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Abstract — Computational Fluid dynamics is a 
tool widely used in automobile organization 
during development and optimization phase of the 
air intake manifold for internal combustion 
engines. Throttle valve, a flow control device, is 
extensively used in air intake lin es of internal 
combustion engines because of their low cost, 
and fast operation. Nowadays, similar mechanical 
component close to Throttle valves are also 
mounted at the exits of intake manifold runners. 
These components referred as tumble flaps are 
used to  guide the in -cylinder flow and hence to 
improve air -fuel mixing inside the combustion 
chamber. The movements of these flaps are 
controlled by the engine management system by 
the aid of electrical or pneumatic mechanisms. So, 
it becomes important to identify the torque 
required to move the flaps at different operating 
angles of the flaps. The main objective of the work 
is to perform CFD simulations in order to identify 
the forces and aerodynamic moments acting on 
the flaps while operating in the steady stat e 
condition. For the analysis, rhoSimpleFoam, a 
steady state compressible flow solver is used to 
simulate the 3D, steady, compressible air flow 
inside the intake manifold geometry. A detailed 
analysis of the forces and moments acting the flap 
has been carr ied out in this paper using the 
results of the numerical simulation.  

Later on, the prototype has been tested on the 
experimental flow bench to validate the results of 
the numerical simulation in terms of pressure 
drop across the component . 

Keywords—  Intak e manifolds, tumble flap, 
aerodynamic torque  

I.  INTRODUCTION 

Efficient combustion and minimal emissions are a 
preference for both the automotive supplier and 
apparently for the end user as well. Design and 
optimization of the intake manifolds have been one of 
the key areas of interests of the researchers and CFD 
is considered as a preferred tool to minimize the cost 
during design and development phase on intake 
components [1]. One aspect of an ideal intake 

manifold is, to provide even distribution of the charge 
into each cylinder with minimal expense of pressure 
losses [2, 3]. The second aspect is related to length 
and diameter intake runners which are quite important 
parameters for the intake manifold tuning [4, 5, 6, 7]. 
The third aspect is to integrate parts at the outlet of 
intake runner to guide the in-cylinder flow. Tumble 
flaps are such devices which are installed at the outlet 
of the runners. Tumble flaps are used to create 
swirling motion alongside the cylinder axis with the aim 
to improve air-fuel mixing and hence to improve torque 
and power output. The flaps have a structure similar to 
throttle valves and actuated externally depending on 
the rotational speed and loads of the engine. Theses 
flap rely on an external component say electric or 
vacuum actuator for their movements. It raises the 
need to study the flow field inside and in the vicinity of 
the tumble flaps. The air flow impinging on the flap 
exerts an aerodynamic torque (TD) [8] on the flap and 
its direction depends on the valve geometry and its 
orientation. It is a common practice to express the 
aerodynamic torque in terms of dimensionless torque 
coefficients. There are two popular ways to describe 
the torque coefficients [8]. The classical ways where 
static pressure drop (∆P) across the valve is used for 
the normalization. Then, the torque coefficient can be 
given as: 𝐶𝑇1 =

𝑇𝐷∆𝑃𝑑3 (1) 

Other ways in which dynamic pressure is used for 
the normalization and the coefficient is defined as: 𝐶𝑇2 =

𝑇𝐷
1
2
𝜌𝑉𝑑2𝑑3 (2) 

Where Vd is the flow rate velocity and d is the 
diameter of the valve. 

II. PREVIOUS WORK

Previously, many researchers have used CFD as a 
tool to analyze the performance of similar components 
like tumble flaps and closest to them is butterfly valve. 

Leutwyler and Dalton [9] have performed numerical 
simulations to identify the performance coefficients of a 
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symmetric butterfly valve at various angles. They used 
CFX CFD code and simulated the steady flow at 
different pressure ratios. They have shown the 
importance of CFD by means of gaining valuable 
insight into the flow field, resulting force, and
aerodynamic torque acting on the butterfly valve.

In other work, Leutwyler and Dalton [10] (using 
Fluent 6.0) analyzed disk pressure profile predicted by 
the different turbulence models and observed that 
realizable k-Ɛ and k-ω SST produced the best results.

Henderson et al [11] performed numerical 
simulation of a safety valve used in a hydro-electric 
power scheme using Ansys CFX 10 at various valve 
operating angles and estimated the hydrodynamic 
torque coefficients and k-ω SST for turbulence closure. 
They identified that flow was not able to converge 
properly using steady state solvers at particular valve 
angles due to unsteady characteristics of the flow and 
oscillations were observed in the residuals. Later on, 
better residuals were observed while simulating the 
flow with unsteady solvers (transient simulations).

Wang et al [12] have realized the numerical and 
experimental analysis of the flow taking place in a 
curved channel embedded with double butterfly valves 
(stop valve and throttle valve) and the effect of the 
sudden closure of the butterfly valve on the flow 
characteristics and the aerodynamic torque is 
evaluated.

III. NUMERICAL MODELLING

The numerical computation has been carried out 
using OpenFoam [13, 14] a finite volume [15, 16] 
based open source CFD code. The steady-state 
compressible flow solver rhoSimpleFoam [16] has 
been used in this work. RhoSimpleFoam is a pressure 
based solver based on the simple algorithm. Initially, 
the simple algorithm was developed for flow 
incompressible flows at low Mach numbers. The 
important development was to incorporate density and 
velocity correction in pressure equation such that the 
type of the equation changed from purely elliptic for 
incompressible flows to hyperbolic in transonic and 
supersonic compressible flows [17]. The Navier Stokes 
equations along with energy equation are used to 
describe the compressible air flow and can be written 
in the following form:𝜕𝜌𝜕𝑡 + ∇. (𝜌𝑢) = 0

(3)𝜕(𝜌𝑢)𝜕𝑡 + ∇. (𝜌𝑢𝑢)

= ∇. �2𝜇𝐷 − 2

3
𝜇(∇. u)𝐼����������������𝑆ℎ𝑒𝑎𝑟 𝑠𝑡𝑟𝑒𝑠𝑠 𝑡𝑒𝑛𝑠𝑜𝑟 𝜏 − ∇p 

+ 𝑓𝑏
(4)

𝜕𝜌ℎ𝜕𝑡 + ∇. (𝜌𝑢ℎ) = ∇. (𝜆∇T) +
𝜕𝑝𝜕𝑡 + 𝑢.∇p + 𝜎:∇u

(5)

Along with the above equation, the equation of 
state for ideal gas is used to relate the density ρ to 

pressure p and temperature T (ρ=f(p,T)). It can be 
given as: 𝜌 =

𝑝𝑅𝑇 (6)

Where R is gas constant.

For the turbulence closure k-ω SST has been used 
which provides the best results in order to calculate 
forces and moments [10, 11].

IV. PHYSICAL MODEL DESCRIPTION

The intake manifold is integrated part of an internal 
combustion engine aims to supply equal amount of 
charge in different cylinders. In the present study, an 
intake manifold designed for a four cylinder engine is 
used. The intake manifold has integrated tumble flaps 
at the outlet of each runner. In order to simplify the 
study, the intake manifold has been cut and single 
runner with flap is used for the computational analysis 
(Fig. 1). The pneumatic device used to control the 
rotation of the flap has been removed from the setup 
and a spring controlled mechanism has been attached 
to move and hold the flap at a certain angle by manual 
aids.

In addition to that, some plastic components 
(fabricated) and steel tubes are attached to the runner 
to provide the boundary condition in case of 
computational analysis and to test the component at 
the experimental flow bench (Fig. 2).The ultimate 
objective of the work is not only to identify the 
aerodynamic torque acting on the flap not only in the 
steady state but also to identify the effect of unsteady 
characteristics of flow such as pressure waves 
identified in internal combustion engine operations. So, 
two holes are pierced in the tested geometry for 
sensor installations: one to measure the pressure drop 
and another to measure the dynamic pressure. In the 
present work, the focus is to identify the forces and 
moments acting on the tumble flap in steady state. So, 
only one sensor is used to measure the pressure drop
that can be seen in the Fig. 2. The pressure sensor 
user for the measurement has a range from 0-100
mbar with an accuracy level of ±1 mbar.

Fig. 1. Example of a figure caption. (figure caption)
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Fig. 2. Experimental setup

TABLE I.  FLAP ANGLE AND MASS FLOW RATE

Flap Angle Mass flow rate 
(kg/hr)

09.4° 100

19.4° 125

29.4° 150

39.4° 175

49.4° 200

At idle, the flaps in the intake manifold are closed. 
When the driver accelerates at low engine speeds, the 
Engine Control Unit (ECU) initiates a partial opening of 
the flaps. This induces a specific tumble effect as the 
air enters the cylinder, allowing the combustion 
chambers to fill more efficiently and enhancing the 
combustion process. At higher engine speeds the flaps 
are in an open position. The five mass flow rates 
varying between 100 kg/hr to 200 kg/hr has been 
chosen as the flap is opening up (Table I). The reason 
to choose these mass flow rates is due to a limit on the 
mass flow rates to be reproduced by the experimental 
set up of the Lab [18, 19, 20].

V. COMPUTATIONAL SETUP

The computational domain has been described in 
Fig. 3. Flow enters the domain through a steel tube of 
50 mm diameter then passes through the flap region 
and exits through a circular outlet of 6 mm width (violet 
in color). The mesh has been created in ANSA for all 
the five configurations of the flaps with hexa interior 
method which tries to fill the main volumes with 
hexahedral mesh and a transition zone to the surface 
mesh, with a blend of tetra and pyramid elements. 
Every computation mesh contains around 5 million 
cells minutely varying from one configuration to other. 
The mesh density around the flap has been chosen to 
maintain y+ value below 1-5 for using k-ω SST 
turbulence model.

Fig. 3. Computational domain

The inlet boundary is defined as ‘total pressure’ and 
outlet ‘mass flow rate’ (which is referred as 
‘flowRateInletVelocity’ in OpenFOAM) is specified at 
the outlet boundary. The idea is to further use the 
steady state results of this work for performing 
unsteady simulations by reducing the mass flow rate to 
zero. The turbulent kinetic energy (k) intensity of 
turbulence (I) has been specified at the inlet and 
specific dissipation rate (ω) is calculated using 
following equations (7) and (8). 

𝜔 =
𝐶𝜇34𝑘12𝑙 (7)

Where l is the mixing length giving by𝑙 = 0.079 �1

5
𝑑ℎ� (8)

Calculation of the forces and moments has been 
performed using the function objects offered by 
OpenFoam 2.4. The Force Function object calculates 
the force and moments acting on the flap by taking into 
consideration of the pressure, viscous and porous 
effects. In the present case as there in no porous 
media present, so forces and moments are resultants 
of the first two.

VI. CONVERGENCE OF RESULTS

The accuracy of the results depends on the 
convergence of the solution. Residual plot is one of the 
criteria to realize the convergence of the computational 
results. Smaller the values of the residual are for a 
variable lesser the error in the numerical results is. But 
for the complex flows it is difficult to achieve lower 
significant low values for the residuals for each 
variable. Fig. 4 represents the residual plot for the fully 
closed position of the flap (49.4°). The important 
aspect to monitor convergence is to verify if the 
variables of interest have reached a steady solution.

To serve this purpose, variables like pressure and 
temperature have been monitored at a point just 
upstream of the flap using pressure probes function 
object in OpenFOAM. Fig. 5 depicts the evolution of 
the pressure and how it reaches the steady state 
solution. 

It is observed while analyzing the results that the 
residual values get bigger as the flap is opening up, 
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showing the unsteady characteristics of the flow past 
tumble flap. The similar behavior in residuals has also 
been explained by Henderson et al. [11] while doing 
the CFD analysis of the flow past butterfly valves at 
different angles. So, it could be interesting to monitor 
the pressure downstream of the flap. Fig. 6 illustrates 
the static pressure plots at different flap openings and 
one can see waviness confirming the rise of 
unsteadiness in the flow past the flap.

Fig. 4. Residual plot for 49.4°

Fig. 5. Pressure at a point upstream of flap

Fig. 6. Pressure at a point downstream of flap

Fig. 7. Flap coordinate system

Fig. 8. Flap orientation

VII. RESULTS AND DISCUSSION

Before understanding the forces and moments 
acting on the flap it is necessary to understand the 
coordinate system. The dominant flow direction around 
the flap will be Y axis. The moments acting on the flap 
are calculated around a point denoted as COR (center 
of rotation) in the picture below (Fig. 7) with 
coordinates (0, 0, 0). Fig. 8 shows the different 
orientations of the flap.

Forces acting on the flap are the sum of pressure 
and viscous forces as there is no porous medium 
present in the analysis. The forces along the Z axis 
and Y axis can also be analyzed in terms of lift and 
drag forces.

A. Forces

1) Fx

From the results (Fig. 10 and Table-2) it can be 
seen that Fx is negative and has the highest 
magnitude. The magnitude of the force is decreasing 
11.12 to 11.03 N as the flap is opening up.  So, there 
is not much variation (0.8%) as the neither increment 
in mass flow rate nor the opening of the flap will 
change a lot in the flow characteristics along X 
direction. Even though, one can observe the 
magnitude of the force is highest in this direction.
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Fig. 9. Analysis of Fx on the flap

TABLE II.  FORCES AND MOMENT ON THE FLAP

Flap 
Angle 
(degree)

Forces (N) Momen
t 

(N-m)𝐹𝑥 𝐹𝑦 𝐹𝑧 𝑀𝑥
09.4° -11.12 -0.59 -1.02 0.00333

19.4° -11.10 -0.33 -0.89 0.00170

29.4° -11.09 -0.14 -0.56 1.46E-05

39.4° -11.06 -0.04 -0.18 -0.00127

49.4° -11.02 -0.06 0.21 -0.00132

This is because of the asymmetry of the flap 
geometry about YZ plane. There is the symmetrical 
distribution of the pressure about symmetry line on 
both the up and down face of the flap except near the 
stem of the flap at both ends (Fig. 9). To analyze it, the 
unsymmetrical parts of the flap were clipped out as 
shown in the Fig. 9 and Fx was calculated with the 
help of Paraview. The value of the Force Fx was 
obtained as -0.96 N. So, the reason behind the high 
magnitude of the force Fx was the asymmetry of the
flap geometry used in this analysis.

2) Fy

Negative Y-axis is the dominant flow direction. The 
force acting in Y direction is drag force. The Drag force 
is a function of the area perpendicular to the direction 
of the flow. The force acting in the Y-axis direction is 
decreasing in magnitude as the flap is opening up from 
angle 09.4° to 29.4° even though the flow rate is 
increasing. From the plot of the Fy (Fig. 10 and Table-
2), it can be seen that force acting on the flap angle 
49.4° (-0.069 N) is more than 39.4° (-0.048 N) in 
magnitude. This is due to the fact that projected on XZ 
plane or one can say area exposed to drag, is almost 
equal for both the flap angles which is 10.8 cm2 and 
10.2 cm2 for the flap angles 39.4° and 49.4° 
respectively. Hence, the flow rate which is more for 
49.4° causes more Fy operating on the flap

Fig. 10. Forces and moments on different flap orientation
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3) Fz

The force acting in along Z-axis can also be called 
as Lift force. The variation of the force is self-
explanatory and monotonous as can be seen from the 
Fz plot (Fig. 10 and Table-2). Initially when the Flap is 
at partially closed position (angle 09.4° ), then a big Fz 
force acting on the flap in –Z axis direction which is 
later decreasing in magnitude and even changing its 
direction of action.

B. Moments

The variation of the aerodynamic moments acting 
on the flap can be seen in Fig. 10 and Table-2, about 
all the three axes. The moment (Mx) has been 
calculated at the point COR (0, 0, 0). As the aim of this 
work is to identify the moment required to turn the 
tumble flap so the aerodynamic moment acting action 
about X-axis is of topmost importance. Initially, when 
the flap is in partially closed condition (09.4°and 19.4°).
Compressible air flow is trying to rotate the flap in the 
anticlockwise direction and hence the moment (Mx) 
has positive values (0.00333 and 0.001702 N-m). The 
moment reaches to almost zero when the flap 
orientation is 29.4° and then moment turns negative on 
further opening of the flap (Fig. 11).

Fig. 11. Variation of aerodynamic torque (Nm)

Fig. 12. Variation of aerodynamic torque coefficient

Aero Dynamic torque coefficient (CTx) has been 
identified by using (1). To calculate the torque 
coefficient pressure drop is estimated at two planes 
upstream and downstream of the flap and as the flap is 
asymmetric, the hydraulic diameter of the flap 
(0.04239 m) is utilized for the calculation (Fig. 12).

VIII. EXPERIMENTAL VALIDATION

In order to validate the simulation results, the intake 
runner assembly has been mounted on the Dynamic 
Flow bench setup. The mass flow rates according to 
preselected flap orientations have been reproduced at 
the experimental setup. As the objective of the CFD 
simulation is to obtain the aerodynamic torque on the 
flap which is not possible to be measured by the 
experimental means due to the small size of the 
geometry, low magnitude of the torque values and the 
complex shape of intake manifold geometry. So, 
validation can be performed in terms of other the 
pressure drop taking place inside the test component.

For this reason, a pressure drop sensor is mounted 
near the outlet end of the geometry to get the pressure 
drop value. The comparison of the simulation and 
experimental pressure drops in mbars can be seen in 
the Fig. 13 and Table-3.

The pressure drop trend suggests that for 09.4° flap 
orientation the major cause of the pressure loss is the 
flap position that is why the pressure drop is on higher 
side irrespective of the lower mass flow rate 
(100kg/hr). There are minor differences between 
experimental and the simulations pressure drops.

Fig. 13. Comparison of pressure drop

TABLE III.  PRESSURE DROP COMPARISON

Flap Angle
(degree)

Pressure Drop 
Experiment 

(mbar)

Pressure Drop 
Simulation 

(mbar)
09.4° 9.81 9.76

19.4° 8.15 8.11

29.4° 9.82 9.8

39.4° 10.67 10.65

49.4° 12.43 12.4
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At higher mass flow rates i.e. at higher flap angles 
even the difference between simulation and 
experimental pressure drop is decreasing. The highest 
difference in the pressure drop is 0.05 mbar for the flap 
angle 09.4°. 

IX. CONCLUSION AND PERSPECTIVES

The primary aim of the work was to get 
aerodynamic torque acting on the flap at a fixed mass 
flow rate for different angles. The OpenFOAM solver 
rhoSimpleFoam is able to give the good insight of the 
flow behavior and Force and aerodynamic torque 
working on the flap. Therefore, rhoSimpleFoam can be 
used to simulate the flow inside the complex 
automotive components. 

 Another finding is that unsteadiness rises in the 
flow past the flap which is confirmed by placing the 
pressure probe downstream of the flap. The 
unsteadiness depends on the orientation angle of the 
flap. As a consequence, steady state solvers like 
rhoSimpleFoam find it difficult to achieve significant 
convergence and it is advisable to use unsteady 
solvers like rhoPimpleFoam for better convergence. 

 The aerodynamic torque (Mx) acting about X-axis is 
of primary importance for the automotive control point 
of view. The aerodynamic torque not only varies in 
magnitude but also in the sense of rotation. These 
CFD results of aerodynamic torque (Mx) can be used 
to identify the resultant torque required to move and 
maintain the flap at certain position.  

 From the results of the pressure drop, a good 
agreement is found between the simulation and the 
experimental results, which shows the capability of 
OpenFOAM to be used for complex industrial 
simulations. 

In the current work, the forces and moment acting 
on the tumble flap in steady state has been calculated 
with help of 3D simulation. However, the flow inside 
the intake manifold of IC engine is highly transient. The 
tumble flaps are installed in a region close to the intake 
valves and the pressure wave propagation profoundly 
affects the forces and aerodynamic moments acting on 
the tumble flap. So, the next step is to extend the 
present to work in this direction. To begin with, the 
results from the current simulation will be used as 
initial solution to carry out the unsteady simulation in 
near future. 
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NOMENCLATURE / SYMBOLS 

CT1 Aerodynamic Torque coefficient 
CT2 Aerodynamic Torque coefficient 
CTx Aerodynamic Torque coefficient for 

torque about x axis 
Cμ k-ω SST turbulence model constant 
D Deformation rate tensor 
dh Hydraulic diameter (m) 
d Diameter of the valve (m) 
fb Body forces 
h Specific enthalpy (kJ/kg) 
k Turbulent kinetic energy (m2/s2) 𝑙 Mixing length (m) 
mi Moment about i axis (N-m) 
p Absolute pressure (Pa) ∆𝑃 Static pressure drop 
Pd Dynamic pressure (Pa) 
R Specific Gas constant (KJ/kg-K) 
T Temperature (K) 
TD Aerodynamic Torque (N-m) 
u Velocity vector 
Vd Flow rate velocity (m/s) 
y+ Dimensionless normal distance from wall 

GREEK LETTERS 

Λ Thermal diffusivity 
Μ Dynamic viscosity (kg/m-s) 
Ρ Density of air(kg/m3) 
Σ Cauchy stress tensor 𝜏 Shear stress tensor 
ω Specific dissipation rate (1/s) 

ABBREVIATIONS 

CFD Computational Fluid Dynamics 
COR Centre Of Rotation 
ICE Internal Combustion Engine 
SST 
ECU 

Shear Stress Transport 
Engine Control Unit 
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