535 

25675 25268 283.06 6.2186 2.412 0.162 33.579 0.503 

 256 

To further verify the prediction accuracy of the CFD analysis approach considered in this 257 

study, multiple air cavity configurations for the wall assembly of Figure 4 are considered 258 

using the same specifications outlined in the ASHRAE Handbook. [18] Specifically, Table 259 

3 compares the CFD model predictions to the reported ASHRAE R-values for sealed air 260 

spaces under different thicknesses, air temperatures, and emissivity values. 261 

 262 

Table 3. Comparison of CFD model predictions of wall assembly R-values to ASHRAE data 263 

Air Space 

Thickness 

(cm) 

Air Space 

Temp 

(°C) 

 

Air Temp 

Difference 

(°C) 

Effective 

Emissivity 

HOF 

Rairgap 

Value 

(m²K/W) 

Estimated  

Rairgap  

Value 

(m²K/W) 

Error % 

1.3 10 15 0.82 0.161 0.162 0.701 

1.3 10 15 0.72 0.175 0.174 0.621 
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1.3 30 5 0.82 0.139 0.140 0.511 

1.3 30 15 0.72 0.152 0.152 0.416 

1 10 5 0.82 0.149 0.148 0.750 

1 10 5 0.72 0.161 0.160 0.743 

1 10 30 0.82 0.147 0.148 0.680 

1 10 30 0.72 0.159 0.159 0.359 

 264 

The results outlined in Table 3 indicate that the differences between the CFD model pre- 265 

dictions and ASHRAE data are less than 1% for all the cases and the Root Mean Square 266 

Error (RMSE) value obtained is 0.00096. The CFD model predictions are better visualized 267 

in Figure 6 which confirms that the CFD-based solutions match well with the reported 268 

ASHRAE reported values. 269 

 270 

 271 
Figure 6. Comparison between the CFD model predictions against reported ASHRAE values for 272 

sealed air cavities for various thicknesses and emissivity values 273 

Figure 7 presents both the temperature and air velocity obtained by the CFD-based solu- 274 

tion for a wall assembly (Figure 4) with a 1.3-cm sealed air cavity. The inner and outer 275 

surfaces for the wall assembly are set from 281 K to 296 K, respectively. As outlined in 276 

Figure 7(a), there is a gradual change in temperature from the outer to the inner surfaces. 277 

The consistent temperature gradient indicates that heat is transferring from the warmer 278 

indoors to the cooler outdoors through the insulation panel to the concrete layer passing 279 

by air space which is acting as an added insulating layer. Moreover, the air velocity within 280 

the air cavity shown by Figure 7(b) highlights the mechanism of heat transfer driven by 281 

natural convection airflow loop due to the temperature differences, where warmer air 282 

near the insulation panel rises while cooler air near the concrete surfaces flows down- 283 

wards. This convection loop helps distribute heat within the air cavity. The overall mini- 284 

mal temperature gradient at the sealed air cavity is translated into a reduced heat transfer 285 

through the wall assembly. 286 

 287 
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(a) (b) 

 288 

Figure 7. (a) Temperature and (b) air velocity contours for a wall assembly with a sealed air cavity 289 

of a thickness 1.3-cm 290 

4. Sensitivity Analysis 291 

4.1. Impact of Air Cavity Thickness 292 

This section evaluates the impact of air cavity thickness on the overall R-value of the 293 

wall assembly is determined under various airflow conditions. Specifically, Figure 8 294 

shows the variation of the normalized R-value of the retrofitted exterior wall assembly 295 

with the air gap thickness for three airflow conditions including sealed and unsealed air 296 

cavities with natural or forced convection when the insulated panel is placed outside of 297 

the existing exterior wall. The analysis of Figure 8 is carried out when the emissivity of 298 

the cavity surfaces is set to be 0.9 while the thickness of the insulated panel is fixed to 5 299 

cm. For the case of forced convection, the air velocity is set to 0.5 m/s to represent typical 300 

airflow rates experienced by the exterior wall surface during windy conditions.   301 
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 302 
Figure 8. Variation of the normalized R-value, r, with air cavity thickness for a retrofitted wall as- 303 

sembly 304 

 In the case of sealed air cavity, the normalized R-value of retrofitted wall assembly 305 

increases with the air cavity thickness. This increase is especially pronounced for small air 306 

cavity thicknesses. As the air cavity thickness increases, the normalized R-value ap- 307 

proaches an asymptotic value of 1.09, indicating that beyond a certain threshold, further 308 

increases in air cavity thickness do not significantly enhance the R-value of the assembly. 309 

In the case of unsealed air cavity an air inlet temperature of 273 K, the normalized R- 310 

value decreases sharply with increasing air cavity thickness from 0 to 1 cm and then sta- 311 

bilizes at a low value after 1 cm thickness. This trend indicates that a thicker air cavity 312 

may facilitate higher heat transfer from the wall to the colder external environment, se- 313 

verely diminishing the thermal effectiveness of the added insulated panel. This result is 314 

due to the fact when the air cavity thickness increases, convective heat transfer within the 315 

cavity becomes more influential, lowering the overall thermal resistance of the assembly. 316 

Similar results are obtained for the case forced convection with an air velocity of 0.5 m/s 317 

since the normalized R-value of the wall assembly decreases even more sharply as the 318 

cavity thickness increases. The forced airflow of relatively cold air (i.e., 273 K) uniformly 319 

across the air cavity reduces the overall thermal resistance of the wall assembly as air 320 

flowing through the cavity bypasses the insulated panel reducing substantially its thermal 321 

impacts.  322 

From Figure 8, natural convection consistently maintains a higher R-value than 323 

forced convection, indicating better thermal performance for the wall assembly with un- 324 

sealed air cavity. This result is expected as the air moves slower within the cavity for nat- 325 

ural as opposed to forced convection allowing the air cavity to resist better to any heat 326 

transfer.  In contrast, forced convection imposes consistent airflow through the cavity, 327 

which increases the amount of heat carried away from the cavity surfaces. This process 328 

reduces the insulating effect of the air cavity thereby enhancing heat transfer and dimin- 329 

ishing the overall thermal resistance of the insulated wall assembly. Moreover, forced con- 330 

vection shows a more significant initial decline in R-value of the wall assembly, suggest- 331 

ing greater sensitivity to changes in air cavity thickness. For both convection types, the R- 332 

value of the wall assembly stabilizes when the air cavity thickness is more than 1 cm.  333 

4.1.1 Heat Transfer Analysis  334 
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The impacts of the air cavity thickness on distributions of temperature with wall as- 335 

sembly and air velocity within the cavity are evaluated for various boundary conditions 336 

and cavity thicknesses as noted in Figure 9 through Figure 12. The specific unsealed air 337 

cavity coupled with natural convection air flow is considered.  338 

For the case of 2 cm air gap thickness [Figure 9(a)], the temperature distribution 339 

shows a more pronounced gradient from cooler to warmer regions, indicating significant 340 

temperature variation across the wall. In contrast, the case of 5 cm air cavity [Figure 9 (b)] 341 

provides a more uniform temperature distribution across the air cavity with a reduced 342 

gradient, indicating better thermal insulating effects for the air layer. The case of 2 cm air 343 

cavity exhibits a distinct temperature gradient, which is less pronounced for the case of 5 344 

cm air cavity. The temperatures at the surfaces of the air cavity are higher than those 345 

within the air cavity itself due to the radiative heat transfer occurring between these sur- 346 

faces.  347 

Figure 10 presents velocity profiles within the unsealed air cavity with a thickness of 348 

2 cm [Figure 10 (a)] and 5 cm [Figure 10 (b)]. The maximum velocity for the case of 2 cm 349 

air cavity reaches 0.32 m/s, while for the 5 cm air cavity configuration, it is slightly lower 350 

at 0.30 m/s. The minimal difference in air velocity between the two air cavity thicknesses 351 

is primarily due to the relatively small increase in air temperature within the cavity subject 352 

to natural convection. Since the temperature within the air cavity does not rise signifi- 353 

cantly, the driving force for natural convection remains similar in both cases, leading to 354 

only a slight variation in the magnitude of air velocities. For the case of the 2 cm air gap 355 

[Figure 10 (a)], the velocity profile shows a high velocity region near the center of the 356 

cavity, with air velocities rapidly decreasing towards the surfaces. In contrast, the case of 357 

5 cm air cavity [Figure 10 (b)] exhibits a broader region of high velocities, particularly near 358 

the warmer concrete wall. The higher velocity near the warmer wall decreases the density 359 

of the air, causing it to rise faster and resulting in the profile depicted in Figure 10(b). 360 

 361 

 362 
(a) (b) 

Figure 9. Temperature contours within the wall assembly for air cavity thickness of (a) 2 cm (b) 5 cm 363 

for the case of natural convection 364 
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 (a) (b) 

 365 

Figure 10. Velocity profiles at the unsealed air cavity with thickness of (a) 2 cm (b) 5 cm for the case 366 

of natural convection 367 

Figure 11 illustrates more clearly temperature profiles along cross-sections of all the 368 

layers of the insulated wall assembly at different heights in the case of unsealed air cavity 369 

subject to natural convection. The temperature profiles for two thicknesses of the air cavity 370 

are shown in Figure 11 including 2 cm [Figure 11 (a)] and 5 cm [Figure 11 (b)]. As depicted 371 

in Figure 11, the presence of the air cavity disturbs the linear temperature variation across 372 

the wall sections due to colder air flowing from the bottom to the top of the cavity. For the 373 

case of 2-cm air cavity, the air temperature increases substantially from 273 K at the bot- 374 

tom section to an average of 283 K at the top section. However, for the case of 5-cm, the 375 

average air temperature at the top outlet of the air cavity is merely 277 K. This difference 376 

in outlet air temperature is associated primarily with the difference in the volume of air 377 

flowing through the air cavity. Higher air volume for the case of 5-cm thick cavity results 378 

in lower increase in air temperature compared to the case of 2-cm thick with lower flowing 379 

air volume. A higher flowing volume results in reduced thermal interactions between the 380 

air and the cavity surfaces. Moreover, the difference in air temperatures within the air 381 

cavity leads to differences, albeit slight, of the temperatures in both concrete and insula- 382 

tion layers.  Indeed, cooler air temperatures for the case of 5-cm thick cavity slightly in- 383 

crease convective heat transfer and lower the temperatures of adjoining surfaces and sub- 384 

sequently the temperatures across the solid layers of the wall assembly. The overall effect 385 

of higher thickness of unsealed air cavity subject to natural convection is a lower total 386 

thermal resistance of the insulated wall assembly as indicated by the results shown in 387 

Figure 7. 388 

 389 

 390 
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Figure 11. Temperature profiles along the horizontal cross-sections at different heights of the assem- 392 

bly with unsealed air cavity thickness (a) 2 cm (b) 5 cm under natural convection. 393 

 Figure 12 shows the air velocity profiles along horizontal cross-sections the cavity 394 

within the retrofitted wall assembly for two cavity thicknesses (a) 2-m and (b) 5-cm. The 395 

x-axis shows the distance from the concrete wall outer surface, while the y-axis displays 396 

the magnitude of the air velocity. The different curves represent the air velocity profiles 397 

estimated at various heights of the wall and the air cavity including the inlet (i.e., bottom 398 

of the wall), 5 cm, 50 cm (i.e., middle section of the wall), and the outlet (i.e., top of the 399 

wall).  For the case of 2-cm air cavity [Figure 12 (a)], the air velocity reaches a maximum 400 

value of 0.32 m/s around x=1 cm. Closer to the cavity surfaces (i.e. x=0 cm and x=2 cm), 401 

the air velocity decreases significantly. Indeed, the air velocity at the cavity surfaces 402 

reaches 0 m/s in accordance with the no slip conditions assumed in the CFD modeling 403 

analysis. This pattern is consistent across different wall heights with similar parabolic pro- 404 

files for air velocity within the cavity, with the highest air velocity occurs around the mid- 405 

dle of the air cavity.  406 

For the case of air cavity with thickness of 5 cm [Figure 12 (b)], the maximum velocity 407 

is slightly over 0.3 m/s, with the most significant changes occurring near the cavity sur- 408 

faces and at the top outlet for the air stream. The profile indicates that the air velocity is 409 

more evenly distributed across the wider 5 cm air cavity compared to the narrower air 410 

cavity of 2-cm, with a less pronounced reduction in air velocity toward the center of the 411 

cavity. As the distance from the inlet increases, the air velocity reaches its value near the 412 

warmer concrete outer surface. The, the air velocity drops noticeably in the middle of the 413 

cavity before it increases again close to the insulated panel. This change in air velocity 414 

cross-section profile occurs close to the air cavity outlet for the case of 5-cm cavity thick- 415 

ness due to the thermal interactions between the existing wall outer surface and the flow- 416 

ing air. As air near the warmer existing wall heats up, it becomes less dense and rises, 417 

creating a buoyancy-driven flow that increases the air velocity near the existing wall outer 418 

surface. However, for air located further from the warm wall surface (i.e. towards the 419 

center of the cavity), the influence of the thermal gradient diminishes, leading to a notice- 420 

able drop in air velocity around the middle of the cavity. For air located close to the cooler 421 

insulated panel surface, its velocity increases again but not as significantly as that experi- 422 

enced by air near the warmer existing wall surface, due to lower thermal gradients driving 423 

the flow. Consequently, air velocity follows the pattern indicated in Figure 12 (b), for pro- 424 

files specific to the middle section and top of the wall, peaking near the warm wall surface, 425 
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dropping in the middle of the air cavity, and rising again near the cooler surface of the 426 

insulated panel. 427 

 428 

 429 
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 430 

Figure 12. Air velocity profiles along cross-sections at different heights of unsealed air cavity with a 431 

thickness of (a) 2 cm (b) 5 cm under natural convection. 432 

 433 

Similar results are found for the case of unsealed air cavity configuration with forced 434 

convection as shown in Figure 13 depicting the temperature distributions within the wall 435 

assembly and Figure 14 illustrating the air velocity profiles within the air cavity. When air 436 

is forced inside the air cavity, more uniform temperatures are prevalent across the wall 437 

sections when compared to those observed for the case of natural convection as depicted 438 

in Figure 15. The uniform air flow removes heat by convection transfer from the air cavity 439 

to reject it outdoors when air moves upwards. However, the amount of removed heat is 440 

reduced with the increase in air velocity along the cavity. Consequently, the air tempera- 441 

tures at the unsealed cavity outlet are lower for forced convection compared to those for 442 

natural convection regardless of the cavity thickness. Indeed, the differences between out- 443 

let and inlet air temperatures are only 5 K and 2 K for the forced convection while they 444 

are 10 K and 4 K for the natural convection when air cavity thickness is 2-cm and 5-cm, 445 

respectively.   446 

The air velocity profiles shown in Figure 14 are specific to two cavity thicknesses (a) 447 

2 cm and (b) 5 cm for the case of forced convection with 0.5 m/s inlet air velocity. When 448 

the cavity thickness is 2 cm, the maximum air velocity reaches 0.66 m/s, slightly higher 449 

than the peak air velocity of 0.6 m/s achieved for the case of 5-cm thick cavity as indicated 450 

in Figure 16. Indeed, the air velocity profiles follow generally parabola shapes with the 451 

highest velocities occurring at the cavity center as depicted in Figure 16 for both cavity 452 

thicknesses. The difference between the velocities for the two cavity thicknesses is rather 453 

minimal unlike the case of natural convection. This difference indicates that heat removal 454 

is mainly achieved by forced airflow through the air cavity, especially for the case of 2-cm 455 

air thick cavity exhibiting higher velocities to the narrower cavity channel. However, even 456 

with the wider cavity, the air forced airflow ensures a consistent heat removal from the 457 

cavity and thus the wall assembly.  458 
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Figure 13. Temperature contours within the wall assembly with air cavity thickness of (a) 2 cm (b) 5 460 

cm for the case of forced convection 461 

 462 

                     463 

  
 (a) (b) 

 464 

Figure 14. Velocity profiles within the unsealed air cavity with thickness of (a) 2 cm (b) 5 cm for the 465 

case of forced convection 466 

 467 
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Figure 15. Temperature profiles along the horizontal cross-sections at different heights of the assem- 468 

bly with unsealed air cavity thickness (a) 2 cm (b) 5 cm under forced convection 469 

 470 

  

(a) (b) 

 471 

Figure 16. Velocity profile along the X-axis of the air cavity at different locations for cavity thickness 472 

(a) 2 cm (b) 5 cm under forced convection 473 

4.2. Impact of Cavity Surface Emissivity 474 

In this section, the effects of the emissivity of the air cavity surfaces are evaluated on 475 

the overall thermal performance of retrofitted wall assemblies with insulated panels. Fig- 476 

ure 17 illustrates the variations of the normalized R-value, r, with the cavity surface emis- 477 

sivity for three airflow cases including sealed air cavity and unsealed air cavity with nat- 478 

ural and forced convection with an airflow velocity of 0.5 m/s. 479 
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 480 
Figure 17. Variation of the normalized R-value, r, with cavity surface emissivity for a retrofitted wall 481 

assembly 482 

In the case of the sealed air cavity, the normalized R-value shows minimal change 483 

across all emissivity values. The slight decline in Figure 17 indicates that in a sealed envi- 484 

ronment, where air within the cavity has minimal movement, the surface emissivity can 485 

affect noticeably the overall R-value of the insulated wall assembly.  486 

In the case of unsealed air cavity with natural convection, the R-value of the insulated 487 

wall assembly remains consistently low and is almost unaffected by any change in the 488 

emissivity value. This result is associated with the fact that the dominant heat transfer 489 

mode within the air cavity is convection, primarily influenced by the introduced cold ex- 490 

ternal air, which efficiently removes heat irrespective of the radiative properties of the 491 

insulation layer.  492 

For the case of unsealed air cavity with forced convection with an air velocity of 0.5 493 

m/s, the results of Figure 17 follow the same patterns as those obtained for the case of 494 

natural convection. The dominating influence of air movement leads to consistently lower 495 

R-values for the insulated wall assembly when compared to those estimated for the case 496 

of natural convection. Indeed, the forced air movement of air intensifies heat transfer 497 

through enhanced convection and thus lower insulating effects of the air cavity. Enhanced 498 

air flow while increases heat transfer by convection, it reduces any influence of the emis- 499 

sivity of the insulation layer surface.  500 

 501 

4.3. Impact of Insulated Panel Thickness 502 

This section investigates the impact of the insulated panel thickness on the overall R- 503 

value for the retrofitted wall assembly. Figure 18 outlines the variation of the normalized 504 

wall assembly R-value, r, as a function of the insulated panel thickness for three airflow 505 

cases. The results of Figure 18 are obtained when air cavity thickness is 5 cm, the surface 506 

emissivity is 0.9, and the air velocity for the case of forced convection is 0.5 m/s. 507 
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 508 
Figure 18. Variation of the normalized R-value, r, with insulated panel thickness for a retrofitted 509 

wall assembly 510 

As shown in Figure 18, the impact of the insulated panel thickness on the overall R- 511 

value of the retrofitted wall assembly depends significantly on the airflow type within the 512 

air cavity. The overall normalized R-value of the wall assembly decreases with the thick- 513 

ness of the insulated panel regardless of the air cavity configuration. 514 

For the case of natural convection with the outside insulation case, increased thick- 515 

ness results in decreased normalized R-values, signifying that the ratio of Rairgap to Rno airgap 516 

lowers when the insulation thickness increases. This trend occurs because as the thickness 517 

of the insulation increases, the potential for convective loops to develop within the air gap 518 

also increases, thereby reducing the insulating effectiveness. Natural convection relies on 519 

temperature differences within the air gap to drive the movement of air. As the insulation 520 

becomes thicker, the temperature gradient across the gap can enhance these convective 521 

currents, leading to increased heat transfer and a corresponding reduction in the R-value. 522 

For the case of unsealed cavity with forced convection at 0.5 m/s, the normalized R- 523 

value varies following a similar trend than that of the unsealed cavity case with natural 524 

convection. However, the forced convection case results in more pronounced changes in 525 

the R-value of the retrofitted wall assembly than those obtained for the natural convection 526 

case due to more effective heat transfer associated with higher air velocities within the 527 

cavity. 528 

5. Conclusions 529 

In this study, the impacts of air cavities associated with connecting insulated panels 530 

to existing wall assemblies are evaluated. The analysis results have indicated that these 531 

impacts depend on several factors including primarily the air cavity thickness, and the 532 

type of airflow within the cavity. The key findings reveal that if an insulated panel needs 533 

to be attached along the exterior facade of an existing wall assembly, it is important to seal 534 

all the sides of the air cavity and minimize its thickness and use low emissivity surfaces. 535 

For sealed air cavities with optimal thickness (ranging between 2 cm and 3 cm), the R- 536 

value of the retrofitted walls improves by 9% while reducing emissivity from 0.9 to 0.1 537 

increases their R-value by 13%.  538 

However, any significant airflow within the air cavity, due to natural or forced con- 539 

vection, significantly decreases the overall R-value—up to five times lower than that of an 540 

insulated wall without any air cavity. Moreover, the thickness and surface emissivity of 541 

the air cavity can greatly influence the overall thermal performance of retrofitted wall 542 
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assemblies. Specifically, lower emissivity enhances the R-value of the retrofitted wall as- 543 

semblies regardless of airflow within the air cavities, whereas the impacts of air cavity 544 

thickness vary as it increases R-value when sealed, but decreases it under convection, es- 545 

pecially with higher air velocities. 546 

This study underscores the complexity of retrofitting of wall assemblies with attach- 547 

able prefabricated insulation panels, as the resulting thermal performance depends on 548 

factors such as cavity thickness, airflow, and panel thickness. Moreover, experimental 549 

analysis is required to verify the results of this study to ensure proper retrofit practices 550 

when installing prefabricated insulated panels. 551 
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