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MV-1015: Using Spline3D to Model Combustion Forces in
an Engine

In this tutorial you will learn how to:
e Use Spline3D to model an input which depends on two independent variables.

This will be accomplished by building a Single Cylinder Engine model similar to the one
shown below:

-— Cylinder

Flywheel

What are Spline3Ds?

Spline3Ds are reference data plotted in three-dimensional coordinates which have two
independent vectors or axis. These can be visualized as a number of 2D Splines
(Curves) placed at regular intervals along a third axis. For instance, a bushing is
generally characterized by a Force versus the Displacement curve. Let’s say, the Force
versus displacement also varies with temperature. Effectively, there are two
independent variables for the bushing force - Displacement and Temperature. Another
example is the Engine Pressure (or Force) versus the Crank angle map (popularly known
as P-Theta diagram). The P-theta map will vary at different engine speeds (or RPM).
Such a scenario can be modeled using Spline3D.
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Exercise

In this exercise, an engine mechanism is simulated where the combustion force that
varies with regard to the crank angle and engine speed is modeled using Spline3D.

Step 1: Reviewing the model.

1. Copy the files singleCylEngine.mdl and FTheta.csv , located in the
mbd_modeling\interactive\spline3d folder, to your <working directory>.

2. Start a new MotionView session.
3. Open the singleCylEngine.mdl model file.
4. Review the model.
— The model is a piston cylinder mechanism with a flywheel.
— The model has two systems: System Cyll and System Flywheel.

- In the System Flywheel, the Flywheel (fixed to Crank) is driven by a velocity
based Motion between markers which refers to a curve (Crank_RPM) for inputs.

H | mol_kation X )':.l
T Connectivity
= Frogemes Dietre moton:| Using markers = | |Fobabon aboul £ exs of Marker £ ol tarker |Ml.ll_ll:'l_l.ll|_lh~.+-=-:-l Ciaba Surmmmary.
fi:ll Inital Condiians Proparty .'\-'PI.'".F,' - Merkar |Mod_rat_on_fiywhd_mt
™ Usardefinad propariias _
Motion Panel - Connectivity Tab
K mot_Motion X | o | Fx| AKISPLTIME, 0. {erv_Crank_FPM idstring}*2=P1/60°
I% CD""EU'F'W Define by Expression
J Properties

E - | [AKISELTIME, 0. *2*FI/50
ﬂ Initial Conditions: rprEssEn J I iL :I "

Motion Panel - Properties Tab (with Expression referring to the Curve using AKISPL function)
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— The curve Crank_RPM indicates the time history of crank speed during the
simulation. The speed ramps up to 500 RPM and then to 1000, 1500, and 2000
RPM.

(7 Preview Window o & ww

Crank_RPM

2250

20001
1500 RPM
17501 2000 RPM J

1000 RPM

500 RPM

1] 5 10 15 A P 30 38 40
> Axs

Curve Crank_RPM

— Two Solver Variables: Crank_angle (deg) and Crank_RPM keep track of the
angular rotation (in degrees) and velocity (in RPM) of the crank respectively.

— Outputs are defined to measure the crank angle and RPM.
— In System Cyl1:

o The solver variables in System Flywheel are passed as attachments to this
system and carry the variable names arg Crank angle Solvar and
arg Crank RPM SolVar. These will be used in defining the independent
variables while defining the combustion force using Spline3D

o A Combustion_ref marker exists as a reference for a combustion force
whose Z axis is aligned along the direction of travel of the piston.

Next, a combustion force will be added on the piston using a Spline3D.
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Step 2: Adding a Spline3D entity.
1. Add a Spline3D using one of the following methods:

— From the Project Browser, right-click on System Cyl1 and select Add >
Reference Entity > Spline3D from the context menu.

Sessgion l Pl'njm:!l

Objects | Varname | D | Enlnr| Mesh
Sl El & Model the_rnodel a

-] Bodies (1)

0] Data Sets (2)

B-E1 Markars (1)

5-E0 Points (1)
01 Vectors (3
=-[E MISD ’ & _frisc a
Bl EA - <tem h =
| B-E Bodies  Expand Al Children
| BB Data Se Collapse All Children
| BHE] Graphic i )
- ERED Joints Filer Using Toalbar .
| BHED Marker:  Show Systems/Assemblies Only
f BB Ouputs| .
i Acthate
i
[ Points { Deact
| Ei System = -
B-E] Bodies Lol _
BBl Cunves Apphy Aftachment Candidatas
m El Graphig  Show Shared Instances Left-click
BB Jaints (| Separate Definition
i, ]
B Motions (a8 System
F} ": Clu?puls EUE:ME g;lm Referance Entity
I; LL—_ :D:ntsE et oy Constraint *|#p Body
e - - Forca Entity v & Vador
Data Summary... Confrol Entity k| Markes

General MOL Entity | Curve

B '

— Select System Cyl1 in the Project Browser and then right-click on the

Spline3l
&b Graphic
@ Surface
- DefomableCunve
fll DeformableSudacs

OR

Spline3D icon "—' on the Reference Entity toolbar.
The Add Spline3D dialog is displayed.
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2. Enter F_Thetaspline for the Label and sp13d F ThetaSpline for the Variable.
[J Add Spline3D e
Farant; owstem  |[|Swstem Cyvll

Label: |F_ThetaSpline
Yariahle:|spl3d_F_ThetaSpline

Twpe:
* Single
" Pair

Comment (Optional):

(8] 4 ‘ Apply ‘Qancel‘

3. Click OK to close the dialog.

The Spline3D panel is displayed in the panel area with the Properties tab active.

4. Click on the Type drop-down menu and select Value.

=] spl3d_F_ThetaSpline x‘:‘/fé’,’«

*  Properi —
—ORERRY Type [vale = ? | | o000 | 0.0000 —
Attributes 5 0] Y1
I Line{Fil® 1
halue | 0| 0.0000 | 0.0000 | 0,0000
I™ User-defined properties | 0.0000 | 0.0000 | 0.0000
z | 0.0000 | 0.0000 | 0.0000
spling

The data for the spline can be defined using either the File or Value methods. For
the File type, a reference to an external file in .csv format must be provided. In
case of the Value type, the values can be imported from a .CSV file (using Import)
or they can be entered in manually. In this tutorial, we will import the values from
an external file.

5. Click the Import button to display the Import Values From File dialog.

&= spl3d_F_ThetaSpline X ||
=  Properi —
—ORERRY Type [vale - z | [ 0.0000 | 0.0000 | —
Attributes 5 0] Y1
I Lineffie
halue | 0| 0.0000 | 0.0000 | 0.0000
I™ User-defined properties | 0.0000 | 0.0000 | 0.0000
z | 0.0000 | 0.0000 | 0.0000
spling
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6. Browse to the FTheta.csv file in your <working directory> and click OK.

-
q Import Values From File

23]

Select afile to import the walues from:

il Chaltairtutonalsi\warking directan\F Theta.cawv

7. In the Warning dialog that appears, click Yes to continue.

The .csv file that is to be used as the source for Spline3D needs to be in the
following format:

The first column must hold the X-axis values (shown in blue below) which is
the first independent variable.

The top row holds the Z-axis values (shown in red below) which is the second
independent variable.

The other columns must have the Y-axis values (shown in green below) with
each column belonging to the particular Z-axis values heading that column.

A B C D E

1 ( 500 1000 1500 2000] Z-axis: Independent variable 2
2 ( 0)(2223.353 2001.018 1778.682 1667.515)

3 1| 2202.574 1982.317 1762.059 1651.931

4 2/2181.795 1963.616 1745.436 1636.346

5 3|l 2161.016 1944.914 1728.813 1620.762

6 4]l 2161.016 1944.914 1728.813 1620.762

7| . 5||2140.237 1926.213 1712.19 1605.178

8 @ 6| 2098.679 1888.811 1678.943 1574.009

9 % 7/| 2069.588 1862.63 1655.671 1552.191

10| ' 8[2036.342 1832.708 1629.074 1527.257

11| > 9|(1994.784 1795.306 1595.827 1496.088

12 E 10[ 1961.538 1765.384 1569.23 1471.153

13| T 11|[1928.291 1735.462 1542.633 1446.218

14 EJ- 12| 1919.98 1727.982 1535.984 1439.985| y_.yic. Dependent variable
15| @ 13|[1911.668 1720.501 1529.334 1433.751

16 'E 14|/ 1903.356 1713.021 1522.685 1427.517

17| ; 15[/1895.045 170554 1516.036 1421.284

18 'g 16/ 1878.422 1690.579 1502.737 1408.816

19| .5 17/[1878.422 1690.579 1502.737 1408.816

20 18| 1870.11 1683.099 1496.088 1402.583

21 19 1861.798 1675.619 1489.439 1396.349

22 20| 1853.487 1668.138 1482.789 1390.115

23 21|[1853.487 1668.138 1482.789 1390.115

24 22|[1845.175 1660.658 1476.14 1383.881

25 23|[ 1845.175 1660.658 1476.14 1383.881

26 24/(1836.864 1653.177 1469.491 1377.548

27\ 23 L1835.864 1653.177 1460.491 13?7.\?:48J
Note The same format is applicable when using the File input type.

Proprietary Information of Altair Engineering

7y Altair



Altair MotionView 2019 Tutorials p.7
8. Once imported, the values are populated in the panel. You may review these by
clicking on the Expansion button ___1in the panel to open the Spline Values
Table Data window.
= splid F_ThetaSpina |- |7
5. m::::‘-n Type: m H ; I 5000000 | | 10000000 [ 15000000 [ 20000000 | Trm pacee
B [ 0 Tooad | 22]3 T G| n?aaam :E:]?md -
™ Usardained praperias 1 1000 | 2202574 | 196z 3166 [ 1762 0852 | 16519305 L
I L ] G EE ] L
3 T G BRELEEE] BREETIED IEEHR]
Show Sping " | apom [ sienmen [ isaamas | iveEmism | 1Gencem -
[ Spline Values Taible Data e
x[2]5 - -
z | [ 50000o0| 10000000 15000000 | 20000000 |z'a"'5’ Independent variable 2 |
» | 0] R ] 73]
o oooon [ 2223330 [ d00n0ier [ 1778EEEA [ 16675148 s
1 I 1.0000 | 22025740 | 1982 3166 | 1762 0887 | 1651.9305 2
z [ 20000 | Z181.7950 | 19636155 | 17454360 | 1636.3463
3 10000 | Z161.0160 | 19449144 | 17208128 | 1620.7620
q 40000 | Z161.0160 | 19449144 | 17288128 | 1620, 7620
& 5.0000 | 1402370 | 19262133 | 17112185 | 16051778
8 || = [ Gooon | eosEGEn [ teamaiil | lG/aadse | 1574.0069
7| :f' 7.0000 | 2069 5064 | 10862 6296 | 16556707 | 15521913
B & [ aoom | 20363420 | 1832.7078 | 1629.0736 | 1527 2565
g9 E 3.0000 | 1994 7840 | 1795.3056 | 1595 8272 | 1496.08E0
10 s [ 1oooom| 19615376 | 17653838 | 15692301 | 14711532
11 'E 11.0000 | 15282612 | 1735 4621 | 1542 6330 | 14462164 | Y-axis: Dependent variable
12 || & [zoooo [ 1wagvEe [ 1erEE6 | 15350837 | 14390847
13 | E 13.0000 | 1911 GEGD | 17206M2 | 16293344 | 1433.7510
14 & | 140000 | 19033564 | 17120208 | 1522 BBS | 14275173
15 i 15.0000 | 1695.0446 | 1705.5403 | 1516.0358 | 1421.26836
16 * [ 15,0000 | 18784216 | 16905754 | 15027373 | 14038162
17 17.0000 | 16784216 | 16906754 | 15027373 | 1408 8162
| aonnn [ 1e0Tin0 [ 16830980 [ 14960880 [ 14025625
18 [ 19.0000 | 18617984 | 16756166 | 1489 4387 | 1396, 3468
20 [ 20,0000 | 1053 4668 | 1668.1381 | 14827894 | 13901181
2 [ 21.0000 | 1853 4866 | 16681361 | 14827884 | 13901151
22 [ 220000 | 18451757 | 16E0RET | 14761407 | 13838814
23 | 230000 | 16451752 | 16606677 | 14761402 | 13838614
2a zaonnn [ ve3eaess [ 1esanvre | v4saasoa [ 13r7Ear
& 25.0000 | 16836 AE3E | 16531772 | 1469.4909 | 1377.6477
| 26.0000 | 18451752 | 1660.6577 | 14761402 | 1383.8814 -
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9. When manually keying in the values, context menus are available which allow you to
Insert/Delete/Append row and column data. You can access these menus by

right-clicking on any of the row or column headers.

last row/column, an Append option will also be available.

If the right-click is made on the

[] Spline Values Table Data

%]

500.0000 | 1000.0000 | 1500.0000 | 2000.0000
vioo | oovm | vl | v
2223.3530 | 2001.0177 | 1778.6824 | 1667.5143
22025740 | 1982 3166 | 1762.0592 | 1651.9305
2181.7950 | 19636155 | 1745.4360 | 1636.3463
2161.0160 | 19449144 | 1728.8125 | 1620.7620
2161.0160 | 1944.9144 | 1728.8125 | 1620.7620
2140.2370 | 1926.2133 | 1712.18496 | 1605.1778
5 || 6.0000 | 2098.6790 | 18888111 | 1678.9432 | 1574.0093
Context Menu (Row)
( [ Spline Values Table Data
|| e
z | E00.0000 | 1000.0000 | 15IIIIII.IIIIIIIIIIII
% | vI0] Y[1] he R I ) —
0 I 00000 |  2223am3c|  2001.0177 | 17786824 | 1667  Insert
1 || 10000 22025740 19823166 | 1762.0592 | 1651 Delste
2 20000 21817950 [ 19636165 1745.4360 | 1638 “Ppend
3 | 30000 21610160 19449144 | 1728.8128 | 1620.7620
4 || 40000 21610160 19449144 | 17288128 | 1620.7620

Context Menu (Column)

10. Click Close to close the Spline Values Table Data table.

11. Activate the Linear Extrapolation check box. This will ensure that the values are
extrapolated if the Solver starts looking for values beyond the range of the user
provided data.

e 4 spl3d_F_ThetaSpline 3|7 #

"

- .
R P
72 / v Linear extrapolation 0 | G000 [ 22233530
[ Userdefined properties 1 | 10000 | 22025740

2 20000 |  2181.7950

3 | 30000 2161.0160

Show Spline ... ‘ ‘| 40000 [ 2161.0160

Proprietary Information of Altair Engineering
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12. To visualize the spline graphically, click on the Show Spline button to display the
Spline3D viewer dialog.

g spinesdViewer

All three axes can be viewed in an isometric view in this window.

& | -
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13. Click Close to close the viewer.
The imported values are Combustion Force on Piston vs Theta (crank angle)
diagrams at different speeds (as shown below). The F-Theta profiles vary slightly at
different engine or crank speeds. The same plot was visualized in the previous
section in the Spline3D viewer by placing the four different plots along the Z-axis.
Forcevs Crank angle
80000
70000
GO000
S0000
z
Y 20000
&
30000
20000
10000
) -
L1} 100 200 300 400 500 600 Ja0 800

Crank angle (deg)

=300 = 1000 1500 e 2000

Input Data for Spline3D

Step 3: Adding a force using the Spline3D.

A force will now be added to represent the combustion in the cylinder. This force will be
mapped to the Spline3D added in the previous section.

1.

Proprietary Information of Altair Engineering

Add a Force using one of the following methods:

— From the Project Browser, right-click on System Cyl1 and select Add > Force
Entity > Force from the context menu.

OR

— Select System Cyl1 in the Project Browser and then right-click on the Force
icon — on the Force Entity toolbar.

The Add Force or ForcePair dialog is displayed.
Enter an appropriate Label and Variable name and click OK.
The Force panel is displayed in the panel area with the Connectivity tab active.

From the Connectivity tab, use the Force drop-down menu to change the type to
Action reaction.

p.10
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4. Resolve the connections as shown in the image below, either through picking in the
graphics area or using the model tree (by double clicking on the input collector).

Connectivity ) . .
- Force: |ﬁi.|:t||:|n reaction j Agction force on: Body 1 Fiston
~ Trans Propertties
Fro pert|es:| Translational j Feaction force on: Body 2 Ground Bochy

[ User-defined properties
[ Use explicit markers Applhy force at Foint 1 Piston_Cir

Local ref. frame: Fef Marker |[Combustion_ref

Note The Body 2 reference to Ground Body is through an attachment to the
System Cyl1 system.

5. Go to Trans Properties tab and change the Fz type to Spline3D.
6. Double click on the Spline3D collector, = gl , to display the Select a
Spline3D dialog.

7. Select System Cyll in the model tree and then navigate to and select the
F_ThetaSpline Spline3D (which will then be displayed in the right pane).

[J Select a Spline3D e

|spI3d_F_ThetaSpline

W Only show entities within valid scope

=iz Model F_ThetaSpline (THIS)
®- [ Filename Data
#- [ Option Data
= [ Points
% [ Bodies
®- [0 Markers
H- [ Yectors
#- [ Data Sets
=& Swstem Cyll
= [ Attachments
[ Option Data
[ Data Sets
[ Paints
(1 Bodies
[ Graphics
(23 Jaints
23 Markers
= 3 Qutputs
=+ = Splineils
R4 ThetaSpline

- [ Forces

L e e e £

0] Cancel |

8. Click OK to close the window.

7y Altair
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9. 1In the Independent variable X field, enter in the following expression:
"MOD ({arg Crank angle SolVar.VARVAL}, 720) .

10. In the Independent variable Z field, enter in the following expression:
“{arg Crank RPM SolVar.VARVAL} .

11. Click the Check Model button Qﬁ on the Model Check toolbar to check the model
for errors.

The completed panel is shown below:

ConmsCitty Fa Walue
Trans Properies  ||joar j 0.0000
Fy Value
Lirsdsir - | | aoog
Fz Splnell Imarpolaian Incispancent vanable A Indepandard vanable £
Spiine3D +| | Spline3D |F_ThetsSpline AEIMA =) [MOD{VARNVALE0400100), 720) [WAFNAL [30400200)

Note The solver function MOD() used in Independent variable X refers to the
solver variable Crank_angle (deg) in System Flywheel (via attachment
arg_Crank_angle_SolVar to System Cyl1). This function calculates the
remainder of the division of first argument value (value of the solver
variable) by the second argument value (720); thereby resetting the
value of Independent variable X every 720 degrees.

12. Save the model with a different name (File > Save As > Model).

Step 4: Solving the model and post-processing.

The model is now complete and can be solved in MotionSolve.

1. To solve the model, invoke the Run panel using the Run Solver button @ on the
General Actions toolbar.

2. Since the crank RPM input data is for 40 seconds, enter 40 in the End time field and
change the Print interval to 0.001.

3. Assign a name and location for the MotionSolve XML file using the browser icon e
4. The Run panel with the inputs from the previous steps is shown below:

% .'..|

Mmin —
* Savwe and un cumant modal r n - 3
 Fun MoianScha file B | CoAlmic o ral s ek iy direcliof Single SAEngre_new sl Fun ]
™ Scrpted simulebon
Simulsfian type [ Statics Tranzien - Anahysis [ J ™ Expart MDL snopshot Senulaban Setings —

Ernid timsa 40.0000 St Mot Soke 'l'| ™ Expant MDL srametan file Cutput Diphions _
Print inkarvs n.aoin

5. Click the Run button in the panel to invoke MotionSolve and solve the model.
6. Close the solver window after the job is completed.

7. Click the Animate button in the panel (now active) to load the animation results in

a ﬁ’ HyperView window.

7y Altair
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8. From the Animation toolbar, use the Start/Pause Animation button o to
animate the model.

9. Visualize forces on the Piston using the < Vector panel (select the Piston graphics
for the Assemblies collector).

You may also set all graphics to be transparent for easy visualization using the
WireFrame/Transparent Elements and Feature Lines option located on the
Visualization toolbar.

@ - =
@Wireframe Elements

@ Transparent Elements and Feature Lines

10. From the Page Controls toolbar, click the Add Page icon E‘E] to add a new page.

11. Use the Select application drop-down menu to change the client on the new page
to » HyperGraph 2D.

12. From the Page Controls toolbar, click the arrow next to the Page Window Layout
- |
button and select the three window layout L.
13. From the Build Plots panel, use the Data file browser = to load the .plt file from
the MotionSolve run.

14. In the first window (top left), plot the Crank_angle (deg) by selecting the
following:

- Y Type = User Defined
- Y Request = REQ/70000003 Crank_angle (deg)
— Y Component = f3

. = T =
b L f (== |- Aarifoanin'iank |r_:-:ld|"'n".‘|1;||- 'anj"- aew pll b Aoty

F Tvpe Fibwr | 1 Psouewt Fitwr ¥ Component Fltsr
. Frisdie
X Type ] = Foee R TI000E) Crmns_sregie [dag) -
T T R0 Enpra_Spoed (Y I | .. Gpsors

LTt Sl Dl pdot = B Fhgw legeras ot ~l Hore Fip B s Horay Fhp

Selections for plotting Crank_angle (deg)

15. Next, click in the graphics area of the second window (top right) to make it the
active window and plot the CombustionForce in the Z direction:

- Y Type = Force
- Y Request = REQ/70000002 CombustionForce (ForceOnPiston)

— Y Component =2

)
Dot W T | |-“-,A|~|'|nru1m-'.m|- rg circlong SingleCyEngne_sewpl = gy
. j v Typee Foaar o st Frar + Companent Frsn .
. rwre
s Erea | T 0095 St AT, % -
mT =\-': :I:I_:I_l Priston_ Tl _ifForoaDnPHaoe) by, Dy
FIRTH T oni oo | nece U

Lenpeat Vi Exarrit e = = Shire bagrsch = A Hors Fip = &1 Mo Fp

7y Altair

Selections for plotting CombustionForce
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16. Finally, we will plot the Force vs Theta plots at different speeds as applied on the
piston (this will demonstrate the usage of Spline3D input used in Step 2 of this
tutorial). Click in the graphics area of the third window (bottom) to make it the
active window.

17. Click on the Define Curves \f icon on the Curves toolbar.
18. Click the Add button to add a curve.

19. Click in the Curve field and rename the curve as 500 RPM.
20. Change the Source to Math.

21. Enter the expressions shown below to extract the data from the curve in the first
and the second window respectively between 6 and 7 seconds.

— X = p2wlcl.y[subrange (p2wlcl.x,6,7)]

— Y = p2w2cl.y[subrange (p2w2cl.x,6,7) ]

W Curve: |'5|:'|:' FFM = x= |p2wicl ysubrange(p2wlc] x6.7)] ~u

m_ ™ y= p2wlcl vsubrangeip2wicl x6.7)] u
Source. 7 | 8 | g | + From the Crank_RPM plot in
" File 1 Step 1, the engine speed is:
& Math 4 5 | B - 500 RPM between 6 and 7 =ec
1 2 | 3 | = 1000 RPM between 16 and 17 sec
 Values —1 1500 RPM between 26 and 27 sec
o * < 2000 RPM between 36 and 37 sec &
Cut |L"“n:||'.:|'_.,-' | 15 | Add

Panel entries for plotting Force vs Theta

22. Click Apply to plot.

Note ©p2wilcl refers to the Curve 1 plotted on Page 2, Window 1. If for any
reason the page, window, or curve humbering is different, suitable
modifications should be made to the expression.

The subrange function returns the indices of the vector within a specified
range. For more information on the subrange function, please refer to the
Templex and Math Reference Guide.

23. Similarly, add three more plots for 1000, 1500, and 2000 RPM. Use time values
of: 16, 17; 26, 27; and 36, 37 respectively (in place of 6, 7 shown in the expression
above).

24. Assign different colors to these curves using the Curve Attributes panel © , or by
selecting the curves in the Plot Browser and changing the color in the Properties
table.

7y Altair

Proprietary Information of Altair Engineering



Altair MotionView 2019 Tutorials p.15

25. After completing the plots, compare them with the input data for the Spline3D plot
in Step 2. A comparison is shown below:

8000 000
QUTPUT
0000 TOO00
0000 BOO00
- BOCD0
£ =
§ a0 =
g § som00
[T
30000
30000
20000
FO000
10000
0000
[
[ 100 200 300 400 500 500 700 ] o
o 100

Crankange [deg)

—500 1000 —— 1500 e—2000

Validating the Spline3D used by the Solver

7y Altair
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