
1 
 

Modelling Effect of Rain on the External 
Aerodynamics of the Utility Truck with the 
Morphing Boom Equipment: Computations 

and Wind Tunnel Testing 
 

Parth Y. Patel1, Chandramouli Krishnamurthy2, Gavin Clausman3 
Vladimir V. Vantsevich4, Roy Koomullil5 

 

University of Alabama at Birmingham, Birmingham, Alabama, 35294, USA 
 
Road accidents caused by heavy rain have become a frightening issue in recent years 

requiring investigation. In this regard, an aerodynamic comparative and experimental rain 
study is carried out to observe the flow phenomena change around a generic ground vehicle 
(Ahmed Body at a scale) and the utility truck. In this paper, a Discrete Phase Model (DPM) 
based computational methodology is used to estimate the effect of rain on aerodynamic 
performance. First, an experimental rain study of the Ahmed body at a scale that is 
representative of a car or light truck was conducted at the Wall of Wind (WOW) large-scale 
testing facility using force measurement equipment. In addition, the experiment allowed drag, 
lift, and side-force coefficients to be measured at yaw angles up to 55 degrees. Next, 
experimental results are presented for the Ahmed Body back angle of 35 degrees, then 
compared to validate the computational model for ground vehicle aerodynamics. Afterwards, 
we investigated the effect of heavy rainfall (LWC = 30 g/m3) on the external aerodynamics of 
the utility truck with the morphing boom equipment using the validated computational fluid 
dynamics method, and the external flow is presented using a computer visualization. Finally, 
force & moment coefficients and velocity distributions around the utility truck are computed 
for each case, and the results are compared.  
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I.   Nomenclature 

𝐶𝐶𝑑𝑑 Drag coefficient 
d Rain droplet size (mm) 
𝑑𝑑𝑝𝑝 Particle diameter (mm) 

DPM Discrete Phase Model 
LES Large Eddy Simulations 
LWC Liquid Water Content (g/m3) 

R Rainfall rate (mm/hr) 
Re Reynolds number 

URANS Unsteady Reynolds averaged Navier Stokes 
𝑢𝑢�⃗  Fluid phase velocity (m/s) 
𝑢𝑢�⃗ 𝑝𝑝 Particle velocity (m/s) 
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𝜇𝜇 Molecular viscosity of the fluid (kg/m∙s) 
𝜇𝜇𝑡𝑡 Eddy viscosity (kg/m∙s) 

WOW EF Wall of Wind Experimental Facility  
𝑉𝑉𝑇𝑇 Terminal velocity (m/s) 
𝜌𝜌 Fluid density (kg/m3) 
𝜌𝜌𝑝𝑝 Density of the particle (kg/m3) 

  

II.Introduction 

 As the earth’s climate has warmed, a new pattern of more frequent and intense weather events has emerged. Global 
warming increases water vapor in the atmosphere, which can lead to more frequent heavy rain and snowstorms [1]. 
As a result of the warmer and more humid atmosphere over the oceans, the strongest hurricanes are likely to be more 
intense, produce more rainfall, and possibly be more prominent. Furthermore, global warming raises sea levels, 
increasing the amount of seawater and rainfall pushed onto the shore during coastal storms. This seawater, combined 
with additional rainfall, can potentially cause catastrophic flooding and, most likely, intensify hurricanes and cause 
severe damage to both residential and public properties. Therefore, the safety of the rescue and repair team is of 
paramount importance while they attend to emergencies due to these severe weather conditions.  
 Utility trucks (also known as boom trucks) are the first responders in these extreme climate and weather situations 
from cutting trees to restoring traffic, recovering living beings from destroyed properties, repairing electric posts, and 
restoring power. A stable utility truck will be beneficial under this kind of situation, making the utility truck remain 
on the ground without skidding or even driving on the road to attend to such emergencies. According to the US Census 
Bureau, there are approximately 15 million trucks currently in operation across the country operated by 2.83 million 
drivers, 28.2% of whom drive various utility trucks [2]. Such trucks with morphing capabilities of the manipulator 
can increase the possibility of road accidents in several ways and create hazardous situations on the roads and off-road 
conditions while moving and performing critical tasks. Recent advancements in the automotive industry necessitate 
detailed three-dimensional flow analysis to design an optimized structure to minimize aerodynamic resistance and 
specific fuel consumption. Flow analysis also improves controllability, which lowers accident rates. The aerodynamic 
fluid flow properties play a significant role in its aerodynamic performance characterized by separated flows [3]. 

In a rainy environment, wake zones are highly manipulated, resulting in aerodynamic penalties that increase 
relative accident rates. These change in aerodynamic flow properties were first analyzed by Ahmed et al. [4]. They 
investigated and compared the time-averaged vortices' nature by varying back angles from 00 to 350. They concluded 
that the total drag faced by generic vehicles appears from the resultant pressure gradient of the front and rear. However, 
they also mentioned that significant flow properties variation could be seen after a 250 back angle. Bayraktar et al. [5] 
considered the Ahmed body at a scale of 4.7 times as a representative of a car or light truck at highway speeds and 
explored the influence of three back angles of 0-, 12.5-, and 25 degrees. They observed that the drag coefficient only 
changes about 3.5% in the range of Reynolds numbers from 2.2M to 13.2M. Lienhart et al. [6] worked on 250 and 350 
back angles of the Ahmed body for a comprehensive investigation at the rear end. Mathey et al. [7] got a good 
agreement on RANS/LES interfaces with the experimental studies while comparing with the mean velocity at the end. 
Fares et al. [8] employed the Lattice Boltzmann approach and mentioned the requirement of higher density meshes 
for actual vehicles due to the curvy body shape. Minguez et al. [9] applied the SVV-LES model for the first time to 
analyze the 250 back angle and suggested a better description is possible for the flow dynamics at the roof end. Parth 
et al. [10] investigated very first time the modelling effect of rain by using two different rain intensities (19 & 30 g/m3) 
on the aerodynamic performance of the Ahmed body with a back angle of 250 and 350. They concluded that the drag 
coefficient increases as the rain intensity increases. Thus, it can be inferred from the aforementioned references that 
the Ahmed body is a well-accepted and recognized benchmark test case used by the computational fluid dynamics 
(CFD) community for the aerodynamic model validation of automobiles. 

Severe weather can easily alter the aerodynamic flow properties of a ground vehicle, such as a utility truck with 
boom equipment, especially during heavy rainfall. When high-speed vehicles run under heavy rain and crosswind 
conditions, the aerodynamic forces and moments may increase significantly, resulting in the vehicle's instability. 
These weather conditions also hinder the driver's visibility, reduce the tire-road friction force, and further influence 
driving safety. Adverse weather always puts drivers and vehicles in critical hazardous conditions and increases the 
risk of accidents. The consequences of such alteration may result in severe road accidents, and thus, several authors 
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consistently accuse rain phenomena as the principal cause of weather-related accidents [11]-[16]. Therefore, it is 
essential to control the aerodynamic forces and moments of the utility truck under severe weather conditions. Even 
though the aerodynamic forces and moments are critical in the utility truck's stability under extreme weather 
conditions, there needs to be more information available in the literature addressing this issue. For example, Parth et 
al. [17]-[21] conducted the aerodynamic and dynamic analysis of the utility truck with the morphing boom equipment. 
But there is not much information available on the utility truck's aerodynamic performance in severe weather. Thus, 
the rain phenomenon is a matter of concern that needs to be analyzed from an aerodynamic perspective for the utility 
truck.  

The present investigation studies the rain modelling effect on the Ahmed body for real-life conditions. What differs 
from previous studies is that the yaw angle of up to 55 degrees has been added as a variable to study the rain modelling 
effect. Additionally, the present work compares the bluff body's experimental testing and CFD simulations. Afterward, 
the impact of heavy rainfall (LWC= 30 g/m3) on the external aerodynamics of the utility truck with the morphing 
boom equipment using the validated DPM based numerical method is presented.   

 

III.   Methodology 

Methodologies for the wind tunnel experiments and the computational fluid dynamics numerical models will be 
presented next.  
 
A. Wind Tunnel Experiments  
 
 An Ahmed body as shown in Figure 1 introduced by Ahmed et al. [4] is employed and modeled experimentally in 
the present study as the benchmark ground vehicle model. The Ahmed body has been modeled at a true automotive 
scale to generate essential features of the flow around the ground vehicle and avoid the Reynolds number effect. The 
Ahmed body model is 3 times larger than the model originally studied by Ahmed et al [4]. 
 

 
 

Figure 1. Geometry of Ahmed body 
 

 Florida International University (FIU), working under a Natural Hazards Engineering Community (NHERI), 
operates the Wall of Wind (WOW) Experimental Facility (EF) [22]. This facility is powered by a combined 12-fan 
system capable of repeatable testing up to 157 mph wind speeds through its flow management system. The unique 
advantage of the NHERI WOW EF is multi-scale (full-scale/large-scale) and high Reynold number simulation of the 
effects of wind and wind-driven rain, which is accomplished using 12-fans and a water spray system. The open test 
section is rectangular in a cross section with a width of 20 ft. and a height of 14 ft. It has a turntable with a diameter 
of 16 ft., where an actual testing model is placed. Vehicle drag, lift, and side forces can be measured using load cells. 
An outline of the experimental facility and the experimental setup of the Ahmed body is shown in Figure 2.  
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(a) (b) 

Figure 2. (a) Wall of Wind Experimental Facility (A. Gan Chowdhury et al. [23] ) (b) Ahmed Body 
experimental setup (Image by Parth Y. Patel)   

 
     The frontal area to the test section area ratio, i.e., blockage ratio, is about 3.95 %, representing a minimal blockage 
[24]. The model was mounted on four poles representing stilts, as shown in Figure 2(b), at 0.635 m above the ground. 
It should be noted here that the positions of the stilts are different in the present study compared to the model studied 
by Ahmed et al. [4]. The drag, lift, and side force were measured using the load cells and has an estimated absolute 
uncertainty of ±0.25. Wind-driven rain setup at the WOW EF is shown in Figure 3. The WOW EF can induce 63 
gallons/min of water into the wind field. Thus, 63 gallons/min (3.9747 kg/s) of water was injected during the wind-
driven rain experiments with the wind speed of 85 mph (37.9984 m/s).  
 

 
 

Figure 3. Wind-driven rain setup at WOW EF (Image by Parth Y. Patel) 
 
B. Computational Fluid Dynamics  
 
 Details of the modelling of rain particles, numerical modelling using incompressible unsteady Reynold Averaged 
Navier Stokes (URANS) equations, and multi-phase flows are discussed in the following sections.  
 

i. Modelling of Rain Particles 
 

In the experimental or numerical simulation, the rainfall intensities are commonly specified in terms of Liquid 
Water Content (LWC) in the air. The relation between rainfall rate R (mm/h) to LWC (g/m3) for the thunderstorm 
type rain is given by the relation [25] 

 
   𝐿𝐿𝐿𝐿𝐿𝐿 = 0.054𝑅𝑅0.84                              (1) 
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and for light spread type rain, it is given by 
 

       𝐿𝐿𝐿𝐿𝐿𝐿 = 0.0889𝑅𝑅0.84                              (2) 
 

Typical values of LWC for medium intensity rain is 19 g/m3 and heavy rain is 30 g/m3 [25]. Another parameter 
that is important in the simulation of objects under rain condition is the terminal velocity. This influences the 
momentum that is imparted on the body during the impingement of rain droplets on the object. As the rain droplets 
fall through the atmosphere, it accelerates and as the velocity increases the drag force acting on the droplets also 
increases.  At the terminal velocity, the gravitational force balances with the drag force and the raindrops stop 
accelerating. Markowitz [26] presented an equation to estimate the terminal velocity as a function of the diameter 
of the rain droplets as 

 

𝑉𝑉𝑇𝑇 �
𝑚𝑚
𝑠𝑠
� = 9.58 �1 − 𝑒𝑒𝑒𝑒𝑒𝑒 �− �𝑑𝑑(𝑚𝑚𝑚𝑚)

1.77
�
1.147

��               (3) 
 

where, 𝑉𝑉𝑇𝑇 is the terminal velocity in (m/sec), and d is the rain droplet size in mm.  
 

ii. Numerical Modelling 
 

The flow features around bluff bodies are typically unsteady in nature due to flow separation and vortex 
shedding, even for a steady incoming flow. Therefore, it is advisable to conduct the simulation in an unsteady 
mode and take a time average value of the parameters of interest from the simulation. One of the approaches for 
resolving the small-scale turbulent fluctuations in an unsteady flow field is the large eddy simulations (LES).  
However, this could be computationally expensive. Alternatively, the unsteady Reynolds averaged Navier Stokes 
(URANS) simulation is frequently used in the investigation of long-term periodical oscillations in a turbulent flow 
and this approach is adopted to conduct the simulations presented in this paper.    
 
With the usual notations, the incompressible unsteady Reynolds Averaged Navier Stokes (URANS) equations is 
written as [27] 
 

   𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

+  𝜕𝜕(𝜌𝜌𝑢𝑢𝑖𝑖)
𝜕𝜕𝑥𝑥𝑖𝑖

=  0                                                                  (4)                              
𝜕𝜕(𝜌𝜌𝜌𝜌𝑖𝑖)
𝜕𝜕𝜕𝜕

+  
𝜕𝜕�𝜌𝜌𝑢𝑢𝑖𝑖𝑢𝑢𝑗𝑗�

𝜕𝜕𝑥𝑥𝑗𝑗
=  − 𝜕𝜕𝜕𝜕

𝜕𝜕𝑥𝑥𝑖𝑖
+  𝜕𝜕

𝜕𝜕𝑥𝑥𝑗𝑗
 �𝜇𝜇 �𝜕𝜕𝑢𝑢𝑖𝑖

𝜕𝜕𝑥𝑥𝑗𝑗
+ 

𝜕𝜕𝑢𝑢𝑗𝑗
𝜕𝜕𝑥𝑥𝑖𝑖

−  2
3
𝛿𝛿𝑖𝑖𝑖𝑖

𝜕𝜕𝑢𝑢𝑙𝑙
𝜕𝜕𝑥𝑥𝑙𝑙
�� + 𝜕𝜕

𝜕𝜕𝑥𝑥𝑗𝑗
�−𝜌𝜌𝑢𝑢𝚤𝚤′𝑢𝑢𝚥𝚥′�������                          (5)    

 
The Reynolds stress appearing in the momentum equation can be written using the Boussinesq hypothesis as [27]  

 
−𝜌𝜌𝑢𝑢𝚤𝚤′𝑢𝑢𝚥𝚥′������ =  𝜇𝜇𝑡𝑡 �

𝜕𝜕𝑢𝑢𝑖𝑖
𝜕𝜕𝑥𝑥𝑗𝑗

+  
𝜕𝜕𝑢𝑢𝑗𝑗
𝜕𝜕𝑥𝑥𝑖𝑖
� −  2

3
 �𝜌𝜌𝑘𝑘 + 𝜇𝜇𝑡𝑡  𝜕𝜕𝑢𝑢𝑘𝑘

𝜕𝜕𝑥𝑥𝑘𝑘
 � 𝛿𝛿𝑖𝑖𝑖𝑖                                              (6) 

 
The eddy viscosity 𝜇𝜇𝑡𝑡  in the above equation is estimated using the two equations  𝑘𝑘 − 𝜔𝜔 shear-stress transport 

(SST) turbulence model which is given by [27] 
𝜇𝜇𝑡𝑡 =  𝜌𝜌𝜌𝜌

𝜔𝜔
 1

max [ 1𝛼𝛼∗,𝑆𝑆𝑆𝑆2𝑎𝑎1𝜔𝜔
]
              (7) 

where S is the strain rate magnitude, 𝑎𝑎1 = 0.31 and 𝛼𝛼∗ is a coefficient which is defined as [27] 
 

𝛼𝛼∗ =  𝛼𝛼∞∗  �𝛼𝛼0
∗+𝑅𝑅𝑅𝑅𝑡𝑡/𝑅𝑅𝑘𝑘
1+𝑅𝑅𝑅𝑅𝑡𝑡/𝑅𝑅𝑘𝑘

�                  (8) 
 

where  
                         𝑅𝑅𝑅𝑅𝑡𝑡 =  𝜌𝜌𝜌𝜌

𝜔𝜔𝜔𝜔
                     (9) 

𝑅𝑅𝑘𝑘 = 6                 (10) 
𝛼𝛼0∗ =  𝛽𝛽𝑖𝑖

3
 , 𝛼𝛼∞∗ = 1                      (11) 

𝛽𝛽𝑖𝑖 = 0.072                 (12) 
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𝐹𝐹2 in equation 7 is given by 
 

𝐹𝐹2 = 𝑡𝑡𝑡𝑡𝑡𝑡ℎ(∅22)             (13) 
∅2 = max �2 √𝑘𝑘

0.09𝜔𝜔𝜔𝜔
, 500𝜇𝜇
𝜌𝜌𝑦𝑦2𝜔𝜔

�                 (14) 
 

where y is the distance to the next surface. 
 
 The advantage of using this turbulence model is that it considers the transport of the principal turbulence shear 

stress in the near wall region. The pressure-based flow solver available in ANSYS is used for the solution of the 
governing equations, which utilizes a finite volume method to discretize them. There are two pressure-based 
algorithms available in the ANSYS Fluent (i) a segregated algorithm, and (ii) a coupled algorithm [27]. In the 
segregated algorithm, each component of the governing equation is solved sequentially, and an iterative approach 
is used to achieve convergence at every time step. The segregated approach is memory efficient. However, the 
convergence rate is relatively slow in lieu of the equations are solved in a decoupled manner. The Coupled 
algorithm solves a coupled system of equations comprising the continuity equation and the momentum equations 
simultaneously. The convergence rate can be significantly improved in the coupled approach as compared to the 
segregated approach. In both these approaches, the turbulence model equations for the solution variable are solved 
one after another using a segregated algorithm.  

 
iii.  Multi-Phase Flow Approach  

 
Currently, there are two main approaches available for the numerical calculation of the multi-phase flows: the 

Eulerian-Eulerian approach and the Eulerian-Lagrangian approach. In the Eulerian-Eulerian approach, the 
different phases are treated mathematically as separate continuous mediums. The concept of phase volume is 
introduced in this approach since the volume occupied by one phase cannot be occupied by another phases. An 
assumption is made for the volume fractions to be continuous in space and time, and their sum is equal to one. In 
this approach, the fluid phases are treated as continuum by solving the unsteady Reynolds Averaged Navier Stokes 
equations. In the Eulerian-Lagrangian approach, the under laying continuous medium is solved using the Eulerian 
approach and the dispersed phase is solved by tracking a large number of particles, bubbles, or droplets using a 
Lagrangian approach in the continuous medium. During these trajectory calculations, it is assumed that the 
dispersed phase can exchange momentum with the continuous phase. Additionally, we can simulate a discrete 
second phase consisting of spherical particles in a Lagrangian reference frame, and this model is called Discrete 
Phase Model (DPM). In order to simulate the rain environment, the DPM is employed in this paper. ANSYS Fluent 
[27] provides the capability to predict the trajectory of rain droplets by integrating the force balance on the particle, 
which is written in a Lagrangian reference frame. This balance of forces acting on the particle can be written as 
 

𝑑𝑑𝑢𝑢��⃗ 𝑝𝑝
𝑑𝑑𝑑𝑑

=  𝐹𝐹𝐷𝐷�𝑢𝑢�⃗ −  𝑢𝑢�⃗ 𝑝𝑝� + 𝑔𝑔�⃗  �𝜌𝜌𝑝𝑝− 𝜌𝜌�
𝜌𝜌𝑝𝑝

+  𝐹⃗𝐹                                                         (15) 

 
where 𝐹⃗𝐹 is an additional acceleration (force/unit particle mass), 𝐹𝐹𝐷𝐷�𝑢𝑢�⃗ −  𝑢𝑢�⃗ 𝑝𝑝� is the drag force per unit particle 
mass, 𝑢𝑢�⃗  is the fluid phase velocity, 𝑢𝑢�⃗ 𝑝𝑝 is the particle velocity, 𝜌𝜌 is the fluid density, 𝜌𝜌𝑝𝑝 is the density of the particle, 
and 𝐹𝐹𝐷𝐷 is defined as: 

   𝐹𝐹𝐷𝐷 =  18 𝜇𝜇 𝐶𝐶𝑑𝑑 𝑅𝑅𝑅𝑅
𝜌𝜌𝑝𝑝𝑑𝑑𝑝𝑝2  24

                                                                           (16)  

 
where, 𝜇𝜇 is the molecular viscosity of the fluid, 𝐶𝐶𝑑𝑑 is drag coefficient, 𝜌𝜌 is the fluid density, 𝜌𝜌𝑝𝑝 is the density of 
the particle, 𝑑𝑑𝑝𝑝 is the particle diameter, and Re is the relative Reynolds number, which is defined as  

 
𝑅𝑅𝑅𝑅 ≡  𝜌𝜌𝑑𝑑𝑝𝑝�𝑢𝑢��⃗ 𝑝𝑝− 𝑢𝑢��⃗ �

𝜇𝜇
                                                   (17) 

 
One of the parameters needed by ANSYS Fluent for DPM simulations is the mass flow rate of the DPM phase. 

In the following simulations, the DPM mass flow rates are specified at the inlet. To calculate the mass flow rate 
of the DPM phase, the volume flow rate is calculated using the product of the inlet area and the inlet velocity, and 
the resulting volume flow rate is multiplied by the rain intensity (LWC). For example, for an injection area of 
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30m×1m, the free stream velocity is 40 m/s, and the volume flow rate is 1200 m3/s. For a medium rain intensity 
(LWC) of 19 g/m3 the mass flow rate for DPM is 22.8 kg/s. Another parameter that is needed for DPM simulation 
is the size distribution of the dispersed medium. Based on the data available from the literature [28][29], the 
minimum, maximum, and mean diameter of the droplets are defined as 0.5 mm, 2.5 mm, and 1.5 mm, respectively. 
Finally, the two-way coupling between the continuous phase and discrete phase is used to simulate more accurate 
rain behavior.  

 
iv. Computational Setup and Boundary Conditions   

 
A computational domain is prepared according to the guidelines provided by Lanfrit [30] to manage the 

external aerodynamics. The refined mesh regions are defined to capture the wake zone properly and obtain precise 
results as shown in Figure 4. In this geometry, the origin of the coordinate system is placed at middle of the Ahmed 
body, with z = 0 middle of the model, x = 0 at the symmetric plane, and y = 0 at the ground plane. The mesh for 
the computational simulations is generated using ANSYS Fluent software. The mesh used for the simulations is 
composed of around 12.5 million elements. The law of wall states the proportionality of average flow velocity at 
a certain point and the logarithmic distance of the fluid boundary region [31]. According to this law, the viscous 
sublayer lies within y+<5, the buffer layer is between 5< y+<30, and the rest is the logarithmic layer. In this setup, 
the resultant y+ on the surface varies in the range of 1.13< y+<28.9. Therefore, the y+<30 is chosen to capture the 
near-wall flow properties accurately.  

 

 
Figure 4. Near mesh of the Ahmed body 

 
In these simulations, velocity inlet is taken as 29.629 m/s, which is the mean velocity computed from the 

experimental tests. Since the flow speed is less than Mach number 0.3, it is assumed that the flow is incompressible, 
and the density is set to constant value. For the solution of the governing equation, the time derivatives are 
discretized using first order and the spatial derivatives in the continuity and momentum equations are discretized 
using a second-order upwind method. A least-squares cell-based method is applied in the estimation of the 
gradients of the flow variables. A coupled numerical approach is used for the solution of the continuity and the 
momentum equations. Finally, a first-order upwind technique is applied for the solution of the turbulent kinetic 
energy and specific dissipation rate equations for the k-ω SST model.   

An assumption is made that the velocity of water particles are same as the wind velocity, i.e., 29.629 m/s. For 
the DPM model, a reflect boundary condition with the polynomial of normal and tangential discrete phase 
reflection coefficients is specified at the Ahmed body, stilts, and on the ground. The normal coefficient defines the 
amount of momentum in the direction normal to the wall that is retained by the particle after the collision with the 
boundary. Similarly, the tangential coefficient defines the amount of momentum in the direction tangential to the 
wall that is retained by the particle. In addition, an escape boundary condition is defined at the inlet, outlet, and 
two sides. Simulations are conducted using the same rain intensity used while performing wind-driven rain 
experiments. Ansys Fluent does not take the force exerted by the DPM particles in the calculation of drag, lift, and 
side force coefficients using the built-in report definition functions. However, it reports the components of the 
forces exerted by DPM particles in each coordinate direction. These force components are used to estimate drag, 
lift, and side force coefficients due to DPM particle impingement and are added to the corresponding coefficients 
to get the total force coefficients.   
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IV.   Experimental and Computational Results of Ahmed Body Aerodynamics  

 
One of the essential steps in the computational simulations is estimating the accuracy of the computational results 

using experimental data. For aerodynamic applications, the approach to achieve this verification is computing and 
comparing the drag, lift and side force coefficients with the experimental data and numerical simulations. In this study, 
the computational modeling methodology for Discrete Phase Model (DPM) is validated using the experimental data 
which were derived from conducted experiments at WOW EF. Computational simulations and experimental tests were 
carried out for sideslip angles of 00 to 550 in steps of 5 degrees.  

 
 
 
 

 
(a) Drag Coefficient 

 
 
 
 

 
(b) Side Force Coefficient 
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(c) Lift Coefficient 

 
Figure 5. Comparison of force coefficients from present computational and experimental 

studies of the Ahmed Body 
 
Figure 5 compares drag, lift, and side force coefficients from the experimental and numerical results of wind-driven 

rain of the Ahmed body. The present computational and experimental results of the drag and side force coefficient 
agree reasonably well. Both drag and side force coefficients increase as the sideslip angle increases. However, the lift 
coefficient does not go along with the experimental results, however it follows the trend, as shown in Figure 5(c). 
Several reasons might cause to deviate present computational results from the experimental results for the lift 
coefficient. We are currently investigating and addressing this issue with the testing facility. The difference between 
present computations and experimental measurements for the drag and side force coefficients is less than 10% to 40 
degrees of yaw angle, increasing to 17% to 55 degrees. Flow that is separated from the body at 150 may not become 
attached over a different area than the body is yawed through 550 under continuous flow conditions. This effect is 
common in airfoil testing as an angle of attack increases beyond the stall and then decreases back to the value where 
the flow was previously attached [32]. The influence of the trailing vortex system may play a role in flow physics, and 
thus, some discrepancies can be seen in present computational and experimental results. It should be noted that no 
previous publication discusses the rain modelling of the Ahmed body with a back angle of 350. Therefore, no 
computational/experimental data is available to compare present results. 

V.    Computations of External Aerodynamics for the Utility Truck with the Morphing Boom 
Equipment 

The computational results for the external aerodynamics of the utility truck with the morphing boom equipment are 
discussed in this section. Computational models, which was highlighted in the section II & III, are applied to a very 
complex geometry. The utility truck is a commercial vehicle outfitted with a boom, a hydraulic pole with a worker-
carrying bucket at the end. When the boom morphs, this bucket assists the worker in safely performing the tasks and 
working comfortably with the tools. Figure 6 depicts the utility truck's configuration and component identification. 

 
Figure 6. Configuration and component identification of the utility truck 
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The size of the computational domain is prepared according to the guidelines provided by Lanfrit [30] to manage 

the external aerodynamics around the utility truck as shown in Figure 7. The computational domain was divided into 
six parts: two side walls, top, ground, inlet, and outlet. The length of the computational domain was taken as 75 m, 
width was taken as 44 m and the height was taken as 21 m.  

 

Figure 7. Computation domain with the utility truck  
 

The computational domain mesh was discretized using a generalized mesh topology, and the boundary layer mesh 
was applied around the utility truck model, as shown in Figure 8. The generated mesh for the zero-degree sideslip 
angle consisted of around 17 million elements. To mimic different sideslip angles, the utility truck was rotated inside 
the computational domain, which resulted in a slightly different number of elements and nodes for different side slip 
angles. Thus, the resulting mesh will have a different elements and nodes at various sideslip angles. A refined mesh 
regions are defined to capture the wake zone properly and obtain precise results as shown in Figure 8. In this setup, 
the resultant y+ on the surface varies in the range of 0.005< y+<50. Therefore, the y+<50 is chosen to capture the near-
wall flow properties accurately. In this truck geometry, the origin of the coordinate system is placed according to the 
SAE aerodynamic reference point [33] as a wheelbase mid-point along the intersection of vehicle plane of symmetry 
and at the ground.  

 

 
Figure 8. Near mesh of the utility truck with the boom equipment  

 
Rain intensity of heavy rain, i.e., LWC = 30 g/m3 [25], is used in these simulations to investigate the effect of heavy 

rain on the aerodynamic forces and moments. Again, the same DPM boundary conditions are specified as the one 
defined for the Ahmed body. Unsteady CFD simulations were performed using a step size of 0.001 seconds and each 
simulation was run for 1000-time steps. The residuals, force, and moment coefficients-plots were checked to make 
sure that the solution was stabilized, and the force and moment coefficients reached asymptotic values. Computational 
simulations were carried out for sideslip angles of 0 to 45 in steps of 5 degrees.  

The static pressure distribution on the utility truck for these sideslip angles is shown in Figure 9. In these simulations, 
the static pressure distribution of the front and left sides of the truck ranged from -3544.942 to 1006.478 Pa, which is 
comparable to the static pressure distribution of wind only of the utility truck provided in [17]. The negative pressure 
areas were primarily at the top and right-side surfaces of the utility truck. In contrast, other areas directly facing the 
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wind-driven rain had increased positive pressure because of the rain particle impingement. The positive area at the 
cabin front and the boom equipment gradually shifts towards the left side due to the increased sideslip angle. Thus, it 
becomes more prominent, leading to the increased side force. Furthermore, the force exerted by the water particle 
impingement at the front of the cabin and the boom equipment causes the aerodynamic drag force on the utility truck 
to increase, which can be seen from the static pressure distribution. 

The velocity contours without and with the rain around the utility truck at the zero-degree sideslip angle on the 
symmetry plane are shown in Figures 10 and 11, respectively. These figures show the complex separated flow pattern 
around the utility truck. In the case of air, when it reaches the end of the trailer and at the bucket, it separates from 
surfaces and causes a swirling flow behind the bucket. Furthermore, the air undercarriage of the trailer gets separated 
from the trailing end surface, which generates a small swirl underneath, as represented in Figures 10 and 11. However, 
the same flow behavior can be seen in the case of wind-driven rain, except the velocity and the swirl region reduces, 
as shown in Figure 11. A low-pressure region is created behind the bucket when the separation of the air occurs, which 
increases the drag force acting on the truck. 
 

 

 

 
 

Figure 10. Velocity contours at the symmetry plane around 
the utility truck at 𝟎𝟎𝒐𝒐 sideslip angle (without rain) 

 
 

 
 
Figure 11. Velocity contours at the symmetry plane around 

the utility truck at 𝟎𝟎𝒐𝒐 sideslip angle (with rain) 
 

Figure 9. Static Pressure distribution on the utility 
truck 

 

      
When aerodynamic forces interact with the truck, it generates drag, lift, and lateral forces, and pitch, roll and yaw 

moments. The aerodynamic forces and moments are typically written in terms of the non-dimensional force and 
moment coefficients and the reference conditions defined as follows [34] 

𝐷𝐷𝐴𝐴 =  1
2
𝐶𝐶𝐷𝐷 𝜌𝜌𝜌𝜌𝑉𝑉2                        (18) 

 𝐿𝐿𝐴𝐴 =  1
2
𝐶𝐶𝐿𝐿 𝜌𝜌𝜌𝜌𝑉𝑉2                          (19) 



12 
 

𝑆𝑆𝐴𝐴 =  1
2
𝐶𝐶𝑆𝑆 𝜌𝜌𝜌𝜌𝑉𝑉2                          (20) 

𝑃𝑃𝑃𝑃 =  1
2
𝐶𝐶𝑃𝑃𝑃𝑃 𝜌𝜌𝜌𝜌𝑉𝑉2𝐿𝐿                         (21) 

𝑅𝑅𝑅𝑅 =  1
2
𝐶𝐶𝑅𝑅𝑅𝑅 𝜌𝜌𝜌𝜌𝑉𝑉2𝐿𝐿                         (22) 

𝑌𝑌𝑌𝑌 =  1
2
𝐶𝐶𝑌𝑌𝑌𝑌  𝜌𝜌𝜌𝜌𝑉𝑉2𝐿𝐿                        (23) 

 
where 𝐷𝐷𝐴𝐴 is the drag force, 𝐿𝐿𝐴𝐴 is the lift force, 𝑆𝑆𝐴𝐴 is the side force, PM is the pitching moment, RM is the rolling 

moment, YM is the yawing moment, 𝐶𝐶𝐷𝐷 is the drag coefficient, 𝐶𝐶𝐿𝐿 is the lift coefficient, 𝐶𝐶𝑠𝑠 is the side force coefficient, 
𝐶𝐶𝑃𝑃𝑃𝑃 is the pitching moment coefficient, 𝐶𝐶𝑅𝑅𝑅𝑅 is the rolling moment coefficient, 𝐶𝐶𝑌𝑌𝑌𝑌 is the yawing moment coefficient, 
𝜌𝜌 is the density of the air, A is the frontal area of the truck, V is the total velocity of vehicle speed and wind speed, and 
L is the reference length.  

In these calculations, the reference area is taken as 5.334077 m2, reference length is taken as 1 m, reference 
velocity is taken as 40 m/s, and reference density is taken as 1.225 kg/m3. For the calculation of the moments, the 
moment center is taken as the origin of the coordinate system. These forces and moments are calculated by CFD 
simulations for 10-sideslip angles. All the results of aerodynamic forces and moments with and without the rain are 
shown in Figures 12 and 13.   

 

 
(a) Aerodynamic drag coefficients 

  

 
(b) Aerodynamic lift coefficients  
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(c) Aerodynamic side force coefficients 

 
Figure 12. Variation and comparison of force coefficients for different sideslip angles 

 
 

 
(a) Aerodynamic rolling moment coefficients  

 

 
(b) Aerodynamic yawing moment coefficients  

 

0.00

0.20

0.40

0.60

0.80

1.00

1.20

1.40

0 1 0 2 0 3 0 4 0 5 0

AE
RO

DY
N

AM
IC

 S
ID

E 
FO

RC
E 

CO
EF

FI
CI

EN
TS

SIDESLIP ANGLE (DEGREE)

Simulations (Wind) Simulations (Rain)

0.00
0.20
0.40
0.60
0.80
1.00
1.20
1.40
1.60

0 1 0 2 0 3 0 4 0 5 0

AE
RO

DY
N

AM
IC

 R
O

LL
IN

G 
M

O
M

EN
T 

CO
EF

FI
CI

EN
TS

SIDESLIP ANGLE (DEGREE)

Simulations (Wind) Simulations (Rain)

-1.00

-0.80

-0.60

-0.40

-0.20

0.00
0 1 0 2 0 3 0 4 0 5 0

AE
RO

DY
N

AM
IC

 Y
AW

IN
G 

M
O

M
EN

T 
CO

EF
FI

CI
EN

TS

SIDESLIP ANGLE (DEGREE)

Simulations (Wind) Simulations (Rain)



14 
 

 
(c) Aerodynamic pitching moment coefficients 

 
Figure 13. Variation and comparison of moment coefficients for different sideslip angles 

 
The CFD simulations provide the aerodynamic drag coefficient values in the range of 0.54 – 1.73 (wind) & 0.59 

– 1.92 (rain) for the range of 00 – 450 of sideslip angle. It can be inferred that the rain simulations produce a higher 
value of the drag coefficients because of the rain particle impingement on the front of the truck. Furthermore, more 
significant momentum changes of wind-driven rain hitting the trailer adds another more prominent drag component 
in crosswind conditions. Lift force depends on the vehicle's overall shape and pressure distribution underneath and on 
top of the vehicle. Water particle impingement adds weight to the vehicle, reducing the lift force to the wind 
simulations. Periodic behavior can be seen in the wind-driven rain simulations till the 20-degree sideslip angle, and 
then a reduction in the lift force can be seen, as shown in Figure 12(b). It is reported in the literature that the side force 
coefficient for automobiles is zero at zero relative wind angle, and it grows nearly linearly with the angle for the first 
20 to 40 degrees from zero to one [34]. Similar behavior is also noted with the shift in wind-driven rain simulations, 
and the CFD simulations predicted linearity in the side force coefficients.  

While the lift force decreases or increases the weight on the axles, the pitching moment transfers weight between 
the front and rear axles [34]. In the case of wind-driven rain, lift force reduces and thus, consequently, predicts the 
same behavior for the pitching moment. The yawing moment coefficient varies with wind direction, starting at zero 
with zero relative angles and growing almost linearly up to a 20-degree angle [34]. CFD simulations for the wind 
predict the same linearity till 20-degree and a shift in the value appears after 20 degrees, but it observes the linearity 
behavior. Wind-driven rain follows the same trend, but there’s a slight variation between 10 to 20 degrees. The rolling 
moment is sensitive to wind direction, much like the yawing moment being quite linear over the first 20 degrees of 
sideslip angle [34]. Therefore, the same linearity with a slight shift in wind-driven rain is noticed in the predicted 
rolling moment coefficients.  

VI.   Conclusions 

 In this study, we experimentally and computationally investigated the rain effect on the aerodynamic behavior of 
the Ahmed body with 350 back angles. A DPM-based numerical approach was used for simulating rain and was 
validated using the experiments conducted at the Wall of Wind Experimental Facility (EF). Force coefficients were 
determined from both experimental and CFD measurements. It was observed that computational simulations predicted 
similar results compared to the experimental results except for the lift coefficient. Still, it follows the trend with the 
experimental results, which is under investigation to find the reason which causes this deviation. This validated model 
was used to study the effect of heavy rain on the external aerodynamics of the utility truck with the morphing boom 
equipment. The force and moment coefficients are computed for both wind & wind-driven rain and compared with 
each other. The static pressure distribution is also plotted to visualize the pressure distributions for the various sideslip 
angles. The present validated computational numerical approach can be used and applied for the external aerodynamic 
analysis of an automobile under heavy rain.     
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