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ABSTRACT 

This paper investigates the impacts of external 

shadings on the convective heat transfer rate of a 

high-rise building. The convective heat transfer 

coefficient (CHTC) is evaluated using high-

resolution 3D computational fluid dynamics 

simulations. Thus, as the depth of the shading 

element increases, reduced values of CHTC were 

obtained. Except at the horizontal edges of the 

building locally for horizontal shading elements, 

and at roof level edges for vertical shading 

elements. For example, for 1 m deep shading 

element, CHTC value decreased compared to 

smooth surface by 13%, 22%, and 46% for a 

horizontal, a vertical, and an egg-crate forms, 

respectively. 

INTRODUCTION 

Buildings use about 40% of global energy and 

emit approximately 1/3 of GHG emissions (UNEP 

2017). Thus, many countries around the world are 

confronted with the challenge of decreasing 

energy consumption. Improving energy efficiency 

and reducing energy demand are widely 

considered as the likely means to mitigate climate 

changes. In buildings, the requirement to 

minimize the energy consumption complemented 

by integrating some architectural features such as 

a balcony, a mullion, and an egg-crate on their 

façade systems to reduce heating load during 

summer. Numerous studies show within the 

building industry; there is an increasing concern 

about a mismatch between the predicted energy 

performance of a building and actual measured 

performance, typically addressed as “the 

performance gap” (Pieter 2014).  Bridging the gap 

between the predicted and measured performance 

is crucial. Thus, detail knowledge of convective 

heat transfer for the external surface of a building 

is essential for the analysis of building energy 

consumption. 

Buildings interact with the environment in a 

complex manner that affects, particularly, the 

convective heat transfer coefficient (CHTC) 

highly. Thus, the external convective heat transfer 

is modeled using a standard formula as in Eq. (1) 

     𝐶𝐻𝑇𝐶 =
𝑞𝑐

(𝑇𝑠𝑢𝑟−𝑇𝑎𝑖𝑟)
 (1) 

where CHTC is convective heat transfer 

coefficient, 𝑞𝑐 is local surface heat flux

(W/m2), 𝑇𝑠𝑢𝑟  is surface temperature (K), and 𝑇𝑎𝑖𝑟

is reference air temperature (K). 

To date, the CHTCs used by building energy 

simulations (BES) tools are primarily derived 

from experimental and numerical analysis carried 

out on  low-rise buildings with smooth façade 

surfaces (DoE 2016, Palyvos 2008, Mirsadeghi et 

al. 2013). However, the external shading 

elements, as well as the height of the building 

have a significant effect on the CHTC. Therefore, 

the application of the existing CHTCs for non-

smooth facades and high-rise buildings may not 

be accurate. There are numerous numerical 

studies on high-rise building of CHTC correlation 

developments, which consider smooth façade 

such as Montazeri et al. (2015). In addition, there 

are also previous studies on the impact of external 

shading in building energy consumption, yet, in 

these studies, the existing- CHTC correlations are 

used which are primarily developed from smooth 

facades (Kirimtat 2016).  

Thus, the present study investigates the effects of 

balconies, mullions, and egg-crates on the 

convective heat transfer rate of a high-rise 

building. Thus, the CHTC is evaluated using high-

resolution 3D computational heat transfer and 

fluid dynamics simulations. A steady RANS full-

scale simulation of 100 m tall building is used to 

model surface-average CHTCs. The influence of 

the external shading elements on the CHTC value 

distribution is investigated at different Reynolds 
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Numbers ranging from 6.67x106 to 33x106. All 

the results are cross discussed, and conclusions 

are drawn.  

The remaining sections of the paper are organized 

as follows: Section 2 describes the methodology 

used for evaluating CHTC and the details of the 

numerical modeling. Section 3 presents the results 

and discussion, and finally, section 4 concludes 

the paper. 

NUMERICAL SIMULATION CASES 

Study cases 

In this study, a CFD technique was used to 

investigate the impact of external shading on 

convective heat transfer rate. A stand-alone 

building of 30 m x 40 m x 100 m dimension with 

different forms of external shading elements were 

considered as illustrated in Figure 1. The CFD 

simulation cases are listed in Table 1.     

Table 1 Study cases 

Width 

(w) m 

Height 

(h) m 

Depth 

(d) m 

Thickness 

(t) m 

Case1 5 3.3 0.2 0.15 

Case 2 5 3.3 0.5 0.15 

Case 3 5 3.3 1 0.15 

Numerical modeling 

The current study uses similar characteristics for the 

computational domain as those adopted by the 

recommendations of Franke et al. (2007), Tominaga 

et al. (2008), Dagnew and Bitsuamlak (2013) 

guidelines (see Figure 1). A blockage ratio of 1.8% is 

obtained, which is sufficiently low (Franke et al. 

2007).  Different wind speeds at the reference height 

of 10 m of U10 = 1, 2, 3, 4 and 5 m/s are used. In all 

cases, the inflow direction is normal to the vertical 

façade. At the inlet of the domain, an atmospheric 

boundary layer (ABL) is imposed. This boundary 

layer can be described by the logarithmic law, which 

constitutes a vertical profile of the mean horizontal 

wind speed, turbulent kinetic energy K (m2/s2) and 

turbulence dissipation rate ε (m2/s3) (Richards and 

Norris 2011). 

𝑢(𝑧) =
𝑢∗

𝑘
𝑙𝑛 (

𝑧+𝑧0

𝑧0
)          (2) 

K = 3.3𝑢∗
2     (3) 

 𝜀 =
𝑢∗

3

𝑘(𝑧+𝑧0)
    (4) 

where 𝑢∗  is friction velocity (m/s), 𝑧0 is the

aerodynamic dynamic roughness length which is 

assumed that the buildings are situated on a large 

grass-covered terrain 𝑧0 = 0.03 m (ESDU 2001), k is

the von Karman constant (~0.42). The thermal 

boundary conditions are a uniform inlet air 

temperature of Tref = 283K and a fixed surface 

temperature of Tw = 303K for the building. The 

external shadings do not typically have enough 

thermal mass to be described as part of the building’s 

thermal makeup. The most important effect of 

shading surfaces is to reduce solar gain in windows 

that are shadowed (DoE 2016). Thus, the external 

shadings have a surface temperature of Tref = 283K. 

An adiabatic boundary condition is used for the 

ground surface. Symmetry boundary conditions are 

applied at the top and lateral sides of the domain. The 

ground surface is modeled, as a no-slip wall with zero 

roughness height (ks) is zero, since in LRNM surface 

roughness values cannot be specified (Blocken et al. 

2009, Defraeye et al. 2010). Zero static pressure is 

applied to the outlet plane. In the computational 

domain, three different grids are constructed with 

different control volumes (see Figure 2 and 3). The 

grid distributions are CV1 (H/10), CV2 (H/20) and 

CV3 (H/25). In CV3 to achieve a high-resolution 

(LRNM) grid with cell center at a minimum distance 

of yp = 130 µm from the building surface is used to 

resolve the entire boundary layer, including the 

viscous sublayer and the buffer layer, which dominate 

the convective heat resistance. In this study, different 

grid cells are used such as for the case of building 

without shading a total of 2.66 x106 cells; for the 

building with horizontal shading a total of 3.35 x106, 

for the building with vertical shading a total of 3.42 

x106 cells, and for a building with egg-crate shading 

a total of 4.92 x106 cells are deployed. Low-Reynolds 

number modeling (LRNM), Shear Stress Transport 

𝑘 − 𝜔 (SST 𝑘 − 𝜔) turbulence models, has been used 

in the present work. The LRNM requires very high 

grid resolution near the wall (Blocken et al. 2009, 

Defraeye et al. 2010), hence computationally 

expensive. Details about the CFD simulation 

validation with experimental data of Meinders et al. 

(1999) and grid sensitivity analysis are provided in 

Kahsay et al. (2017). The simulations are conducted 

using a commercial CFD package (STAR-CCM+ 

v.10.12, 2015) and the SHARCNET 

(www.sharcnet.ca, 2015) high-performance 

computing (HPC) facility at Western University. 
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RESULT AND DISCUSSION 

In this section, the influence of building external 

shading on surface-average CHTC distributions 

and surface-averaged CHTC-U10 correlations for 

four building with and without external shading 

forms will be discussed. 

Surface-average CHTC distributions 

In this study, computationally evaluated various 

buildings with and without external shading are 

considered to investigate the impact of external 

shading on the CHTC-U10 correlations.  

The local and surface-averaged CHTC at the 

surfaces of each building is highly dependent on 

the immediate flow structure around it. For the 

case of building without shading, as the stagnation 

pressure forces the impinging wind flow towards 

the top, bottom and side corners of the building, 

the separated layer flows at high shear forms 

vortices around the edge. Near-wall, velocity 

increases around the leading-edge corners, which 

leads to higher surface friction velocity. As a 

result, a higher value of CHTC is observed at the 

leading top and side corners of the building. 

However, around the stagnation position and 

closer to the base of the buildings, lower values 

are observed. Further, the standing and horseshoe 

vortices around the bottom of the buildings, which 

increases the residence time of the air, leads to a 

higher local air temperature resulting in lower 

values of CHTC as illustrated in Figure 4-a.  

For the case of building with horizontal shading 

element, as the stagnation pressure forces the 

impinging wind flow primarily towards the side 

corners of the building, and this is due to the 

horizontally aligned balconies. Thus, the 

separated layer flows at high shear forms vortices 

around the side edges. Near-wall, velocity 

increases around the leading-horizontal edge 

corners, which leads to higher surface friction 

velocity. As a result, a higher value of CHTC is 

observed at the side corners of the building. 

However, around the stagnation location and 

close to the base of the buildings, lower values are 

observed as illustrated Figure 4-b.  

For the case of building with vertical shading 

element, as the stagnation pressure forces the 

impinging wind flow primarily towards the top 

corner of the building, and this is due to the 

obstruction of the mullions. Thus, the separated 

layer flows at high shear forms vortices around the 

top edges. Near-wall, velocity increases around 

the leading top corner, which leads to higher 

surface friction velocity. As a result, a higher 

value of CHTC is observed at the top corners of 

the building as illustrated in Figure 4-c. 

For the case of building with egg-crate shading 

element, both the horizontal and vertical shading 

elements restricts the flow on the surface of the 

building. Thus, increasing the residence time of 

the air on the building surface resulting in low 

CHTC values as illustrated in Figure 4-d. 

CHTC-U10 correlations 

A comparison of CHTC distribution on the 

surface of a building is made between a building 

without shading and with shadings. Thus, for the 

case 1 (see Table 1) where a building having a 

shading depth of 0.2 m, on average 5%, 9%, and 

19% of decrement is shown on horizontal, 

vertical, and egg-crate shading respectively as 

illustrated in Figure 5-a.  

For the case 2 where a building is having a 

shading depth of 0.5 m, on average 9%, 15%, and 

30% decrement are shown on horizontal, vertical 

and egg-crate shading respectively as illustrated in 

Figure 5-b. For the case 3 where the building has 

shading depth of 1 m, on average 13%, 22%, and 

46% decrement is shown on horizontal, vertical 

and egg-crate shadings respectively as illustrated 

on Figure 5-c. 
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Figure 5 Surface-average CHTC comparison on 

four shading with shading depth of a) 0.2 m, b) 

0.5 m, c) 1.0 m. 

In addition, the impact of external shading on the 

individual external shading forms with different 

depths are also investigated. Thus, this study 

shows that for the case of building having external 

horizontal shading as the shading depth increases 

to 1 m, the surface-average CHTC has decreased 

by 13% (see Figure 6-a). For the case of a building 

having vertical shading, it has decreased by about 

22% (see Figure 6-b), and for the case of building 

having external egg-crate shading; it has reduced 

by 46% (Figure 6-c). Figure 6 Surface-average CHTC comparison on 

a) horizontal shading, b) vertical shading, and c)

egg-crate shading. 

In general, the correlation has indicated that as the 

shading depth increases, surface-average CHTC 

also decreases. In addition, building with egg-

crate external shading has higher CHTC 
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reductions due to the decelerated wind flow on the 

surface of the building, which increases the 

residence time of the air. Thus, as the CHTC 

decreases the heat transfer rate of the building will 

decrease.  

CONCLUSION 

Four high-rise buildings with different external 

shading configurations are investigated using a 

high-resolution 3D steady RANS simulation of 

convective heat transfer at the façade of a building 

to study the impact of the external shading on the 

surface-average CHTC – U10 correlations. The 

results show that the local and surface-averaged 

CHTC values at the surfaces of each building are 

dependent on building aerodynamics and forms of 

the shading element. Thus, in all cases, the CHTC 

value has reduced as building shading depth 

increased. In addition, the study shows that for the 

case of horizontal shading, as the shading depth 

increases to 1 m, the surface-average CHTC has 

decreased by 13%, for vertical shading it has 

decreased by about 22%, and for the case of egg-

crate; it has decreased by 46%. Thus, as the CHTC 

decreases the heat transfer rate of the building will 

decrease. For further study, the new-CHTC 

correlations developed from CFD will be 

compared with the existing-CHTC correlations, to 

investigate the impact of external shadings on 

annual energy consumption of a high-rise building 

using building energy simulation tools. 
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NOMENCLATURE 

𝑞𝑐  = Local surface heat flux (W/m2)

𝑇𝑠𝑢𝑟𝑓= Surface temperature (K)

𝑇𝑎𝑖𝑟  = Reference air temperature (K)

𝑢(𝑧) = Mean wind speed  

𝑢∗  = Friction velocity (m/s)

𝑘  = The von Karman constant (~0.42) 

Z = Reference height 

𝑧0 = The aerodynamic dynamic roughness length

K= Turbulent kinetic energy (m2/s2)  

ε = Turbulence dissipation rate (m2/s3) 
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Figure 2 Computational domain 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3 High-resolution meshing 
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Figure 4 Surface-average CHTC for a) without shading b) horizontal shading c) vertical shading d) egg-crate 

shading at ref. speed of 3m/s at the inlet 
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