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1. Introduction 
 

Previous studies have used both laboratory and 

numerical simulations to analyze tornado-like flow and its 

interaction with structures. Ward (1972) built a tornado 

vortex chamber (TVC) with geometric and dynamic 

similarity to a real tornado. Later, Davies Jones (1973) 

conducted a parametric study to investigate the dependency 

of core radius on various parameters like swirl ratio, inflow 

depth, updraft radius and reinterpreted Ward (1972) by 

concluding that the volume flow rate, and not the radial 

momentum flux, is an important parameter in sustaining 

such vortices. Church et al. (1979) used a Ward type 

tornado simulator to identify the important transition points 

in a tornadic flow structure and concluded that the vortex 

flow structure is independent of radial Reynolds number 

above a threshold. Mitsuta and Monji (1984) used 

laboratory scaled model to simulate one and two-celled 

tornadoes and reported that the maximum horizontal 

velocity occurs near the ground surface and the height of 

this maximum velocity is insensitive to the swirl ratio. 

Diamond and Wilkins (1984) modified the original design 

by Ward (1972) by installing a movable ground plate to 

facilitate relative motion between the ground and vortex to 

study the influence of translation and concluded that 

translation causes a local increase in the swirl ratio and an 

increase in the size of the core radius compared to a 

stationary vortex.  Haan et al. (2008, 2010) used the Iowa 

State University (ISU) Tornado Simulator to simulate 

tornadoes of different swirl ratios, they also compared peak 

load from the impact of tornadic flow on a model low-rise  
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building with those prescribed by the ASCE 7-05 for 

straight wind over open terrain. Matsui and Tamura (2009) 

simulated tornadoes of different intensities for different 

floor roughness conditions and found that floor roughness is 

more influential for low swirl ratios compared to higher 

swirl ratios. Zhang and Sarkar (2009) used the ISU Tornado 

Simulator to analyze the flow structure near the ground and 

found that the tangential velocity is the dominant 

component of flow and its peak value is three times higher 

than radial velocity component. Tari et al. (2010) also 

simulated tornadoes of different swirl ratios and found the 

radial and tangential velocity components of flow as well as 

the core radius increase with the higher swirl ratio values. 

Refan et al. (2013) used Model WindEEE Dome at the 

University of Western Ontario to simulate tornadoes of 

different swirl ratio and compared the location of the 

maximum tangential velocity point with real tornadoes to 

develop consistent geometric scaling approach for tornadic 

flows. 

In parallel with these experimental efforts, several 

numerical studies have also been conducted to study 

tornado-like flow field. Harlow and Stein (1974) simulated 

tornadoes of different intensities and analyzed various flow 

related parameters. Rotunno (1977, 1979) numerically 

modeled Ward‟s tornado simulator and analyzed the flow 

structure for different swirl ratio values.  Church et al. 

(1993) reported that as swirl ratio increases, the altitude of 

vortex breakdown decreases until swirl ratio, S = 0.45. 

Nolan and Ferrell (1999) proposed that vortex Reynolds 

number controls the flow structure and maximum wind 

speed of the tornado flow. Lewellen and Lewellen (1997, 

2007) numerically simulated a three-dimensional tornado 

and analysed the flow structure near the ground. Kuai et al. 

(2008) replicated the ISU Tornado Simulator numerically 

and compared their results with the laboratory model.  
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Abstract.  The effects of steep and shallow hills on a stationary tornado-like vortex with a swirl ratio of 0.4 are simulated and quantified 

as Fractional Speed Up Ratios (FSUR) at three different locations of the vortex with respect to the crests of the hills. Steady state Reynolds 

Averaged Naiver Stokes (RANS) equations closed using Reynolds Stress Turbulence model are used to simulate stationary tornadoes. The 

tornado wind field obtained from the numerical simulations is first validated with previous experimental and numerical studies by 
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appropriate to the complexity of the tornadic flow, is then developed. The effects of the hill on the radial, tangential and vertical flow 

components are assessed. It is observed that the effect of the hill on the radial and vertical component of the flow is more pronounced, 

compared to the tangential component. Besides, the presence of the hill is also seen to relocate the center of tornadic flow. New FSUR 

values are produced for shallow and steep hills. 
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Hangan and Kim (2008) used their simulation to analyse the 

dependency of flow dynamics on swirl ratio and its relation 

with the Fujita scale. Ishihara et al. (2011) simulated 

tornadic flow using large eddy simulation technique for two 

swirl ratios which represented one and two-celled tornadoes 

and reported that for one-celled type vortex peak vertical 

velocity occurs at the center, while for two-celled vortex the 

peak occurs near the radius of the maximum tangential 

wind. Hangan and Natarajan (2012) used large eddy 

simulations to analyze the impact of ground surface 

roughness and translation. They reported that translation 

reduces the maximum mean tangential velocity for low 

swirl ratio, however for high swirl ratio it increased it 

slightly. Ground roughness was also reported to decrease 

the mean tangential velocity at all swirl ratios.  

Although a number of studies exist on topography effect 

on synoptic flow (Bitsuamlak et al. 2004, 2006, 2007, Abdi 

and Bitsuamlak 2014 and many others), studies on 

topographic effect on non-synoptic with the objective of 

evaluating speed up are very limited. More recently, some 

studies have considered the effect of topography over the 

path of tornado. For example, Karstens et al. (2012) 

simulated an experimental model in ISU tornado simulator 

to determine the effect of topography and obtained that 

tornado path deviated from its original direction as it climbs 

up and down a hill. Lewellen (2012), used immersed 

boundary method and large eddy simulation (LES) to 

simulate tornadoes of different intensities over different 

topographical changes in 3-dimensional domains. They 

analyzed the change in tornado path, structure and intensity 

over different topographical changes. The main objective of 

these studies is to analyze the change in flow structure in 

the presence of topographical changes. The present study 

focuses in generating flow speed-up parameters useful for 

engineering design. Due to the complexity of the problem 

and the time required to conduct unsteady simulations, the 

scope of the present study is limited to a steady state 

numerical approach. 

 

 
2. Methodology 
 

2.1 Numerical model 
 

For the present study, a numerical model that utilizes the 

Purdue tornado simulator to obtain the geometric 

dimensions of the computational domain is used (see Fig. 

1(a)). The Purdue tornado simulator is cylindrical in shape, 

where air enters the simulator from the bottom part near the 

ground. Guide vanes are installed at the inlet to impart the 

desired angle in the inflow. Once the swirling flow enters 

inside the simulator through the confluent region, it reroutes 

vertically upward in the convection region. To facilitate the 

vertical movement of the flow, an exhaust fan is installed at 

the outlet to pump the air out from the simulator. While 

keeping similar principle of operation, some modification is 

made to the simplified cylindrical numerical model (see 

Fig. 1(b)). In this paper, the numerical model is called 

“simplified” because it only replicates the flow-field in the 

convergent zone of the physical simulator; the region of 

flow-field that is of interest for engineering applications.  

In the numerical model, the lower peripheral surface of the 

cylindrical domain is treated as the inflow, where radial and 

tangential velocity components of the flow are specified to 

mimic the effect of guide vanes that provide swirl to the 

flow in the physical simulator. A “shear free” or “slip wall” 

boundary condition is specified at the sidewall and the 

outlet, which is kept “far away” from the inflow, is treated 

as “pressure outflow”. The dimensions of the original 

laboratory simulator are scaled up following the procedure 

proposed in Refan et al. (2013) to obtain the dimensions of 

the “simplified” computational domain for numerical 

simulations. 

The computational domain used for present numerical 

tornado simulation has the following dimensions, H0=1730 

m and R0= 1700 m (see Figs. 1(c) and 2(a)). The ground 

surface is altered using a sinusoidal function (see Fig. 2(b)) 

to create the hills. Two different types of hills, steep and  

 

Fig. 1 (a) Laboratory, (b) modified numerical model of Ward's tornado vortex chamber, and (c) boundary conditions 
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shallow, respectively are considered (see Figs 2b and 2c). 

Three locations of a stationary tornado center with respect 

to the crest of the hill are considered by moving the tornado 

center along the X-axis (see Fig. 3). More specifically the 

three locations represent cases when the tornado center 

coincides with the crest of the hill (Location 1), the half-

height of the hill (Location 2) and the foot of the hill 

(Location 3), respectively. A commercial Computational 

Fluid Dynamics (CFD) solver called STAR-CCM+ is used 

to carry out all the simulations. 

The Reynolds Averaged Navier-Stokes (RANS) 

equations are of similar form as Navier-Stokes (NS) 

equations if instantaneous quantities are replaced by mean  

 

 

 

 

quantities, except RANS equations have additional 

unknown terms called Reynolds stresses. Various 

turbulence models under the RANS framework are 

deployed to tackle these additional unknown terms (or the 

Reynolds stresses) and close the system of governing 

equations. While the eddy viscosity models like 𝑘−𝜀 and 

𝑘−𝜔 use Boussinesq assumption to relate Reynolds stresses 

to mean flow properties, Reynolds Stress Model (RSM) 

solves six additional transport equations (one for each 

Reynolds stress) and therefore captures more physics. 

Reynolds Averaged Navier-Stokes (RANS) equations are 

used together with the Reynolds Stress Model (RSM) for 

steady state simulations in the present study. RSM 

 

 

Fig. 2 Dimensions for (a) full computational domain and (b), (c) hills 

 

Fig. 3 Location of tornado with respect to the crest of the hill 

125



 

Zoheb Nasir and Girma T. Bitsuamlak 

turbulence model is chosen over eddy viscosity models 

because of its better accuracy to model rotating flows. The 

eddy models are based on the Boussinesq assumption which 

postulates that, the Reynolds stress tensor must be 

proportional to the strain rate tensor. However, for complex 

flows, such as tornadic flow, this particular assumption does 

not work because of the curvature effects. The Reynolds 

Stress Model (RSM) for turbulence closure in the RANS 

framework is the most complete physical representation of 

the flow. The transport equation for Reynolds stress can be 

obtained by multiplying the NS with fluctuations and then 

averaging as shown 

𝑢𝑖𝑁𝑆(𝑈𝑗 + 𝑢𝑗) + 𝑢𝑗𝑁𝑆(𝑈𝑖 + 𝑢𝑖) = 0 

𝐷(𝑢𝑖𝑢𝑗)

𝐷𝑡
= −

𝜕

𝜕𝑥𝑙
[−𝑢𝑖𝑢𝑗𝑢𝑙 −

𝑝

𝜌
(𝛿𝑗𝑙𝑢𝑖 + 𝛿𝑖𝑙𝑢𝑗)] + 𝜈

𝜕𝑢𝑖𝑢𝑗

𝜕𝑥𝑙
 

 – (𝑢𝑖𝑢𝑙
𝜕𝑈𝑗

𝜕𝑥𝑙
+𝑢𝑗𝑢𝑙

𝜕𝑈𝑖

𝜕𝑥𝑙
) + (2𝜈

𝜕𝑢𝑖

𝜕𝑥𝑙

𝜕𝑢𝑗

𝜕𝑥𝑙
) +

𝑝

𝜌
(

𝜕𝑢𝑖

𝜕𝑥𝑙
+

𝜕𝑢𝑗

𝜕𝑥𝑙
) 

Here, 𝛿 is the Kronecker delta function, 𝑈 is the mean 

velocity, 𝑢 is the fluctuating velocity, 𝑝 is the pressure, 𝜈 

is the kinematic viscosity and 𝜌 is the density. The first, 

second, third, fourth and fifth terms on the right-hand side 

of the above equation are the turbulent diffusion, molecular 

diffusion, production, dissipation and pressure-strain 

interaction terms, respectively. It can be seen that this 

equation has additional third order moment term (𝑢𝑖𝑢𝑗𝑢𝑙). 

The transport equation for third order moment term would 

give rise to fourth order moment term and so on. This 

essentially leads us to the problem of turbulence closure. 

While solving the transport equations for subsequently 

higher order moments would capture more physics, it would 

also make the computation very expensive. Therefore, RSM 

works out a trade off by modelling the five terms in the 

transport equations of the first order moments with the help 

of semi empirical relations, certain details of which can be 

found in Launder et al. (1975).  

As previously mentioned, two velocity components 

(radial and tangential) are provided in the inflow to produce 

a swirling flow field. The equation for the radial and 

tangential velocity components are as follows 

𝑉𝑟 = 𝑉1 × (
𝑧

𝑧1

)

1
7⁄

 (1-1) 

 

𝑉𝑡 =
2𝐻𝑜

𝑅𝑜
× 𝑆 × 𝑉𝑟  (1-2) 

Here, Vr and Vt are the radial and tangential component of 

velocity at „z‟ height from ground surface respectively. „S‟ is 

the swirl ratio which is a measure of the strength of 

circulation relative to convection in the flow-field. 𝑆 =
𝑣𝑡

𝑣𝑟2𝑎
 ; 𝑣𝑡 and 𝑣𝑟  are the two velocity vectors at the inlet 

and „a‟ is the aspect ratio; 𝑎 =
𝐻𝑜

𝑅𝑜  
 (See Fig. 1(b)). Ho and 

Ro are the inlet height and radius of inlet respectively. 

Reference velocity, 𝑉1 and height, 𝑧1 are chosen at 10m/s 

and 106m are chosen respectively based on the actual data 

obtained from the tornadic event that took place in Happy, 

Texas in 2007. 

 

2.2 Discretization and grid independence  
 

Polyhedral cells are used to discretize the computational 

domain and the base mesh size is kept comparatively coarse 

because of the large domain size. The mesh size near the 

ground and around the hills are kept very fine (wall Y-plus < 

2) to capture the sharp velocity changes near the wall region 

(see Figs. 4(a)-4(c)) 

Grid independence test is carried out for a single case of 

swirl ratio 0.4 and with the topography located at the core 

center. Two different grid densities are used. The coarse 

grid (G1) has a total number of 1.5 million cells while the 

fine grid (G2) has 4 million cells. The maximum error for 

measuring maximum speed-up at the crest of the steep hill 

was found to be under 2%, indicating the simulations were 

independent of the grid size. Further, the characteristic 

ground static pressure profiles were also compared for the 

two grid resolutions and the solution was found to be 

independent of grid (Fig. 4(d)). The coarser of the two grids 

was adopted for the remaining study. 

 

2.3 Fractional Speed-up Ratio (FSUR) definition 
 

Fractional Speed-Up Ratio (FSUR) is typically used to 

represent the flow change due to topography (Bitsuamlak 

2004). For synoptic flow-field, FSUR is defined as 

U(z)/Uo(z), where U(z) is the velocity at height „z‟ above the 

hill surface and Uo(z) is the upstream velocity at the same 

height from the flat ground (see Fig. 5). 

 

 

 

 

Fig. 4 Mesh distribution - finer mesh close to (a) the 

ground around (b), (c) hill and (d) grid independence 
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Unlike synoptic flow, tornado has a complex three 

dimensional flow structure which consists of tangential,

radial and vertical velocity components. As a result, a 

new FSUR calculation method is proposed in a slightly 

different manner. For tornado, FSUR is obtained by U’ 

 (z)/Uo’(z), where U’(z) is the net velocity at height „z‟  

 

 

 

 

 

above the hill surface at a given location in the tornado 

flow-field and Uo’(z) is the net velocity at the same height 

at the same location inside the tornado but in the absence of 

the hill (see Figs. 6 and 7). 

 

 

 

Fig. 5 FSUR calculation for synoptic flow 

 

Fig. 6 FSUR calculation for tornadic flow over a hill 

 

Fig. 7 Visual comparison of tornado flow-structure for various cases using streamlines and velocity distribution in the 

flow-field 
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                              (a)                                       (b) 

Fig. 8 Velocity field distribution with and without the presence of the hill (a) as is case (b) max value shifted to the origin 

  
(a) (b) 

 
(c) 

Fig. 9 Comparison of (a) tangential velocity along R/R0 = 0.2125 for S = 0.28, (b) radial velocity along R/R0 = 0.1025 

for S = 0.28 and (c) ground Cp‟ for S = 0.40 

 

Fig. 10 Vertical flow structure (vector filed) of tornado-like vortex having swirl ratio 0.4 (one-celled vortex) 
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A preliminary analysis showed that disruption in flow 

symmetry caused by the presence of hill demanded extra 

caution while evaluating FSUR, which has been illustrated 

in the following section. Fig. 7 shows two horizontal line-

probes placed at same height (50m from the ground surface) 

for tornado on flat ground and on the hill. In Fig. 7(b), 

downward vortex flow at the center of the tornado touches 

at the half height of the hill. Due to this, the symmetry of 

the flow-field around the center of the tornado is disrupted, 

compared to the flow-field on flat terrain (Fig. 7(a)). Figs. 

7(b)-7(g) shows the streamlines and velocity distribution 

inside the flow field for various locations of the vortex 

(with respect to hill crest) for both, steep and shallow hills.  

As shown in Fig. 8, it is seen that the overall flow 

distribution follows Rankine type distribution, which is 

common with the rotating flows. However, in the presence 

of the hill, the location of the maximum velocity shifts 

closer to the center of the tornado (i.e., the origin „0‟ in the 

figure). Keeping the location same, the velocity for the 

other case (tornado on a flat ground) is very small. As a 

result, evaluating FSUR using current methodology results 

in an unreasonably high value due to “division by a small 

number”, which is not representative of reality. Hence 

defining the FSUR by direct comparison of symmetric and 

asymmetric tornado-like flow-fields may not be the best 

approach. To avoid this, a new approach is developed where  

the velocity profile for flat ground is intentionally off-set 

from its original position (see Fig. 8(a)) while evaluating 

the FSUR ratio, so that the location of the maximum 

velocity for both the cases coincides as shown in Fig. 8(b).  

The evaluation of the modified FSUR value starts from this 

maximum velocity location and continues along the line-

probes. In this manner, more representative FSUR values 

are generated for tornadic flows. This procedure has been 

adopted to evaluate FSUR in the rest of the study. 

 

 

 

3. Results and discussion 
 

3.1 Tornado field validation 
 

As initial validation of the numerically generated 

tornado flow-field in the present study, a vortex with a swirl 

ratio S =0.28 is simulated to compare the tangential and 

radial velocity profiles with experimental results of Baker 

(1981) and numerical results of Hangan and Kim (2008) 

and Natarajan et al. (2012). Comparison of vertical 

variation of tangential velocity obtained from present CFD 

simulations with experimental results of Baker (1981) and 

CFD results of Hangan and Kim (2008) at R/R0=0.2125 for 

a swirl ratio of 0.28 is shown in Fig. 9(a). It should be noted 

that the vertical distance has been normalized with inlet  

depth (H0) and the tangential velocity has been normalized 

by average inflow radial velocity, in compliance with the 

two previous studies used for comparison here. Similarly, 

the vertical variation of the normalized radial velocity at 

R/R0=0.1025 is plotted and compared with Baker (1981) 

and Natarajan et al. (2012) in Fig. 9(b) Both comparisons 

(tangential and radial velocities) show a good match with 

present CFD simulations (see Figs. 9(a) and 9(b)). 

As previously mentioned, a tornado-like vortex with a 

swirl ratio S = 0.4, which is presumably a single celled 

vortex (see Fig. 10), is simulated to analyze topographic 

effects in this study. Therefore, in addition, the ground 

pressure coefficient distribution (𝐶𝑃′) for this swirl ratio is 

also compared with numerical work of Natarajan et al. 

(2012) (See Fig. 9(c)). The ground pressure coefficient is 

computed using the following equation 

𝐶𝑃
′ =

𝑃 − 𝑃0

0.5𝜌𝑈0
2 (1-3) 

Where P is the pressure of the surface, P0 is the far field  

 

Fig. 11 Comparison of FSUR for tornado at Location 1 along X-axis 

 

Fig. 12 Comparison of Max. FSUR along X-axis 
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static pressure at the ground (located at the radius of 

updraft, which in the present numerical arrangement is the 

inlet), ρ is the density of air and U0 is the reference velocity, 

which is average radial velocity at the inlet. Fig. 10(c) 

shows a good agreement between Natarajan et al. (2012) 

and the current simulation. 

 

3.2 FSUR comparisons 
 

The FSUR values for tornado at Location 1 are shown in 

Fig. 11. Irrespective of the horizontal distance along the X-

direction from the tornado center, the maximum FSUR 

occurs at around 20 m high from the ground for both the 

steep and shallow hills (see Fig. 11). From Fig. 12, it can  

 

 

 

also be seen that the maximum FSUR is higher near the 

crest of the hill, irrespective of the type of the hill and then 

speed-up dies out for locations at the foot of the hill for both 

steep and shallow hill cases. 

Considering the complexity of tornado-like flow-field, 

the variations in each velocity component are analyzed to 

better understand the nature of FSUR. 

For the radial component of the flow, positive value 

indicates radially outward flow and negative value indicates  

radially inward flow. For the flat ground case, the 

inward radial flow becomes stronger as it moves closer to 

the core region and then near the vicinity of the core it 

changes its direction upward (Fig. 13(b)). However, inside 

the core region due to the vortex break down, downward  

 

Fig. 13 Comparison of different velocity components of tornadic flow, for tornado at Location 1 along X-direction 

 

Fig. 14 Comparison of FSUR for tornado at Location 2 along X-axis 
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flow closer to the ground changes its direction radially 

outward from the center. In the presence of the hill, this 

radially outward flow becomes more prominent as slope of 

the hill enhances the transformation of vertical downward 

flow to radially outward flow (Fig. 13(a)). For the 

tangential direction of flow, the presence of the hill does not 

affect it significantly (Figs. 13(c) and 13(d)). However, for 

vertical direction of flow, the presence of the hill, enhance 

both upward and downward direction of flow (Figs. 13 (e) 

and 13(f)). 

Likewise, the FSUR values for tornado at Location 2 are 

shown in Fig. 14. Overall, the speed-ups are higher along 

positive X-axis (which is the uphill zone) compared to 

negative X-axis (which is the downhill slope). Fig. 15 

shows the maximum FSUR distribution. Generally, the 

speed up values are in comparable order of magnitude with 

those seen in synoptic wind flows. 

 

 

 

 

 

The variations of each velocity component for tornado 

Location 2 are provided in Fig. 16. Along the negative X-

axis, it is observed that the direction of flow is radially 

outward (see Fig. 16). This is due to the inclined surface of 

the hill, which actually disrupts the circular distribution of 

the flow. In addition, tornado center is also observed to 

relocate (see Fig. 17). 

The FSUR distribution for tornado at Location 3 is 

similar to the one at Location 2, except in this case, the 

difference in maximum FSUR distribution along uphill 

(positive X-axis) and downhill (negative X-axis) slope is 

less when compared with tornado at Location 2 (Fig. 18). 

The FSUR values are higher along the positive Y-axis 

compared to the negative Y-axis. Again, this can be 

determined by analyzing different components of flow. 

From the radial velocity distribution, it can be observed that 

the along negative Y-axis radial flow is outward, however 

along positive Y-axis the flow is inward (Fig. 20). 

 

 

Fig. 15 Comparison of FSUR and Max. FSUR at Location 2 (along X-axis) 

 

Fig. 16 Comparison of different velocity components of tornadic flow at Location 2 along X-axis 
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Fig. 17 Tornado center shift at Location 2 

 

Fig. 18 Comparison of FSUR and Max. FSUR for tornado at Location 3 along X-axis 

 

Fig. 19 Comparison of FSUR and Max. FSUR at tornado Location 2 along Y-axis 
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Similar FSUR distribution is also observed for tornado 

at Location 3 (along Y-axis). However, for steep hill, speed-

up increases by around 2.5 times near the tornado center.  

 

 

 

 

 

 

This is due to the increase in upward velocity (see Fig. 21). 

Here upward velocity increases due to the presence of the 

downhill slope which is concave in shape and enhances the 

updraft strength (Fig. 22). 

 

 

Fig. 20 Comparison of different components of tornadic flow for tornado at Location 2 along Y-axis 

 

Fig. 21 Comparison of FSUR and Max. FSUR for tornado at Location 3 along Y-axis 
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3.3 Comparison of Cp at the ground level 
 
Pressure coefficient, Cp, on the ground is obtained using 

equation 1-3. In this case, the reference velocity is used as 

the maximum tangential velocity at the crest height of the 

hill in the absence of the hill. In Fig. 23, for all the cases the 

plots are cropped to the size of the radius of the shallow hill 

to facilitate the visual comparison. For all the cases, the 

pressure distribution is similar where maximum suction 

(minimum Cp) occurs at the center of the tornado and 

decreases as it moves away from the center (see Fig. 23). 

This indicates, the slope of the hill affects the overall 

pressure distribution on the ground slightly as shown in 

Fig.23. 

 

 

 

 

 

 

4. Conclusions 
 

Based on the present numerical arrangements and 

selected flow structure of the simulated vortex, following 

conclusions can be made: 

 A pragmatic FSUR evaluation method has been 

developed for tornado-like flow field and FSUR values 

generated for shallow and steep hills. 

 In the presence of hill (steep or shallow), the location 

of maximum velocity shifts much closer to the tornado 

center, irrespective of the location of tornado (with 

respect to the crest of the hill).  

 Irrespective of the location of the tornado with respect 

to the hill, speed-up occurs for all the cases. 

 When the tornado center coincides with the crest of the 

hill, the region of downward flow expands near the hill 

surface which increases the radial component of the 

flow. 

 

Fig. 22 Vertical components of flow distribution for tornado at Location 3 along Y-axis 

 

 

Fig. 23 Ground Cp comparison between steep and shallow hills 
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 As tornado center coincides with the inclined surface of 

the hill, the downward flow becomes tilted which in 

turn disrupts the symmetric distribution of radial and 

vertical distribution of the flow. 

 The slope of the hill does not affect the overall pressure 

distribution on the ground significantly. Only the 

location of maximum suction changes depending upon 

the location of tornado center. 

 The FSUR results obtained in the present study are 

applicable only to small topographical features, as large 

mountains and valleys could disrupt fully the tornado 

structure. 
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