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ABSTRACT

In the current study, effects of two different underhood geometry modifications namely; fan position
relative to shroud and fan tip clearance, on airflow through an agricultural tractor engine cooling
system are investigated by utilizing CFD modeling. For the characterization of each modification,
the underhood components are reduced to a domain of cooling systems including only fan, shroud,
and radiator that allows saving in computational time and cost. The models are validated using a
custom designed underhood flow setup, where hotwire velocity measurements at proximity to the
radiator are conducted. The mass flow rate and the uniformity of the airflow through the radiator
are quantified as performance parameters. For the former modification, position of fan relative to
shroud, the computations are performed for the percentages of fan projection into shroud (FPiS)
varying from 78% to 0% at fan rotational speeds of 2060 and 2800 rpm. The optimum fan location
is found to be around 56-60% for both rotational speeds that leads 8% increase in mass flow rate
compared with the pre-design location of 74%. In addition, a noticeable reduction in the relative
magnitude of the RMS velocity through the radiator is obtained for the moderate FPiS values. For
the latter modification, fan tip clearance, the computations are performed for the tip clearance values
varying from 5.25to 12 mm at a fan rotational speed of 2060 rpm. As the tip clearance decreases up to
6 mm, air mass flow rate can be improved by 7%. However, further reduction in tip clearance does not
improve the air mass flow rate instead it decreases, suggesting an optimum tip clearance value. The
results suggest that the proper geometrical modifications in engine cooling systems might induce
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significant improvement in the aforementioned performance indicators.

1. Introduction

In recent decades, increasing environmental consider-
ations and desire for enhanced performances in the
automotive industry have pushed the manufacturers to
design high performance and downsized engines that
fulfill the recent emission levels. Such designs generally
result in increase in the heat flux and decrease in the
airflow rate through the front end of the radiators. The
geometrical constraints associated with the overall vehi-
cle design affect the layout of the engine components in
the underhood compartment. For heavy duty vehicles,
the underhood cooling becomes more challenging issue
compared to the passenger vehicles as a result of the oper-
ating conditions including, lack of ram air rate due to low
vehicle speed, higher operating temperatures, payload
capacity, and the dirty environment (Sofu et al., 2004).
Proper modeling of aforementioned issues under the
geometric constraints with proper assumptions appears
as a challenging task for the analysis of underhood flow
phenomena.

Along with the improvements in the modeling analysis
techniques Computational Fluid Dynamics (CFD) tools
have been widely used to model the real case application
in a wide range spectrum including urban aerodynamics,
nanofluid applications and internal combustion engine
performance (Akbarian et al., 2018; Mou, He, Zhao, &
Chau, 2017; Ramazanizadeh, Nazari, Ahmadi, & Chau,
2019). Considering the applications on underhood flow
analysis, CFD tools can provide alternative, cost and
time effective and powerful solutions during the prelim-
inary design and the optimization of the design stages.
In the early investigations of the numerical methods,
one-dimensional approximation was commonly per-
formed (Pang, Kalam, Masjuki, & Hazrat, 2012). In recent
decades, advances in numerical techniques have made
the computational fluid dynamic (CFD) tools powerful
and cost effective alternatives on complex underhood
airflows (Caltrider, Davis, Madhavan, & Veling, 1993;
Costa, 2003; Dinc, Arslan, Akgun, & Almenar, 2010;
Ding, Williams, Karanth, & Sovani, 2006; Pan, Schoon,
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Putta, Ogale, & Chen, 2010) to figure out the impact of
the simulations on design and development processes.
Davis, Veling, Caltrider, and Madhavar (1993) performed
three dimensional CFD simulations on the cooling sys-
tem of light trucks; in addition they discussed the neces-
sity for an underhood thermal management model. Sofu
et al. (2004) employed three dimensional CFD simula-
tions coupled with one-dimensional thermal-fluid model
in order to assess cooling requirement of an off-road con-
struction equipment using the experimental data. Tai,
Cheng, and Liao (2007) performed practical and simpli-
fied modeling of vehicle front part based on finite volume
methods. They were able to obtain a good agreement
on velocity distributions with experimental data suggest-
ing that the simplified configurations could be effectively
used for front-end styling.

In recent decades cooling performance optimization
in relation to the geometrical modifications, includ-
ing underhood layout design and individual compo-
nent modifications appears as a common methodology
(Dangmali, Dhamangaonkar, & Atnurkar, 2013; Khaled,
Harambat, & Peerhossaini, 2010; Lee & Hong, 2000;
Manna & Kushwah, 2015; Shome, Kumar, Kumar, &
Arora, 2006), however there still exist significant unre-
solved issues. Baskar and Rajaraman (2015) provided a
review focusing on airflow management in automotive
engine cooling systems. They discussed the role of the
experimental and CFD techniques in detail and also sum-
marized the factors affecting the cooling performance
and overall vehicle aerodynamic drag. An early experi-
mental study conducted by Taylor and Chu (1976) pro-
posed the parameters affecting the performance of a
truck cooling system that could be listed such that fan
characteristics and fan projection into shroud (FPiS) are
of highly significant parameters, while fan to radiator
distance, radiator characteristics, and tip clearance are
among significant parameters. They suggested the opti-
mum fan projection into shroud value of 60-70% with
indicating no significant contribution of shroud type on
cooling performance. Hallqvist (2008) performed a para-
metric three-dimensional CFD study that investigates
the various underhood installation parameters for heavy
trucks. It was concluded that the depth of the fan into
shroud and fan to radiator spacing are of critical param-
eters and the flow uniformity considerably affects the
cooling capacity. Results of the study indicate that the
highest flow rate through the radiator was achieved with
50% FPiS value, whereas the flow rate was found to be less
with 67% FPiS value and the lowest with 33% FPiS value.
Hu et al. (2011) conducted particle image velocimetry
and pressure measurements to investigate the effect of the
existence of the shroud and the depth of a truck fan into
the shroud for various rotational speeds. They observed

that the fan with shroud had higher exit velocities than
fan without shroud and 60% FPiS value exhibited the
highest performance in terms of flow rate and the pres-
sure rise for all rotational speeds. Mehravaran and Zhang
(2015) performed CFD simulations along with wind tun-
nels tests to quantify the effects of fan projection into
shroud, different shroud geometries and tip clearance on
the airflow through an automobile engine cooling sys-
tem. It was concluded that decreasing the tip clearance
resulted in improvement of airflow, and an interval of
60-70% FPiS value demonstrated better performances
for most of the shrouds they studied. Venter and Kroger
(1992) proposed a method to present the effect of tip
clearance on the performance of an axial flow fan show-
ing that decreasing tip clearance results in improvement
of performance of the axial fan.

The current study aims to investigate the effects of two
different underhood geometry modifications, fan posi-
tion relative to shroud and fan tip clearance, on airflow
through the engine cooling system of a newly designed
agricultural tractor, using computational fluid dynamics
(CFD) modeling. For this purpose, the solution domain is
simplified to cooling package components including fan,
shroud, and radiator. The flow is assumed to be incom-
pressible and adiabatic (no heat transfer effect). For the
relative fan position cases, the simulations are performed
at rotational speeds of 2060 and 2800 rpm for FPiS val-
ues varying from 78% to 0%. For tip clearance cases, the
simulations are performed for the tip clearance values
varying from 5.25-12mm at a fan rotational speed of
2060 rpm.

2. Model development

The CFD model was constructed over three-dimensional
full-scale geometry using ANSYS SpaceClaim. ANSYS
Meshing was used for mesh generation and ANSYS
FLUENT was utilized in order to perform the flow
simulations. The model geometry was reduced to cooling
package components of Turk Trakt6r’s one of the spe-
cialty type agricultural tractor including; fan, shroud, and
radiator. The system components (fan, shroud, and radi-
ator) and the corresponding fluid domains (MRF and
radiator core) are shown in Figure 1(a). The cooling pack-
age was centered in a rectangular prism domain with
dimensions of 2 m wide, 2 m deep and 6 m long, which is
shown in Figure 1(b). The fan model has 10 blades with
overall diameter, hub diameter, and hub thickness values
of 480, 189 and 57.5 mm, respectively. The details of the
simulation geometry are provided in Table 1.
Considering the study for the position of fan relative
to shroud, to be consistent with the literature (Hallgvist,
2008) the depth of the fan into the shroud was quantified
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Figure 1. (a) lllustration of CFD model; components, assembly view and fan position adjustment, (b) typical simulation domain and
boundary conditions used in CFD model, (c) slices of the mesh on fan blades-MRF domain and radiator core.

Table 1. The details of the simulation geometry.

Parameter Specification
Total Enclosure Width 2m

Total Enclosure Depth 2m

Total Enclosure Length 6m

Fan Diameter 480 mm

Fan Hub Diameter / Hub Thickness 189 mm /57.5 mm
No. of Fan Blades 10

Radiator Core Thickness 140 mm

Radiator Core Frontal Area 0.2 m?

using the percentage FPiS, which was calculated by taking
the ratio of the fan volume occupied in the shroud to
entire fan volume. For that purpose, the outer circular
surface of the shroud and the inward surface of the fan
hub were taken as reference. The pre-design configu-
ration of the cooling package had 74% fan projection
into the shroud corresponding to 42.6 mm depth of the
fan thickness. The fan geometry was translated along
the x-axis both in ‘positive’ and ‘negative’ directions as
illustrated at the bottom part of Figure 1(a). Different
FPiS values were tested varying from 78% to 0% leading
to 2 and 43 mm maximum translations from the pre-
design configuration in positive and negative directions,
respectively.

In order to quantify the effect of tip clearance on
underhood flow, four additional shrouds with tip clear-
ance values of 5.25, 8, 10 and 12 mm were modeled and

compared with the base case, which was the pre-design
condition and had a tip clearance value of 6 mm.

Hallgvist (2008) summarizes that, the performance
of the cooling systems strongly depends on the amount
of the mass flow rate along with the considerations of
the velocity and the temperature distributions. Since the
ultimate aim of the current study is to investigate the
influence of the geometrical modifications on the under-
hood airflow, the performance estimations are based on
the mass flow rate through the radiator, velocity distribu-
tion and its uniformity on the radiator. This approach is
also in line with similar studies conducted in the litera-
ture (Hallqvist, 2008; Mehravaran & Zhang, 2015). The
uniformity is tried to be quantified by root mean square
(RMS) of the velocity distribution of radiator surface
which is calculated via Equation (1):

\/ YV (V, Vave>
VrMms =

(1)

where N is number of nodes, V; is the velocity of each
node, Vyye is average velocity across the surface of inter-
est. The aforementioned parameters are selected because
they represent the underhood airflow quantitatively and
qualitatively, which is quite deterministic on heat removal
from the radiator therefore the overall cooling perfor-
mance of the engine compartment.
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Table 2. Boundary conditions and simulation matrix.

Parameter Specification
Air Density 1.127 kg/m?3
Turbulence Model Realizable k-¢
Top, Bottom, and Side Walls Free Slip

Inlet Pressure
Outlet Pressure
Components’ (shroud, fan blades, radiator) wall surfaces No Slip

Radiator Core Porous Medium

Fan Model MRF

Fan Speeds 2060, 2800 rpm
FPiS (Fan Projection into Shroud) Range 0-78%

Tip Clearance Range 5.25-12mm

Table 3. Mesh parameters used in the mesh independence study.

Algorithm Polyhedral elements
Method Patch conforming

Mesh 1 Mesh 2 Mesh 3
Nodes 5,602,975 9,290,237 18,392,721
Elements 2,574,797 3,570,809 5,702,415

The top, bottom and side surfaces of the domain were
specified as free slip boundary condition where the flow
was free to move without any resistance. At the inlet
and the outlet of the computational domain the pressure
boundary condition was imposed to simulate the atmo-
spheric condition. The wall surfaces of cooling package
components including shroud, fan blades and radiator
were modeled as no slip boundary condition where the
fluid had zero velocity relative to adjacent walls. The
details of the boundary conditions along with the sim-
ulation matrix are provided in the Table 2.

In order to capture the complex airflow and to obtain
a robust solution, the fan was modeled as Multiple Refer-
ence Frame (MRF) methodology. The fan geometry was
centered in the MRF domain of 490 mm diameter and
80 mm thickness. Two different rotational speeds 2060
and 2800 rpm were tested to simulate the operating con-
ditions namely; moderate duty and high duty operations.
The radiator was modeled as fluid domain with porous
medium, which restricted the fluid to flow in one direc-
tion. Experimental air velocity (m/s) versus pressure drop
(Pa) of the radiator data, provided by the manufacturer,
was used to determine the pressure drop characteris-
tics of the heat exchangers using the following function
below;

Ap = Au; + Bu? ()

where u; was the superficial velocity through the
medium, and A and B were the polynomial constants to
calculate inertial resistance and viscous resistance coef-
ficients in the porous model, respectively. ANSYS Fluent

uses Equation (3) to simulate a porous medium,

9 1
(%) - [Diuui + EFipu?] AL ()
porous

where D; and F; are the inertial resistance and viscous
resistance values, respectively. 1 and p are dynamic vis-
cosity and density at the test conditions, whereas AL is
the thickness of the porous medium in the model. The
simulations in the present study were conducted with
dummy inertial and viscous resistance values different
from the calculated ones using Equations (2) and (3) due
to the confidentiality issues in revealing the results of the
actual cooling system. Resistances in other directions are
taken at least two orders of magnitude higher than the
obtained resistances for the flow direction to restrict the
flow to one direction.

For the grid generation, the unstructured mesh
consisting three-dimensional polyhedral elements and
prismatic inflation layers were constructed. Patch con-
forming methodology was utilized for the mesh creation.
The total thickness of the boundary layer was calculated
for each particular surface such as fan blades, shroud, side
surface of the MRF domain, and side walls of the radi-
ator core using the turbulent flow over boundary layer
equations considering the expected Reynolds numbers
over these surfaces. Utilizing these total thickness val-
ues, number of the total inflation cells were defined for
each surface in order to resolve the boundary layer flows
adequately. First layer thicknesses of the inflation layers
were also set to values that were expected to keep the
total number of mesh cells in a reasonable size and pro-
vide y+ values that were suitable to work with near wall
treatment solver. The sample images of the mesh gener-
ated for the upper half of the cooling package and the fan
blades embedded in MRF along the symmetry plane are
shown in Figure 1(c). The flow through the underhood
compartment is highly turbulent and unsteady. In order
to investigate the significant flow characteristics, a suit-
able turbulence model should be selected. Considering
the similar CFD modeling studies reported in literature,
the standard and realizable k — ¢ turbulence models were
shown good agreement with experimental data (Katoh,
Ogawa, & Kuriyama, 1991; Mehravaran & Zhang, 2015;
Soe & Khaing, 2017; Venter & Kroger, 1992; Yang, Wang,
Dang, & Li, 2015). Therefore, in the current study, the
realizable k — ¢ turbulence model was utilized along with
the enhanced wall treatment considering that it addresses
the deficiencies of the standard and RNG k-¢ models
as explained by Soe & Khaing, 2017. For the discretiza-
tion scheme, both first order and second order upwind
schemes were considered for spatial discretization of the
momentum, turbulent kinetic energy and turbulent dis-
sipation rate. For two sample cases, the simulations were
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Figure 2. Velocity distribution along the horizontal and vertical midlines on radiator inlet surface for three different meshes.

conducted for both schemes and the differences in the
solutions were reported both qualitatively and quantita-
tively. The general flow patterns were quite similar except
at regions far downstream of the fan and thus away from
the region of interest. Considering the velocity magni-
tudes at the regions upstream of the fan, the maximum
of 10% variations were observed at some isolated points
where for the majority of the domain (~90%) the varia-
tions in the velocity magnitudes were even less than 1%.
More importantly, when the mass flow rates through the
radiator were considered, it was observed that the devia-
tion was less than 0.1% with switching the discretization
scheme from second order to first order. Considering
the deviations obtained in the sample cases along with
the fact that the convergence was more robust and easily
obtained at significantly shorter time with the first order
discretization scheme, the rest of the simulations were
conducted using the first order discretization scheme.
The COUPLED scheme which is based on a pressure
based algorithm was preferred as the pressure velocity

coupling scheme. This scheme is known to be a robust
and efficient single phase implementation for steady state
analysis.

A typical simulation of the entire domain accounts
for six hours of computational time. The convergence
behavior of the simulation was monitored by plotting the
residual values of the velocity components on the several
points located near the fan and the radiator core. In addi-
tion, the sum of the normalized residuals for mass con-
servation and momentum conservation equations were
taken into account.

The flow simulations were calculated by solving the
following steady state, incompressible form of the mass
and momentum conservation equations.

814,'

—— =0 4
o7, (4)
du; 19 0%u;

0x; P 0X; 0x;
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Table 4. The dimensions of the radiator, fan and CFD model
enclosure for the validation study.

Parameter Specification
Total Enclosure Width 4m

Total Enclosure Depth 2.8m

Total Enclosure Length 45m

Fan Diameter 414 mm

Fan Hub Diameter / Hub Thickness 189 mm /57.5mm

No. of Fan Blades 10
Radiator Core Thickness 85mm
Radiator Core Frontal Area 0.163 m?

In these Equations (4) and (5) p, u, p and v stand for
density, velocity, pressure and kinematic viscosity respec-
tively. The turbulence properties of the simulation were
accounted by utilizing realizable k — ¢ turbulence model
along with the enhanced wall treatment function that
solves the following transport equations for turbulent
kinetic energy k and energy dissipation rate ¢.

0 d ok
— (kuj) = — |:<v + 3) —} + 18— (6)
dx; ax; ok /) 0x;

9 (o) ) Lo de LGS &2
—(u)=—||v+— | — e—C)———
0x; g 0X; o¢ ) 0x; ! k + /ve

(7)

In the above Equations (6) and (7) v; represents
the eddy viscosity. ox and o, are the turbulent Prandtl
numbers for k and ¢, respectively. S is the modu-
lus of the mean rate-of-strain tensor, defined asS =

ZSijSij where Sij = (1/2)((8u,-/8xj) + (E)uj/axi)). C =
max[0.43, (n/n + 5)], where n = (Sk/¢). C; = 1.9.

In order to ensure that the solutions were indepen-
dent from the mesh intensity, the mesh independence
study was performed utilizing the grid refinement for the

Height J

Adjuster

cooling package configuration without any modification.
The details of the meshes used in the mesh indepen-
dence study are presented in Table 3. Three different
mesh topologies were constructed from coarsest to finest
structure namely mesh 1, mesh 2, and mesh 3, respec-
tively. The coarsest mesh 1 had 5,602,975 nodes whereas
fine mesh 2 and the finest mesh 3 had 9,290,237 nodes
and 18,392,721 nodes, respectively. In order to provide a
comprehensive comparison, Figure 2 is constructed for
the velocity magnitude V along the horizontal and ver-
tical midlines on the radiator front surface. The sketches
of the midlines along with the local coordinates (', z’) on
the geometry are also illustrated in Figure 2. Figure 2(a)
shows the velocity magnitude V along the horizontal
midline A-A whereas Figure 2(b) shows velocity magni-
tude V along the vertical midline B-B. It can be seen that
the velocity magnitudes on the radiator front surface are
not axisymmetric due to the fact that the shroud design is
not fully symmetric as demonstrated in Figure 1(a). The
velocity distribution along the vertical midplane of radia-
tor front surface clearly shows the mesh size dependency
while it does not exhibit any considerable change along
horizontal midplane. The results indicate that velocity
values differ a maximum of 18% between meshes 1 and 3.
However, the velocity magnitudes vary a maximum of 2%
between meshes 2 and 3 for both midlines. In addition,
the mass flow rate values through the radiator inlet are
also tabulated in Figure 2(c), which are also in line with
the aforementioned results. Mass flow rate differs up to
4% between meshes 1 and 3 while it differs less than 0.5%
between meshes 2 and 3. Considering all these results,
mesh 2 was chosen as mesh independent case and used
for further analyses.
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validation study.

2.1. Validation study

The underhood air flow test bench was built to quantify
the velocity in the cooling package, where the velocity
information was used for validation purpose in the
present study. The sketch of the set up is illustrated in
Figure 3. The system allows positioning of various com-
ponents of the cooling package. The fan speed is adjusted
using a PLC controlled electrical motor. A computer con-
trolled traverse mechanism is used to position the con-
stant temperature hot-wire anemometry probe in three
dimensions with high accuracy. The validation study
was conducted with a cooling package already available
including a commercial radiator and its’ shroud cou-
pled with a cooling fan, where the corresponding CFD
models were also developed. The experiments were per-
formed for two different fan speeds 2000 and 2400 rpm
for 50% fan projection into the shroud. The air velocity
distribution upstream of the radiator core was measured
using a Dantec hot-wire probe, which was positioned on

Fan Offset from Pre-Design Location (mm)
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Figure 5. Variation of mass flow rate through the radiator with
varying fan position relative to shroud.
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a measurement plane at 23 mm upstream of the radiator
core. The probe was traversed horizontally and vertically
to acquire the velocity distributions on the midlines pre-
viously introduced in Figure 2. The measurement points
were selected 25 mm apart and the relative uncertainty of
the velocity measurements was calculated as 4%.

For the validation study, the CFD model has been
developed to closely represent the test bench case for
which the dimensions of the radiator and CFD model
enclosure are given in Table 4. Solver settings, turbu-
lence model, and boundary conditions are kept same
as tabulated in Table 1. The results obtained from the
experimental and the numerical studies are plotted in
Figure 4 such that graphs on the left column represent
the results of 2000 rpm fan speed for horizontal and verti-
cal midlines, respectively, whereas the graphs on the right
column represent the results of 2400 rpm fan speed. The
velocity plots are constructed using the same approach
explained for Figure 2.

Considering the plots for 2000 rpm fan speed, the test
and CFD results agree well particularly on the horizon-
tal midline, where the deviation between experimental
and numerical results varies from minimum of 0.1% to
maximum of 10.5%, where the average value is calculated
as 4.4%. On the vertical midline, this deviation varies
from 0.7 to 17.2%, and is 8.1% in average. Overall, the
trends of velocity distributions indicate quite similar
behaviors. For the fan speed of 2400 rpm, the deviation
between experimental and numerical results vary from
0.2-17.7%, whereas the average values on the horizon-
tal and vertical midlines are 11.5% and 7.9%, respectively.
Although the similar velocity trend lines are successfully
achieved via CFD analyses, the amount differences in
obtained velocities are believed to be related to simpli-
fied 3D solid geometries in CFD analysis, uncertainty
in velocity measurements, the effect of directionality in
velocity on hot wire anemometry, and porosity settings
of the radiator.

3. Results and discussions

3.1. Effect of fan position relative to shroud on
underhood airflow

Variation of the mass flow rate through the radiator with
varying the fan position relative to the shroud is shown
in Figure 5 for both fan speeds of 2060 and 2800 rpm.
The lower horizontal axis represents the percentage fan
projection into shroud while the corresponding move-
ment of the fan in mm scale from its pre-design location
of 74% FPiS is represented in the upper horizontal axis.
The dashed line indicating the initial location is added

to the graph in order to identify the relative fan posi-
tion clearly. MRF model is used to simulate the fan,
which encloses a volume around the fan. The maximum
attainable percentage fan projection into shroud without
having a contact on the surfaces of the MRF volume and
the radiator core is 78%. Therefore, variation of the fan
position in the figure is limited to 0% and 78%, which
represents the cases of no projection into the shroud and
maximum possible projection into the shroud in the sim-
ulation model, respectively. One can easily infer from the
figure that decrease in FPiS from the maximum value of
78% up to 56% results in increase in mass flow rate for
both rotational speeds, where up to 8% increase in mass
flow rate is achieved around 56%-60% FPiS compared to
the pre-design FPIS of the fan. Further decrease in FPiS
from 56% to 0% yields continuous decrease in mass flow
rates. It can also be inferred from the figure that giving a
26 mm offset to the fan results in the same mass flow rate
that can be reached when the fan is located at its initial
position. Even though the obtained results are believed to
be dependent on the specific designs of fan and shroud
that are used in the simulation model, they are quite in
line and show a similar trend with the observations of
the similar studies in the literature (Hallqvist, 2008; Hu
et al.,, 2011; Mehravaran & Zhang, 2015; Taylor & Chu,
1976) for different cooling packages, in which the high-
est flow rates are achieved between the FPiS values of 60%
and 70%.

The horizontal and vertical midlines that were previ-
ously introduced in Figure 2, are used to demonstrate the
velocity distribution along the radiator inlet surface in
Figure 6 for fan position relative to shroud values vary-
ing from 0% to 74% at fan rotation speeds of 2060 rpm
(charts on the left) and 2800 rpm (charts on the right).
Considering the overall distributions in the charts, higher
velocity values appear at the regions corresponding to the
fan blades, whereas lower velocity distributions are seen
around fan hub region for both fan rotation speeds as
expected. In addition, at regions close to the blade tips
and shroud there exist strong velocity gradients which
can be attributed to wall boundary layer and porosity
interaction with radiator and its core.

For FPiS values varying between 74% and 48%, there
exist higher velocity peaks at the proximity of fan blades
in both axes. This observation suggests that the effect of
improvement in mass flow rate for 60% and 48% is evi-
dent in velocity distribution as expected. In addition, 74%
fan projection exhibits the lowest velocity values around
the hub region in all charts since it causes the earlier
stagnation in main flow direction. Any decrease in FPiS
value leads increase in velocity magnitude around the
hub region. It should also be pointed that the deviation
between the highest and the lowest velocity regions is
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Figure 8. Velocity contours at mid-section plane along x-axis for FPiS values 74%, 60%, 31% and 0% at fan speeds of 2060 and 2800 rpm.

relatively larger for the FPiS values varying between 48%
and 74% whereas there exist smaller deviation for lower
FPiS values at both horizontal and vertical axes.

To quantify the aforementioned concept of non-
uniformity of velocity distribution on radiator surfaces,
root mean square of velocity (Vrms) and its non-
dimensional representation, which is normalized by the
average velocity on the radiator surface (Vrms/ Vave), are
demonstrated in the left and the right charts of Figure 7,
respectively. The upper and lower horizontal axes of both
charts are indicated by the scales used in Figure 5. Con-
sidering the results of velocity RMS presented in the left
chart, there are significant increases in RMS values of the
velocities on both inlet and outlet surfaces of the radiator

as the FPiS value increases, which is the indication of fan
getting closer to the radiator. In addition, the results indi-
cate that the radiator outlet surface possesses higher RMS
values compared to the radiator inlet surface. Consider-
ing the Vrms/ Vave values, which can be named as relative
non-uniformity and demonstrated in the right chart of
Figure 7, it is observed that even though the general
trends of the charts are consistent with the trends seen
in velocity RMS graphs, there are two major differences,
which become apparent due to normalization. Firstly, at
both fan speeds the Vrms/Vayve curves exhibit similar
trend indicating that the relative non-uniformity is inde-
pendent from the fan speed on both radiator surfaces.
Secondly, the slopes of the Vrams/Vave curves become
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Figure 9. Variation of mass flow rate through the radiator core and uniformity of velocity distribution on inlet surface with varying fan

tip clearance at fan speed of 2060 rpm.

sharper with increasing FPiS values. It should also be
noted that the optimum mass flow rate location of 60%
FPiS yields a considerable reduction in Vrms/ Vave, rela-
tive non-uniformity, in the order of 10% while provid-
ing an 8% increase in mass flow rate compared to the
pre-design condition.

In order to further investigate the effect of the fan
projection on overall flow structure of underhood, con-
stant contours of velocity magnitude along the x-axis at
mid-section plane are shown in Figure 8. Figure 8 is
constructed such that left column represents the velocity
contours for fan speed of 2060rpm and right column rep-
resents the fan speed of 2800 rpm for selected FPiS values
of 74%, 60%, 31% and 0% from top to bottom, respec-
tively. Velocity contours of the radiator core indicate that
less air flow occurs at the projection of the fan hub on
the radiator core at high FPiS values, whereas the flow
becomes more uniform throughout the radiator core by
increasing the distance between the fan and the radia-
tor. One can also infer from the velocity contours that the
overall flow field shows similar flow patterns for both fan
rotational speeds where a suction region occurs prior to
the radiator inlet along with a strong discharge region at
the fan exit due to the accelerated air flow by the fan.

3.2. Effect of fan tip clearance on underhood airflow

Variation of the mass flow rate through the radiator core
and the uniformity of velocity distribution on radiator
inlet surface in terms of Vpyms and Vrms/ Vave at the
fan rotational speed of 2060rpm are shown in left and
right charts of Figure 9, respectively for fan tip clearance
values of 5.25 mm, 8 mm, 10 mm and 12 mm as well as
the pre-design tip clearance value of 6 mm. The trend

in the left chart indicates that increasing the tip clear-
ance yields decrease in the mass flow rate up to 7% with
respect to pre-design tip clearance value due to having
more leakage through the clearance region. Decreasing
the tip clearance value less than 6 mm also reduces the
mass flow rate by 2%, which is believed to be due to the
interaction between the flow and the boundary layer on
the shroud wall. Considering the non-uniformity distri-
butions shown in the right chart of Figure 9, RMS of
the velocity decreases with either increasing or decreas-
ing the tip clearance from the pre-design value of 6 mm.
At tip clearance values of 12mm and 5.25mm, VRums
decreases by 5% and 2%, respectively, with respect to
the tip clearance value of 6 mm. For the relative non-
uniformity where RMS velocity is normalized with aver-
age velocity, VRMs/ Vave, a trend of decreasing positive
slope with a peak value at 8 mm tip clearance is observed.

4. Conclusion

In the current study, the effects of two different under-
hood geometry modifications including fan position rel-
ative to shroud and fan tip clearance, on airflow of an
agricultural tractor engine cooling system are studied
using CFD modeling. The results of CFD models are
confirmed with the velocity measurements in a cus-
tom designed underhood flow setup. It is shown that
RMS calculation for spatial domain to evaluate the non-
uniformity of the flow through the radiator can be used
as a performance indicator. The results show that for
both rotational fan speeds of 2060 and 2800 rpm, the
optimum FPiS value is in the range of 56%-60%, which
yields a considerable reduction in Vrms/Vave, relative
non-uniformity, while providing an 8% increase in mass
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flow rate compared to the pre-design fan - shroud ori-
entation. Moreover, performed calculations for various
tip clearance distances reveal that this parameter also
has a significant role in mass flow rates. Decreasing the
tip clearance from 12 mm to 6 mm yields 7% increase in
mass flow rate due to reduction in the leakages, however,
further decrease in tip clearance does not improve the air
mass flow rate, instead it decreases due to boundary layer
interactions, which suggests an optimum tip clearance
value. To sum up, the optimum orientation for the stud-
ied cooling package is determined via consecutive CFD
iterations, in which the results indicate that 56%-60%
FPiS value along with 6 mm tip clearance is the best con-
dition among the simulated cases considering the highest
flow rate through the radiator with minimum relative non
uniformity, which are believed to be quite critical for the
cooling performance of the radiator.
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