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Outline

Considerations:

1D �uid dynamic codes are �exible, easy to use and require rea sonable
computational time

3D CFD codes are more generic and can be used for the study of several problems
(external �ows, combustion, spray evolution...)

Intake and exhaust systems may exhibit a high degree of geometric complexity
which cannot be easily modeled by 1D codes

Objectives:

Allowing the simulation of complete engine con�guration

Capturing the in�uence of complex geometries such as juncti ons, muf�ers and air
boxes

Reasonable computational time for a complete simulation of a wide range of
operating conditions
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Strategy

Existing strategies of 1D/Multi-D coupling:

External coupling: the steady state CFD simulation is used to determine the �ow
coef�cients of valves, junctions, ori�ces...

One-way coupling: the 1D simulation gives the time varying boundary conditions to
the CFD code

Strict coupling: 1D and MultiD codes exchange boundary conditions at each time
step

Keep in mind that:

Commercial codes do not allow to access all the variables, solver routines ...

Fully integrated 1D/3D approach:

Complete access to the source of both codes

Implementation of the same solver in the calculation tools

Flexible approach for the treatment of the domain interface
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Governing equations

Simpli�cation of the physical model:

The gas viscosity is neglected the Euler system of equations
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We must keep in mind that:

The inviscid �ow approximation is widely used in 1D models

Air and exhaust gas viscosity are very low

Numerics play a positive effect adding arti�cial viscosity to the solution
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1D solver

The 1D simulation tool is a research purpose, in-house code developed by the
authors at Politecnico di Milano university (GASDYN)

Based on the conservation equations of mass, momentum and energy for unsteady
�ows inside pipes with variable cross section :
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Solved applying the explicit Godunov type method based on the HLLC Riemann
solver:
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The HLLC Riemann solver

i-2 i+2i-1 i i+1 x

f
Intercell region

Piecewise constant state reconstruction of the solution domain

Each intercell region identi�es a Riemann Problem

The conserved variable �ux is evaluated according to the pos ition of the three wave
signals:
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The HLLC Riemann solver

Temperature and density are discontinuous

Solution depends on the contact surface position:
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The S� velocity term is calculated according to the formulation proposed by Batten:
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MultiD solver
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The OpenFOAM code has been adopted and developed for the application

The Riemann problem has been projected on the face and solved as a 1D case with
additional transport equations

The transport term is directly calculated as the sum of the HLLC �uxes at cell faces
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The implementation

The HLLC Riemann solver gives the approximated variable �ux at the intercell on the
basis of face owner and neiborgh cell

# include "RiemannSolver.H"

The �ux is included in the divergence term as an explicit term
solve
(

fvm::ddt(rhoU)
+ fvc::div(rhoFluxU)
==
- fvc::grad(p)

);

U = rhoU/rho;
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Coupling strategy
MULTIDIMENSIONAL DOMAIN

1D DOMAIN

Informations are passed back and forth between the two codes at each time step

The Riemann problem is solved locally for each face constituting the domain
interface

Allows to treat �ow non uniformities coming from the 3D domai n
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Stability test

p = 3 bar
T = 293 K

0.3 m0.7 m
3D domain1D domain

0.5 m 0.5 m

T = 293 K
p = 1 bar

The compression wave passes through the interface between the two domains

Several tests have been carried out to account for all the possible �ow conditions at
the interface

Simulation results compared to the exact solution
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Stability test

Pressure �eld: comparison between the exact solution and th e 1D-3D calculation at
time 0.00075 sec
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Stability test

Velocity �eld : comparison between the exact solution and th e 1D-3D calculation at
time 0.00075 sec
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Stability test

Temperature �eld: comparison between the exact solution an d the 1D-3D calculation
at time 0.00075 sec
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Lamborghini V10 engine

Cylinders 10, two banks
Swept volume 4960 cm3

Valves per cylinder 4
Compression ratio 10.8 : 1
Air management naturally aspirated
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Lamborghini V10 engine

Operating points at full load from 2000 rpm to 7500 rpm with step of 500
rpm have been simulated
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Pressure pulses comparison

Comparison between the measured pressure trend and the calculated ones by
means of the fully 1D approach and the 1D-3D coupling at 2000 rpm, full load.
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Pressure pulses comparison

Comparison between the measured pressure trend and the calculated ones by
means of the fully 1D approach and the 1D-3D coupling at 2000 rpm, full load.

Gianluca Montenegro – p.16/37



Pressure pulses comparison

Comparison between the measured pressure trend and the calculated ones by
means of the fully 1D approach and the 1D-3D coupling at 3000 rpm, full load
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Pressure pulses comparison

Comparison between the measured pressure trend and the calculated ones by
means of the fully 1D approach and the 1D-3D coupling at 3000 rpm, full load
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Pressure pulses comparison

Comparison between the measured pressure trend and the calculated ones by
means of the fully 1D approach and the 1D-3D coupling at 4000 rpm, full load
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Pressure pulses comparison

Comparison between the measured pressure trend and the calculated ones by
means of the fully 1D approach and the 1D-3D coupling at 5000 rpm, full load
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Pressure pulses comparison

Comparison between the measured pressure trend and the calculated ones by
means of the fully 1D approach and the 1D-3D coupling at 5000 rpm, full load
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Pressure pulses comparison

Comparison between the measured pressure trend and the calculated ones by
means of the fully 1D approach and the 1D-3D coupling at 6000 rpm, full load
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Pressure pulses comparison

Comparison between the measured pressure trend and the calculated ones by
means of the fully 1D approach and the 1D-3D coupling at 7000 rpm, full load
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Error estimation
The error with respect to the measured pressure value ( p(� i ) ) has been evaluated
and averaged along the thermodynamic cycle

E =
1

720

720X

� i =1

jp(� i ) � pcalc (� i )j
p(� i )

The solution might be affected by errors due to the 1D approximation of the
remaining parts

Wall temperatures affect radically the wave motion prediction
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Volumetric ef�ciency

Improvement in the pressure pulse prediction can give a slight bene�t to the
volumetric ef�ciency prediction
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Pressure and velocity �elds

Pressure and velocity �elds inside the 5 into 1 junction at 27 0 crank angle degrees at
7000rpm full load

Back �ows from the junction to the incoming pipe with non unif orm �ow distribution

Strong velocity wave coming from the cylinder and passing through the junction with
minor re�ections
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Formula SAE engine

Cylinders 1
Swept volume 576 cm3

Valves per cylinder 2
Stroke 76.4 mm
Bore 98 mm
Compression ratio 11 : 1
Air management naturally aspirated

The engine was provided with a Venturi tube between the carburetor and the intake
�ange

The volumetric ef�ciency was affected by the choked �ow occu rring in the restricted
section

The Helmholtz resonator improved the engine performances over a wide range of
engine speeds
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Baseline con�guration

The low temperature reached at the restricted section caused fuel condensation
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Pressure and velocity

Pressure and velocity �elds inside the Venturi tube at 446 cr ank angle degrees, 3500
rpm full load

Supersonic �ow and sudden transition to subsonic condition in the Venturi tube
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Brake torque

The 1D/3D coupling gives a better prediction of the volumetric ef�ciency at low
engine speed

Both the approaches are in agreement with the measurements at high engine
revolution speed
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Pressure and velocity

Pressure and velocity �elds inside the Helmholtz resonator at 446 crank angle
degrees, 3500 rpm full load

The sonic �ow condition is avoided thanks to the overpressur e delivered by the
resonator
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Acoustic analysis
Acoustic analysis carried out with the integrated approach

Removes the limits of the 1D approximation when complex muf� ers are addressed

Easy implementation in the 1D model of boundary conditions based on the
characteristics line theory:

non re�ecting white noise perturbation at the inlet

p(t ) = p0 +
NX

n =1

� p sin (2n�f 0 t + ' n )

anechoic termination at the outlet

Decomposition of pressure signal into incident and re�ecte d components

FFT processing of the incident and transmitted signal to evaluate the Transmission
Loss

T L = 10 log10

�
WI

WT

�
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Expansion chambers

D

L

f f

LL 21

Conf. A Conf. B

� 51 51
D 107 113
L 253 280
L1 45 54
L2 116 100

Expansion chambers with extended inlet and outlet pipes

Two con�gurations with different chamber lengths and diame ters

Corrective lengths adopted in the fully 1D calculations according to the theory of
linear acoustics

white noise perturbation: � p = 50 Pa (Linear case)

Gianluca Montenegro – p.31/37



Transmission Loss

Transmission loss (TL) of muf�er A: measured, 1D-multiD cal culation, fully 1D
calculation
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Transmission Loss

Transmission loss (TL) of muf�er B: measured, 1D-multiD cal culation, fully 1D
calculation
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Pressure ad velocity �elds

Non-planar wave effects are present in the volume between the inlet and outlet
extensions
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Conclusions

The 1D/3D coupling has been realized by means of a complete integration of a 1D
model with a 3D code

The HLLC Riemann solver has been implemented both in the 1D and 3D code to
ensure the same treatment of the conserved variable in the two domains

The local approach at the domain interface removes the constraint to place the
domain interface far from the multidimensional geometry where the �ow can be
assumed one-dimensional

The integrated approach allows to capture important details when the modeling of
complex geometries is addressed, junctions, resonators and muf�ers

The simulation time for a single operating point is acceptable on normal computers
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Future works and in progress....

1D-3D coupling between cylinder (OpenFOAM) and intake and exhaust systems (1D
Gasdyn) taking into account turbulence, chemical reactions, moving piston and
moving valves

Simulation of internal combustion engines with multiple 3D domains in the intake
and exhaust systems (carried out with Faurecia and MarkIV))

Study of a low pressure fuel delivery pump for F1 (McLaren) engine exploiting the
GGI
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