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ABSTRACT 

Verification and validation (V&V) framework has always been an essential part in solver development. In 
Computational Fluid Dynamics (CFD), fluid, fluid-particle and fluid-structure solvers have already embraced specific 
benchmark case studies for the V&V framework. For the more complex fluid–particle-structure- interaction (FPSI) solver 
however, the V&V framework is still on its infant phase. Therefore, a standard framework to validate the FPSI is 
thoroughly developed in this work. Granular fertilizer boom sprayer is presented as the case study since the system design 
includes all the important interaction characteristics. The V&V framework has to be obliged to include all V&V 
procedures for fluid, fluid-particle and fluid-structure solvers earlier before the fully integrated FPSI solver is evaluated. 
Therefore the benchmark studies of driven flow in a square cavity, the experiment of particle trajectory in a lid-driven 
cavity and two-dimensional flow over a thin elastic beam attached to a rigid and fixed square block are used to validate the 
fluid solver, fluid-particle solver and fluid-structure solver respectively. Once the supposed initial procedures are verified, 
the framework is concluded with the validation for the FPSI solvers. The developed V&V framework is extremely 
practical to assure the accuracy of the solvers involved without compromising the accuracy at any of the two-way couple 
interactions. 
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INTRODUCTION 

Nowadays in engineering industries, simulations 
are facing higher demand than ever. Fluid flow is not only 
coupled with particle distribution or structure deflection as 
a standalone two-way interaction solver anymore. 
Industrial players such as those in oil and gas industry are 
craving for solvers that capable of simulating the 
interaction between fluid, particles and structures 
altogether. In crude oil transportation within their piping 
system, the momentum of sand particles carried across the 
pipe streamlines impinges the wall of the fittings. This 
observable fact results in erosion damage. Erosion of the 
fittings may result in failure of the piping system, which 
can be dangerous and expensive. The prediction of erosion 
is not only allows us to estimate service life, but also 
enables the detection of locations in the geometry where 
severe erosion is likely to occur. Elbows and plugged tees 
are common geometries used in piping systems to transmit 
fluids. Both elbows and plugged tees are exposed to 
erosion when sand particles are present because particles 
deviate from the fluid streamlines and impact the wall 
when they pass through the geometries [1]. Based on these 
cases, it is essential to have a method to determine the 
erosion rate for a given set of operating conditions to 
prevent any failures from occurring. 

In software engineering, the engineers and 
researchers attempt to solve problems in several different 
kinds of methods. To do so, they produce several 
dissimilar types of results, and they should develop 
appropriate evidence to validate these results. Verification 
and validation (V&V) framework have always been an 
essential part of the stage in engineering process, because 
they offer the only way to judge the success based on the 
project development. In this paper we present and discuss 

a concrete framework for validation of Fluid-Particle-
Structure-Interaction (FPSI) solver. 

Significant efforts have been taken by researchers 
and engineers to study the problem in fluid solver, fluid-
particle-interaction solver, fluid-structure-interaction 
solver and many prediction models have been developed. 
For example [2] studies the fluid analysis for 2D viscous 
flows. [3-8] studies about the fluid of the incompressible 
flow thru one body by using Navier Stokes Equation. [9]–
[14] investigated the particle movement by using the 
Lagrange Mutiplier/ fictitious domain method. [15]-
[19]are used Eulerian-Eulerian approach and Eulerian-
Lagrangian approach [20]-[29] to investigate and simulate 
all the problem involving the fluid-particle-interaction 
flows. [30]developed the splitting scheme for Eulerian-
Lagrangian technique in the analysis of the particle. In 
another study, [31] proposed the Arbitrary Lagrangian-
Eulerian (ALE) methods to solve and investigate the 
problem in fluid-structure-interaction. This method also 
used by others researchers such as [32], [33], [34] and 
[35].  

According to the previous contribution, we found 
that many researchers and engineers study the problem in 
the fluid solver, fluid-particle-interaction solver and fluid-
structure-interaction solver only but still not widely 
studied the Fluid-Particle-Structure-Interaction (FPSI) 
problem. Due to insufficient of that knowledge, the studies 
begin on the benchmark validation for fluid solver, fluid-
particle-interaction solver, and fluid-structure-interaction 
solver. Later, come out with the validation framework for 
fluid-particle-structure-interaction (FPSI) solver. 
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METHODOLOGY 
Currently, by validating the benchmark for fluid 

solver, fluid-particles-interaction solver and fluid-
structures-interaction solver. Past years, Fluid-Particle-
Structure-Interaction (FPSI) has been the very large thing 
to concern due to no validation benchmark data’s. 
Therefore, all four phases of developing the validation 
framework of FPSI which is consists of fluid solver with 
the benchmark case study driven flow in a square cavity 
by Ghia, lid driven cavity by Tsorng for validation 
benchmark for fluid-particle-interaction solver, bluff body 
by Wall for validation benchmark for fluid-structures-
interaction solver were discovered and lastly for FPSI, the 
case of granular boom sprayer design used as the reference 
to develop the validation framework for Fluid-Particle-
Structure-Interaction (FPSI).  
 
FLUID SOLVER 

Fluid solver is the basic solver that must to 
consider initially before continue with the validate proses 
for Fluid-Particle-Structure-Interaction (FPSI). In this part, 
the driven flow in a square cavity by [7] used as the 
benchmark to validate fluid flow problem. This case study 
enable to be made as the validation reference due to this 
model is not complicated but complete with the 
characteristic in fluid flow problem. By using this case 
study, allowed to investigate the vortex formation of the 
primary and secondary vortices in the driven-cavity flow. 
From this investigation, we qualify to conclude the regions 
that have low or high velocity. In addition, we also enable 
to observe the interaction of fluid with boundaries wall 
and from that we obtained the streamline pattern of the 
interaction. However the streamline pattern of vortices is 
depending to the meshing size of the grid and Reynolds 
number.    
 
FLUID-PARTICLE-INTERACTION SOLVERS 

The validation process for fluid-particle-
interaction solver capable to run parallel with the fluid-
structures-interaction solvers validation. This process 
almost has the similar step with the validation for the fluid 
solver but the different between both processes are the 
particle elements. 
 

 
 

Figure-1. Three-dimensional trajectory of solid particle in 
lid-driven cavity flow for Re = 470, result from [36]. 

Particles response when submerged in fluid flow 
that has numerous applications to discover. Particles 
equivalence to fluid flow is a vital in various phenomena 
such as sedimentation, deposition, ventilation and waste 
management [30].Therefore a little complicated 
experimental setup to study particles behaviour submerged 
in a lid-driven cavity by [36] is referred as the benchmark 
to validate the fluid-particle-interaction solver in this 
work. Few works on two-dimensional simulations of 
similar arrangements show substantial difference due to 
the complexity of particles behaviour and three-
dimensional inconsistencies by Tsorng et al. Figure-1 
illustrates the experimental three-dimensional trajectory of 
a solid particle in lid-driven cavity by Tsorng for fluid 
Reynolds number 470. 
 
FLUID-STRUCTURE-INTERACTION SOLVER 

Hence, for fluid-structures-interaction solver used 
at two-dimensional flow over a thin elastic beam attached 
to a rigid and fixed square block and this work are popular 
among researchers [32], [33], [35], [37] as benchmarking 
to validate their works. This benchmark was proposed 
by[38] in order to test accuracy and robustness of newly 
emerging fluid-structures-interaction solver procedures. 
The problem setup is illustrated in Figure-2. The flow is 
driven by a uniform velocity of magnitude 51.3cm/s 
prescribed at the inflow. Lateral boundaries are assigned 
zero normal velocity and zero tangential traction. A zero 
traction boundary condition is applied at the outflow. 

The fluid density and viscosity are set to 
1.18×10−3 g/cm3 and 1.82 × 10−4 g/(cm s), respectively, 
resulting in flow at Reynolds number Re = 100 based on 
the edge length of the square block. The density of the 
elastic beam is 0.1g/cm3, and the Young’s modulus and 
Poisson’s ratio are 2.5 × 106 g/(cm s2) and 0.35, 
respectively. 
 

 
 

Figure-2. Flow over an elastic beam attached to a fixed 
square block [38]. 

 
FLUID-PARTICLE-STRUCTURE-INTERACTION 
SOLVER 

In this work, the granular boom sprayer design 
used as the case study to performed the validation 
experiment. Granular boom sprayer is an example of 
applications that widely used in agriculture industries and 



                                    VOL. 12, NO. 7, APRIL 2017                                                                                                              ISSN 1819-6608 

ARPN Journal of Engineering and Applied Sciences 
©2006-2017 Asian Research Publishing Network (ARPN). All rights reserved. 

 
www.arpnjournals.com 

 

 
                                                                                                                                               2370 

have many problems when related to granular flow in the 
pipe like in the fluid, granular (particles) and pipe 
vibration (structure). Therefore, there will have 
continuously solution with exploit the granular flow in the 
pipe to improve the performance of the fluid flow, 
particles and structure. Concentration will be focus more 
on variable such as pressure, friction, vibration and many 
other variables proportional to the time. 

Here, we introduce an experimental setup 
designed and performed to measure the amount of particle 
deposition and the structure analysis on the design of 
granular boom sprayer. In this experiment, the design must 
be considering in order to get an effective functional of 
granular boom sprayer. The most important design that 
needs to consider are the boom pipe and blow head which 
is the distribution of granular fertilizer is depends on the 
design of both of it. [39]focused on boom sprayer design 
consideration and their control variables are granular 
fertilizer flow from the inlet to the outlet. The analysis will 
be start with identify the task that number of blow head 
that need at the boom pipe will use for simulation in order 
to achieve the proper granular distribution with all 
variables or properties that needed. 

In order to design pipe system for the boom 
sprayer machine, there are constraint side that the shape 
must be round and the design layout was influence by 
curve between pipes. However, the installation of the pipe 
at the machine frame also can influence the effect of 
sprayer. This is because the installation of the pipe in 
vertical position. Part that, it needs to consider the 
gravitational effect for manipulate it to fall down the 
material to the ground. The boom pipe as shown in Figure-
3. 

At the angle between the pipe corner or type of 
joint can effects the movement of granular material flow 
through the pipe. The granular materials will in-
compressed so the cause of vibration between other is high 
and give direct impact to the material particle velocity. 
Furthermore, the kinetic energy will lost and effect the 
flow defection in the pipe. The flows shown that particle 
force to wall suddenly increase due to the bending. It will 
make the granular particle motion about to slow and defect 
the granular flow. To get the uniform distribution, the four 
blow heads can be adjustable. The blow head were 
assigned numbers, one to four in the order of the airflow 
directions but the last blow head without the deflecting 
plate. 

The most critical part in design the boom sprayer 
machine is the blow head because it placed at final stage 
of process to distribute the granular fertilizer. Blow head is 
very different from nozzle that use for liquid fertilizer. 
Nozzle is controlled by the tip installed in it and 
manipulate by the pressure drop to get the spray type then 
achieve the uniform particle distribution [39]. Blow head 
used for granular fertilizer and not consist of any tip then it 
will directly drive by the force among the granular 
material itself. The blow head required some modification 
when the output results not in satisfy. The blow head in 
Figure-4 is simply mounts to the pipe as shown in Figure-
3.  

The blow head directly connect to the boom pipe 
that has 120º scattering angle and 185mm long. The 
opening in boom pipe is 35x35mm and the wide reflector 
is 35mm. The connecting plate was inserting into the 
boom pipe at 30º respectively to longitudinal direction of 
the boom pipe. Then the deflecting plate was a blunt edge 
formed by change a 0.6mm thick plate over the collecting 
plate at the boom pipe opening. 
 

 
 

Figure-3. Placement of blow heads in a boom 
section [39]. 

 

 
 

Figure-4. Blow head of the prototype granule 
applicator [39]. 

 
RESULTS AND DISCUSSIONS 

Basis of Fluid-Particle-Structure-Interaction 
(FPSI) is the fluid solver, particle and structure 
distribution are only determined by the framework created 
by the fluid solver itself. Thus, in this Figure-5 shows the 
validation of framework for Fluid-Particle-Structure-
Interaction (FPSI) solver flow which presents the fluid 
solver is the main phase of this work and the[7] procedure 
will be used as a validation. 

Then, the validation of both fluid-particle-
interaction and fluid-structure-interaction validation are 
managed parallel in one time due to the validation proses 
for both procedures or methods are not interrelated. These 
validations being utilized to assure the two ways coupling 
of the fluid-particle-interaction and structure use of the 
highest accuracy. Once both two ways coupling 
successful, the interaction of all these components must be 
used to evaluate the Fluid-Particle-Structure-Interaction 
(FPSI). Thus, to validate fluid-particle-interaction part, 
experiment of lid-driven cavity by[36] used while for 
fluid-structure-interactionwork followed the method 
by[38] as reference. Wall presented the flow over an 
elastic beam attached to a fixed square block as the model 
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in his research and this model become are reference to 
many researchers. 

At the final stage of this validation framework for 
FPSI solver, the granular boom sprayer design problem is 
used as the experimental apparatus to make the analysis. 
The granular boom sprayer problem has complete 
characteristic about FPSI problem where in this problem 
the fluid (air form blower), particle (granular fertilizer) 
and structure (design of pipe) are utilized together. 
Therefore, this problem is the most suitable case study that 
will be used as the benchmark to validate any works in the 
FPSI field. 
 

 
 

Figure-5. Validation framework for FPSI solver. 
 
CONCLUSIONS 

A validation framework for FPSI solvershas 
comprehensively presented in this paper. This broad 
procedure includes fluid solvers validation benchmark, 
fluid-particle-interaction validation benchmark, fluid-
structure-interaction validation benchmark and last but not 
least the case study that will be used as validation 
benchmark for the FPSI solvers.Air-particle flows within a 
segmented passageway is used as the case study in this 
work and this selection is due to simplicity and 
comprehensiveness of the characteristic involved in this 
problem that include fluid, particle and structure elements. 
The focus of this paper which is to prepare overall 
procedure to validate FPSI solvers is clearly explained. 
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