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• Geometric conservation laws(GCL)
• Thomas and Lombard(1979)
• Arbitrary moving grids do not affect the flow field. In other

words, numerical methods must be able to reproduce exactly a
constant solution on a moving grid.

• Cell volumes must be closed by its surfaces (the surface conservation
law, SCL)

• The volumetric increment of a moving cell must be equal to the sum
of the changes along the surfaces that enclose the volume (the
volume conservation law, VCL)

• The GCL usually means the VCL.
• Both the SCL and VCL might affect the accuracy and

stability of the numerical schemes
• To check the GCL, simulate a constant flow field on a

moving grid.
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Combination of the MGFV method
with elliptic adaptive grid method
• High resolution of shock waves; unsteady flow field
• Adaptive grid method : Use of elliptic grid generation method (JCP, 1987,

Matsuno-Dwyer)

• Applied to a flow field of an axisymmetric sonic jet impingement on a flat plat
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Jet impingement : adaptive grid and density contours 1 of 2
upper: adaptive grid solution, lower: uniform grid solution

8.06.04.02.0 tttt 15

Jet impingement : adaptive grid and density contours 2 of 2
upper: adaptive grid solution, lower: uniform grid solution

0.60.50.40.3 tttt 16

This document is provided by JAXA.



Incompressible flow :
Pulsating flow in the heart

• The Navier-Stokes equation for incompressible flow

• MAC/SMAC
• Apply the MGFV method to the momentum equations written in the

conservative form (x,y,z,t)-
• Pressure Poison equation is solved at (n+1) time step with BiCGSTAB

method (x,y,z)-
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Pulsating flow in the heart

• Simulation of a pulsating
flow using the
cardiovascular model which
is composed of the left
ventricle and the aorta

Iso-surfaces of blood flow speed
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Pressure ISO surface

Pressure contour

Pressure contour Pressure contour
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Pressure contour

Pressure contour Pressure contour
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Moving Computational Domain approach

53

Moving computational domain (MCD)
approach

• To simulate a flow driven by a body moving without limit of computational
region size.

• Conventional approach
• Body moves in a computational domain

• Moving computational domain
• Computational domain with body inside moves in unlimited region

||
Moving grid : Apply the MGFV method

Conventional approach MCD approach
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Flow around a car passing
through a hairpin curve

• Computational model:
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U = 0.1 ( 12km/h )
U = 1.0 ( 120km/h )
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Overall view

Close up view Computational domain
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U = 0.1 ( 12km/h )
U = 1.0 ( 120km/h )
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Following car :

Cs = 0.042

y
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CFD CFFD
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Side View Perspective View
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Side view
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Side View
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Boomerang’s Flight 1

10L

L

Air

Boomerang

220mm

20mm
10mm

Flap angle
x

y

z

P91 / 36

Computational Domain Conditions of Air and Boomerang

Density
Viscosity
Length of wing
Initial velocity
Reynolds number

: 1.2kg/m3

1.8*10-5Pa*s
220mm
5m/s

: 73,333

I explain the numerical simulation of boomerang’s flight.

We use spherical computational domain of diameter 10L. We use the following computational conditions.

Weight
Thickness
Width of wing
Width of flap

: 5g
: 0.5mm
: 20mm
: 10mm

BC 2

BC 1

Boomerang’s Flight 2

10L

L

x
y

z

BC 2

BC 1

P92 / 36

Computational Domain Boundary Condition

BC 2 is the external boundary.
The velocity is fixed to u = v = w = 0
Neumann boundary condition for the pressure.

We use the following boundary conditions.

BC 1 is the wall boundary of the boomerang.
The velocity is fixed to the velocity of the boomerang.
Neumann boundary condition for the pressure.

BC 2
Type
Velocity
Pressure

: External Boundary
: Fixed to u=v=w=0
: Neumann boundary condition

BC 1
Type
Velocity
Pressure

: Wall Boundary (Boomerang)
: Fixed to Velocity of boomerang
: Neumann boundary condition

Boomerang’s Flight 3

P93 / 36

x

y

z

y

Top view
Front view

Computational Conditions

Throw direction

Rotation axis

T ro Angle

Angular Speed

Flap angle

We perform the numerical simulation of boomerang’s flight different in conditions, flap angle, throw angle, angular speed.

Case #1 #2 #3 #4

Flap angle deg 10 10 20 10

T ro Angle deg 60 45 60 60

Angular Speed rad s 44 44 44 66

Thrower Thrower

Where, the left and right figure shows the top and front view of the boomerang.

Boomerang’s Flight 4

P94 / 36

Result of Case 1

Top view
Case #1 #2 #3 #4

deg 10 10 20 10

deg 60 45 60 60

rad s 44 44 44 66

Thrower

We show the result of the simulation of case 1.

This figure shows the boomerang and the contour of the velocity from the top view.

Boomerang’s Flight 5

P95 / 36

Case #1 #2 #3 #4

deg 10 10 20 10

deg 60 45 60 60

rad s 44 44 44 66

Front view

Thrower

Result of Case 1
This figure shows the boomerang and the contour of the velocity from the front view.

Boomerang’s Flight 6

P96 / 36

Result
of Case 1
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The upper figure shows the top view,
and the lower figure shows the front view.

The boomerang flies in the arch path,
and return to the thrower.
And the boomerang flies changing
the orientation of the axis.

In Arch Path

Return to Thrower

Changing Orientation of Axis

Top view

Front view
We simulated
the boomerang’ flight.

Case #1 #2 #3 #4

deg 10 10 20 10

deg 60 45 60 60

rad s 44 44 44 66
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Boomerang’s Flight 7

P97 / 36

Result
of Case 1
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The air stream behind the wing swirls.

Case #1 #2 #3 #4

deg 10 10 20 10

deg 60 45 60 60

rad s 44 44 44 66

This figure shows the contour of pressure.

Low pressure

High pressure

There is difference of the lift.

Wing Swirl
Difference of Lift

Boomerang’s Flight 8

P98 / 36

Result
of Case 2
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In case 2, the throw angle is 45 deg.
The boomerang flies higher than Case 1.

The orientation of the axis looks upper
than case 1.
By the precession, the boomerang flies
higher.

Top view

Front view

Fly Higher

Case #1 #2 #3 #4

deg 10 10 20 10

deg 60 45 60 60

rad s 44 44 44 66

Axis of Case 2

Axis of Case 1

Case 1

Boomerang’s Flight 9

P99 / 36

Result
of Case 3
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The flap angle makes the procession strong,
and changes the orientation of the axis
quickly.
So the boomerang flies in smaller arch path.

Top view

Front view

In case 3, the flap angle is 20 deg.
The boomerang flies in smaller arch path
than Case 1.

Smaller Arch Case #1 #2 #3 #4

deg 10 10 20 10

deg 60 45 60 60

rad s 44 44 44 66
Case 1

Boomerang’s Flight 10

P100 / 36

Result
of Case 4
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Top view

Front view

Case #1 #2 #3 #4

deg 10 10 20 10

deg 60 45 60 60

rad s 44 44 44 66

In case 4, the angular speed is 20 deg.
The boomerang flies in larger arch path
than Case 1.

The angular speed makes the rotatory inert
So the effect of precession on the boomera
The axis changes slowly and the boomeran

Larger Arch

Case 1

CFFD

Computational Fluid-Flight Dynamics
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P-51

P-51 https://www.flickr.com/
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object (P-51Mustang)
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