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ABSTRACT

The buildings in northern Canada have unique climatic

and environmental challenges, and therefore, the need for

innovative building design has become a vital requirement

in a sustainable and resilient future. This study proposes

a framework to integrate building information modeling

(BIM) and computational fluid dynamics (CFD) analysis

to study microclimate effects on buildings. As an applica-

tion an investigation of different case scenarios of building

heights above ground (0.5m,1m,1.5m,2m), wind speeds

(5m/s,7m/s,9m/s), and wind directions (0◦,45◦,90◦) is

presented here. Results reveal that building downwash ef-

fect is a key factor in heat transfer to ground and therefore

raising it 1m above ground is recommended.

INTRODUCTION

Climate change represents serious environmental, social,

and economic challenges for the Northwest Territories,

including rapidly warming temperatures, sea ice change,

and permafrost degradation (Grosse et al. 2011). If no

action is taken to mitigate this phenomenon, the problem

will likely continue and aggravated, leading to an increase

in the level of carbon and methane in the atmosphere

(IPCC 2013). These Northern communities, therefore, ex-

perience many concerns to sustain themselves. Many of

the current houses are in poor quality and their design may

have not considered harsh climate conditions in Northern

Canada (i.e. 90% of the Nunavik population live in unsuit-

able houses). Further, a big number of these houses were

built directly on the ground causing permafrost to thaw

faster underneath. Thaw settlement affects ground stabil-

ity (Fortier, LeBlanc, and Yu 2011) also requires an ex-

tra budget for the construction and maintenance process.

Investigating convective heat transfer in the Northern cli-

mate is crucial to maintain the frozen state of the ground

and prevent permafrost degradations. Uses of wind-tunnel

and full-scale measurements are difficult due to time and

cost constraints for low-rise buildings. The multiphysics

nature of the problem is another challenge. Alternatively,

the use of computational fluid dynamics (CFD) is con-

sidered in this study. CFD provides high-resolution nu-

merical simulation that can model wind flow. As such,

with the power of CFD, it is possible nowadays to per-

form a full-scale analysis and high Reynolds numbers

(Re = 105
−107) rather than the traditional reduced-scale

tests (Hanna et al. 2006). The integration of Building In-

formation Modeling (BIM) with CFD also provides effi-

cient workflows that help determine the outdoor environ-

mental condition (Delavar et al. 2019). The BIM model

is designed and saved as an exchangeable format that al-

lows the data transformation with physical and functional

characteristics of structures (Eastman et al. 2011; You-

nis, El Ansary, and Bitsuamlak 2018). Much work has

been conducted in the related literature to investigate and

monitor permafrost heat transport and evaluate the factors

that can be related directly to increase the thawing on the

ground surface. In this instance, different modules have

been developed to study coupled heat and water transfer

in the permafrost layer to provide insight into the interac-

tion between shallow groundwater, warming permafrost,

and permafrost thaw rates (Ge et al. 2011), (Bense et al.

2012), (McKenzie and Voss 2013), and (Kurylyk, Mac-

Quarrie, and McKenzie 2014). Likewise, the impact of

thermal advection was investigated using numerical mod-

els by (Wellman, Voss, and Walvoord 2013) on permafrost

thawing. The authors reveal that thermal advection can

significantly increase thawing rates. Other studies found

that building facades contribute to a significant portion of

heat losses, which can be obtained from the convective

heat transfer (Palyvos 2008), and thereby these heat loss

can change the thermal dynamics of permafrost. Authors

(Gruber and Hoelzle 2008) remarked that air circulation

driven by the temperature gradient between the air inside

and outside buildings has not been treated sufficiently as

most of the numerical simulations have not taken into con-

sideration the influence of convective heat transfer in per-

mafrost regions. Evaluating convective heat transfer co-

efficient (CHTC) of building facades is not a simple task

as it strongly depends on the interaction between a wide

range of parameters such as building geometry and sur-

rounding, wind flow and speed, and surface roughness

(Montazeri et al. 2015).

To our best knowledge, the relation between building heat

losses and permafrost is not well studied. This paper

presents high-resolution 3D BIM-CFD integrated simu-

lations of CHTC on the building surfaces and the per-

mafrost ground layer in the Arctic region. Particularly,

it analyzes the variation of CHTC with building raised

from the ground at different heights, subjected to differ-

ent wind speeds, and wind directions of (0.5m,1m,1.5m,
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Figure 1: BIM-based CFD simulation

and 2m), (5m/s,7m/s, and 9m/s), and (0◦,45◦, and 90◦),

respectively. Also, forced convection is considered only

in this work as the relative importance of the buoyancy ef-

fect is negligible. This is due to the fact that the ratio of

the Grashof number to the Reynolds numbers squared is

small.

METHODOLOGY

The proposed BIM-supported framework is presented in

this section. BIM is used as a tool for sustainable built

environment that exchange and save the model informa-

tion between 3D CAD and CFD software. The frame-

work of the proposed approach is demonstrated in Figure

1. The first step in the proposed approach is to create a

3D BIM model with accurate building geometry, location,

and level of details (LOD) which was 100 LOD as demon-

strated in Figure 2. The geometry of the building used to

represent the height, width, and length are 6m,9.75m, and

11m respectively. With the exported stl file from the BIM

model, CFD and heat transfer simulation is carried out to

evaluate CHTC variation of the building and permafrost

as well as the flow field. The convective heat transfer is

governed by Newtons law of cooling and can be calcu-

lated as shown in Equation 1

CHTC =
qc

Ts −Tre f

(1)

where CHTC is W/m2K, qc the convective heat flux den-

sity (W/m2), Ts the surface temperature (K) and Tre f the

reference temperature (K). The climate data of Iqaluit,

Nunavut, Canada is used for the simulation. It is worth

mentioning that this city is considered the main air trans-

portation hub for the eastern Arctic. Winter weather con-

ditions between Nov. to Feb. were chosen because of

the expected high heat losses due to the high joint occur-

rence of the wind speed and temperature difference be-

tween inside and outside of buildings, which represents

critical stressor for permafrost degradation.

Floor Plan BIM Model Simplified Model - 100 LOD

Figure 2: BIM built environment

CFD Simulations

As listed in Table 1, different scenarios have been simu-

lated to evaluate the effect of each design parameter on

building surfaces and permafrost ground. The 3D steady

Reynolds-averaged NavierStokes (RANS) equation with

the Shear stress turbulent (SST) k −ω closure model is

used to model the turbulent wind flow and energy equa-

tion is solved to predict the CHTC. SST k−ω provides

sufficient accuracy on building surfaces and able to cap-

ture flow characteristics near the wall (Kahsay, Bitsuam-

lak, and Tariku 2019). The authors reported their results

of the CFD model validation in Figures 3 and 4. In their

study, CFD simulation of a cube was performed to evalu-

ate the surface temperature along a mid-height horizontal

centerline and a mid-plan vertical line. They also com-

pared their work with other studies including experimen-

tal data presented by (Meinders, Hanjalic, and Martin-

uzzi 1999) and CFD simulations reported by (Montazeri

et al. 2015; Defraeye, Blocken, and Carmeliet 2010). The

simulations produced accurate CHTC predictions for the

windward surface utilizing the two-equation SST k −ω

model. Based on the CFD validation from literature, the

same set of parameters has been adopted in this study. As

such, commercial CFD solver STAR-CCM+ and SHAR-

CNET high-performance computing at Western Univer-

sity has been used to perform the simulation process.
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Table 1: Simulation scenarios & design parameters
Ground height (m) Wind speeds (m/s) Wind direction

0.5 5, 7, 9 0◦

1 5, 7, 9 0◦

1 7 45◦

1 7 90◦

1.5 5, 7, 9 0◦

2 5, 7, 9 0◦

* Ground height represents distance above the ground

Figure 3: Comparison of experimental measured and sim-

ulated temperature distribution on the windward surfaces

of the cube in horizontal center plane (Kahsay, Bitsuam-

lak, and Tariku 2019)

Computational domain

Figure 5 shows the computational domain (CD) extends

5H upstream, 15H downstream of the building, and 5H

height based on the practice guidelines discussed in (Dag-

new and Bitsuamlak 2014; Franke et al. 2011), where H

denotes for building height. More precisely, these guide-

lines show that the CD dimensions allow the atmospheric

boundary layer (ABL) profile interaction details upstream

and wake flow redevelopment downstream.

Boundary conditions

In this study, three different wind speeds of U10 =
5m/s,7m/s, and 9m/s were used at the reference height

of 10m. logarithmic law assumed to describe the ABL

at inlet of CD, see Equation 2. The mathematical calcu-

lation of Turbulent kinetic energy K(m2/s2) and turbu-

lence dissipation rate ε(m2/s3) are shown in Equation 3

and 4, respectively. Detailed explanations about these in-

flow boundary conditions are provided in (Richards and

Norris 2011).

U(z) =
U∗

k
ln

(

z+ z0

z0

)

(2)

K = 3.3u2
∗

(3)

ε =
U3
∗

k (z+ z0)
(4)

The parameters of these profiles allow to produce a neutral

ABL, where the friction and shear are the main source of

turbulence generation, u∗ is friction velocity (m/s), z0 is

the aerodynamic roughness length z0 = 0.03m (Emes et al.

Figure 4: Comparison of experimental measured and sim-

ulated temperature distribution on the windward surfaces

of the cube in vertical center plane (Kahsay, Bitsuamlak,

and Tariku 2019)
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Figure 5: Computational domain-perspective view

2017) (ESDU 2001), and k is the von Karman constant

(∼ 0.42). A uniform inlet air temperature of Tre f = 248K

is selected based on the winter weather data of Iqaluit

city (Ghias et al. 2017; GOC 2019). The temperature of

the building surfaces is constant and fixed to Tw = 303K,

while the ground surface is assumed to be a constant tem-

perature boundary condition with a value of Tg = 259K

(Oldenborger and LeBlanc 2015; GNWT 2014). The top

and lateral sides of the domain are considered symmetry

boundary conditions.

Grid dependency analysis

To perform the grid dependency analysis, a CHTC of

the windward surface is compared for G1 (coarse), G2

(medium) and G3 (fine) to ensure the optimum mesh size.

Figure 6 shows the three levels of grid density with grid

1 (3150000 cells), grid 2 (5150000 cells), and grid 3

(6200000 cells). The simulated CHTC result does not

change significantly between grid 2 & 3, see Figure 7.

Therefore, the finest grid (3) distribution has been adopted

in the present study. Convergence is assumed when all the

scaled residuals level off and reach the values 10−7 for x,

y, z-momentum, energy, continuity, and k and ε .
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(i) Grid 1 (ii) Grid 2 (iii) Grid 3

Figure 6: Grids comparison
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Figure 7: Grid sensitivity analysis

The computational domain with its four control volumes

(CV1, CV2, CV3, and CV4) are depicted in Figure 5.

Each sub-domain represents a different mesh size with

a refined grid near the building’s exterior surfaces. To

achieve a high-resolution grid near the building surfaces

in CV4 (finest mesh) , fine grids are deployed to obtain

small y+ < 5 to capture essential details of the tempera-

ture gradients near the walls. Equation 5 shows the math-

ematical expression of y+.

y+ =
u∗y

ν
(5)

where y is the distance to the nearest wall, ν is the lo-

cal kinematic viscosity. To increase the accuracy of the

mesh, 10 prism layers at the viscous boundary layer are

generated on the building surfaces with a total thickness

of 2.1mm (Figure 8). The value of 1.05 is selected for

the stretching factor to get better grid clustering properties

that able to resolve the boundary layer at all solid-fluid in-

terfaces of CV4. As recommend by (Kahsay, Bitsuamlak,

and Tariku 2019), the first cell spacing should be between

the range 120µm and 150µm for accurate CHTC analy-

sis. The mesh setup in this work has a minimum distance

from building surfaces of 150µm, which located within

the recommended range.

RESULTS AND DISCUSSIONS

In this study, building height, wind velocity, and wind di-

rection parameters were investigated to determine their

impacts on the Northern building architecture and per-

mafrost ground underneath. Different simulated scenar-

ios were performed and the results of selected scenarios

are administrated in Figure 9. It can be clearly seen in all

scenarios that high-temperature gradient between build-

ing surfaces (303K) and the outside air (248K) leads to

ascending air in the surrounding area. It is worth men-

tioning that, building surface temperature value was taken

as recommended in the related literature by (Blocken et al.

2009; Kahsay, Bitsuamlak, and Tariku 2019). Thus, this

convective air circulation causes temperature distribution

and heat transfer between the whole system.

Scenarios 1,2,3, & 4, study the impact of different build-

ing heights of (0.5m,1m,1.5m, and 2m) above the ground,

while the wind speed and direction are 7m/s and 0◦, re-

spectively. In the first scenario as shown in Figure 9 (i)-

c&d, when building raised above the ground 0.5m, the

airflow underneath is accelerated within a narrow strip in

yellow and red colors, while the red color indicates to high

CHTC values. Therefore, the 0.5m is not sufficient to re-

duce the heat transfer from the building to the permafrost.

It is worth mentioning that, the shadow area under the

buildings’ frame is often expected to be the highest CHTC

values in permafrost ground. Hence, such areas should be

excluded from the pilings foundation and screwjacks im-

plementation. In contrast, better results observed in terms

of reducing thermal effect on permafrost when the build-

ing is raised 1m above the ground as shown in Figure 9

(ii)-c&d. This can be justified when the open space be-

tween the building and permafrost ground increased, the

heat losses dissipate by free circulation of the air. Like-

wise, Figures 9 (iii and iv)-c&d show better results in

comparison with the first two scenarios in mitigating the

building downwash effect, as well as reduces the inten-

sity of convective air circulation over the strip region as

shown in scenario 1. Also, these two simulations identify

the contribution of the redevelopment of the circulation in
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Figure 8: Prism layers distribution

the wake area and its role in redistributing the heat over

the surrounding area. Among the previously discussed

scenarios, a positive correlation has been noticed between

raising the building above the ground and reducing the

thermal stress on permafrost. In light of such a scenario,

this demonstrates that permafrost is extremely sensitive to

thermal changes. Despite the yielded promising results

from raising the building of reducing thermal stresses on

permafrost, the CHTC distribution on windward surface

has increased as demonstrated in Figure 9 (i, ii,iii, & iv)-a.

These results show a positive correlation between height

and CHTC values.

Extremely strong winds represent one of the climate char-

acteristics in the Northern region. Thus, additional simu-

lations are performed to obtain correlations of the forced

CHTC with wind speed for windward surface and per-

mafrost ground, see Figures 9 (ii, v, and vi)-b&c. Accord-

ing to the figures, it has been noticed that when the wind

velocity is increased, the CHTC values for both building

surfaces and permafrost ground are increased as well. Due

to the intensity of the air circulation, more rate of convec-

tive heat transfer is occurring between the building and

the permafrost layer. Figure 11 demonstrates a compar-

ison of surface-averaged CHTC of windward face with

different wind velocities of (5,7, and 9m/s) and heights

(0,0.5,1,1.5, and 2m). The results reflect a significant im-

pact of wind speed on CHTC; when the velocity increased

from 5m/s to 9m/s, the surface-averaged CHTC has in-

creased on the windward face by 43.2%. The CHTC also

has the highest values on the building edges due to the

air separation at the sharp edges. Accordingly, it is rec-

ommended to install proper insulation at these locations

to reduce heat losses from the building surfaces and heat

transfer to the permafrost.

This study also evaluates the effect of wind directions on

permafrost by comparing wind approaching from angles

45◦ and 90◦. As Figure 10-(i & ii) depicts, when the

Table 2: Correlation of surface-averaged CHTC & wind

direction
Wind angle CHTC Deference (%)

0◦ 27.94 -

45◦ 24.89 11.6 %

90◦ 21.19 27.2 %

wind approach from angles 45◦, the intensity of wind will 
be distributed over two faces. This, in turn, reduces the 
CHTC values by 11.6% on the windward face in compar-

ison with the 0◦. Similarly, when the wind approaching 
the building from angle 90◦ , the heat transfer and CHTC 
of the windward face reduced by 27.2%. Table 2 shows 
the correlation of CHTC and wind direction for 1m ele-

vated building.

Over the total simulations of 22 scenarios, it has been 
noted that elevated buildings above the ground have two 
contradictory effects. More precisely, having an open 
space underneath the building obtain encouraging results 
for preserving the frozen state of permafrost. Nonethe-

less, such a solution increases CHTC on the windward 
face causing more heat losses. A strong correlation also 
has been observed between the CHTC and wind veloci-

ties. Based on the obtained results, it is recommended to 
raise the building above the ground by 1m in the North-

ern climate. This selection can be justified by the fact that 
among all heights, the 1m height has yielded better re-

sults (intermediate) in both permafrost ground and CHTC 
of the windward face. Considering the above-mentioned 
advantages, the 1m represents a reasonable and conve-

nient height for elderly people. Further, to mitigate the 
wind speed’s negative impact, building orientation and 
form should be taken into consideration in the designing 
of Northern buildings.

CONCLUSION

This study focused on the Northern climate which is 
uniquely sensitive to the climate change impacts such as 
rapidly warming temperatures, sea ice change, and per-

mafrost degradation. While much of the infrastructure in 
this region relies on the properties of permafrost frozen 
state for stability, heat transfer from structures causes 
ground warming leads to permafrost degradation. Typ-

ically, the proposed solution to overcome such a prob-

lem is to raise the building above the ground to create 
an open space underneath prevents wind drifted snow ac-

cumulation and reduces the thermal stress on the per-

mafrost. The current study quantified the impact of raising 
buildings from ground (0.5m,1m,1.5m,2m), wind speeds 
(5m/s,7m/s,9m/s), and wind directions (0◦,45◦,90◦). 
Some of the observations include:
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(vi) Scenario 6: h = 1m,V = 9m/s,0◦

Figure 9: Comparison of CHTC among selected raised building scenarios

(i) Velocity contours plan at 4m. Scenario 7: h =
1.5m,V = 7m/s,45◦

(ii) Velocity contours plan at 4m. Scenario 7: h =
1.5m,V = 7m/s,90◦

Figure 10: Velocity contours
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1. Permafrost is sensitive to the height of the building

above the ground. A building height of 1m above

ground shows most suitable for the Northern climatic

as it reduces the thermal stresses on the permafrost.

2. Avoid pilings foundation and screwjacks implemen-

tation in the shadow area under the buildings’ frame

since it is exposed to the highest heat transfer. Note

that for permafrost regions, these two methods are

imperfect solutions as thawing ground can disrupt

the structure.

3. Uses special insulation in buildings edges and cor-

ners not only to enhance the energy saving, but also

to reduce the heat transfer enormously from building

to the permafrost underneath.

4. Building orientation should be considered in the

early design stages to alleviate building downwash

effect on permafrost ground.

In summary, under the Northern climate, wind speeds and

directions are a leading factor affecting permafrost thaw

through downwash effect, which in turn transfers the heat

from building surfaces to ground. The building height

above the ground also significantly affects heat transfer

to the permafrost layer. The study also provides a better

understanding of the building-permafrost relation, as well

as suggests adaption strategies for this unique climate.
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NOMENCLATURE

Tre f reference air temperature (K)

u(z) mean wind speed

u∗ friction velocity (m/s)
z a reference height

z0 aerodynamic dynamic roughness length

ε turbulence dissipation rate (m2/s3)
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