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Testing Aerial Ladders in FEA: wind load standard equation vs CFD wind tunnel analysis

Introduction

To design and build an aerial ladder for a firetruck, the engineer needs to accurately
determine the working loads the ladder will encounter. Some of these can be easy to
interpret such as the weight of the firefighter in the basket at the end of the ladder, or
the weight of the water being supplied to the nozzle. Other loads can be a little harder
to quantify, such as how wind affects the ladder. There are several different ways to
determine this effect, and two of those will be explored in this paper: the standard
equation (ASCE 7-10), and CFD.

The most common way to compute pressure on a ladder is to use an equation from
code ASCE 7-10. This equation finds an equivalent velocity pressure based on wind
speed and ladder height. This pressure can be directly applied to the faces of the
ladder perpendicular to the direction of the wind.

The CFD (computational fluid dynamics) method uses Acusolve to accurately
determine the pressure field on all faces of the ladder. This pressure can be directly
mapped onto the structural FEA (finite element analysis) model using Hypermesh to
predict the stress and displacement in the model. Combining these loads with other
loading such as gravity and water pressure, the engineer can make a final judgment

on the design.
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Using Standard Method to Apply Wind Loads- ASCE 7-10

Currently our aerial ladder customers use a standard equation from code ASCE 7-
10 (figure 1) to determine the proper wind loads to apply to the FEA model to
determine structural integrity. There can be quite a few factors used in
determining the final wind loading to use, but this project’s customer simplifies it
by only focusing on the desired wind speed and overall ladder height

26.1.1 Scope

this standard.

Buildings and other structures, including the
Main Wind-Force Resisting System (MWFRS) and all
components and cladding (C&C) thereof, shall be
designed and constructed to resist the wind loads
determined in accordance with Chapters 26 through
31. The provisions of this chapter define basic wind
parameters for use with other provisions contained in

Figure 1 code ASCE 7-10

Rasic wind specd, F, scc Figure 26.5-1A, Bor C
Wind dwwectionality factor, K, see Section 26,6
Exposure category, soc Section 26.7

Topographac factor, K, see Section 26.8

Guat Effect Factor, see Section 26.9

Enclosure classi fication, see Seclion 26.10

Internal pressure cocfficient, (GC), oo Section 26-11

YYYYYYY

Chapier 26- General Requirements: Lse io delermine the basic parameters lor
dctermiming wind loads on both the MWFRS and C&C. These basic parameiers arc:

Wl loads on the MWFRS may be
delermimed by:

Wind loads on the C&C may be

determined by:

| Chapier 27: Directional procedure for
buildmgs of all heights

#{ Chapter 28: Envelope procedure for low nise
buildings

Chapter 29: Directional procedure for
building appurtenances (roof overhangs and
parngets) and other stroctures

L 4

Chapler 30:
- Envelope Procedure in Paris 1 and 2, or
- Directional Procedure in Paris 3, 4 and 5
- Bunlding appurlenances (rool overhangs
and parapets) in Part &

h

Chapter 31: Wind tunnel procedure for any
buildmg or other stroctuns:

Chapier 31: Wind unnel procedure
for any building or other structure

Figure 2. Wind load provisions
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ASCE 7-10 Wind Equation

The final velocity wind pressure equation is simplified to determine the correct wind velocity
pressure where V is the desired wind velocity and K; is the velocity pressure exposure
coefficient determined from figure 3:

qz = 0.00256 K VZ (Ib/R?)

Velocity Pressure Exposure Coefficients, Ky and K, |
Table 6-3
Height above Exposure (Note 1)
ground level, z B c D
ft (m) Case 1 Case2 |Cases | &2 | Cases1&2
0-15 (0-4.6) 0.70 0.57 08 | 103
20 (6.1) 0.70 062 | 0% | 108
25 | (16 | o070 0.66 0.94 .12
30 (9.1) 0.70 0.70 0.98 .16
40 (122) 0.76 076 1 104 | 122"
50 (15.2) 0.81 0.81 100 | 127
60 | (8 | oss 085 1.13 1.31
70 (21.3) 0.89 0.89 1.17 1.34
80 (24.9) 0.93 0.93 121 1.38
90 (27.4) 0.96 09 | 124 1.40
[==100 (30.5) 0.99 0.99 126 1.43
120 | (366) | 104 | 104 131 148
140 (42.7) 1.09 1.09 136 1.52 1
160 (48.8) 1.13 1.13 139 1.55
180 (54.9) 1.17 1.17 1.43 1.58
200 (61.0) 1.20 1.20 1.46 1.61
250 (76.2) 1.28 128 1.53 1.68
300 (91.4) 1.35 1.35 1.59 173
350 | (106.7) 1.41 1.41 1.64 1.78
400 | (219 | 147 | 147 1.69 1.82
450 (137.2) 1.52 1.52 173 | 186
500 (152.4) 1.56 1.56 1.77 189 |

Figure 3. Determination of velocity pressure exposure coefficient

The velocity pressure exposure coefficient increases the applied pressure according to
incremental heights of the ladder.

Once the velocity pressure g is determined, the computed pressure is applied to all faces of
the ladder in the FEA model that are perpendicular to the direction of the wind. (Note that the
pressure changes with height according to the K; value). This can be a tedious process and
faces can be easily missed or unwanted faces inadvertently included. This process is typically
done by isolating elements by window and/or going part by part selecting elements on each
face. If a mesh is changed, the process of re-creating pressures without duplicates is very
time consuming. Manually selecting elements is time consuming and potentially less
accurate.
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Equation Wind Pressures applied to Ladder

The wind loads are currently modeled as pressures on the exposed faces of the FEA model.
The pressure is only a function of height, and does not vary across the ladder (figure 4).
These loads will be combined with gravity and other loads to determine the final structural
integrity of the ladder.

L Figure 4- pressure load along full ladder
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ol

By

Figure 5- Detail of Base Section
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Standard Method Benefits & Challenges Summary

Benefits to the application of the Standard method are:
e Use one structural mesh for all loading

e Design changes wouldn’t require updating both the structural and CFD
models.

o Relatively straightforward linear static analysis

Challenges to the application of the Standard method are:
e Tedious to select faces and based on judgement
e Wind profile is assumed to be in one direction only

e Wind turbulence is neglected
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Using CFD wind tunnel analysis to apply wind loads to FEA model

An alternate method is to use CFD in a virtual wind tunnel to directly determine

the wind pressure on the ladder.

A simplified CFD mesh is created from the ladder geometry or existing structural
mesh. The shell mesh on the outside of the ladder needs to be air-tight since we
will be modeling the air around the structure. Small parts and gaps need not be
included in the mesh, but special focus needs to be on the exposed faces of the

structure.

Next a virtual wind tunnel is created and meshed. The volume between the virtual
wind tunnel and the outside surface of the ladder is meshed with 3-d elements to
create the CFD mesh. Appropriate boundary conditions are then applied for a

CFD analysis.

Direction of Wind

Side: profile to wind direction (shown
Virtual Wind Tunnel P ( )

Created a virtual wind tunnel to capture the
surrounding air flowing around the aerial.

197 ft

886 ft

Y * Surface Mesh
Modeled the surface of a
Inlet Velocity 110 ft fully extended aerial
Velocity runs at 50 mph with a basket.

Figure7- CFD mesh and wind tunnel set up
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The three contour plots of air pressure in the wind direction are shown in figure 8. The first
plot shows a section taken just in front of the ladder; the second shows a section inside the
ladder and the third shows a section past the ladder. Positive pressure is shown in red,
negative in blue. Notice the negative pressure field that surrounds the ladder. This negative
pressure is a key driver for the displacement and stress differences between the pressures
derived from CFD and the pressures derived from the standard wind pressure equation.

Figure 8- CFD pressures

Figure 9 shows a combination of a section cut just in front of the ladder and a second
perpendicular section cut at the top of the ladder. Again, notice the high pressure on the faces
of the ladder, but also the negative pressure field downwind that surrounds the ladder.

Figure 9- section cut
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Convert CFD Results to Structural Pressures

Once the analysis has been completed in Acusolve, the computed nodal pressures are
converted to element pressures on the structural model using the fields tool in hypermesh
(see appendix for full process).

Figure 9- Full ladder pressures 10

S Figure 10— base section detail pressures

Pressure results on the base section of the ladder show higher pressures on the front face of
the ladder compared to the standard pressures. In addition, there are negative pressures on
the adjacent side of the ladder. These pressures are significantly different from the standard
loading and should be included in the analysis of the ladder.
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CED Method Benefits & Challenges Summary

Benefits of the CFD method are:

e The pressures applied and their locations are a more accurate
approximation of what the ladder will be subjected to for a given wind
speed.

e Pressures due to turbulence are considered

e Pressures are applied to all faces/parts by using the Fields tool

Challenges to the application of the CFD method are:
e Two meshes are required — CFD and structural
e At least a limited knowledge of CFD is required

e Updating the mesh and analysis for design modifications is more
involved.
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Comparing Standard Equation and CFD Methods

Pressure Contour Comparison

The pressure contours show significant differences between the CFD field pressures and the
standard wind equation pressures, particularly in the base section (figure 11).

Pressure Contour due to CFD Load

Contour Plot
Node results(Scalar value)

8.637E-02
[ 4.500E-02

4.320E-02
— 4.140E-02

or I DN N S S R A VAVA " _wavawvawal - |—-—awawar

2y . SN e
4 i - — - _ — . — -
in = -8.138E-02
rﬁdes 379832
z

Contaur Plot Pressure Contour due to Standard Load
Node results(Scalar value)

4 620E-02
[ 4.500E-02

4.320E-02
— 4. 140E-02 .

LI VAVAVA " AVAVAVA- |- ——awvam aivi gl ‘ =

A NNV SRR A Y

Win = 3.780E-02

%des 112158
Z

Figure 11 pressure contour of CFD (top) v Standard (bottom)
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Reaction Force Comparison

The pressures from the CFD analysis and the ASCE code were applied to the structural mesh
and analyzed using OptiStruct. Using Hypermesh’s Free Body Tool to compute resultant force
and moments, the shear force and moments at various sections of each model were determined.
Four section cuts at the base, lower mid, upper mid and fly sections were used to compare the
results.

Fly Section Cut

Upper Mid Section Cut

Lower Mid Section Cut

Base Section Cut

L —

Figure 12 Cross section of ladder for force/moment calculations.
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Shear Forces

The plots in figure 13 show the shear force components and the resultant shear at the four
section cuts for the pressures derived from CFD and the ASCE equation. The shear force in
the X direction (wind direction) correlates well with a small deviation of approximately 50 Ibf
higher in the CFD analysis at the fly (upper) section cut. The shear force in the directions
perpendicular to the wind (Fy and F) are zero for the ASCE equation. The magnitude of shear
at the base section is significant, although the importance decreases with the height of the
ladder. The pressures from the CFD analysis are applied to all elements while the pressures
from the ACSE equation are applied only to elements perpendicular to the wind. This

difference is reflected in the magnitude of the shear.

Shear Diagram (Cross Section Cut)

1600 1600

e CFD
—— Standard

1280 1280

960 960

—— CFD
g Standard

» N
L 1N
640 640
320 320
0 - - - - - - - - - - - - -
10 20 30 40 50 60 70 a0 ° 10 20 30 40 50 60 Fl] 80
Height Height
1600 1600
—4—CFD —4+—CFD
= Standard =——tp— Standard
1280 1280
960 950
>.| [
L 18
640 640
320 320
10 20 30 40 50 60 70 a0 ° 10 20 30 40 50 60 Fl] 80
Height Height

Figure 13 Shear forces at four cross sections of ladder
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Moments

Figure 14 shows the moment components and the resultant moment at the four section cuts for
the pressures derived from CFD and the ASCE equation. The pressures computed from the

ASCE equation generate forces in the x-direction and moments in the y- and z-directions.

The moment about the y-axis due to the wind direction correlates extremely well between the
two analyses. However, the moment about the x-axis (rotation about the mount axis) shows
significant difference, although the difference decreases with height. This moment is generated
by non-uniform wind pressure applied to the underside of the ladder, causing a twist. This
difference is greatest at the base section and decreases with height.

Moment Diagram (Cross Section Cut)

45E+005

3BE+005

2.7E+005

1.8E+005+

90000

——a— CFD
——— Standard

%
=

45E+006

10 20 30 a0
Height

50

70

3.BE+005

2. 7E+005

1.8E+005+

900004
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=
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Figure 14 Moments at four cross sections of ladder
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Displacement and Stress Comparisons

The displacement and stress are compared for the base section only, since the largest differences
between the two methods of analysis are seen at this location.

Displacement: Contour

The models match in the X (wind) direction showing the same contour and magnitude for
displacement. In the Y (vertical) direction, however, we see a large difference and that the
ladder is rotating about the mounts in the vertical direction.

Contour Piot CFD Regults= Contour Plot Standard Results
Displacement(X) . Displacement(X) 5
Analysis system PR X\ N\ Analysis system

0.103
[ 0.093
0.035
— 0.072

0.059
L 0.046

0
[ 0.0258
0.035
— 0072

0.058
[ 0.046

Contour Piot
Displacentent(Y)
Analysis system

0.201
[ 0118
0.030
— 0020

0010
[ 0.000

= Contour Plot Standard Resiults
%, Displacement(Y) :
> Analysis system

0.030
. [ 0.030
0.030

— 0.020

Figure 15 Displacement contour difference at base between CFD (left) and standard (right)
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Displacement: Deformed Shape

The biggest difference in the total magnitude between the two loading methods is due to the
upward rotation in the CFD model. We see similar displacement behavior in the wind direction
showing the same bend about the Y and a bit of a twist about the Z. But in the CFD results, we
get a rotation about the X at the mounts due to wind forces on faces other than in the wind
direction, such as from underneath wind shear.

Subcase 5 (CFD) : Static Analysis : Frame 25 Subcase 6 (Standard) : Static Analysis : Fram...

A A W A 19 N CUANLE
RERER KV )
Vi | 1 T s raa Fa il
Z X
| ot
1: Wadel 1: Wladel
Subcase 5 (CFD) : Static Analysis : Frame 25 Subcase 6 (Standard) © Static Analysis : Frame 25

~) VAVAVAVEVAVESAS- i)

Figure 16 deformed shape difference between CFD (left) and standard (right)
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Stress Contour Comparison

With the increased displacement in the CFD results, higher stress in the base section near the
mount plates is expected. There is a significant enough difference between the CFD and
standard equation stress results to warrant using the CFD method, especially when looking at
the base section of the ladder.

: . Contour Plot
Elerment Stresses (20 & 3DvonMises, Max)j=
Analysis system

28807
[ 2500
- 2188

| — 1875
1563
1250
538
E25
313
B

Max = 28907

.

Contour Plot
Element Stresses (20 & 30)(vonMises, hax)
Analysis system 5

28807
[ 2500
2188

— 1675
1563
1250
539

625

313

-

Max = 28907

Figure 17 stress contour difference between CFD (left) and standard (right)
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Conclusion

Using the equations from code ASCE 7-10 to determine pressures on the ladder is a good
approximation when looking along the upper sections of the ladder. The results from both the
CFD and standard equation methods correlate at the midsections and the fly, but there are large
discrepancies at the base section of the ladder. This indicates that the standard equation is
missing some significant loading at the base of the ladder, and that CFD analysis should be
considered to fully capture the wind loading behavior of the ladder.
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Appendix

Converting Acusolve nodal pressures to element pressures in
Hypermesh using the Fields option

Steps

1. Convert results from acusolve into a text file that Hypermesh can read using pressures and nodal coordinates
2. Create a field in Hypermesh with the pressures and nodal data

3. Map the pressures onto a structural mesh by realizing the field data

* Open acuconsole and launch acuout
Tt o e e e ~—_——
File Edt Vis MeshOp Tools Help

D AENS &% oo B (- RBL L[ SI0RA/EE -2y FHCS ™ )8 vr %W 2N

* Open .log file found in the working directory folder of acusolve

Name Date modified Type Size
I, ACUSIM.DIR
L. Altair_dab_10
HYPFRMFSH.DIR
| Smeal_Snorkel CFD_Aug2017_Posl-side_it2.1.Log

File folder
File folder

File folder

Text Document 544 KB

* Create a .out file (will create in same folder as log file) of form:
*  Output format of Table (rows and columns separated by a space)
* Nodal output (x,y,z coordinates)
*  Pressure results
* Final Time step only

{ #7 AcuOut 2017.1: Smeal_Snorkel CFD_Aug2017_Posl-side.LLog - =8 2
| [File €dit Help o
Fo| @ 2N
|| Outout fommat Table [~] acuTrans: Problem =
Data type Nodal Output E] Smeal_snozkel_cFD_AugZ017_Posl—side
nade it < acuTrans: Primary run = 1
coordinates acuTrans: Translation format = table
panincte acuTrans: Translate to table = nodal output
O acuTrans: Output vars =
Variables 0qy_wviscosty di . P
el coordinates,pressure
surface film_coefficient acuTrans: Process run Id = 1
wal_shear_stress acuTrans: Process time step = 200
= acuTrans: At time = 2.000000e+001
{ Select Al | [Unubail] acuTrans: Creating file =
Tz » Smeal_snorkel CFD_Aug2017_Posl-side_step200.out
31 acuTrans: Total CPU/Elapse time = 7.301000e+000
;;: 7.969000e+000 Sec
acuTrans: Total Memory Usage = 8.423438e+001
Time steps 16
7 Mbytes
181 E
150
200 -
[ SeectAl | [ UnssectAl
Mesh motion ® On Off
Deformed coordnates type | End Step [+]
Process Do
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File Edit View

Collectors

* Open your structural model
Note: model needs to be in same coordinate system and model units as your c¢fd model
* Create field with data shown below referencing file .out that you created and corresponds to this loadcase

2 SME31_DNONKELSUUCTUIA_AUGLUL/_FOSL=SIOENM™ - HYPEMesn £uss. - UPUL
Geometry Mesh  Connectors  Materials  Properties  BCs

a@Y % S e GLLALIER I GQE O i Qir

Setup Tools Morphing Optimization Post  XYPlots

Uity W Mask I Model ]
TR Ee®®
Enter Search Sting Q-
kS oW LT
ID @ |Inchide
Assembly Hieraichy
Cards (7)
-l Components [3]
31 Fields (1)
< fieldi 1
[+1-I4 Load Lolectors |2
(51 (g Materials (3)
(1% Propeities (1)
(D Tites (1)
" -
Name Value
Name field1
ID 1
= Engineering data
Type discrete
System lype real
Source csv file
[File D:/Cunent_Projects_D-Drive/Smeal/Snockel_CFD/CFD/38mph_Position_1-Side/Smeal_Snokel CFD_Aug2017_Posl-side_step200owt |
System <Unspecified>

* Realize field on all elements with properties shown

-,
g Field Realization

Entity: v | Element
Field type: pressure

Interpolation:  proximity

[T eyclic symmetry

System: system

]

Search Radius 0

Contour

www.altair.com
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~ Realizing (Mapping) Fields

Field realization creates pressures and temperature loads, and maps properties IDs. In order to map the spatially varying
values stored in a field entity to the element and node data of the new target mesh you must realize the field entity.

The following types of mapping are node loads, node di
property IDs and indirect thickness, and element material orientation.

element pressure, element

1. In the Model browser, right-click on the field to realize and select Realize from the context menu.
2. In the Field Reali dialog, define
3. Using the Entity selector, select elements or nodes to be realized.
b. Select a Field type.
c. Select the type of Interpolation to perform.
o shape function (based on mapping)

settings accordingly.

o proximity (based on close point evaluation)
o linear interpolation (based on inverse distance)
d. Click Apply.

Once the field has been realized, the new mapped values can be visualized using contour or they can be exportad to solver
decks. When a solver deck is exported, mapped loads will be available on the new mesh.

pg. 20



http://www.altair.com/

