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ABSTRACT OF THE DISSERTATION 

 

Large eddy simulation of atmospheric boundary layer flow in urban terrain: Implications 

for transport of pollution and heat 

 

by 

Long Sun 

 

Doctor of Philosophy in Engineering Sciences (Mechanical and Aerospace Engineering) 

 

University of California, San Diego, 2011 

San Diego State University, 2011 

 

Professor Jan Kleissl, Chair 

Professor Asfaw Beyene, Co-Chair 

 

A three-dimensional immersed boundary method was implemented into a Large 

Eddy Simulation (LES) with advanced subgrid-scale modeling capability. In this way, 

obstacles in the urban atmospheric boundary layer such as buildings and hills could be 

represented without changing the Cartesian grid. These numerical methods are applied in 

two urban environment investigations. The first explores the effect of hilly urban 

morphology on dispersion characteristics in the urban boundary layer. The second 
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investigate the application of wall functions for building convection heat transfer in large 

eddy simulation. 

Air flow and dispersion in urban areas are strongly affected by the presence of 

buildings. In natural settings hills strongly impact dispersion. Five simulations of flow 

over building arrays over flat terrain and witch of Agnesi hills with maximum slope of 

0.26 were conducted to study turbulence and dispersion properties in and above the 

canopy. While the small hill reduces the shear stress and velocity variance above the 

urban canopy compared to the flat urban array, the shear stress increases for larger hills. 

The TKE in the canopy downwind of the hill decreased below the value for the flat urban 

case, but canopy ventilation for the hilly cases was several times larger than for the flat 

case, especially near the hill crest. Therefore, urban dispersion models should account for 

these relatively moderate terrain changes to produce accurate results.  

In urban energy balance models, convection heat transfer model is often over-

simplified by using a uniform convection heat transfer coefficient (CHTC) for each 

building surface. We consider more complex flow patterns by implementing a wall 

function to calculate the local CHTC from local velocities provided by LES. Simulations 

consisting of single building, 3 � 3 building arrays and 6 � 6 building arrays with neutral 

and unstable conditions were performed. Validation showed similar results as a low 

Reynolds number simulation resolving the viscous region, but both simulations disagreed 

with measurements in a wind tunnel. The log-law relation, which is a fundamental 

assumption underlying many wall models, was found to be accurate for the roof surface 

velocity and temperature for high building density, but it does not apply to windward and 

leeward surfaces. Density of buildings also acts as one of most important factors in 
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determining the temperature distribution and buoyancy force in the urban canyon and 

roughness layer. 
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1 

Introduction 

As more and more people move from villages and farms to live in cities, the rapid 

growth of cities results in half of world population residing in urban areas at the end of 

2008(un.org news). Urbanization changes human prosperity, but the negative effects of 

urbanization are also of concern, especially the urban heat island (UHI) and urban air 

pollution. In this research numerical methods are used to investigate some basic turbulent 

and thermal processes in urban areas. 
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1.1 Atmospheric Boundary Layer Flow over urban area  

The atmospheric Boundary layer (ABL) occupies the lowest 100 m to 2 km of the 

atmosphere; human activities occur in this region. Sutton (1953) divided the ABL into 

two regions. The inner region is the atmospheric surface layer where the velocity field is 

determined by the surface roughness and vertical gradient of temperature, the outer 

region where the shear stress is not only influenced by surface friction and temperature 

gradient but earth’s rotation also plays a role. If the buoyancy forces are considered, ABL 

can also be classified as a daytime convectively mixed boundary layer and a nighttime 

stable boundary layer. In this research we focus on the turbulence in the surface layer 

which means the height is in 50-200 meters above the ground surface, where the ABL is 

directly influenced by the momentum, heat, and water exchange at the earth’s surface. 

Wind speed, temperature and humidity drastically change in surface layer (Kaimal and 

Finnigan 1994). Figure 1.1 Shows a schematic of the flow through and over an urban 

area, and also defines the different sublayers within the surface layer. The first part of the 

research uses the neutral boundary layer, and the second part of the research uses the 

convective boundary layer where the urban energy balance is simulated. 
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Fig. 1.1 Schematic of the flow through and over an urban area 

 

1.2 Urban air dispersion 

Urban air pollution is a major threat to modern society. There are varieties of 

urban air pollution sources that range from industrial emissions to traffic emissions. The 

main pollutants are CO, NO
x
, hydrocarbons (which form Ozone) and particles 

(Vardoulakis et al. 2003). These pollutants are responsible for both acute and chronic 

effects on human health (WHO 2000). Urban dispersion models calculate pollutant 

concentrations by solving a set of equations that describe the mean velocity field and 

pollutant dispersion (Vardoulakis et al. 2003). While statistical results and approaches to 

urban dispersion modeling are valuable, the abundance of extreme or intermittent events 

in urban areas (e.g. flow splitting around a building) leads to limited success of these bulk 
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models. High-resolution models that explicitly resolve the interaction of individual 

buildings with the velocity field are required (Hanna et al. 2002).  

In urban areas, the microclimate created by high population and building densities 

influences the emission and dispersion of urban air pollution. Laboratory, analytical and 

high resolution numerical studies are used to identify the basic processes in urban 

boundary layer flow (Belcher et al. 2003, Di Sabatino et al. 2008, MacDonald 2000). 

Field studies with idealized building configurations (Kanda and Moriizumi 2009) were 

employed to study the momentum and heat transfer in urban area. The field trial in real 

urban atmospheres was also processed to obtain benchmark data for modeling (Allwine et 

al. 2002, Fernando 2010). 

One of the challenges for air pollution transport and dispersion modeling is the 

complex terrain in urban areas. Building-resolving three-dimensional computational fluid 

dynamics models that explicitly resolve the interaction of individual buildings with the 

velocity field have been proposed to solve this problem (Hanna et al. 2002). Tseng et al. 

(2006) successfully used LES to simulate the urban dispersion in a realistic model of 

downtown Baltimore. IBM method was used in weather and forecasting model to treat 

two dimensional complex geometry ( buildings) in urban area and the two dimensional 

witch of Agnesi hill in rural area (Lundquist et al. 2010). Other studies used idealized 

urban canopy boundaries to simulate the flow over urban-like obstacles of random height 

to show that the contributions to the surface drag from the tallest buildings are far in 

excess of their proportionate frontal area (Xie et al. 2008). Kanda et al. (2004) 

investigated the influence of cube density on turbulence flow characteristics. Direct 

numerical simulation was performed by Coceal et al. (2006) to study the mean flow and 
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turbulence statistics over groups of urban-like cubical obstacles of similar geometry as in 

Hanna et al. (2002). Letzel et al. (2008) investigated the urban characteristics at quasi-2D 

street canyon and neighborhood scale.  Li et al. (2008) simulated the pollution dispersion 

inside a street canyon of high aspect ratio and found higher pollution concentration near 

the buildings. The concept of air exchange rates (ACH) – also applied later in this paper – 

is borrowed from indoor ventilation engineering and describes the volumetric air 

exchange per unit time in a street canyon. ACH was found to increase with decreasing 

street canyon aspect ratio (Li et al. 2008, Liu et al. 2005). 

However, none of these studies examined variations in natural topography on top 

of which the buildings are constructed. Coastal urban areas (e.g. San Francisco and San 

Diego, California Fig.1.2) are often located on variable natural topography which should 

affect transport and dispersion in urban areas. Previous research on flow over hills has 

focused on the flow over two-dimensional humps with small curvature (low hills) and 

uniformly rough surface (see e.g. Figure 5.4 in Kaimal and Finnigan, 1994). In a 

streamline coordinate system the flow accelerates significantly at the top of hill, due to 

the shear in the approaching wind (Jackson and Hunt 1975). The mean streamlines in the 

accelerating wind approach the hill surface and the wind reaches its maximum velocity at 

the hilltop. For example, analytical solutions based on the Jackson and Hunt (1975) 

theory show that if the slope of the hill is 0.2, the wind speed up (defined as the increase 

in mean velocity over the hill, ∆�, divided by the upstream value at the same height 

above the surface) at the crest is about 50%. If the hill is steep enough, a separation 

region forms downwind. For example, wind tunnel experiments suggest flow separation 

in the lee of the Agnesi hill with maximum slope of 0.26, but also indicate that the 
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separation and reattachment were essentially intermittent (Britter et. al. 1981). 

Consequently, turbulent transport and dispersion is enhanced in the wake of steep hills 

leading to greater terrain amplification factors for sources downwind of the hill crest. 

Other hill effects include modifications to heat and mass transfer and precipitation from 

orographic clouds (Belcher and Hunt, 1998). 

Research on the effect of explicit roughness elements on the flow over rough hills 

has focused on forested hills in natural settings with densely spaced roughness elements 

that are much smaller than the hill height (Poggi and Katul 2007, Poggi et al. 2008, 

Finnigan and Belcher 2004, Ross and Vosper 2005, Finnigan and Brunet 1995). The 

analytical solution of Finnigan and Belcher (2004) indicates that the speedup over a 

forested hill is less than the speed up over a hill with short vegetation. Wind tunnel 

measurements (Finnigan and Brunet 1995) and numerical simulations (Brown et al 2001, 

Ross and Vosper 2005) show that over a hill covered by a vegetation canopy large scale 

flow separation occurs for a smaller slope than over a rough hill without vegetation 

canopy.  

In chapter 4, the researches of flow over Witch of Agensi hill and flow over 

buildings on hilly terrain are carried out to mimic the city on the hilly terrain. Some 

dispersion determents and aerodynamic properties are discussed in the chapter. 
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a)                                                       b) 

 

Fig.1.2. a)A sloping urban canyon in downtown San Francisco ( 

http://inphotos.org/tag/slope/) b) A sloping urban canyon in downtown San Diego(google 

map). 

 

1.3 Urban energy balance 

Urbanizations are responsible for environmental effects such as the urban heat 

island and increase in urban energy usage. Building indoor energy use as well as outdoor 

absorption and storage of solar energy is partially responsible for – and affected by – the 

UHI effect, which causes enhanced surface and air temperatures in urban environments 

compared to rural areas (Oke, 1987). The UHI also results from replacing natural 
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landscapes with impervious surfaces such as concrete and asphalt and related changes in 

evapotranspiration, albedo, and sky view factor (Gluch et al. 2006, Crutzen 2004). UHIs 

have fundamental impacts on meteorology, air quality, public health, energy 

consumption, and economics. For example, the rate of formation of Ozone increases with 

air temperature. Together, global warming and UHIs will increase the number of deaths 

due to heat waves over the next decades (Beniston 2004). The US Climate Change 

Science Program states that “It is expected that climate change will exacerbate the 

intensity and areal extent of the UHI as a result of warmer surface and air temperatures 

along with the overall growth of urban areas around the world. Additionally, as urban 

areas grow and expand, there is a propensity for lower albedos which forces a more 

intense UHI effect. Moreover, the size (spatial extent) and diurnal changes of the UHI 

need to be evaluated at fine spatial scales to develop quantitative models of UHI 

dynamics.” Green engineering measures such as high-albedo roof coatings, solar panels, 

artificial turf, and urban forests can weaken or strengthen UHIs (Akbari et al. 1993, Taha 

et al. 1988, Taha, 2007). 

From the physics viewpoint, the thermal energy balance equation on a general 

surface consists of three parts: Radiation, conduction and convection.  

The energy balance equation for urban buildings consists of three heat transfer 

forms, it is described as: 

�1 � ���	 
 ��	 � ������  � 
 ������ � ����� 
 ����� � �����∆� � 0                        �1.1� 

The first term plus second term in equation are the radiation term, where, � is the 

albedo of building surfaces, �	 is the shortwave radiation from Sun, �	 is the longwave 
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radiation from sky, � is the stefan-Boltzmann constant, ���� is the surface temperature of 

body (K), and  is the surface emissivity. In the following discussion, � !"  is used to 

represents the total net radiation from these two terms. 

The third term in equation is the convection term, where, � is CHTC, ���� is the 

air temperature above the building surface. 

The forth term in equation is the conduction term, where �� is the temperature of 

solid layer (building materials), ∆� is the thickness of solid layer (m), �� is the thermal 

conductivity of solid layer.  

 

1.4 Convective heat transfer coefficient 

From Yaghoobian et al. (2010) and Nunez and Oke (1976), during the daytime, 

the convection heat flux occupies around 30%-60% of net radiation. Consequently, 

accurately estimating the convection heat flux between buildings and environment is 

critical to investigate the urban energy balance. Among the parameters affecting the 

modeling of convection heat flux, CHTC is the one with the greatest uncertainty. 

For the numerical simulations of convection heat transfer in urban area, two 

options are employed: near wall resolution and wall functions (or near wall modeling). 

The thermal boundary layer consists of viscous sublayer, buffer layer, logarithmic layer 

and fully developed turbulent outer layer (White, 1974; Wilcox, 1998). Near wall 

resolution can resolve the flow in the viscous sublayer and accurately simulate the 

interaction from the surface to the turbulent outer layer. However, since the viscous 

sublayer above the building surface is very thin at 10 ## to 100 ## (Blocken et al., 
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2009) very high grid resolution would be required. The computational cost associated 

with high Reynolds number modeling is too expensive and this method is only applicable 

to low Reynolds numbers. Wall function modeling uses semi-empirical relations to 

bridge the gap between the wall and logarithmic layer. Under this condition, a coarser 

grid can be used. Thus, this semi-empirical relation between CHTC and wind velocity is 

very important to the accuracy of the wall function simulation. Generally, the relation 

between CHTC and wind speed is derived from wind tunnel experiment or full scale 

outdoor measurement. 

 

The traditional CHTC correlation relation is Nusselt-Jurges correction (1922), 

expressed as: 

$%�$ � 5.68)* 
 + ,-294.26
�� 1 23 0.304856  7                              �1.2� 

Where, 23 is the monitored velocity at some height, a, b, n are constants 

determined by the roughness of surface and value of 23, such as for 23 8 4.88 # 9⁄  and 

smooth surface, a=0.99, b=0.21 and n=1. �� is the ambient temperature (K). 

Many variants have been developed based on this equation. Because the lack of 

proper value for 23, Ito et al. (1972) correlate the free stream velocity 10 meters above 

the roof  with the CHTC, and different correlation relations for windward and leeward 

conditions were also introduced.   

Because the boundary layer theory analysis supports a power-law relation 

between CHTC and wind velocity, a simple relation was used to describe relation as: 

* 
 +2                                                                �1.3� 
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Where, a, b and n are constants,2 is 2� ;< 23 depends on different researchers. 

The experiment results fitting (e.g. Mcadams, 1954; Yazdanian and Klems, 1994; 

Loveday and Taki, 1996) create many sets of constant a, b and n.  

Meanwhile, some researchers (Ito et al., 1972; Kumar et al., 1997; Davies, 2004) 

found the linear relation between CHTC and wind velocity also can fit their experimental 

data effectively.  

* 
 +2                                                                       �1.4� 

Just like the power law relations, many sets of a, b are obtained from different 

experiments. 

Another large class of CHTC correlation relations is from wind tunnel 

experiments and traditional boundary layer theory. These relations correlate the Nusselt 

number with Reynolds number and Prandtl number.  For example, Sparrow and his group 

(1979) establish the correlation relation as: 

=�>>>> � 0.86�?@/BC<@/D                       20.00 8 �? 8 90.00         (1.5) 

Where, =�>>>> � ��/� is average Nusselt number, �? � 2�/E, C< � $FG/�, and � 

is CHTC, � is the characteristic Length(m), � is the thermal conductivity(W/mK), $F is 

the heat capacity of air(H/IJ · I), G  is the shear viscosity of air(= · 9/#B), E  is the 

kinematic viscosity of air (#B/9�. Other similar relations are also proposed with different 

constants and different application conditions (Sogin, 1964; Mitchell, 1976; Clear, 2003). 

Although wind tunnel tests allow the variation of more experimental parameters 

than the outdoor tests, they fail to emulate the complexity of urban area. Full-scale 
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outdoor measurements can provide the data under the real environment but may not be 

representative based on upwind conditions at the site. 

In chapter 5, we use wall function in LES to calculate the CHTC, and a 

convection heat transfer model with local accuracy is implemented. A simple urban 

energy balance model is also added to LES. The detailed wall function setups will be 

shown in Chapter 5. 
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2 

Numerical Methods 

2.1 Large eddy simulation  

In large eddy simulation, a low-pass filtering operation is performed so that the 

velocity field can be resolved on a relatively coarse grid compared to direct numerical 

simulation (DNS, Pope, 2000). Much of atmospheric boundary layer problems rely on 

LES to simulate high Reynolds number flow whose computational cost is too high for 

DNS.   

In this LES simulation study, a sharp spectral cut-off filter is used to filter the 

velocity field, the function of filter is given as: 

��� � �� � �	
 ���� � �� ��Δ �� � ��                                               �2.1� 

where Δ is filter size. And the filtered velocity is given by the convolution: 

����� � � ���, ����� � �, �����
��  
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After this filtering process, the velocity ���, ��  is decomposed into a filtered 

component  ����, �� and a residual component ����, ��.  The filter operation is applied to 

the Navier-Stokes equations, which results in the addition of the the residual stress tensor 

(or SGS stress tensor) to the momentum equations. A closure has to be proposed to model 

this residual stress tensor. Section 2.2 introduces the filtered governing equations with 

scalar equation. The closure problem is explained in Section 2.3. Two-dimensional and 

three-dimensional immersed boundary methods are presented in Section 2.4. 

2.2 Governing equations 

The governing equations for mass conservation (Eq.2.2), momentum conservation 

(Eq. 2.3) and temperature (Eq.2.4) are 

�� !��" � 0,                                                                     �2.2� 

��$!�� � ��" %��$!��" � �� !��&' � �()��& * +& * ,& � �-&".��" * /0���1&2,                          �2.3� 

45!46 * �" 45!4�7 � � 489 4�7                                                     �2.4�                                            

 

Here ;<!   indicates a filtered variable, �& is the velocity vector (i = 1,2,3), ( is the 

modified pressure, +&  is the external force including a mean stream wise pressure forcing, 

and -&".  is the deviatoric part of the subgrid-scale stress tensor. /0  is the buoyancy 

parameter. 1&2 is the Kronecker delta(1, if 	 =3, otherwise 0). = is the temperature, �5is 

the subgrid flux of temperature in the �"  direction. This subgrid flux is approximated 

from an eddy-viscosity model, 
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�5 � � >?@.? 45!4�7                                                               �2.5�                                                      

Where B�0 is the turbulent Prandtl number and C0  is the turbulent viscosity. 

The density driven accelerations in the momentum field was added to Eq. 2.3 through the 

Boussinesq approximation. Where /0 was defined as 

/)0��, D, E, �� � �=F�����, D, E, ���G =F����E, �� H  G =F����E, �� H I, 
G =F����E, �� H� 1J�JK L =F�����, D, E, �����D                                  �2.6� 

In Eq.2.6, =F is the virtual temperature, I is the gravitational acceleration and < > is used 

in this dissertation for averaging. 

The Immersed boundary method (IBM) force ,&  is applied at internal boundary 

points to enforce the velocity no slip boundary condition. This force will be discussed in 

section 2.4. 

The flow is forced with an imposed pressure gradient in the x-direction, 

�1 N⁄ �P( � �QR S⁄ , where S is the height of domain, and �Q is friction velocity. In the 

vertical direction (z) a no-slip bottom boundary condition (BC) and no-stress upper BC 

are used and derivatives are calculated on a staggered grid using centered finite 

difference. In the horizontal directions (x and y), periodic boundary conditions are applied 

and derivatives are calculated using spectral methods. To avoid Gibbs ringing in the 

computation of horizontal derivatives we use an interpolation scheme to smooth the 

velocity field inside the boundary (Tseng et al. 2006)  

�&6��, D� � �1 � 4T��&6�U��, D� * TV�&6�U��, D * �D� * �&6�U��, D � �D� *
�&6�U�� * ��, D� * �&6�U�� � ��, D�W                                              �2.7�                                                                                             
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where T � �0.125, and i = 1, 2.  

The simulations are initialized by imposing a log-law profile to the stream wise 

direction velocity and random values for span-wise and vertical velocity. For time 

advancement the second order Adams-Bashforth method is applied in two steps: 

��Q � ��Y∆� � 1.5V��� [ \!�Y � P · -YW � 0.5V��� [ \!�Y�U � P · -Y�U � P^_�UW, �2.8� 

��YaU � ��Q∆� � ,YN � 1.5b^Y                                             �2.9� 

where ��Q  is a temporary velocity, \!  is a filtered vorticity, -Y  is the SGS stress, ^ �
�( )/N * |��|R/2� is related to pressure, and ∆� is the time increment. The pressure solver 

deals with the divergence of Eq. 2.2 in the form of a Poisson equation ( b��Q �
�1.5∆�bR^Y) that is solved to obtain !̂ Y. 

The closure of these equations requires a model for the SGS. SGS models 

describe the effect of the unresolved scales on the resolved LES flow field, and are 

important in the area near the surface boundary (Meneveau et al. 1996, Kleissl et al. 

2004).  

 

2.3 Subgrid-scale models 

The most commonly used SGS model is the Smagorinsky model (Smagorinsky, 

1963).  The model relates the deviatoric part of the SGS stress tensor -&".  to the filtered 

rate of strain. The SGS eddy viscosity C. is related to the characteristic filtered rate of 

strain by analogy to the mixing length hypothesis. 

-&". � �2C.f)&", 
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 C. � ghR|�)| � �ih∆�R|�)|                                                         (2.10) 

where, gh is the Smagorinsky lengthscale, ih is the Smagorinsky coefficient, ∆ is the filter 

size, f)&" is the strain-rate tensor, and  |�)| � j2f)&"f)&" is its magnitude. 

For isotropic and homogeneous turbulent flow, the value of ih is around 0.17 in 

the inertial subrange with the sharp spectral filter of width  ∆ equal to the grid size (Lilly 

1967). However, for anisotropic flow, ih depends on the flow regimes; it will decrease 

near walls and stably stratified conditions, and should be zero in laminar flow. Given the 

complex geometry in our simulations, advanced SGS models are required to determine 

ih dynamically from the resolved scales in the simulation. The Lagrangian dynamic 

Smagorinsky model (Meneveau et al. 1996) determines an appropriate local value of the 

Smagorinsky coefficient locally and dynamically during the simulation without a priori 

tuning; resulting in more realistic near wall dissipation characteristics and energy spectra 

than the original ‘static’ Smagorinsky model (Bou-Zeid et al. 2004). 

In order to simulate the near wall flow structure and determine more accurate 

Smagorinsky coefficient locally, an extension to the Smagorinsky model was proposed 

by Germano et al. (1991). This dynamic model can determine an appropriate local value 

of 
s

C without the need for a priori specification. The rationale for this method is the 

resolved scales can be used to measure the effects of phenomena such as wall damping, 

stratification and coherent structure on the SGS. 

The model is based on Germano’s identity, 

J&" � �k$�k ����� � �$l! � l! � m&" � -)&"                                                �2.11� 
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where J&"  is  called Leonard stress tensor and m&"is the SGS stress at a test filter scale Δ!  

(typically equal to 2Δ). Applying this procedure to the Smagorinsky model yields an 

error, 

n&" � J&" � U2 1&"Joo � pih�q�rRs&"                                            �2.12�                                            

where 

s&" � 2ΔR ptfutfu�����&" � 4/tfu)tfu)&"r                                            �2.13�                                    

and 

/ � pih�Rq�rR
pih�q�rR                                                               �2.14� 

/ is the ratio of coefficients at test and grid filter scales. Assuming scale invariance of the 

coefficient,   / � 1, and pih�Rq�rR � pih�q�rR. Following this assumption, the coefficient 

measured from the resolved scales is applied to the SGS. This is called the scale-invariant 

dynamic model.   

However, field measurements (Kleissl et al. 2005) and numerical experiments 

demonstrated that ih�q�
is not scale-invariant. The coefficient depends on the grid-filter 

scale Δ, especially when Δ is close to integral scale. To solve this problem, the scale-

dependent dynamic model was proposed by Porté-Agel et al. (2000). Instead of assuming 

this pih�Rq�rR � pih�q�rR
scale-dependent dynamic model uses a power law behavior for 

the scale dependence of  ih:   ih�q�~Δw or  ih�Rq�~/Δw � 2wΔw. 
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Equation (2.14) can be solved for  ih�q�
 by minimizing the square error averaged 

over all independent tensor components. The coefficient,  ih�q�
, is obtained by minimizing 

the weighted time average of the square error over path lines (Lagrangian averaging). 

x � � n&"�E����, ���n&"�E����, ���y�� � �����z                            �2.15� 

Where E���� are the previous positions of the fluid elements. Setting the partial derivative 

of E with respect to  �ih�q��R  to zero results in an expression for  �ih�q��R 

 �ih�q��R � {J&"s&"|{s&"s&"|                                                     �2.16� 

where bracket denotes averaging along pathlines. Traditionally this averaging was 

performed along homogenous directions of the flow (e.g. horizontal plane, Lilly 1992); 

the Lagrangian dynamic model extended the applicability of dynamic SGS models to 

flows that are over complex boundaries (Meneveau et al., 1996). In equation 2.16, 

{J&"s&"| � }~� � � J&"s&"��E����, ��y�� � �����z  and 

{J&"s&"| � }�� � � s&"s&"��E����, ���y�� � �����z6�� . y��� is a weighting function that 

will assign higher weights to the recent history. On the basis of the DNS results and 

dimensional self-consistency (Meneveau et al., 1996, Bou-Zeid et al. 2004), an 

exponential form y�� � ��� � m�Un��6�6��/m  was chosen with m � 1.5Δ�}~�}������ . 

The relaxation transport equations thus obtained for }~� and }�� are: 

�}~��� � �}~��� * �k · P}~� � 1m �J&"s&" � }~��,                             �2.17� 

�}���� � �}���� * �k · P}�� � 1m �s&"s&" � }���                           �2.18� 
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These two equations can be implemented in the LES codes using simple and efficient 

low-order numerical approximations and the resultant formulation (Bou-Zeid et al., 2004). 

}��YaU��� � ε�M��s&"�YaU��� * �1 � �� }��Y �� � �kYΔ��, 

}~�YaU��� � S �ε�L��s&"�YaU��� * �1 � ��}~�Y �� � �kYΔ���                  �2.19� 

where � � q6/0�Uaq6/0�,  mY � 1.5Δ�}Y~�}Y������   and S;�< � �         � � 0   0   ���n��	�n  

Δ� is the time step, periodic boundary conditions are employed in the horizontal 

directions to allow application of Fast Fourier transform for pseudospectral methods. 

Then }~� and }�� are computed in horizontal directions. The change of ih is assumed to 

be small in a short time; therefore the computation of  ih is performed every 5 time steps.  

This model shows improvement in both flat terrain and complex terrain 

simulations. (Porté-Agel et al., 2000; Bou-Zeid et al.,2004;  Wan and Porté-Agel, 2007) 

 

2.4 Immersed boundary method 

Traditionally, LES for the ABL uses Cartesian or rectilinear grids and finite 

differences discretization. The conventional approach to complex geometry employs 

structured or unstructured grids that conform to the body. However, even for a simple 

geometry, generating an accurate body-conformed grid is an iterative process requiring 

significant resources of time and expert operators. As geometry becomes more 

complicated, the task of generating an acceptable grid becomes increasingly difficult 

(Mittal and Iaccarino, 2005). In contrast, the grid complexity in an IBM simulation with a 

nonbody conforming Cartesian grid is independent of the surface complexity. In most 

urban areas, geometrical complexity is combined with high Reynolds number (>10��, so 
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an accurate and efficient method that can simulate arbitrary 3-D geometry without 

changing the Cartesian grids would be advantageous. The Immersed boundary method 

(IBM, Peskin 1972) was proposed to fulfill this work. The first application of IBM is the 

blood flow in the mitral valve and in the heart assuming a very low Re and 2-D flow. The 

contractile and elastic boundary is employed in the successive paper (McQueen & 

Peskin, 1989). If the boundary configuration is known, this complex boundary treatment 

will be simple. Accordingly, Briscolini and Santange (1989) use the mask method (a 

version of IBM) to compute the unsteady 2-D flow around circular and square cylinders, 

Goldstein et al. (1995) apply the IBM to 2-D startup flow etc. Spurious oscillations were 

observed around the boundary area when both of the methods were combined with the 

spectral method. Mohd-Yusof (1997) introduced the feedback force to this method. 

Tseng and Ferziger (2003) extended the IBM by introducing a ghost cell method. To 

enforce the boundary conditions at the obstacle, Tseng and Ferziger (2003) used the 

velocity and scalars near the boundary to reconstruct a second order accurate feedback 

force at the ghost cells inside the obstacles. The main advantages of this development are 

the stability of the time-integrated schemes and good agreement with experimental 

measurements. 

The IBM is employed to derive  ,&  for the velocities inside the obstacles in 2-D or 

3-D. In the IBM, the force ,& is applied at internal boundary points to enforce the velocity 

boundary condition in Eq. 2.7 at every time step. �YaU is the extrapolated velocity from 

the nearby grid points. Compare to the CPU time for a LES, the computation time of this 

force is orders of magnitude smaller. The next section describes how to obtain ,& for 2-

dimensional (sinusoidal hill) and 3-dimensional surfaces. 
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,& � ��Sf& * �YaU � �Y∆�                                                   �2.20� 

where �YaU is the extrapolated velocity from the nearby grid points. The variable �Sf& is 

the right hand side of Eq. (2.3) without ,&. The computation time of this force is orders of 

magnitude smaller than the computational time for the rest of the LES.  

 

 

2.4.1  2-D surface construction 

  In Fig. 2.1 the staggered grid arrangement is shown over a general boundary. 

Suppose the velocity at any point can be related to its position as follows 

� � �� * �U� * �RE * �2�E                                             �2.21�                                             

We can then use the two points near the ghost point and the boundary point to obtain the 

coefficients ���, �U, �R, �2�. 

 

 

 

 

 

Fig 2.1. Schematic of ghost point and surface point for a 2D boundary. The pink dash line 

is the uvp grid, and black line is the w grid. G is the ghost point inside the boundary. A1 

and A2 are the intersection points of the boundary with the grid. OG is perpendicular to 
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A1A2. X1, X2 and X3 are the grid points in the fluid which will be used to extrapolate 

the velocity field. 

 

Fig. 2.1 illustrates how to find the ghost point, points in the fluid, and points on the 

boundary. In particular, the steps are: 

a) Finding the ghost point inside the obstacle (G in the Fig 2.1): If the minimum distance 

of this grid point to the obstacle surface is less than one grid spacing Δ� in the x direction 

OR less than one ΔE in the z direction, it is a ghost point. 

b) Determine the boundary point O where velocity is zero. This point will be used to 

interpolate the ghost cell velocity. Surface points A1 and A2 are at the intersection 

between the x and z grid, and the boundary. To find the boundary point O that is closest 

to G, intersect the line A1A2 with the line from G which is perpendicular to the line 

A1A2. This line intersects with the surface at the point O.  

c) Use the point O (x0,y0,z0) and x1(x1,y1,z1), x2 (x2,y2,z2), and x3 (x3,y3,z3) to 

construct B  

� � �1  ��   E�   ��E� 1  �U   EU    �UEU1  �R   ER    �RER1  �2   E2    �2E2
� 

Since 

� · � � ����U�R�2
�  then � � ��U ����U�R�2

� 

We finally obtain �� � �� * �U�� * �RE� * �2��E� � �YaU  which is input into Eq. 

2.20. 
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2.4.2 3-D surface construction 

The 3-D reconstruction is similar to 2-D, but three points outside of the boundary 

are required for the interpolation near the ghost points. Suppose � � �� * �U� * �RD *
�2E, use three nearby grid points in the fluid and the boundary point to construct the B 

matrix. Finally use the coefficients to solve �YaU (Eq. 2.7). In the following I will explain 

how to find ghost point, grid points in the fluid and on the boundary, and how to 

construct B for the 3-D case (Fig. 2.2). 

a) Find the geometric center of the hill. Use cylindrical coordinates with the bottom of the 

hill as the r zeta surface and hill center line as the z-axis.  

b)  Find the ghost point inside the obstacle (G in Fig. 2.2a). If the distance of the point to 

the boundary is less than one grid spacing Δ� in the x direction or less than one Δy in y 

direction or less than one E in the z direction, it is a ghost point. 

c)  Obtain cylindrical coordinates (��, En���, E�) for G. Take the vertical plane with 

En�� �  En��� and determine the line where it intersects with the obstacle surface. 

d) Find O: draw a line from G which is perpendicular to the line A1A2. Intersect it with 

the arc A1A2 to find the surface point O. 

e) Use 3 points of x1, x2, x3, x4 and point O to construct matrix B.  

� � �1  ��   D�    E�1  �U   DU    EU1  �R   DR    ER1  �2   D2    E2
� 
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� · � � ����U�R�2
�  Then � � ��U ����U�R�2

� 
f) Obtain                    �� � �� * �U�� * �RD� * �2E� . 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2.2. Application of the immersed boundary method in 3d. a) Sketch of how to 

determine surface point O. b) Zoom-in. X1-X4 are grid points. Point G is the ghost point 

inside the obstacles, OG is perpendicular to the A1A2. A1 and A2 are the intersection 

points. 

From previous explanation, the immersed boundary method only has a 1
st
 or 2

nd
 

order accuracy. Thus, there is a tradeoff between the ability to simulate flow in complex 

terrain without modifying the grid and associated savings in computational time with the 

numerical accuracy of the simulation. 
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3  

Validations for flow over flat surface, 

buildings array and sinusoidal hill  

 

In this chapter, the codes will be validated by flow over a homogenous surface, a 

building array and a sinusoidal using experimental data and other simulation results.  

 

3.1 Codes validation (homogenous flow) 
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The code was validated with flow over homogenous surface, since the results of 

LES homogenous simulation are abundant for comparison.  A stress free condition is 

imposed at the top of the domain: 

���
�� � ���

�� � �� � 0                                                   (3.1) 

where 
�, �,�  and ��  are the filtered velocities in x, y and z directions. Unless indicated 

otherwise, x is stream wise direction, y is crosswise direction and z is vertical direction. 

At the bottom of the domain, a wall stress boundary condition is imposed through the 

log-law of the wall. 

� � �ln � �
� ��⁄ ��

�
�� 
�� � �� ��� ��                                       (3.2) 

Where, � is the Karman constant, ! is the roughness height at the bottom surface (0.1 m 

in this simulation).  � # /2 is the height of the first uvp node. < > is used to represent 

temporal average. Note that � � 
&�, where 
& is the friction velocity. 

The computational domain was '( ) '* ) '� � 4000m ) 4000m ) 1000m 

resolved by 32 ) 32 ) 33 (simulations A1) 64 ) 64 ) 65 grid points (simulation A2), 

respectively. 72,000 timesteps with 12 � 0.896  were used in simulation A1. 96,000 

timesteps with 12 � 0.446 were used in simulation A2. Results were averaged over the 

last 24,000 timesteps or 20 and 10 turnover-times. The Lagrangian dynamic scale-

dependent Smagorinsky model was used. 

Fig.3.1 shows that the KE was constant over the last 24,000 time steps indicating 

that the simulation had converged in both simulations. Thus the results from this time 

period can be considered to be for a quasi-steady condition. 
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Fig .3.1 Profiles and timeseries of normalized <KE> during the period when simulation 

results were averaged. The period covers from 18.8 - 24 h simulation time in A1 (a) and 

from 9.3 - 12 h simulation time in A2 (b).  

 

Fig. 3.2 (a,b) show the resolved, SGS and total shear stress. Near the wall, the 

resolved stress goes to zero and the SGS stress goes to 1, indicating that all eddies 
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associated with momentum transfer are unresolved.  The stress distribution agrees with 

other LES studies (Bou-Zeid et al. 2004) and theories. The ratio of resolved and 

unresolved shear stress components are determined by the SGS model and resolution of 

the simulation. 

 

 

Fig 3.2 Vertical profiles of resolved stress7� 
�8��8 �9,(,*, the subgrid-scale stress7�

(� �9,(,* and the total stress. 
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Fig 3.3 shows the velocity profile of and the theoretical profile. Both of 

simulations agree with theory at the locations below  /'� =0.1, but depart from the 

logarithmic distribution above that height.  

 

 

Fig. 3.3 The logarithmic velocity profile � 
 �/
&  of simulations A1, A2 and the 

theoretical profile � 
 � 
& � :
� ln ;  !<⁄⁄  with k=0.4,  !=0.1 m. 

Fig. 3.4 presents the dynamic calculated Smagorinsky coefficient. The dynamic 

Smagorinsky coefficients of both cases decrease near the wall, and a maximum of 0.18-

0.19 occurs at the middle of domain. The magnitude and trend agree with the estimation. 

For A1, => increases to 0.15 at the height  /'�= 0.3.The grid size of simulations has an 

effect in the calculation of Smagorinsky coefficients. Thus, the right grid size can 

promise a more accurate dynamic coefficient. 



31 

 

 

 

 

Fig. 3.4. Vertical profile of Smagorinsky coefficient � => �9,(,*  obtained from the 

Lagrangian dynamic SGS model. 

 

The simulation of A1 and A2 confirm that the results from our simulation code 

agree with theoretical predictions and previously validation studies of the same code by 

different authors. More relevant for my research is the validation of flow over topography 

which requires application of the immersed boundary method. 

 

3.2 Neutral flow over building arrays 

We also validated our implementation of the IBM by simulating flow over arrays 

of cubes which is a relevant test case for urban areas. In the experiment by Meinders and 

Hanjalic (1999), a laser Doppler anemometer (LDA) system was used to measure 

velocities over an array of  25 ) 10 cubes of height H = 15 mm in a wind tunnel with a 
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width of 600 mm and height 51 mm (3.4H) and a free stream velocity of 3.86 m s
-1

. The 

spacing between cubes was 3H in both stream-wise and span-wise directions (Fig.3.5).  

  

Figure 3.5: Sketch of the 3 ) 3 buildings setup used for flow validation. 

 

In the simulation, periodic boundary conditions are used to simulate the center 

3 ) 3 cubes in the experiment (Fig. 3.5). At the center of the measurement domain the 

channel walls and outflow boundary conditions have little influence on the flow statistics. 

Thus, the conditions in the simulation are comparable to the experiment. The 

computational domain is 12? ) 12? ) 3.4? and resolved by 96 ) 96 ) 40 grid points. 

Using pressure gradient forcing the free stream velocity of this simulation was 10 m s
-1

. 

72000 time steps were simulated resulting in 45 eddy turnover times (@9 � ?/A!<. Both 

the Lagrangian dynamic model and constant Smagorinsky model were tested. 
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Fig. 3.6 Comparison of time-averaged stream-wise velocity profiles between experiment 

and simulation at X/H = 0.2, 0.8, 1.8, 2.2, and 2.8 a) along the center vertical plane 

through the cube (Y/H = 6) using the dynamic model;  b) in a horizontal plane through the 

center cube at Z/H = 0.5 using the dynamic model; c) along the center vertical plane 

through the cube (Y/H = 6) using the constant => model; d) in a horizontal plane through 

the center cube at Z/H = 0.5 using the constant =>   model; The blue lines mark zero 

velocity. Velocities are normalized by free stream velocity. 

 

Fig.3.6a shows the mean stream-wise velocity at the Y/H = 6 x-z-plane through 

and around the center cube. The negative velocities at X/H = 1.8, 2.2 and 2.8 and z < H 
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imply a recirculation area downwind of the cubes, in good agreement with the 

observations although the simulation slightly underestimates the magnitude of the 

velocities. Upwind of the building, at X/H = 0.2, the simulation over predicts the stream-

wise velocity in the urban canopy. Fig.3.6b shows the mean stream-wise velocity at Z/H 

= 0.5 in a horizontal x-y-plane through the center cube at the same stream-wise locations 

as in Fig. 5a. There are small discrepancies occurring near the extended cube wall behind 

the cube, but generally the simulation results agree with the experimental results. Fig.3.6c 

shows the similar results with Fig.3.6a from the constant => model, But in the Fig. 3.6d 

the velocity profiles downwind of the cube for the constant Cs model under predict the 

velocity near the edge of the wake.  

This validation exercise demonstrates that the LES with Lagrangian dynamic SGS 

model integrated with 3-D IBM can be used to simulate the flow over urban canopy. The 

agreement with experimental results is improved compared to the constant Cs model. 

 

 

3.3 Neutral flow over sinusoidal hills 

For the validation of our IBM implementation we focus on flow over hills and 

compare to LES with the coordinate transformation method (Wan and Porté-Agel, 2007) 

and to the experimental result from a metrological wind tunnel with a test section of 

2.44 m ) 1.83 m ) 18.29 m (W x H x L, Gong et al., 1996). In the experiment, a foam 

wave model with equal wavelength and trough to crest height (2B � 96.5 mm) was 

placed with its leading edge at a distance C � 6.1 m downstream from a honeycomb. The 

free stream velocity was A! � 10 m sE:. 
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The computational domain was chosen to match the wind tunnel setup (Fig. 3.7), 

where '� � 194 mm, ;C, F,  < � ;4G, 2G, G � 0.249<'� , ;x is the stream-wise direction, y 

is cross-stream, and z is the vertical direction). The computational domain is divided into 

96 ) 16 ) 97  grid points with equal grid spacing. 60,000 time steps of 12 � 0.009 

seconds were simulated and time averages over 12,000 time steps (= 80 eddy turnover 

time) are analyzed.  

 

Fig.3.7 Cross-section of the computational domain for the LES over 2D sinusoidal hills. 

The hill surface is described by the function 
�

IJ
� 0.249cos;2C/'�<. 
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Fig. 3.8 Non-dimensional velocity profiles from the scale-dependent dynamic SGS model 

(dyn-ibm) and the standard Smagorinsky model with IBM (Smag-ibm) are shown in red. 

The results are averaged over the span-wise (y) direction and non-dimensionalized by Uo. 

Dynamic model and SGS scale-dependent dynamic model results with traditional grid 

treatment (sd-dyn, dyn, Wan and Porte-Agel, 2007) are shown as black lines. Wind 

tunnel measurements are in black circles. Profiles are plotted at different streamwise 

positions: a) the wave crests; b) 1/4 wavelength downwind of the crest; c) the wave 

trough; d) 1/4 wavelength upwind of the trough. 

Fig. 3.8 shows non-dimensional stream-wise velocity profiles at four stream-wise 

positions from our simulations, the experiment (the gold standard except for the region 
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with negative stream-wise velocity), and WPS. At the wave crest (Fig. 3.8a) the IBM 

simulations show good agreement with the experiment above z = 100 mm, but 

underestimate velocity speed-up near the surface. At the 1/4 wavelength downwind of the 

crest (Fig. 3.8b) the IBM simulations agree better with the experimental data than WPS 

results.  

At the wave trough (Fig. 3.8c), all simulations show similar negative velocities in 

contrast to the positive velocities measured in the wind tunnel. Gong et al. (1996) 

acknowledge that below 50 mm a flow recirculation zone developed downwind of the 

wind crest, but their hot wire anemometer could not distinguish between positive and 

negative velocities causing experimental error. At 1/4 wavelength upwind of the trough 

(Fig. 3.8d), the differences between the LES models are small. Both Dyn-IBM and Smag-

IBM results agree with the laboratory measurements. 

At the 1/4 wavelength downwind of the crest (Fig. 3.8b) both Smag-ibm and Dyn-

ibm agree better with the experimental data than the results from the simulation by Wan 

and Porte-Agel (2007). Near the surface, the velocity from Dyn-ibm is smaller than that 

of SD-dyn or Dyn, but consistent with the wind tunnel result. The result is sensitive to the 

SGS parameters in this area.  

The velocity standard deviations of the resolved stream-wise and vertical 

velocities over the wave crests are presented in Fig. 3.9. SD-dyn and Dyn overestimate 

the standard deviation of stream-wise velocity σN/UP in the height range (10 mm < z < 

100 mm) by about 20% and 50% respectively (Fig.3.9a). The Dyn-IBM and Smag-IBM 

only overestimate σN/UP by about 20% and 25%, respectively. For the vertical velocity 

standard deviation σQ/UP (Fig.3.9b), Dyn-IBM and Smag-IBM give a good agreement 
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with experiment in the lower part of domain (z < 100mm). However, both Dyn-IBM and 

Smag-IBM overestimate σQ/UP above 100 mm. 

 
 

 

Fig.3.9 Standard deviation of the resolved velocity normalized by the free-stream 

velocity from the different LES models and wind tunnel experiments at the wave crest: (a) 

stream wise velocity. (b).vertical velocity. 

 

 



39 

 

 

 

 

Fig.3.10. Standard deviation of the resolved stream-wise velocity normalized by the free-

stream velocity (R�/A!< averaged in the y-direction. 

 

Fig. 3.11. Smagorinsky coefficient ( =>� ) from the lagrangian dynamic SGS model 

averaged in the y-direction.  
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The standard deviation of streamwise velocity is shown in Fig.3.10, the maximum 

R�/A! occurs at the top of the valley and not at the top of the wave crest,. R�/A! near the 

surface of the hill is small, especially in the wake on the leeside.  

Fig. 3.11. Shows the dynamically calculated Smagorinsky coefficient ( =>� ) 

obtained using dyn-ibm, which can be compared to Figs. 5 and 6 in Wan and Porte-Agel 

(2007). Cs is smaller at the top of the wave crest due to the strong straining. Downwind 

of the crest, Cs becomes larger on the windward side of the hill due to the recirculation 

region. Cs is substantially larger for the scale-dependent dynamic model that is employed 

in this research than the results from the scale-independent model results in WPS.  This 

observation is consistent with the result from Wan and Porte-Agel (2007). 

In conclusion, the IBM not only allows for the implementation of any shape of 

complex terrain into Cartesian finite difference codes (unlike the coordinate 

transformation method), but also results in better agreement of the velocity field with 

experimental data than the coordinate transformation method for flow over sinusoidal 

bottom boundary. Also, the Lagrangian scale-dependent dynamic implementation of the 

Smagorinsky model is more accurate than the standard Smagorinsky model.  

This validation exercise demonstrates that the LES integrated with 3-D IBM can 

be used to simulate the flow over urban canopy. 

 

 

 

 

 



41 

 

 

 

 

4  

Effect of hilly urban morphology on 

dispersion characteristics in the urban 

boundary layer 

 

4.1 Introduction 

We will study flows over hills with urban roughness elements, where the hill 

height is on the order of the roughness elements (buildings). Section 4.2 describes the 

setup of the numerical simulations. In Section 4.3 we present the results of the 

simulations with a focus on flow parameters relevant to dispersion.  
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4.2. Numerical experiments 

Five cases were simulated with 160 � 48 � 161  grid points resolving a 

computational domain of 2000 m � 600 m � 1000 m in x, y and z directions. This grid 

resolution guarantees at least six nodes inside the buildings and in between buildings, a 

necessary requirement for accurate results of flow in cavities shown by Bou-Zeid et al. 

(2009). The simulations are initialized by imposing a log-law profile to the streamwise 

direction velocity and random values for span wise and vertical velocity. The time 

increment for all five cases is 0.0889 s, and 96,000 time steps are simulated. The results 

were examined for convergence to a statistical ‘steady’ state and averages over the last 

24,000 time steps (35.26 mins or at least 12.4 eddy turnover times based on hill height 

and shear stress) are used for the analysis. All simulations deal with neutrally stratified 

flow. The effects of buoyant forcing will be examined in a future paper. 

The surface boundary for the first case named ‘BLDG’ is a 10 � 3 building array 

(Fig. 4a) with a building size of 100 m � 100 m � 50 m  (� �  � � ). The spacing 

between buildings is 100 m in the x and y directions. The building array together with the 

periodicity in the horizontal directions results in an infinite, homogeneous urban surface 

boundary. The second and third case are flow over witch of Agnesi hills (an infinite 

series based on the periodic boundary condition) with maximum slope ratio ��/�� �

0.26 (Fig. 4b), defined by the function  

���� � ����

1 � ��
��

� 

                                           (4.1) 
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with x = 0 at the center of domain. The maximum heights ���� of the hill are 75 m and 

112.5 m in the cases named ‘H75’ and ‘H113’, respectively. The length scales in these 

two cases are ����  and � � 2.5���� . The final two cases are flow over buildings 

arranged as in case BLDG, but placed on the hills in cases H75 and H113 (Fig. 4c). These 

cases are named ‘BH75’ and ‘BH113’. 
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a) 

 

b) 

 

             

c) 

            

Fig. 4.1 Layout of simulation cases a) only buildings (BLDG); b) only hill with 

maximum height of 75 m and 113 m (H75 and H113) c) buildings and hill with 

maximum height of 75 m and 113 m (BH75 and BH113).  
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Generally in fluid mechanics it is desirable to show non-dimensional results. 

However, in our simulations there exist a variety of spatial scales, such as building height 

and length, hill height and half width, roughness length, and BL height. It is not clear 

fundamentally which scale could be used universally to collapse all profiles. For this 

reason we will use dimensional length scales to present the results, unless it is clear 

which scale is appropriate. All heights z are heights above the bottom boundary of the 

simulation domain, i.e. not heights above the hill surface. 

 

4.3 Results 

4.3.1 Convergence of simulations 

Time series of kinetic energy (Fig.4.2a) averaged over the entire domain and 

stream wise velocity (Fig.4.2b) and turbulence kinetic energy (Fig.4.2c) averaged over 

horizontal slices at different heights for the duration of the averaging period of our 

results, these graphs are usually used to judge the convergence of a simulation. The 

graphs show that the flow is statistically steady, i.e. convergence has occurred. The 

kinetic energy and stream wise velocities are constant, while some variability in tke can 

be observed. This variability in tke is an artifact of the short averaging time of each point 

and is typical of turbulent flows. 
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Fig. 4.2 a) Kinetic energy averaged over the entire domain in for all simulations. The 

time period shown is for time steps 72,000 – 96,000 in the simulation, the same period 

over which the results were averaged in the paper. B) Normalized streamwise velocity for 

all simulations at half (nz/2) and a quarter (nz/4) of the domain height L�, averaged over x 

and y. c) Normalized turbulence kinetic energy (tke) for all simulations at half (nz/2) and 

a quarter (nz/4) of the domain height, averaged over x and y. 

 

 
 

4.3.2 Mean velocity and velocity variances over hills 

a) b) 

c) 
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Wind tunnel experimental results by Britter et al. (1981) are used to compare with 

the numerical simulation results of flow over a hill. In the wind tunnel, the witch of 

Agnesi hill was setup according to Eq.4.1 with ���� � 0.1 m, � � 0.25 m (����/ � �

0.4 as in the LES) located 17.5 m downwind of the start of the wind tunnel boundary 

layer. Measurements of the mean velocities and rms of the turbulent velocities  ! were 

taken at x = -0.64, -0.25, 0, 0.25, 0.70 m or � ���� �⁄ # 6.4, #2.5, 0, 2.5, 7.0, where x = 

0 marks the hill crest. The simulated case does not exactly correspond to the experiment, 

since periodic boundary conditions are used resulting in flow over an infinite series of 

hills. However, with the distance between hill crests of 27 ����  (H75) and 18 ���� 

(H113) the downwind hill crest is far from the reattachment point indicating that the 

effect of the wake is small.  

The velocity profiles over the hill (cases H75 and H113, Fig. 4.3a) show that the 

separation starts at the hill crest and the separation layer thickness is around 30% of the 

hill height. The reattachment occurs at 5 to 7 ���� (= 2 or 2.5 L) downstream of the top 

of hill, consistent with Britter et al. (1981).  Since H113 has the same slope as H75, their 

separation regions are expected to be similar as confirmed in Fig. 4.3b, consistent with 

the wind tunnel observations. 
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Fig 4.3. Mean x-z velocity vectors near the hill surface over a) H75 and b) H113. The 

vertical domain size extends beyond the boundary of the figure.  

 

In Fig.4.4 we compare the mean and standard deviation of stream-wise velocity at 

five x locations to the experimental results at three displacement distances above the hill 

surfaces. As expected there is a speedup at the hilltop while the wake region downwind 

of the hill shows small wind speeds (Fig. 4.4a). For small displacements above the hill 

surface (%&/���� � 1), the maximum velocity at the hilltop is twice the velocity in the 

wake and 22 to 42% larger than the velocity upwind of the hill. For increasing %&/���� 

the velocities become more similar to the freestream velocity and the impact of the hill 

diminishes. The H113 velocities in Fig.4.4a agree with the experimental results. The H75 
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simulation underestimates the velocities around 5-10% compared to the experimental 

results. 

 

 

Fig.4.4 a) Mean and b) standard deviation of the streamwise velocity averaged over the y 

direction normalized by the free stream velocity (experiment) or by the velocity at 

& � 4���� above the hill surface (simulations) at five x locations upwind and downwind 

of the hill. %& is the displacement above the hill surface and ���� is the hill height. 
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In Fig.4.4 we compare the mean and standard deviation of stream-wise velocity at 

five x locations to the experimental results at three displacement distances above the hill 

surfaces. As expected there is a speedup at the hilltop while the wake region downwind 

of the hill shows small wind speeds (Fig.4.4a). For small displacements above the hill 

surface (%&/���� � 1), the maximum velocity at the hilltop is twice the velocity in the 

wake and 22 to 42% larger than the velocity upwind of the hill. For increasing %&/���� 

the velocities become more similar to the freestream velocity and the impact of the hill 

diminishes. The H113 velocities in Fig. 4.4a agree with the experimental results. The 

H75 simulation underestimates the velocities around 5-10% compared to the 

experimental results. 

 Both experiment and simulations confirm that at a given height above the hill, the 

standard deviation of the stream-wise velocity decreases as the hilltop is approached. 

Downwind of the hilltop a large  !value is observed at %&/���� � 1, near the edge of 

the separated shear layer.  This effect is strongest close to the hill surface but persists 

even for %&/���� � 4. The H75 simulation underestimates  ! by 10% to 30%, and the 

H113 simulation underestimates by 10% to 20%. This underestimation is possibly a 

result of no-slip condition in our simulations versus the rough surface (roughness height 

of 0.02 m) in the experiment. Overall we find that the simulation of flow over the hill 

produces realistic velocity profiles and speedup and accurately predicts the location and 

size of the lee separation region.  

  

4.3.3 Velocity profiles and shear stress for all simulations  
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The normalized stream-wise velocity averaged over x and y directions from 5 

simulations are plotted in Fig.4.5. The large roughness elements in simulation BH113 

reduce the velocity throughout the domain. On the other hand, the velocity of H75 is the 

largest near the ground. The velocities of BH75 and BLDG are similar in the canopy 

layer due to the similar roughness elements. The velocity of H113 is between H75 and 

BLDG.  

 

 

Fig. 4.5 Streamwise velocity averaged over x and y normalized by the free stream 

velocity for 5 simulations (legend). Gridpoints inside the boundary were excluded from 

the average here and in all other profiles that follow. 
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Fig.4.6 shows the mean stream wise velocity profile of all five simulations 

upwind, over, and downwind of the hill. These same locations (x = -800, -400, 0, 400, 

and 800 m, y = 300 m) will be used again later. Note that in the simulations which 

include buildings all profiles are located in between buildings separated in the x direction. 

The maximum differences between these velocity profiles occur below z = 200 m (in the 

urban canopy layer). The velocities of BLDG are homogeneous in x since the surface 

boundary is homogeneous except for the presence of buildings. The BH113 and BH75 

velocities are generally the smallest.  

     

Fig.4.6 Mean stream wise velocity at 5 locations averaged over y and time and 

normalized by the mean streamwise velocity at the top of the domain. 
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The total shear stress (Fig. 4.7) generally peaks at about the height of the tallest 

roughness element and decreases linearly above that. The shear stress increases with 

increasing roughness and is smallest for H75 and largest for BH113. Notably, the shear 

stress for BLDG is larger than the shear stress for BH75. 

 

Fig. 4.7 Total (resolved + SGS) shear stress profiles.  

 

4.3.4 Air exchange rates and determinants of dispersion 

The bulk quantities averaged air exchange rates '()�*+,- , '()�*./01 , kinetic 

energy'23*454�6  and turbulent kinetic energy '723*+,+89  measure the efficiency of air 
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removal along the sides and top of buildings arrays (Fig. 9). They are defined as (Liu et 

al., 2005) 

 '()�*+,- � : ; <= > ���?
(+,-

 

'()�*./01 � : ; @= > ���&
(./01

 

'723*+,+89 � :'723*���?�&
A.-8B1

 

'23*+,+89 � :'CD*E�EFEG
HIJKLM

.                                                     �4.2�                                                                                                                             

Here <= and @= are positive vertical and span wise velocities along the top and sides 

respectively. (+,-,  (NOEP are the area of top and side of the urban canyon, respectively. 

A.-8B1 is the volume of the space between two buildings (Fig. 4.8). We note that we can 

only examine resolved velocities in our simulation ignoring the SGS contribution. Since 

our SGS model does not have an equation for the unresolved TKE (unlike e.g. Moeng et 

al. 1984) the unresolved TKE is also unknown. 

 

 



55 

 

 

Fig. 4.8 Sketch of the variables used in calculating air exchange between the urban 

canyon building space and the atmosphere through the top and the side. For buildings on 

the hill the ‘top’ is defined by the line connecting two adjacent building roofs and using a 

nearest neighbor interpolation of the velocities. 

 

Fig. 4.9 shows normalized air exchange rates, <KE> and <TKE> along the 

building spaces in x direction and for ‘channel’ between the rows of building (Fig. 4.9e). 

The values for BLDG are averaged to a constant value in each space due to horizontal 

homogeneity. 

The top air exchange rate for BLDG (Fig. 4.9a) is equal to or smaller than the 

ones for BH75 and BH113 at most locations except at x=0 for BH113. '()�*+,- for 

BH75 and BH113 increase upwind of the hill crest, drop to a small value at the top of 

hill, increase again downwind of the hill and converge to air exchange rates of BLDG in 

the third building space downwind of hill crest at x = 600 m. Considering the top air 

exchange through the rows between buildings aligned with the flow direction, (Fig. 4.9e) 

for BLDG '()�*BQ+,-  is smaller than '()�*+,-  presumably due to the absence of 
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vertical forcing by pressure variation and shear induced by the roughness. However, for 

BH75 and BH113 the maximum '()�*BQ+,-  becomes larger than the 

maximum '()�*+,-. 

The side air exchange rates of BLDG are also equal or smaller than the ones of 

BH75 and BH113 at the most locations (Fig. 4.9b). The side air exchange rates of BH75 

and BH113 increase upwind, reach a maximum value near the hill crest, and decrease 

downwind of the hill. The maximum side air exchange rate of BH75 are six times the 

average side air exchange rates of BLDG, and the maximum side air exchange rate of 

BH113 is almost ten times the average of BLDG. 

The <TKE> integrated over the volume between the buildings spaces is constant 

in x direction with the exception of a decrease in the wake of the hill (Fig. 4.9c). BH113 

and BLDG have about the same <TKE>, while the <TKE> of BH75 is 10-20% smaller. 

<KE> follows the same pattern as <TKE>.  
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Fig. 4.9 Air exchange rates (ACH), turbulent kinetic energy (TKE), and kinetic energy 

(KE) in urban canopy normalized by the free stream velocity R5. a) <ACH> through the 

top; b) <ACH> through the right side facing in the flow direction; c) volume averaged 

TKE; d) volume averaged KE; e) normalized '()�*BQ+,-  in the “channel” between 

building rows aligned with the flow direction (Fig. 4.8). 
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TKE in the atmospheric surface layer is also an important determinant of 

turbulent mixing and dispersion. Streamwise-vertical slices of TKE through the center of 

the simulation domains are shown in Fig. 4.10.  There is large TKE downwind of the hill 

in H75 and H113, and the TKE of H113 is larger than for H75. Considering the 

simulations containing buildings, the TKE distribution of BH75 and BH113 are 

qualitatively similar but TKE for BH113 is much larger due to the large separation region 

and its effect on the flow above the separation region. The region of largest TKE is again 

in the wake, but there is also large TKE upwind of the hill. There is a zone of low TKE 

above the hill crest. With the exception of this zone of small TKE, the TKE of BLDG is 

similar in magnitude to BH75 but homogeneous in the x direction. Consistent with Fig. 

4.10c, Fig. 11d,e also show the increase in TKE at the leeward side of the urban canyon 

at the hill crest and the center of the urban canyon in the space upwind of the hillcrest. 

The TKE is lowest in the urban canyons in the wake of the hill. 
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Fig. 4.10 x-z slices of resolved TKE [m
2
 s

-2
] through the center of the domain for the 5 

simulations. The bottom half simulation domain is shown (-1000 < x < 1000 m. y = 300 

m, and 0 < z < 500 m). a) BLDG, b) H75, c) H113, d) BH75, e) BH113. All figures use 

the same color scale. 

 

Variances of the velocity components are critical inputs into most bulk dispersion 

models. For example, in Gaussian dispersion models for neutral conditions the lateral and 

vertical spreading of a plume is proportional to the dimensional standard deviations of the 

d) 

b) c) 

e) 

a) 



60 

 

spanwise ( S) and vertical velocity ( T), respectively (Taylor 1922). Fig. 4.11 shows the 

profiles of TKE averaged over horizontal planes and time. With the exception of the 

roughness layer, the velocity variances and the TKE are larger for BH113 than in the 

other simulations. The maximum in the velocity variances usually occurs at the height of 

the tallest obstacle, not at the average obstacle height which is important for the 

representation of urban areas in meteorological models. As expected, H113 has larger 

TKE and velocity variances than H75. BH75 usually has smaller TKE and velocity 

variances than BLDG which is consistent with the shear stress profiles in Fig. 4.9, but 

surprising since roughness was added in BH75. We posit that the wake region in BH75 

reduces the shear stress there resulting in less effective roughness to the flow. The same 

effect should occur for BH113, but the large size of the hill creates so much additional 

shear and turbulence that the TKE and velocity variances become larger than for BLDG.  
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Fig. 4.11  Resolved  a) spanwise (v) velocity variance, b) vertical (w) velocity variances, 

c) TKE averaged in x, y. 
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Fig. 4.12 shows  S  and  T   of all simulations at five x locations.  S  and  T  of 

BLDG and BH75 are similar and larger than the standard deviations for H75. The small 

hill H75 does not cause significant changes in the profile of rms turbulent velocities at 

different streamwise positions, while for BH113 such changes occur up to z = 300 m.   S 

and  T of BH113 are larger than BH75 and BLDG, similar as for the average profile 

shown in Fig. 4.11. 

 

 

Fig.4. 12 Velocity standard deviations at 5 locations (x = -800 m, -400 m, 0 m, 400 m and 

800 m, y = 300 m) in the x-direction a)  S b)  T . 
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5  

Simulation of convective heat transfer 

from buildings 

 

5.1 Introduction 

One of the fundamental requirements for urban microclimate models is the urban 

energy balance fluxes simulation. The aim of these simulations is to accurately predict 

fluxes at the local scale (1-10,000 m) (Grimmond et al., 2010). Many urban energy 

balance models have been developed to simulate the urban energy balance e.g. TUF3D 

(Krayenhoff and Voogt 2007), BEP_BEM08 (Martilli et al., 2002, Salamanca et al. 2009), 

LUMPS (Grimmond and Oke 2002, Offerle et al. 2003).  Simulating radiative and 

conductive heat exchange is usually simple. Additional features such as anthropogenic 
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heat flux, built and natural surfaces and urban canyons are included in some models 

(Grimmond et al., 2010). However, convective heat transfer is generally over simplified. 

The complex flow patterns with separation and reattachment regions in urban areas have 

not been considered in these simulations. For example, based on the data obtained from a 

nocturnal field experiment, a simple linear relation between free stream velocity 10 m 

above the building roof (��) and convective heat transfer coefficient (CHTC) (Ito et al., 

1972) was proposed as equation 1.7 with constant � � 5.8, 	 � 2.9 for the windward 

surface. 

��� � 5.8 � 2.9�� 

This simplified equation has been widely used in CHTC simulations and calculations in 

spite of its obvious shortcomings. For example, one uniform CHTC is typically used for 

each surface. However, wind tunnel experiment results (Meinders et al., 1999) have 

shown that at the roof the largest CHTC is almost two times larger than the smallest 

CHTC. Improper use of the CHTC in simulations can introduce 20-40% errors in 

building energy demand simulations (Emmel et al., 2007). Therefore, the local wind 

speed at the building surface has to be considered for the CHTC calculation. 

Computational fluid dynamics simulations can provide very accurate velocities at specific 

locations above the building surface. In this paper, a large eddy simulation (LES) code is 

employed to simulate the convective heat transfer from building surfaces using the local 

wind speed above the building surface.  

Traditionally, there are two options to simulate the convective heat transfer in 

CFD codes, near wall resolution (Blocken et al.,2009; Defraeye et al., 2010), and wall 

function. Near wall resolution needs very fine grid spacing near the wall. Although it can 
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produce very accurate results, the expensive computational cost from this method makes 

it impossible for high Reynolds number (10� � 10�� flow over buildings at the scale of 

10s of meters. Thus, the wall function is widely used in CFD simulations for atmospheric 

boundary layer (ABL). These wall functions for heat transfer are empirical results either 

from wind tunnel testing (Wang, 1982; Francey and Papaioannou,1985) or from actual 

measurement from the building surface and roof (Hagishima and Tanimoto, 2003). In this 

case, an empirical wall equation (Higashima and Tanimoto, 2003) was carefully chosen 

to calculate local CHTC from building surface. 

The details of the numerical methods and the wall function chosen are discussed 

in sections 5.2.1 and 5.2.2. The numerical setup is described in section 5.2.3. In section 

5.3.1, validation of code is carried out by comparing normalized wind velocity and 

CHTC from this simulation to the wind tunnel results of Meinders et al. (1999). The 

application of logarithmic laws in relation to the building surfaces is studied in Section 

5.3.2. The domain averaged results are presented in Section 5.3.3. The relationship 

between building density and buoyancy effects are discussed in Section 5.3.4. 

 

5.2, Numerical Simulation 

5.2.1 Numerical methods 

LES and IBM are introduced in Chapter 2. This simulation uses these two methods here. 

The governing equations for mass and momentum conservation are described in equation 

2.2, 2.3, 2.4 and 2.5. 
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The density driven accelerations in the momentum field was added to Eq. 2.3 

using the Boussinesq approximation (Eq. 2.6). 

The flow is forced with an imposed pressure gradient in the x-

direction  �1 �⁄ ��� � ��� ⁄ , where   is the height of domain, and ��  is the friction 

velocity. In the vertical direction (z) a no-slip bottom boundary condition (BC) and a 

sponge upper BC are used and derivatives are calculated on a staggered grid using 

centered finite difference. A capping inversion is applied to the top half domain with 

inversion strength 0.0008 K m
-1

 s
-1

. In the horizontal directions (x and y), periodic BCs 

are applied and derivatives are calculated using spectral methods. For time advancement 

the second order Adams-Bashforth method is applied.  

 

5.2.2 Wall function 

As discussed in the introduction, wall functions which describe the relationship 

between CHTC and wind velocity, surface temperature, surface roughness and wind 

direction are the most important part in the convective heat transfer simulation. CHTC is 

defined as: 

��� � � .!
��! � �"#��                                                            �5.1� 

Where � .! is the normal convective heat flux at the wall, �! is the wall surface 

temperature, and �"#� is the reference (or free stream) temperature. 

Generally, in atmospheric boundary layer research, Monin-Obukhov surface layer 

similarity theory (MOS) is widely used: 
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&% � )/�%/,�                                                �5.2� 

 

where ��  is friction velocity, %  is vertical direction, $  is the von Karman constant, 

' -. (  is the mean virtual potential temperature, and , is the Obukhov length, defined 

as: 

, � � ��0 ' -. (
$1�' 23-.3 (�4

 

where 1 is the acceleration due to gravity and �' 23-.3 (�4 is the surface heat flux. The 

Obukhov length can be interpreted as the height above which the convective driven 

turbulence is dominant compared to shear driven turbulence. The coefficients )*�%/,� 

and )/�%/,�  have been determined empirically over a homogeneous surface. This 

equation cannot be used to derive CHTC at vertical building surface or a roof with 

complex edge effects. 

Thus, we turn our focus to the empirical relation from real full scale 

measurements at the building surfaces. A simple linear equation from the experiment of 

Hagishima et al. (2003) is applied in our simulation. 

 5667                    ��� � 3.96:�� � ;� � 2� � 6.42,                      �5.3� 

=>&? 2�@@              ��� � 10.21:�� � ;� � 2� � 4.47                    �5.4� 

In this experiment wind velocities at 0.13 m above the building surfaces were 

measured so CHTCs are expressed in terms of a local wind velocity. The energy balance 

model was also used to measure and calculate the real CHTC at each surface. Although 
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this relation still cannot fully represent all factors which impact CHTC, the application of 

local wind velocities makes it attractive to use with CFD where the flow velocity is 

locally resolved. 

In the simulation, the near wall velocity is not computed, thus, the velocities 5 

meters above the roof or 10 meters above other building surfaces are used with log-law 

assumption to infer the velocity at 0.13m above the building surface. This inferred 

velocity was input into the wall function to obtain the CHTC. 

 

 

5.2.3 Energy balance model 

A general energy balance equation at the building surface consists of radiation, 

convection and conduction heat fluxes (Eq. 1.4).  The final goal of this research is to 

couple LES with an urban energy balance and building energy model such as TUF3D. In 

TUF3D, radiation and conduction models are well implemented. Therefore, in this paper 

we simplify the radiation to a constant value 5B#C and the conduction to a single, constant 

layer, �D. 

This simplified model can still have a dynamic balance between convection and 

conduction. 5B#C is set to 400 W m
-2

 for the roof, 200 E/F� for the side walls, and zero 

for the ground. The building net radiation values are typical for midday conditions 

(Yaghoobian et al., 2010).  �D is set to 22 
o
C, and $D= 1.7 E/FG for concrete wall. 

 

5.2.4 Numerical setup 
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Six cases were simulated with 96 H 96 H 101  grid points resolving a 

computational domain of 1200 m H 1200 m H 1000 m in x, y and z directions. This grid 

resolution guarantees at least six nodes inside the buildings and in between buildings. The 

simulations are initialized by imposing a log-law profile to the stream-wise velocity, 

random values for the span-wise and vertical velocities, and a constant temperature of 

300K for all building surface and surrounding flow. The time increment for all six cases 

is 0.0667 s, and 48,000 time steps are simulated. Averages over 18,000 timesteps are 

presented. 

Flow over three types of building arrangements with building size 100 m H
100 m H 100 m �, H E H � is simulated. According to Oke(1987) and Cheng et al. 

(2007) , there are three possible flow regime over urban roughness. In the isolated flow 

regime (Fig. 5.1a single building design in our simulation), the wake behind the building 

ends and the flow fully recovers before the next building. The wake from the buildings 

will not interfere with other buildings. When the building density increases (the 3 H 3 

building arrays with space between buildings 3H are shown in Fig. 5.1b), the wake from 

the upstream buildings will interfere with the downstream buildings. If the building 

density is larger enough (6 H 6 building arrays with space between buildings H also 

shown in Fig. 5.1c), the flow begins to skim over the buildings. The building plan area 

densities are 0.007, 0.0625 and 0.25 respectively. All three building arrangements are 

simulated under both neutral conditions (no heat transfer) and unstable conditions (with 

heat transfer).  The simulations with heat transfer are denoted by ‘FLUX’ in the suffix. 
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a)  

 

b)  

       

c)  

 

Fig. 5.1 Layout of simulation cases a) single buildings (SB and SBFLUX); b) 3 H 3 

buildings array (3B and 3BFLUX); c) 6 H 6 buildings array (6B and 6BFLUX).  
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5.3. Validation and results 

5.3.1 Validation 

Real urban building measurement normally cannot be used to compare with 

simulation results due to its varying inflow directions, complex flow structure influenced 

by neighboring buildings, and incomplete measurements. Consequently, wind tunnel test 

results (Meinders et al., 1999) are used to validate the simulation. The wind tunnel has a 

height of 50mm and width of 600mm. A cube with height=15mm was mounted on the 

floor. The cube has a copper core with height of 12mm and a 1.5 mm epoxy outer layer. 

The copper core is heated to remain at a constant temperature 75J� and the temperature 

of the inflow is 21J� (Fig. 5.2). CHTC is determined by using the measured exterior 

temperature and constant inner temperature with a finite volume method. The detail 

methods and calculations can be found in Meinders et al. (1999). The experiment is 

repeated with Reynolds numbers from 2750 to 4970. The results from Re= 4440 are used 

in the comparison. This setup can be assumed to be a cube on an infinite flat surface with 

constant inside temperature. The flow setup in our simulation consists of a higher 

Reynolds number than this experimental setup in order to consider a realistic urban 

atmospheric flow scenario. Consequently, we only compare the non-dimensional results 

between the experiment and the simulation. 
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Fig. 5.2 layout of the experiment setup (Meinders et al., 1999) 

 

Fig. 5.3a shows the normalized stream wise velocity profile at five heights 

upstream of the cube. Note: x/H=0 is at the windward wall of the cube. The negative 

velocity for z/H<0.3 and x/H=0 to -0.6 confirms the existence of a vortex at the bottom 

of the windward wall. The simulation results show good agreement with experimental 

results except at z/H=0.13. The normalized stream wise velocities at four heights 

downstream of the cube are also plotted in Fig. 5.3b. The negative velocity also indicate a 

vortex region at x/H=1 to 2. Generally, the normalized velocities agree with experimental 

prediction. 
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Fig. 5.3 Profile of stream wise velocity normalized by horizontal averaged velocity at 

z/H=1. Experimental results are denoted by (+), and simulation results are denoted by a 

solid line. a) Upstream of the cube, b) downstream of the cube. 

 

CHTC along the centerline of windward-sidewall-leeward and windward-roof-

leeward were plotted in Fig. 5.4. CHTC results from a low Reynolds near wall resolving 
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simulation (LRNM, Defraeye et al., 2010) and the experiment are also shown for 

comparison. This LRNM simulation has the same setup as the experiment and has a high 

resolution near the wall, thus the results from LRNM were expected to have a better 

agreement with the experiment. For the CHTC at the windward wall (Fig. 5.4a), LES 

with wall function (WF) results qualitatively agree with the LRNM and experiment, but 

the value is lower than the experimental data. This discrepancy is due to the logarithmic 

law assumption which we employed to calculate the wind speed at windward building 

surface (see section 5.3.2). The lower value of CHTC at windward surface for WF makes 

KCJC smaller and increases the normalized value at sidewall and leeward surface (1-2-3 in 

the figure). The simulated CHTC at sidewall and roof surfaces are all anticorrelated with 

the experimental data (1-2 in Fig. 5.4b).  
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Fig. 5.4 CHTC (normalized by mean CHTC) distribution on the surface of cube in a) 

horizontal b) vertical centerpiece-comparison of LES with wall function (+), LRNM 

simulation results (o) of Defaeye et al. (2010) and experimental data (solid line) of 

Meinders et al. (1999) 
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CHTC is determined not only by the local flow characteristics but also by the 

temperature, humidity, and surface roughness. Empirical wall functions do not take all 

these factors into consideration, rather the CHTC Eqs. 5.3 and 5.4 only consider the 

velocity profiles. Since no experimental data of fluid flow around any building surface is 

available, the comparison to CHTC from the wind tunnel study can only be considered a 

qualitative check. Good agreement between our results and the simulations validate our 

implementation of the wall function, but both simulations do not agree with the 

experiment. 

 

5.3.2 Semi-log wind and temperature profiles 

The surface layer is on the order of tens of meters thick above the ground surface. 

In this layer, MOS theory can be used to describe the logarithmic law of the wind profile 

(AMS Glossary). The friction velocity in the surface layer is assumed to be constant. For 

flow over building surfaces the similarity theory is applied to describe the temperature 

and wind profile (parallel to the surface) due to lack of better alternatives. The basic 

logarithmic relations underlying the theory (Garratt, 1992) are 

' �L. (� �� · log�&/%J�/$ � �Q,  

' - � -R (� -.�R · log S &
%T

U /$ � ��                                �5.6� 

where �L. is the speed parallel to the building surface, & is the distance to the building 

surface, %J is the roughness height of the surface, - is the potential temperature, -R is the 

potential temperature at the surface, %T is the surface scaling length of temperature, �� is 

the constant friction velocity, $ is Von Karman constant, and -.�R is the surface heat flux. 
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�Q  and ��  are the correction coefficients due to buoyancy and are constant with each 

specific building surface.  

 The log-linear wind and temperature profiles plotted on semi-log axes will 

normally show a straight line for neutral cases and a straight line with slight curve due to 

buoyancy for stable and unstable cases. 

The semi-log profiles of wind speed over building surfaces are plotted in Fig. 5.5 

from the building surface out to 100 m away from the surface (d<H). The straight line 

below 30 m does show some a logarithmic relationship between wind speed and height 

on the roof and the side wall. The blue line and green line in Fig. 5.5a also show that the 

winds are very strong near the roof edge due to the impact of the upstream flow.  In Fig. 

5.5b and Fig. 5.5c, profiles of wind speed over windward and leeward walls do not show 

any sign of logarithmic behavior. Consequently, applying the same logarithmic law as the 

one at the roof to the windward surface will underestimate the wind speed at the 

windward surface. Considering Eq. 5.4, this underestimation of wind speed causes the 

CHTC at windward surface to be lower than the measurements. 
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Fig. 5.5 Semi-log profiles of resulting wind speed above the building surface. d is the 

distance from the building surface. The colored lines drawn on the building model in the 

right bottom corner show the location where the wind speed is averaged along a line and 

in time. The grid spacing is 10 m. a) roof; b) windward surface; c) leeward surface; d) 

side wall. 

 

The semi-log temperature profiles are shown in Fig. 5.6. The temperatures near 

the roof surface and side wall show similar logarithmic law trends as the wind speed in 

Fig. 5.5a and Fig. 5.5d. The temperature above the surface of leeward wall is nearly 
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constant. The temperature above the surface of windward wall is nearly constant past 20 

m. Due to the sparseness of the grid, we cannot judge if there is logarithmic law within 

20 m distance for the windward temperature.  

 

 

Fig. 5.6 semi-log profiles of normalized temperature at a) roof; b) windward; c) leeward; 

d) side wall. 

 

From Fig. 5.5a and Fig. 5.6a, at the roof, the slopes of temperature and wind 

speed are variable across the roof surface. If ��/$ and -.�R/$  in Eq. 5.6 are assumed to 

be homogeneous across the roof surface, the CHTC will have errors larger than 20%. The 

largest error will occur at the edge between the windward wall and roof (blue lines in Fig. 
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5.5a and Fig. 5.6a). At the sidewall, the largest error will occur at the edge between the 

roof and sidewall (magenta lines in Fig. 5.5d and Fig. 5.6d).  

Fig. 5.7 shows the semi-log profiles of wind speed at the roof and side wall of 

buildings in case 3BFLUX and 6BFLUX. (In Figs. 5.7 and Fig. 5.8, the profiles of 

velocity and temperature of windward and leeward surfaces will not be shown as the lack 

of logarithmic behavior is consistent with SBFLUX.) The wind speeds above the roof of 

3BFLUX (Fig. 5.7a) have similar slopes with the exception of the edge. For the wind 

speed above the roof of 6BFLUX the slope ratios are the same for all lines (Fig. 5.7c). 

This implies that the logarithmic law with constant ��/$ R can be applied to the roof in 

these two cases. Also, it can be applied to the side wall for 3BFLUX (Fig. 5.7b). 
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Fig.5.7. Semi-log profiles of normalized wind speed at a) roof of 3BFLUX; b) side wall 

of 3BFLUX; c) roof of 6BFLUX; d) side wall of 6BFLUX. 

 

Fig. 5.8 shows the temperature profiles above the roof and sidewall for 3BFLUX 

and 6BFLUX. The temperatures above the roof (Fig. 5.8a) shows an irregular shape at 

the edge (blue line) compared to the others, but all have the same slope for d > 20 m. This 

is also true for the side of 3BFLUX and the roof of 6BFLUX (Figs. 5.8b and 5.8c). At the 

side wall of 6BFLUX, although there is no log-law relation, the temperature profiles at 

different location still show a similar trend. 
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Fig. 5.8. Semi-log profiles of normalized temperature at a) roof of 3BFLUX; b) side wall 

of 3BFLUX; c) roof of 6BFLUX; d) side wall of 6BFLUX. 

 

From Fig. 5.5a, Fig. 5.7a to Fig.5.7c, the wind speed profiles at roof of three cases 

become more uniform with increasing building density. The same phenomenon can be 

found in temperature profiles from Fig. 5.6a, Fig.5.8a to Fig.5.8c. The wind speed and 

temperature profiles at sidewall failed to keep the log-law form when the building 

spacing decreases. 
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Fig. 5.9 Horizontal averaged a) velocity profile b) temperature profile  

 

Fig. 5.9 shows the horizontally averaged wind and temperature profiles for 

SBFLUX, 3BFLUX and 6BFLUX at the height range  ' % ' 8.  The velocity profile 

and temperature profile show some log-law relation with the height.  This straight line 

relation in Fig. 5.9 demonstrates there is an inertial sublayer above the roughness layer. 

In this inertial layer, the log-law relation can be applied globally.  Density change of 

buildings also impacts the velocity in Fig. 5.9a. The shape of the velocity profile of 

6BFLUX is similar to the shape of the velocity profile of SBFLUX with a zero plane 

displacement. The flow is skimming over the buildings in 6BFLUX due to its high 

building density. 

The offset between temperature profiles in Fig. 9b is due to the total heat flux 

increasing with building density (since the ground surface is unheated).  

 

5.3.3 Turbulence shear stress, heat flux and dispersion parameters 
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The response of the flow to the building density and heat flux changes is studied 

by comparing turbulence shear stress and heat flux among three flux cases.  Fig. 5.10a 

shows that �' �323 ( has an initial sharp increase and then decreases with increasing z.  

Above the building height the shear stress decreases linearly like in the homogeneous 

boundary layer flow (Fig. 3.2). In Fig. 5.10b, above the building height, ' 23�3 ( also 

decreases linearly with height. However, the heat flux in the urban canopy has some 

interesting features. Since the convective heat flux from the building surface disturbs the 

heat flux at the different height, the horizontally averaged heat flux does not increase 

uniformly. 

 

Fig. 5.10 Profiles of turbulent horizontal shear stress and vertical heat flux for different 

building densities. a) shear stress; b) heat flux. The height of the buildings is shown as a 

horizontal line. 

 

Fig. 5.11 shows the standard deviation in temperature and vertical velocity. The 

vertical velocity standard deviation increases with increasing building density, as 

expected. The standard deviation of temperature for 3BFLUX and 6BFLUX has a similar 
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shape with magnitude difference. The temperature standard deviation of SBFLUX has a 

fluctuated value at a higher position than the building height. 

 

 

Fig .5.11 a) Normalized vertical velocity variance; b) Normalized temperature variance 

 

5.3.4. The effect of building surface heating on the flow field in the 

urban roughness layer 

The impact of buoyant forcing in urban areas is often neglected since the large 

roughness causes shear production of TKE to dominate in the urban surface layer. 

However, in the urban roughness layer impacts of buoyant forcing are expected and are 

investigated here by running simulations with and without the buoyancy term in the 

momentum equations. How this feedback force from scalar equation affects the velocities 

in the flow field is studied in this section.  Fig. 5.12 compares the velocity vectors in 

vertical and horizontal slices of SBFLUX to the velocity vectors of SB. In Fig. 5.12a, the 

higher temperature above the building surface is coincident with vertical velocity 

increase compared to the neutral case (Fig. 5.12b). In Fig. 5.12c, the higher temperature 
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region downstream of the buildings is collocated with the wake and a vortex street. The 

wake is shorter in the neutral simulation SB than for SBFLUX. 

 

 

 

Fig. 5.12 Velocity vectors and temperature at a) vertical slice; b) horizontal slice through 

the center of buildings of SBFLUX; c) vertical slice; d) horizontal slice through the 

center of buildings of SB  
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The velocity comparison between the neutral case and the unstable case of 3 H 3 

buildings is shown in Fig. 5.13. The vertical velocity is larger for the unstable case 

compared to the neutral case. The horizontal slices show that buoyancy effects shorten 

the length of the wake. 

 

 

 

 

Fig. 5.13 Velocity vectors and temperature at a) vertical slice of 3BFLUX; b) vertical 

slice of 3B; c) horizontal slice of 3BFLUX; d) horizontal slice of 3B. 
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Fig. 5.14 shows the slices of 6BFLUX and 6B. The vertical velocity on the 

windward side of the canyon vortex and above the canopy layer of 6BFLUX increases 

due to the buoyancy force from the heating. The flow pattern between two buildings in 

the horizontal directions is similar for 6B and 6BFLUX. The temperature between two 

buildings is larger than the temperature above the buildings. 

 

 

Fig. 5.14 Velocity vectors and temperature at a) vertical slice of 6BFLUX; b) vertical 

slice of 6B; c) horizontal slice through the center of buildings of 6BFLUX; d) horizontal 

slice through the center of buildings of 6B. 
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Compared to the temperature field in Fig. 5.11a, Fig. 5.13a and Fig. 5.14a, the 

temperature is higher at the roof of SBFLUX, but this high temperature region is not 

repeated in the simulations 3BFLUX and 6BFLUX. Fig. 5.11a shows a speedup effect at 

the roof of the single buildings; this speedup is weaker for 3BFLUX and disappears for 

6BFLUX (Fig. 5.14a). Another interesting finding in the temperature field of 6BFLUX is 

that the heat between buildings cannot ventilate out of building canyon. The strong 

stream wise velocity at the roof level suppresses ventilation. 
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Conclusion and Future work 

 
6.1 Summary of present work 

Large eddy simulation is one of the most advanced numerical methods in current 

atmospheric boundary layer flow research. Sub-grid scale model in LES is core of the 

LES closure problem. The early work of (Meneveau et al., 1996; Prote-Agel, et al., 2000; 

Bou-zeid, 2004) developed a very successful Lagrangian dynamic scale-dependent SGS 

model and applied it to neutral atmospheric flow over heterogeneous land surfaces. The 

simulations of atmospheric flow over homogeneous surface are performed to validate our 

implementation of this code.  
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The immersed boundary methods were added to the code in the present work and 

validations for neutral flow over building arrays and neutral flow over sinusoidal hill 

were carried out respectively.   

The hardest part in our implementation and the most important achievement of 

IBM is it can be used to simulate flow over any irregular obstacles. In Section 3.3, 

atmospheric boundary layer flow over sinusoidal hill is simulated and compared with 

wind tunnel results and other simulation results. The log profiles of stream wise velocities 

at wave crest, 1/4 wavelength downwind of the crest, wave trough and 1/4 upwind of 

wave trough show good agreement with the experimental results. The standard deviation 

of stream wise velocity and vertical velocity at wave crest are also presented, although 

there are certain discrepancies between the simulation and experiment, the simulation of 

IBM is not worse than the simulation of WPS. The dynamic Smagorinsky coefficient is 

smaller at the top of the wave crest and larger at the windward of the hill crest. The 

validation works demonstrate that combining the IBM with LES, the new code not only 

can simulate the flow over homogenous surface and rectangular building arrays, but also 

can simulate the flow over irregular surface very accurately. 

In the first application of a 3D immersed boundary method to urban boundary 

layer flows, Large Eddy Simulation was performed over five surface boundaries: 75 m 

and 113 m witch of Agnesi hills (H75 and H113), a 3 � 10 buildings array over a flat 

surface (BLDG), and the 3 � 10 building array on top of the hills (BH75 and BH113). 

The witch of Agnesi hills of different height show velocity speedup effect and separation, 

consistent with experimental data from wind tunnel measurements. The velocity field and 

turbulence velocity standard deviation also match those from a wind tunnel study over 
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sinusoidal hills in chapter 3. While periodic boundary conditions create a flow over an 

infinite series of hills, the large spacing between hills crests (17 to 26 times the hill 

height) limits the influence of the ‘upstream’ hill. 

The goal of the analysis is to determine when natural topographic variations on 

the order of the building height will have significant effects on the flow field, dispersion 

parameters, and their determinants in the urban boundary layer. We simulate flow over 

moderately sloped hills (maximum slope of 0.26) where weak separation occurs and vary 

only the hill height. For flow over hills, other authors (Kuzan et al. 1996, Gong et al. 

1996) have shown that the hill slope is a critical parameter that determines flow 

separation. The impact of separation and the change in onset of separation of flow over 

bare hills versus hills with buildings is an important topic that was beyond the scope of 

this study. 

Natural topography with buildings (BH75, BH113) leads to a reduction in the 

mean velocity in the canopy layer and surface layer compared to buildings over a flat 

surface (BLDG). For an urban canopy on a 75 m hill (BH75), the velocity profiles are 

similar to those of BLDG. Surface layer shear stress and TKE even decrease for BH75 

compared to the same building array on a flat surface (BLDG). This, in turn leads to 

reduced dispersion over BH75 as indicated by the velocity variances. Furthermore, in 

non-neutral simulations this could lead to more unstable but thinner urban boundary 

layers. However, in BH113 shear stress and TKE significantly increase leading to 

enhanced dispersion and air exchange. 

Air exchange rates of the urban canyon are important to judge dilution and 

removal of street vehicle emissions from the urban canyon. While the TKE in the urban 



93 

 

canyon for BH75 is smaller or equal than BLDG indicating less mixing in the urban 

canyon, the ACH through the top and sides of the urban canyon are enhanced indicating 

more efficient removal of road emissions. 

The air exchange rate between the building spaces of BLDG is of the same 

magnitude as in the other simulation (Liu, 2010). The air exchange rates between the 

building spaces in a row of buildings going from upwind to downwind of a hill vary by a 

factor of 7 to 10. The upwind areas are well ventilated through top and sides of the urban 

canyon, while the crest areas are primarily ventilated through the side. Generally, BH113 

has increased air exchange rates, TKE and standard deviations compared to BLDG 

throughout the domain.  

In conclusion, terrain undulations are a significant factor in urban dispersion, even 

for moderate slope ratio (0.26) and small hill to building height ratio (1.5 for BH75). 

Results from experiments or simulations with buildings over a flat surface do not apply to 

urban areas with even relatively modest topography. This result would be expected for 

hills which are significantly larger than the buildings. However, we show that relatively 

moderate hills on the order of the building height already dominate the flow field and 

dispersion. In many coastal areas hilly terrain with typical height variations on the order 

of or larger than the building height are common.  In the future, the urban dispersion 

research should focus on evaluating critical hill heights or slopes for different urban 

substrates for which departures from horizontal cases warrant a case-by-case 

examination. 

In chapter 5, a surface energy balance model is coupled to the LES. A wall 

function is used to relate the local wind speed at the building surface to CHTC. LES was 
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performed over three building setups: single building, 3 � 3 buildings with 3H spacing 

and 6 � 6 buildings with 1H spacing, six simulations are run to test neutral and unstable 

conditions for three setups. SBFLUX case is validated by comparing the normalized 

result with LRNM simulation and the wind tunnel experiments. The stream wise 

velocities at both upstream and downstream of buildings agree the wind tunnel results. 

The CHTC at windward is underestimated because a log-law method is employed to find 

the wind speed at 0.13 m above the building surface. CHTC at roof and side wall is anti-

correlated to the experiment, but consistent with LRNM. Due to differences in Grasshof 

and Reynolds numbers the thermal data from this wind tunnel experiment can only serve 

as a reference.  

MOS theory and log-laws are frequently applied to roof and ground surface in 

urban canopy research. The simulation results show that at windward and leeward surface 

of buildings, there is no log-law within 0.1H~1H above the surface.  At the edge of roof 

surface, especially at the upstream edge, the velocity and temperature profile also do not 

follow a log-law. For the roof of SBFLUX, the slope of the velocity and temperature 

profiles are different from each other. However, with the density of buildings increasing, 

the slopes of velocity and temperature become more uniform at roof. A log-law relation 

with one value ��/	  and ���/	   could be used to generalize the velocity and 

temperature field above the roof. At the sidewall, the log-law relation was not observed 

for 6BFLUX, but it can be found within half of building height above the surface for 

3BFLUX. Although the lines at the sidewall have a similar shape, it is hard to find 

general relation which can apply to both cases. 
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The buoyancy force effects in flow field were also investigated. The buoyant 

plume generates a strong buoyancy force above the roof of single building. However in 

Fig. 5.10a and Fig. 5.11a, the buoyancy force are still strong, but the heat plume are not 

observed, the heat above the roof distribute evenly with the density increase. The heats 

from the buildings also make the downstream wake shorter than for neutral conditions. 

The high temperature regions among three unstable condition simulations vary from the 

roof region (SBFLUX) to the canyon region (6BFLUX).   

In conclusion, a fully measurement of building experiment should be carried out 

to provide data for validation in urban heat transfer research. Even if CFD can match the 

results from a wind tunnel test, if it can be applied to the urban buildings still remain a 

question. The log-law relation with constant coefficient can be applied to the roof surface 

velocity and temperature when the building density is higher and buildings are at the 

same height. The same log-law relation does not apply to windward and leeward 

surfaces. Density of buildings also acts as one of most important factors in determining 

the temperature distribution and buoyancy force.  

 

6.2 Recommendations to the future work 

The difficulties in this research are mainly from the pseudospectral method. The 

Fast Fourier Transform is applied in the horizontal plane. When the obstacles are 

presented in the flow field, all the derivatives of velocities in x or y directions inside the 

obstacles suppose to be zero. This sharp discontinuity will introduce a high frequency 

oscillation called Gibbs phenomenon. In our simulations, a Laplacian smoothing operator 

is used to create the ghost velocities inside the obstacles (Eq.2.7) and smooth the 
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derivatives in horizontal plane. Although this method can suppress the oscillations very 

well, it still cannot eliminate all the oscillations out of the simulations. A better method 

should be introduced to solve this problem such as the application of the IBM force over 

several grid points outside of obstacles.  

For flow over the hill, more research should be carried out to study the impacts 

from changing slope ratio of hills. The critical slope ratio for an occurrence of separation 

has to be found. The effects of hill surface roughness also should be taken into account in 

the future research. 

With the increasing understanding of flow over the hill, the pollutant 

concentration calculations from scalar equation should also be put into action for the 

dispersion research in urban area. A real city over hilly terrain simulation should be 

carried out after the methodological suggestions have been implemented. 

The research in urban convection heat transfer requires a thorough field 

experimental measurement of velocities and temperature above a real building. This fully 

measurement should provide an empirical relation between the CHTC and velocities, 

temperatures. A well designed experiment can also provide the data for validations in 

numerical simulations.  

When the convection heat transfer model is well validated, then the LES codes 

can be coupled with the TUF3D building energy model. The effects from a heated city to 

the atmospheric boundary layer and the thermal distribution inside the urban canopy layer 

should be examined in detail. 
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