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Under direction from the

Hatz Biplane Association, the
Hatz CB-1 upper and lower
wing spars were analyzed for
structurally limiting conditions.
Information from the Associa-
tion web site and known airfoil
characteristics were used to
select several flight conditions
to be examined. Loads for these
particular flight conditions were
calculated and then applied to a
computer model of the wing
structure. These models take
into account the material proper-
ties of Sitka Spruce used for the
spars, as well as mechanical
attachment (fixity) of members
one to another, and load path
redundancies which exist in
most frame-type aircraft. The
outputs of the model include
reaction loads, internal loads,
stresses, and strains in the vari-
ous aircraft components. These
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This engineering analysis of the CB-1 Wing Spar using modern
computing methods gives us an exciting first look at the
structural capability of the main wing spar.

outputs are then compared to the
assumed material properties to
determine safety factor, or struc-
tural capability. In general, the
rear spar of the center section is
the limiting location when sub-
jected to loads in a 4g dive pull
out.

CB-1 Spar Strength:
Model Assumptions

Several assumptions were
made in order to answer the
question, “to how many g’s is
the spar structure capable?”
These assumptions include:

e how the wing responds to
flight loads

¢ inclusion of selected compo-
nents which are thought to
drive the result: wing spars,
compression tubes, tension
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tubes, tension wires, roll, fly,
and landing wires, cabane
and interplane struts.

e thoughtful selection of the
material properties of Sitka
Spruce.

e Unmodified stock plans with
1400 Ib gross weight.

Results: An Exciting First
Look

The analysis results were tab-
ulated by major area and limit-
ing flight condition. The results
include two perspectives on
structural  capability:  Safety
Margin to Failure assuming a 4g
maneuver; and Predicted Ma-
neuver Load when a 1.5 Safety
Factor is assumed.

The Safety Margin to Failure
(with a value of 0 indicating that
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the ultimate loads are reached)
may be thought of as remaining
Safety Margin in a particular
location for a particular flight
condition if a +4g / -2g flight
envelope is assumed. For exam-
ple, the Center Section Rear
Spar shows a critical maneuver
of a dive pull out with a Safety
Margin to Failure of 0.3. This
means that the model predicts
that an additional 30% of the
maximum calculated loads can
be added to the component until
predicted ultimate failure.

The next column, Predicted
Maneuver Load, assumes a
Safety Factor of 1.5 on all struc-
tural members, and then shows
the number of g’s of structural
capability for each location and
critical condition. For example,

A Brief Look at the Hatz CB-1 Wing Spar
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This schematic view of the computer model shows the 65 parts of
the wing structure that were included in the analysis.

From the tabulated results,
the rear spars seem to be some-
what under designed and front
spars slightly over designed (the
design target being +5 g’s).
These results are an exciting
first look a the spar structure and
its mating parts for a stock

CB-1.

Safety Margin Predicted Maneuver Load
Spar [4g Maneuver] [o’s]
Accel Stall |Dive Pull Out| Accel Stall |Dive Pull Out

Center Front 1.1 2.3 5.6 8.7
Center Rear 1.2 0.3 5.8 3.5
Lower Front 0.9 5.4 5.1 18.2
Lower Rear 0.9 0.6 5.0 41
Upper Front 0.9 1.4 5.0 6.5
Upper Rear 0.6 0.5 4.3 3.9

the Lower Wing Rear Spar ina  What’s Next?

dive pull out shows a Predicted Financial constraints pre-

Maneuver Load of 4.1 g’s. This
can also be correlated to the
Safety Margin shown in the pre-
vious column of 0.6, as the
member shows slight Safety
Margin to Failure above 0.5,
indicating a slightly higher g-
capability than the assumed 4g
maneuver.

vented a closer and more thor-
ough look at the CB-1 structure
in general, although the wing
spar analysis provided some evi-
dence behind some of the claims
on the airframe. Streamline De-
signs recommends that when fi-
nancially possible, additional
follow-on work be completed,
including, but not limited to:
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® A broader look at more of the
airframe, just in case a differ-
ent component is the “weak-
est link” in the system.

e The inclusion of plywood
fuel tank mounting plates in
the model is recommended,
since the maximum loads
occur in the area of attach-
ment of these plates.

e Skin effects and the transfer
of force from aerodynamic
forces to the wing structure.

Resources

1. “Hatz CB-1 Spar Analysis,”
report conducted by Stream-
line Designs, LLC. Report
number SD-2008-005-01,
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2. Mueller, Juerg. “Structural
Analysis of a Hatz CB-1
Biplane,” March 24, 1997.

3. “Design of Wood Aircraft
Structures,” Munitions Board
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4. “Wood Handbook: Wood as
an Engineering Material,”
Forest Products Laboratory,
USDA Forest Service, FPL-
GTR-113. March 1999.
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Hatz CB-1 Spar Analysis Problem Statement and Background

STREAMLINE DESIGNS, LLC
Summary

The Hatz Biplane Association, which exists primarily for education, information, and entertain-
ment purposes, made a request to Streamline Designs for an upper and lower wing spar struc-
tural analysis. The overall approach involved digitizing the Hatz CB-1 plans. To adequately
predict the loads in the spars, other major structural parts and mating interfaces were included.
The model includes the wing spars, compression tubes, tension tubes, tension wires, roll, fly,
and landing wires, cabane and inter-plane struts. Airplane performance characteristics were
predicted that allowed the development of an estimated loading envelope. The digital wing
model was then exercised around the loading envelope for different spanwise loading distribu-
tions. These were distilled into a single representative distribution at the boundary points of the
loading envelope. A table of results is presented that summarizes the limit location and failure
mode for these boundary points, along with factors of safety margin.

Although the focus of the study centered on the spar limiting cases, the finite element model
does have loading information for all the parts within the structure.

1.0 Problem Statement and Background

The objective of the Hatz CB-1 project is to determine the load carrying capability of the wooden
spars. A more specific question to be answered is, “How many g’s are the spars structurally ca-
pable of supporting?”

In the past, one analysis was completed on the airframe which showed safety margin on major
structural members for a very particular configuration; unfortunately, many of the specifics of
that configuration were not common to the majority of the Hatz CB-1’s in the known fleet. The
intent of this new analysis is to provide the Hatz Association with useful structural information
for the “garden variety” Hatz CB-1. In particular, this analysis is the basis for providing useful
loading information for safe operations.

The Hatz CB-1 plans were used to develop the analytical models used to answer the problem
statement. All major assumptions about the material, geometry, and loading are included in the
body of this report. Please note that the sole focus of this program includes only the spars, as
financial constraints prevented additional finite element analysis on the rest of the developed
model and methods tailored specially for the Hatz. It is possible that the weakest structural
point of the whole airframe exists outside of the evaluated spars; however, the spar carries the
majority of g-force induced loads and was determined to be a reasonable first candidate for
analysis.

2.0 Overall Analytical Approach

Many simplifications and assumptions were made in order to provide a structural analysis which
would be both useful and economical for the Hatz Association. Various common lift distribu-
tions were evaluated for both realism and conservatism and one lift distribution was selected
based on this preliminary analysis. The loads resulting from the selected lift distribution were
then set as the inputs for a finite element model, which took into account the material properties
of the Sitka spruce used for the spars, as well mechanical fixity of members, and load path re-
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Hatz CB-1 Spar Analysis Results

STREAMLINE DESIGNS, LLC
dundancies which exist in most frame-type aircraft, which make basic hand calculations imprac-
tical for these kinds of structures.

The results of the finite element model analysis include individual member reaction loads, inter-
nal loads, and stresses and strains. These results are compared with known material proper-
ties and the capability is thus evaluated.

Cabane

Left Upper wing

Direction of Flight ; S

.
/ 0.000 570264 mm 1140827 1710791
T T T ]
[ ] ] ]

Front Flying Wire

FIGURE 1. FEA model has 65 parts and is mirrored at a vertical plane cutting the fuselage in half. Here
the model is mirrored symmetrically to show entire wing structure.

3.0 Results

Overall, the parts are sized and matched well. In all load cases, the failure mechanism is com-
pression / crushing; however, the limiting location varies from place to place based on the load
case.

It should be emphasized that the results are present in a spar-centric view. All other potential
failures are ignored. For example, in any particular case, there may be other structural prob-
lems that limit the case, before the actual spar. Although the model contains some of this infor-
mation, the scope of this particular evaluation is limited to the spars.

3.1 Load Cases

The simple question of how many g's the spars are capable of supporting is more complicated,
because it is maneuver dependent. For this reason, some assumptions were made to model
the aircraft at different flight conditions and predict the safety margin from that performance
point. Table 1 shows the subset of load cases presented in this report.
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Results

TABLE 1. Subset of load cases for presentation. Load cases represent boundaries of estimated loading

envelope and were evaluated for the ‘Simple’ lift spanwise distribution.

1 Vg 40.0
2 Va 80.0
3 Ve 102.5
4 Ve 102.5
5 Vp 143.6
6 Vp 143.6
7 \Ze 82.0

3.2 Load Case Results

1.0
4.0
1.0
4.0
4.0
-2.0
-2.0

16.53
16.53
-3.10

8.17

0.81
-10.69
-18.61

0.50
1.00
1.28
1.28
1.79
1.79
1.02

1.78
1.78
0.27
1.08
0.55
-0.28
-0.85

0.21
0.21
0.01
0.08
0.03
0.02
0.07

-0.04
-0.04
-0.08
-0.06
-0.07
-0.08
-0.08

Table 2 shows a summary of the limiting condition around the loading envelope boundary
points (reference Figure 6) using the simple lift distribution (reference Section 4.2 on page 10).

The model outputs detailed information about the displacements, stresses, moment and shear
diagrams. A sample of these outputs are provided in Figure 2 through Figure 5.
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TABLE 2. Subset of load case results for the ‘Simple’ spanwise lift distribution.

Top Wing, Rear Spar Compression/
1 Vs Midspan Crushing 3.9 55
Top Wing, Rear Spar Compression/
2 Va Midspan Crushing 0.2 0.6
Bottom Wing, Rear Compression /
3 Ve Spar IP Strut Attach- CI'FL),IShin 1.8 2.7
ment Area 9
Top Wing, Rear Spar Compression/
4 Ve Midspan Crushing 0.2 0.6
Center Section, Rear Compression/
5 Vo Spar Crushing 0.0 0.3
Bottom Wing, Front Compression /
6 Vb Spar IP Strut Attach- Crrzjshin 0.5 1.0
ment Area 9
Bottom Wing, Front Compression /
7 Vg Spar IP Strut Attach- Cr’i’jshin 1.1 1.8
ment Area 9

4522511
43 4026

28.62000
3375758
28.03507
2411266
1929004
1446753

- 9.645022
4822511

Load Case: 2of 14 ' - = ’m

Maximum “alue: 43 2251 mm

0.000 623764  mm 1247 528 1871291
; T T 1

Minimum Yalue: 0 rmm

FIGURE 2. Load case 2 displacement. Max displacement for this case is lower wing aft spar toward rear.

SD-2008-005-01a 50f 15

‘ % STREAMLINE DEsiGns, LLC . .
\= visit us at www.sportplanedesign.com © 2009 Streamline Designs, LLC





Hatz CB-1 Spar Analysis Results

STREAMLINE DESIGNS, LLC

Worst Stress
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0.000 B23764  mm 1247528 1871.201

Minimum Yalue: -20.0655 N/ mm*2) F : T |

FIGURE 3. Load case 2 with Simple lift distribution showing worst stress both max tension and max
compression.

Local 3 Moment
N mm

7230959
S86448 .4
44239009
3113534
173806

36258 .5
-101229
-238836.5
-376382.9
-512031.4
-G51475.9

Load Case: Zof 14
Maxirmum Value: 723956 N mm

o 0.000 623764 mm 1247528 157 1.281
winirmurm Yalue: -691479 M mm [ : : i

FIGURE 4. Load case 2 with Simple lift distribution showing moment diagram on all spars.
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Local 2 Force
M

1366.029
1036.074
7060596
3760443
4502996
-283.9349
-G13.9997
-944.0145
-1274.029
-1604.044
-1824.059

Load Case: 2of 14

g:imum YWalue: 1366.09 N

0.000 §17.634 mm 1235368 1853.052
P T T 1

imurm Yalue: -1934.06 N

FIGURE 5. Load case 2 with Simple lift distribution showing shear diagram on all spars.

4.0 Overall Assumptions

The following section outlines assumptions which were made pertaining to the loading enve-
lope, construction of the aircraft, the way the members of the aircraft bear loads, and the type of

model which would best represent the geometry of the aircraft within the given financial con-
straints.

4.1 Performance Characteristics and Estimated Loading Envelope

The following table shows the published performance characteristics for the Hatz CB-1 and the
performance characteristics which were assumed for the analysis. Any differences are de-
scribed below the table.

SD-2008-005-01a 7 of 15
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TABLE 3. Hatz CB-1 Performance Characteristics

Wingspan 25 47 25 47
Length 9 9
Height 710" 710"
Airfoil 50” Clark Y 50” Clark Y

Area 178 ft? 192 ft?
Gross Weight 1400 Ibf 1400 Ibf
Wing Loading 7.8 Ib/ft2 7.3 Ib/ft2
Cruise Speed 80 mph 103 mph

Stall Speed 40 mph “landing” 40 mph

A. Wing Area and Wing Loading

The published wing area appears to be the physical wing area. However, an increased
wing area was assumed for analytical simplification as follows:

i. A constant chord across the entire span on both wings.

ii. The lift change created by the cutout was simulated using a constant area in the center
of the top wing with an applied reduced lift in the area.

iii. The wing tips, which are tapered and rounded, are more efficient than a rectangular
planform, so the increased area accounts for this increased lifting efficiency, while pro-
viding simplified analysis.

B. Stall Speed

The lower end of the “landing speed” range was selected as the aircraft stall speed based
on Clark-Y airfoil test data for both mono and biplane wing tests, as well as experience.

C. Cruise Speed and Loading Envelope

A loading envelope was developed to aid in load case evaluation of realistic flight condi-
tions and as a reference for the analysis results. For simplicity, a general loading enve-
lope was constructed for a 4g positive limit load and 2g negative limit load. The envelope
values are design values developed in order to provide realistic flight boundary conditions
for the structural model. Note that the design maneuvering speed is nearly coincident
with the posted cruise speed.

SD-2008-005-01a 8 of 15
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Hatz CB-1 Estimated Loading Envelope
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FIGURE 6. Hatz CB-1 estimated loading envelope for use in proper load case development in spar
analysis.

D. Lift, Drag, and Moment Coefficients

Financial constraint limited the available aero analysis, so it was determined to make sim-
plifying assumptions based on available Clark-Y test data. General aero trends were
taken from the test data and the lift curve was adjusted based on the max gross weight
stall speed, which is assumed to contain these correction factors within.

In a similar fashion the drag and moment coefficients were taken from test data and
related to lift coefficient via airfoil angle alpha (angle between flow and chord line). The
forces were then resolved into loads in the airplane coordinate system taking into account
the airfoil incidence in the installed wing.

As discussed below the lift distribution was carefully selected to represent a realistic
spanwise loading. The drag and moment coefficients were assumed constant along the
span.

SD-2008-005-01a 9of 15
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FIGURE 7. Experimental data was extracted and fit for use in guiding relationship of lift, drag, and
pitching moment as a function of airplane attitude.

4.2 Lift Distribution

Multiple lift distributions were considered in order to explore the sensitivity of loading to various
lift distributions. A qualitative analysis was made in order to select which lift distribution profile
was to be used which would not only most closely represent reality, but include some inherent
conservatism to account for the assumptions listed above.

Many lift distributions were considered. Two downselected lift distributions notated “Simple”
and “Modified Elliptical” included the following assumptions:

A. Elliptical

An elliptical lift distribution assumes an elliptical distribution from fuselage to wing tip on
the lower wings and a wing tip-to-wing tip elliptical distribution on the upper wing. This

means that there is no lift assumed at the wing root or the tip. This “classic” elliptical lift
distribution is simple to analyze, but pushes a lot of this lift-driven load toward the fuse-
lage, which is not necessarily the most conservative approach.

SD-2008-005-01a 10 of 15
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B. Simple

The “simple” lift distribution starts with a uniform lift distribution spanning each wing. A
parabolic lift drop-off is then applied at each wing tip.

In order to account for some additional realism, a small “lift dip” was assumed at the cen-
ter of the distribution, pushing some of the load outboard, generating higher moments and
loads and including the additionally desired conservatism.

The lower wing assumes a velocity profile that is zero at the fuselage and parabolically
approaches free-stream velocity away from the fuselage.

Figure 8 visually depicts the two lift distributions along the span for both upper and lower wings.
The assumption for the simple distribution that the load tends to zero at the center of the center
section was choses to produce lower loads on center section ribs and push load outboard on
the wing as stated above. This can be seen more clearly in Figure 9.

/:

Upper Wing
e ©
(0)] oo

©
N
T

o
N
T

o
o

Lower Wing
©c o o =
H (o)) (o] o
T T T

o
N
T

—— Elliptical Dist
—— Simple

09% 0.5 1.0 15 2.0 2.5 3.0 35 4.0
Span [m]

FIGURE 8. Downselect of two lift distribution schemes explored for this analysis, both for upper wing
(top) and lower wing (bottom)
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Each lift distribution was an input into a load distribution model and the following figure shows
the resulting load distribution for each of the lift distributions, by rib station number. The blue
distribution, labeled “Simple” was realistic and conservative -- it assumed some boundary layer
growth next to the fuselage and assumed that the tip chord distribution goes to zero paraboli-
cally, pushes load out, a good assumption for the spar-limiting case being evaluated.

N w iy Ul [e)}
I

=
!

mm Elliptical Dist
"| m Simple

N w £y (6] (@)}
T

=

1 1 1

RO1 R0O2 R0O3 R04 R0O5 R0O6 RO7 R0O8 R09 R10 R11 R12 R13 R14 R15
Rib Number

Lower Wing Rib Load [% Total] Upper Wing Rib Load [% Total]
o

FIGURE 9. Loads applied to each individual rib along the spar for both the upper (top) and lower
(bottom) wings.
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Load Case: 1of 14

Maximum Yalue: 128.633 N

0.000 §17.634 mm 1235368 1853.052
P T T 1

rinimurn Yalue: 0N

FIGURE 10. Model with applied loads at rib locations from load case number one, simple lift distribution
with properties listed in Table 1.

4.3 Material Assumptions

Wood is highly anisotropic, meaning that the material properties vary depending on direction
relative to the grain. Assumptions had to be made, within the scope of the analysis, to assume
loads along the spar with properties assuming loads parallel to the grain. The results presented
are valid for Sitka Spruce with up to a 1 to 12 grain orientation slope, which is typical for aircraft
grade spruce. A slope greater than 1 to 12 removes the conservatism from the model. Ulti-
mate loads are assumed to be applied over 1 second, with a 1.5 second ultimate load duration,
while proportional limits are assumed to be applied over 3 seconds, with a 15 second duration.
Sitka spruce with 12% - 15% moisture produces the properties shown in the table below.
These tabulated properties take into account 75% of aircraft grade wood. In other words, if 100
pounds of aircraft grade spruce were ordered, 75 pounds of it would meet or exceed the tabulat-
ed properties.
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TABLE 4. Sitka spruce assuming 12-15% moisture. All allowables are for loads parallel to the grain. (ref.
ANC-18--Design of Wood Aircraft Structures; USDA Forest Service Products Laboratory: General
Technical Report 113, March 1999.)

Specific Gravity 0.36

Poisson’s Ratio 0.372
Shear Modulus of Elasticity 0.69 GPa
Modulus of Elasticity 10.89 GPa
Bending / TenLSilrﬁ:: Proportional 36.5 MPa
Bending / Tepsjon Rupture 64.8 MPa

Limit

Compression Proportional Limit 24.3 MPa
Compression Crushing Limit 32.4 MPa

4.4 Structural Model Assumptions and Boundary Conditions

In the development of both models, every member and every interface is evaluated for the way
it is likely to behave in normal operation. Fortunately, the Hatz plans are dimensioned well and
are easy to follow. However, individual interfaces and the properties of each member are
sometimes difficult to ascertain, especially when working with wooden structures which are
loaded in multiple directions.

4.4.1 Initial Analytical Frame Model: Assumptions and Approach

A. The following Overall Model Assumptions were made in order to simplify the analysis.
Most of these assumptions cause the initial frame analysis to be conservative and pro-
vide useful insight for the finite element analysis which uses this model’s load case out-
puts.

i. The model assumes symmetry between left and right sides of the airplane.

ii. Wings are modeled from this axial “mirror plane” (a plane which runs fore and aft, ver-
tically through the fuselage) to wing tip as spar boxes.

iii. The ribs and skin were ignored.

iv. All attachments in the model were taken to the fuselage. For model purposes, the
fuselage is assumed to be rigid, such that it is not absorbing any loads.

v. Struts are modeled as constant cross section extruded ellipses from attachment point
to attachment point. Strut rod ends are not modeled at this stage of the analysis.

vi. Wires are modeled as constant circular or elliptical cross-section. (* Note: AN stan-
dards for the aero wires indicate that this assumption introduces less than 1.1% error
in area.)
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vii.The tension wires, tension tubes, compression tubes do not have pre-tension or pre-
compression as installed.

viii. The lift / drag of the fuselage and tail are not considered.

ix. The upper wing assumes a larger portion of the total lift because of the exposed center
section. Lift ratio is based on the area ratio.

x. Load between ribs is split up equally to adjacent ribs. The wing tip loads are trans-
ferred to the end of the spars.

B. Some assumptions were made of the spars themselves:
i. Spars are modeled as constant rectangular cross-section, with no bevel or end taper.

ii. Front and aft spars are connected only with compression tubes, tension tubes, and
tension wires. Again, the ribs and skin were not modelled. *Note that the skin and ribs
will stiffen the system, making this analysis additionally conservative.

iii. Loads are transferred to the spars at the rib locations

4.4.2 Finite Element (FE) Model Assumptions and Boundary Conditions

The FE model builds upon the work from the initial analytical frame model and accounts for
many additional variables and complexities. The predicted loads and stresses in the actual
hardware are determined using this model. The FE model for the CB-1 is a beam-based model
comprised of 65 parts and 139 separate finite elements. Each of these parts has their own ma-
terial properties and geometric properties as well as detailed control over how they attach to
one another (e.g. pin joints or hard mounts).

The aerodynamic loads from the initial frame model are read into the FE model for each load
case and properly applied to the parts. While the model is being solved, the FE model accounts
for all of the structural redundancies that are common to airplane designs through proper han-
dling of part-to-part stiffnesses, material properties, and connections between parts. The FE
model outputs all of the reaction loads in the system, individual part loads and stresses, and any
deflections present due to the loading. From this output, the results are compared with known
material properties in order to establish margins of safety.
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