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บทคัดยอ 
บทความนี้อาศัยกระบวนการทางอุตุนิยมวิทยาและการจําลองทางพลศาสตรของไหลเพื่อศึกษารูปแบบการไหลของมวลอากาศ
ที่ไหลผานเนินเขา โดยการเปรียบเทียบผลที่ไดรับจากแตละวิธีการเพื่อหาแบบจําลองความปนปวนและวิธีการกําหนดเง่ือนไข
ขอบเขตของแบบจาํลองทีเ่หมาะสมสาํหรบัใชกบัการจาํลองเพือ่นาํมาทดแทนการเกบ็ขอมลูในพืน้ทีจ่รงิในอนาคต สวนแรกของ
บทความนําเสนอตําแหนงที่เหมาะสมสําหรับการติดตั้งกังหันลมผลจากการจําลองแสดงวาแบบจําลองความปนปวน Standard 
k-ε ใหผลการจําลองแมนยําที่สุดบริเวณดานหนาเนินเขา  ขณะที่แบบจําลอง Reynolds Stress Model แสดงผลท่ีใกลเคียงกับ
การทดลองมากท่ีสุดเมื่อผายจุดยอดของเนินเขาไป 1.0 เทาของความสูงเนินเขา สวนแบบจําลอง Standard k-ε และ Standard 
k-ω แสดงคาที่ตํากวาการทดลองมาก สวนหลังของบทความนําเสนอตําแหนงศักยภาพลมเปรียบเทียบระหวางภูมิประเทศ
จริงและรูปทรงเลขาคณิตที่มีเงื่อนไขอบเขตคลายคลึงกันเพื่อเปนขอมูลสําหรับสรางกราฟความสัมพันธระหวางมุมของเนินเขา 
ความเร็วลม ความหยาบของพ้ืนผิวและแสดงตําแหนงศักยภาพลมของเนินเขาน้ัน ๆ ซึ่งจะชวยลดข้ันตอนสําหรับการศึกษา
ตําแหนงติดตั้งกังหันลมตอไปในอนาคต 

คําสําคัญ: การจําลองทางพลศาสตรของไหล แบบจําลองความปนปวน ตําแหนงศักยภาพลม

Abstract
Computational fl uid dynamics is used to explore new aspects of wind fl ow over a hill. This analysis focuses on fl ow 
dependency and comparison of results from measurements and simulations to show the optimum turbulance model 
and the possibility of replacing measurements with simulations. The fi rst half of the paper investigates a suitable 
turbulence model for the suitable site of a wind turbine. Results of the standard k-ε model are compared precisely 
with the measures in front of the hill top; while the Reynolds Stress Model showed exact results after 1.0 times of hill 
steep ness, but the standard k-ε model and standard k-ω model showed more of an underestimation. In addition, 

velocity fl ow over Pha Taem hill topography and reference geometry shape are compared to fi nd a suitable site for a  
turbine in case the actual hill structure is associated with geometric shape. Further study of the geometry shape of 
the hill and its suitable site will be reported elsewhere.

Keywords: computational fl uid dynamics, turbulent model, suitable site



Vol 32, No 4, July-August 2013 CFD Evaluation of Wind Flow Over Hill: AComparison of Trapezoid Hill Shape and 
Relatively Geometry

435

Introduction
World energy consumption has increased signifi cantly in 
the last decade However, the use of fossil fuels creates 
serious environmental problems, including acid emissions, 
air pollution and climate change Many countries provide
renewable energy such as solar, wave, geothermal or 
wind energy. Today, the use of wind energy technology 
has been developing very fast1-5 given that wind power is 
a local resource and that it is a clean and environmentally 
friendly resource.
 The Energy Policy and Planning Offi ce of Thai-
land (EPPO) showed electricity consumption of the year 
2009 of 134,729.89 GWh, which 2,460.09 was imported 
from neighboring countries. The cumulative electricity 
energy  increased by an average of 10.5% and 39.9% 
from year 2005 and 1999, respectively. Mainly, the en-
ergy resources of Thailand are crude oil, coal and natural 
gas. The reports of EPPO showed in December 31, 2008 
reserved raw energies were 183 MMBBL of crude oil and 
12,003 BCF of natural gas6. So, wind energy is an alter-
native energy which reduces electrical energy imported 
and environmental friendly. 
 The Ubonratchathani region has 16,112 square 
kilometers and a 1.8 million population7 on the plateau in 
southeastern of Thailand. The average region is situated 
at approximately 123 m from the sea level.The 51.07% 
of region are farm land and 78% of electricity is used in 
household and agricultures 6.
 Pha Taem national park is located at the eastern 

edge of Ubonratchathani district near the Khong river. 
Figure 1 showed that the hill top is 240 m above from 
ground level with 20.06° slope. The terrain behind the hill 
top is a 1.66° rockbound slope with few obstacles, while 
the front of the hill is farmland and river. The hill structure 

is located perpendicular to one fourth of the wind impact 
direction. 
 Nowadays computational fl uid dynamics tech-

niques are used worldwide to investigate suitable site 
for turbines. The effect of a rough surface, wall function 
problem, turbulent model et al. were simulated to adopt 

most energy from the wind7-11. The Fluent commercial 
codes with turbulent models were used in this article 

because of their ready availability well developed interface 
and broad verifi cation and validation.

              

Figure 1  Geographic Information System of geometry with 

1:50,000 resolutions

 The case chosen in this analysis was measured 

March 11, 2011 at 9:00 - 11:00. The ambiant was generally 
found at 27.2°C of mean tempreature and the mean 
pressure was 1009.43 pascal. The mean wind speed at 10 
m height of reference station was 2.728 m/s and direction 
was 2.4 ° vertical with 10.8 ° turning.

Turbulence model description
 Turbulence of fl ow is diffi cult to defi ne precisely, 
and is most often described by its properties. The fi rst 
property of turbulence described by Panofsky and Dutton5, 
states that the fl uid velocity is a chaotic and apparently 
random function of both space and time. This means 
that the turbulent information is contained in the velocity 
fl uctuations. The only expression containing the velocity 
fl uctuations is the Reynolds stresses, which therefore 
represent the turbulence of the fl ow. Another property of 
the turbulence is non-linearity. The Reynolds stresses are 

also non-linear terms, in accordance with its property are 
in the Reynolds Averaged Navier-Stokes equations:
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whereU
j
are the Reynolds averaged components of    the 

mean fl ow, P is the pressure and ρ is the density and u
i
u

j
 

with an overbar are turbulent stresses. This formulation 
includes both vertical and horizontal turbulent fl ux diver-
gence. Equations for each of the six Reynolds stresses 
and dissipation are solved at each time step to close the 
mean equations. The model equations are solved using a 
fractional step method in which the equation for pressure 
is derived in such a way that it ensures a divergence-free 
momentum fi eld.
 The standard k-ε model is an industrial standard 
turbulence model in engineering practice. In this case, the 
transport equations of momentum, potential temperature, 
mixing ratio of water vapors and turbulence energy are 
adopt, while near-wall treatment are enhanced6. Because
of their computational robustness and effi ciency, the 
two-equation k-ε turbulence model and its variants are 
most commonly used in wind energy researches12-13. 
In particular, they have been extensively validated and 
calibrated for engineering application fl ows around bluff 
bodies and structures14.

k-model
 The standard k-ε model15 is a semi-empirical 
model based on model transport equations for the 
turbulence kinetic energy (k) and its dissipation rate (ε). 

The model transport equation for k is derived from the 
exact equation, while the model transport equation for

ε was obtained using physical reasoning and bears 
little resemblance to its mathematically exact counterpart.

In the derivation of the k-ε model, it was assumed that the 
fl ow is fully turbulent, and the effects of molecular viscosity 
are negligible. The standard k-ε model is therefore valid 

only for fully turbulent fl ows, so that

 

 whereμ
t
is the turbulence viscosity. The k-ε model 

assumes that the turbulence viscosity is linked to the 

turbulence kinetic energy and dissipation via the relation

 

k-model
 The standard k-ω model is an empirical model 
based on model transport equations for the turbulence 
kinetic energy (k) and the specifi c dissipation rate (ω), 
which can also be thought of as the ratio of ε to k16.
 One of the advantages of the k-ω formulation 
is the near wall treatment for low-Reynolds number 
computations. The model does not involve the complex 
non-linear damping functions required for the k-ω model 
and is therefore more accurate and more robust. A low-
Reynolds k-ω model would typically require a near wall 
resolution of y+<0.2, while a low-Reynolds number k-ω 
model would require at leasty+< 2. In industrial fl ows, even 
y+< 2 cannot be guaranteed in most applications and for 
this reason, a new near wall treatment was developed 
for the k-ω models. It allows for smooth shift from a low-
Reynolds number form to a wall function formulation.
 The k-ω models assumes that the turbulence 
viscosity is linked to the turbulence kinetic energy and 
turbulent frequency via the relation

 
Reynolds Stress Model
The Reynolds stress model17-19involves calculation of the 
individual Reynolds stresses, , using differential transport 
equations. The individual Reynolds stresses are then used 

to obtain closure of the Reynolds-averaged momentum 
equation
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The exact form of the Reynolds stress transport equa-
tions may be derived by taking moments of the exact 
momentum equation. This is a process wherein the 
exact momentum equations are multiplied by a fl uctuat-
ing property, the product then being Reynolds averaged. 
Unfortunately, several of the terms in the exact equation 
are unknown and modeling assumptions are required in 
order to close the equations. In this section, the Reynolds 
stress transport equations are presented together with the 
modeling assumptions required to attain closure.

Simulation
 Experimental basis
 Pha Taem national park is located in the eastern 
edge of Ubonratchathani district far from the Khong river 
The hill is 240 m height from the bottom ground with 
20 degree slope. The wind data for this analysis was 
measured to compare with the simulation. The ambient 
temperature was generally found at 27.2°C of mean 
tempreature and the mean pressure was 1009.43 pascal. 
The mean wind speed at 10 m height of reference station 
was 2.728 m/s and direction was 2.4°with 10.8° turning.

 A cup anemometer and wind vane with 0.1 m/s 
and 1.0°accreted were used to measure wind speed and 
direction at 10 m height, respectively. The measurement 
sites in front of hill top were at -1.0 and -1.5 time of front 

hill distance while behind the hill top were measure at 
0.0, 0.5, 1.0, 1.5 and 2.0 time of front hill distance.

 The mean wind speed at -2.0 time of front hill 
distance which is the reference station was 2.728m/s 

and the direction was 2.4°with 10.8° turning, while mean 
temperature and pressure was 27.2°C and 1009.43Pas-
cal, respectively.
 Grid arrangements and boundary conditions

 Figure 2 illustrated the grid used in the simula-
tions highly infl uences the results. Both the grid resolu-
tion and accuracy of the terrain data are important. The 

simulation domain is chosen to include the neighboring 
hills behind the Pha Taem hill, and the grid used in the 
simulations has a horizontal extension from 1 km in front 
of the hilltop, to 1 km behind the hilltop. The width of the 
domain is about 1 km, and the height of the domain is 

1 km. The horizontal and vertical distribution of the grid 
cells is visualized in Figure 3.8(a) and 3.8(b), respectively. 
The resolution in the center is ∆x = 1.0 m and ∆y = 1.0 m 
This is constant in a central square of 500m x 500m, with 
a linear increase of 11% in the x-direction and 9% in the 
y-direction outside this square. The largest cell is109.53 
m in the x-direction and 27.69 m in the y-direction. The 
height of the fi rst grid cell is ∆z = 1.0 m. With a vertical 
stretching of 10%, the largest vertical extension is 108.54 
m. The total amount of grid cells is 590x564x45.
 A one-dimensional simulation is done to establish 
a profi le over homogeneous conditions. With the rough-
ness length z

0
=0.04 m, the simulated velocity 10 m above 

ground level becomes 2.728 m/s. This profi le is used 
as whole infl ow boundary condition and initial condition 
for the entire domain. At the side boundaries there are
periodic boundary conditions, and at the outfl ow boundary 
there is a zero-gradient condition. The surface boundary 
condition is expressed by wall functions, connecting the 
velocity in the fi rst cell to the roughness and the log law 
assumption. The top boundary is as a zero-gradient 
surface in all variables except the vertical velocity, which 
is defi ned not to allow any material transports through the 
boundary. This means a vertical velocity equal to zero at 
the top boundary.
            

(a) Vertical distribution

(b) Horizontal distribution

Figure 2 Distribution of grids cells used in the simulations
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Results
 General results
  3 showed the Comparison of wind profi le at 
reference station from standard k-ε model, standard k-ω 
model, RSM, and measurements were compared at the 
vertical velocity along -1.0 time of front hill distance in 
front of hill top. The simulations and measurements were 
compared at 5m, 10m, 15m and 20m height. The com-
parison showed the measures was related with standard 
k-ε model. Since, some results data from the standard 
k-ε model were in uncertainty range of the measured, 
while trend line of standard k-ω model and RSM was 
dissimilar. The standard k-εmodel has been shown to be 
useful for free-shear layer fl ows with relatively small pres-
sure gradients. Similarly, for wall-bounded and internal 
fl ows, the model gives good results only in cases where 
mean pressure gradients are small; accuracy has been 
shown experimentally to be reduced for fl ows containing 
large adverse pressure gradients.

Figure 3 Wind velocity profi le at reference station

Comparison of velocity
 The horizontal velocity comparison showed 
increased velocity in RSM while k-ε model and k-ω 

model showed similar results. In Figure 4 is the veloc-
ity increase of each model of RSM, k-ε model and k-ω 
model occurred 16.45%,8.42%and 7.76%, respectively. 

And the maximum velocity in simulation appeared in turn 
at 2.36, 2.11and 1.73 times of hill height.

Figure 4 Comparison of increasing speed at hill top

 Figure 5 showed the comparison of velocity and 
uncertainty limits at 10 m height from ground of measured 
and the simulated. The results separated in three phase, 
in the initial phase standard k-ε model showed similar 
results with the measured. In the second phase along the 
hill top to 1.0 times of hill steep the simulation showed 
that results from standard k-ε model and standard k-ω 
model was an underestimation while RSM showed over-
estimation. The fi nal phase, after 1.0 times of hill steep,
the RSM showed the exact result but the standard k-ε 
model and standard k-ω model showed more underes-
timation, because RSM naturally includes the effects of 
streamline curvature, sudden changes in the strain rate, 
secondary fl ows or buoyancy compared to turbulence 
models using the eddy-viscosity approximation.

Figure 5  Comparison of velocity at 10m height from ground along 

the hill
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 Comparison of turbulence kinetic energy
 Figure 6 illustrated turbulence kinetic energy 
along wind direction, comparison of measured and simu-
lated. After the distance 0.5 L/s the complete simulation 
appeared as an underestimation of TKE at 10 m height.

Figure 6 Comparison of turbulence kinetic energy along wind 

direction at 10m height

 Figure 7 showed the turbulence kinetic energy at 
distance 0.5 L/s, its maximum peak was at a little height 
from fl at terrain, but RSM greatly overestimated around 
the ground. On the other hand, the k-ε model and k-ω 
model showed underestimated with a wide gap. The peak 
value of turbulence kinetic energy for the RSM, k-ε model 

and k-ω model appeared 0.288, 0.190and 0.166 m2/s2, 

respectively.

Figure 7 Comparison of turbulence kinetic energy at distance 0.5 

L/s

 Mean velocity component in the longitudinal
Velocities profi led were used to investigate suitable sites 
for turbines; hill height H and steep distance L are pro-
cedure to be implied. Simulations were made at different 
distances along the hill from -6L to 3L for two cases, that 
is, infl ow profi le before impact (-6L and -3L) and velocity 
profi le after impact (0L to 3L). The mean velocities in 
vertical direction around the hill are shown in Figure 8. 
The inlet profi le fl ow from -6L to -3L are steady, illustrated 
that the profi le model is appropriate. After the impact line 
(0L) the simulation showed the velocity profi les change 
along the distance. The results from RSM indicated further 
velocity than k-ε model and k-ω model along the ground 
to 2 times of hill height, while k-ε model and k-ω model 
demonstrated rather similar results.

Figure  8 Mean velocity component in the longitudinal direction

 Comparison of hill shape and geometry shape
 The Pha Taem hill topography is quite similar 
with the geometry. To investigate a suitable site for wind 
turbines matching with real topography, reference 

geometry shapes were used to associate with the actual 
hill structure as shown in Figure 9. The hill shape can 
be separated into two parts, the hill with 20.06°slope and 
the fl at rocky plate with 1.66° slopes to the backside and 
a few fences. The trapezoid geometry with 20.0 ° slope 

and the fl at plate 1.7°slopes to the backside with 0.04m 
roughness is used to examine for this case.
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Figure 9  Pha Taem topography associate with reference trapezoid 

geometry

Figure 10 Increasing of velocity comparison of Pha Taem hill 

topography and reference geometry shape.

 Figure 10 showed increasing velocity at 0.5 L/s 
from the hill top. The RSM simulations indicated that 
results from Pha Taem hill topography provide similar 
velocity with the reference geometry shape from ground 

to 2 Z/H in vertical height, but in the higher region the 
RSM showed further results at 2.63% in this region. The 
simulations the from k-ε model and k-ω model illustrated 

similar tendency, which Pha Taem hill topography always 
had additional results at 5.02% and 10.53%. Since, rocky 
plate roughness surface from topography compose more 
turbulent intensity.
 Investigation of the turbulent kinetic energy, 

comparison of the fl ow over Pha Taem hill topography 
and reference geometry shape is shown in fi gure 11. 

The simulations results from k-ω model showed mostly 
neighbor at 2.97% difference, while the k-ε model showed 
8.02% difference. The RSM result demonstrated two times 
more of turbulent kinetic energy. Figure 12 indicates a 
turbulence intensity comparison of the fl ow. The result 
tendency was in harmony with results of the turbulence 
kinetic energy.

Figure 11 Comparison of turbulence kinetic energy increasing of 

the fl ow over Pha Taem hill topography and reference 

geometry shape

Conclusions
Computational fl uid dynamics was used to analyze the 
Pha Taem hill fl ow which can be separated into two parts, 
the hill with 20.06°slope and the fl at rocky plate with 1.66° 
slopes to the backside and a few fences. The standard 
k-ε model, standard k-ω model and RSM were used to 

compare with the measure. mento, wind speed and di-
rection, pressure and temperature were collected at 5m, 
10m, 15m and 20m height for 7 stations.

 The mean wind velocity at 10m height on the 
measured date is 2.728 m/s and wind velocity 3.014 m/s 
at 40 m height. Investigation of wind velocity and un-
certainty limits at 10 m height from ground of measured 
and simulated. The results illustrated standard k-ε model 
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showed similar results with those measured in front of  
the hill top. After 1.0 times of hill slope the RSM showed 
exact results but the standard k-ε model and standard 
k-ω model showed more underestimation. The turbulent 
kinetic energy in the simulations showed great approach 
with the measured since earlier to distance 0.5 L/s after 
impacted, after the distance 0.5 L/s the completely simu-
lation appeared underestimation of TKE at 10 m height.
 Comparison of the Pha Taem hill topography is 
similar to trapezoid geometry in which 20.0 ° slope and 
the fl at plate 1.7°slopes to backside with 0.04m rough-
ness. The coeffi cient of determination of Pha Taem hill 
and trapezoid is 0.9546. The RSM simulations indicated 
that results from Pha Taem hill provide similar velocity 
with trapezoid from ground to 2 Z/H in vertical height, but 
in the higher region the RSM showed further resulted at 
2.63% in this region. 
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