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Abstract

The drag foce created by suspension lines on a parachute system can often be a
large part of the total aerodynamic drag of the system. For parafoils, parachute systems
with a high glide ratio, the suspension line drag can result in a reduction of the glide ratio
andoverall degradation in the parachute system performance.

This project was completed @mampus at WPI, with collaboration from engineers
from the project sponsor, the U.S. Army Né&tBoldier Center. The report describes
wind tunnel testing of parachusespension line dratpatwas undertaken. An
experimental apparatus to measure suspension line drag was designed and constructed.
Wind tunnel tests were carried out for a variety of suspension lines, different line
orientations, line tensions, and witunnel speeds. Dimensional analysis was completed
to determine the important natimensional parameters for the problem. Instantaneous
drag data was analyzed using Fast Fourier Transfer to determine the frequency response

of the suspension lines. Medrag data was also measured and analyzed.
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l. Introduction

The goal of this project was to condam experimental study of parachute
suspension line drag. Using tiéPI closed circuitwvind tunnel, the project focused on
developing analysis toglgesting thesuspensioltine drag m a variety of arrangements,
and analyzing the data using Fourier analysis.

The first parachutéike device for an airplane was patented in 1920, based on the
sketches of Da Vinci. It allowed for a lenpact landing after ejecting from an airplane
mid-flight. This device used alfaic canopy that attached to a harness around an

individual, thus slowing the rate of decent and allowing for a safe fall from extreme

hei ght s. According to the inventor, Kar | 0.
i nvention i s t o hghteewaviatbecarareélease himself frorh hisw

wrecked machine, while in the air, and make a safe lar{dingo While the init.i
parachute design was appropriate for the ealfic@ nt ur y, the needs of t

parachutes amauch greater.

Current parachute systems have higher demands and require a large array of
capabilities. For example, theID parachute system was widely used since the 1950s
for military procedures. Recently, the system became a liability to the ndemaanen
using it, and in 2001 the extra weight from larger and more equipped soldiers was
deemed to be too heavy for the paracltije Even though engineers continue to use
high-quality testing facilities and advanced technglagtheir current parachute design,
there is still room for improvement.

Since 1954, The US Army Natick Soldier Research, Development and
Engineering Center (NSRDEC), based out of Natick,, M&s focused on developing the
basic materials used by the U.S. Army. The center provides technological assistance to
the military and strives to aid local civilian operations. Well known for their work, the
Natick Soldier Centeir Army R&D Laboratory las won Lab of the Year for five of the
last six years.This project was conduadewnith the NSRDEC. Dr. Ken Delsenis and Dr.
Jose Miletti of the NSRDEC served as technical consultants and advisors to the project.

The mission of t he tNhSeR DviEaCr riiso rt Gos fAsmarxv imi azbe

sustainability, mobility, combat effectiveness and quality of life by treating the warrior as



a systen{3). 0 The soldier center employs over 2,0
military personiel and contractors. Having a combined annual budget of over $1 billion,
they are continually envisioning and producing technologically advanced items.

One component of the NSRDEC is Airdrop an
conduct research and engineeringnilitary parachuting and airdrop systems to increase
aircraft/airborne force survivability; improve airdrop accuracy and functional reliability;
reduce personnel injuries/casualties; and lower the cost to develop, produce and maintain
these complex syasms(4). 0

As parachutes continue to develop into more complex entities, greater control
over the system must be established. One particular area the NSRDEC has researched is
the horizontal drag on radair type parachutesfl t he parachuteds drag c.
the military will have more control over its route and landing. Large amounts of research
have been put into creating more aerodynamic and pat&®itlesigns, resulting in
highly maneuverable parachutes such advic-4 and Megadly.

It is becoming even more necessary to reduce the horizontal drag forces on
parachutes as their operations become increasingly demanding. As the military mission
becomes more specific, it is essential for the system to be contrbltedexample, if a
computer is guiding the parachute to a certain location, less drag will allow for a more
effective glide ratio. This will enable the system to have more time for maneuvers to
reach the specified site.

In recent years, the NSRDEC hasghn researching parachute suspension lines as
a source of drag. It has been theorized that up to 40% of horizontal drag-air ram
parachutes can be attributed to the suspension(®)e®lthough theories on the
mechanism$ehind suspension line drag have been made, there remains a lack of
supporting experimental data. If information carpbavided on the aerodynamic drag of
current suspension lines, improvements can be implemented to develop improved

parachute recoverystems.



. Background

1.1 Round vs. Ram-air Parachutes

The U.S. Army utilizes many variations of the basic parachute structure in use
today. Variants of the parachute recovery system include low glide and high glide
parachutes, also known as round and-eanparachutes. Ideally, every parachute system
would have high accuracy while withstanding heavy payloads; this, however, is generally
not the case.

The round parachute is mainly a dosteped, cloth canopy. The parachute does
not act in a similar manner to an airfoecauseno lift forces are appliedtthe device.

Not as maneuverable as a ram parachute, the round parachute can be steered thanks to
a specific design capability. Air is released through the back of the main canopy, slowing
its speed. The decrease in velocity allows fomtieehanis to be guided im variety of
directions. The round parachutan also be clusterelplding payload of up t060,000

Ib (5). Due to the substantial payload, the
payload drops as oppak&o personnel parachutes. Since this parachute has less control
and heavier loads, it is difficult to have it fall accurately.

The Ramair parachutgFig. 1), also known as parafoil system, is generally used
as a personnel parachutewever other mébds of use are discussed belowhe airfoil
selfinflates and creates an airfoil shape that allows for the direction and speed of the
apparatus to be controlled by the accompanying individual. It does this by having two
separate sheets of fabric, shap#d long cells. The parachute does not generally sustain
the weight of more thaaneindividual. For example, the standard freefall parachute is
the MG4 Ram Air parachutéb).

r

ou



stabilizer
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loaded rib

cascade lines

/ lower control lines

suspension lines

Figure 1. Standard Ram-air Parachute (6)

There are many varieties of Raair parachutes. As mentioned above, the-MC
Ram Air FreeFall parachute is one of the standard pieces of equipment used in the
military. It is made of seven cells and isigeed to be useiriendly allowing for

individual adjustments and equipment storéde

1.2 PADS Development

In recent years, the military has begun focusing on accurate delivery of equipment
and supplies using Raair parachutes. These missions are known as Precision Aerial
Delivery Systen{(PADS) missions. These systems are controlled by onboard GPS

navigation systems as depicted below.



ram-air parachute a4,

steering line

_A&— control unit

-~ payload harness

/— payload

Figure 2: Typical PADS (6)

There are many requirements for a PADs mission. The statistics and objectives

|l i sted bel ow are a few of the restrictions d

SeminarRamAi r Parachute Designo written by J. St
1 Deployment altitudeup to 35,000 ft
1 Offset range: up to 20 km
1 Accuracy: < 100 m from planned delivery point
1 Suspended mass: 225 k9,000 kg
1 Soft landing desired
1 Predictable high glide ratio
1 Predictable flight speeds
1 The ability to flare to reduce landing speed

The stringehneeds of these missions provide an even greater reason to have a full

understanding of the aerodynamic drag on-eanparachutes.



1.3 Project Objectives

The purpose of this project was to examine the aerodynamics of parachute
suspension lines througdxperimental studies. Specifically, the effects of certain line
characteristics such as surface roughness, line orientation, and flexibility of the line on
line drag were studied. We developed our goal by completing the objectives created
during the inital stages of the project and by following the process described in the

Methodology. Our objectives were as follows:

Research current suspension line arrangements.
Develop analysis tools for the aerodynamic characteristics of suspension line
arrangements.

9 Design and construct an experimental apparatus capable of measuring suspension
line drag in the WPI closedircuit wind tunnel.

1 Conduct wind tunnel tests to measure line drag on a variety of suspension lines,
different line orientations, line tensioras)d wind speeds based upon dimensional
analysis.

Analyze the test data using Fourier analysis tools.

Compare analysis results with the wind tunnel data.



lll. Design

The design process stemmed from a previously bppiaratusnd sixaxis force
moment transdeer provided by the US Army Natick Soldier Centdrhe devicehad
previously been used toeasure drafprcesin a windandwater tunned. The
combination of the chosen sensor andsingport structureirectedthe newdesign
processowards astructuremounted on top of the wind tunnel which utilized an external
U-shapedensioning arnand measured torque and force created by line drag on two of
thesensing axes of the transducér load cellwas also usetb measure andontrolthe

tensionon the lineincorporated in the design.

.1 Design Specifications and Constraints

The following is a list of constraints that the design needed to follow:

[ —

. The parachute suspension line should be the only entity in the test section of the wind
tunnel. Thus, a flow disturbances are introduced that could eventually offset the
results from the true values.

2. Because of the direct correlation between line tensions and oscillations of the line, a

tensioning mechanism is required to reflect the tension oresited specimen.

w

. The entry point of the tested line into the test section must be sealed by some means,
while still providing clearance for induced vibrations of tivee and rotation of the
line around the Z (vertical) axis to achieve different angliéls respect to the

oncoming flow.

N

. A lightweight tensioning arm to hold the specimen is requiféis is needed since
thetensioning arm is connected to one of the sensing axis of Haxisixransducer

which has an upper limit of mass it can suppo

ol

. An adequate way of positioning the entire setup is needed in order to avoid
misplacement of the structure and thus discrepancy in the results. Structure should be

easily aligned andalibrated



6. Calibration methodology and ability of the setig required to make it possible to
align desired transducer axis with forces acting on the test specimen so that no forces
would be resolved in components making it much easier to analyze.

7. To understand the results of the conducted experimentsegate data collections
system is required.

8. Rigid structure’ so that all force components are translated to the sensing device with

minimal dampening.

The final wind tunnel setup was composed of two rigid structures and two force

transducers agepicted below:

Support Structure

/ 6-axis
=/ Transducer &
y/ / Assembly

/ Tensioning Arm

e Line Tension
Load cell

Suspension Line
(inside tunnel)

Line Tensioning
Assembly

Figure 3: Preliminary Design

Thesupport structure, transducer, and load cell were provided by the US Army

Natick Soldier Center. All other components were bought, built, or machined.



.2 Development

TheWPI closed circuitvind tunnel(for details on wind tunnel specifications see
App. C) to be used for this projebas a square 2 by 2 feet test section. For the most
accurate data to be obtained the flow inside the test section must be uniform and free
from disturbances. The introduction of any device would cause flow fluctuations which
may have undesirabbndunpredictedimpact on the aerodynamic characteristics of the
tested object. Clearly an external sensing defrag 4) is preferable, causing no flow

disturbancedn consideration of this design maogmplexities have to be addressed.

Figure 4: Conceptual Design in SolidWorks

The air flow created by the wind tunnel is normal to the padgégure4 creating
drag forceonthe line. Measuring this force is not a trivial task because of the fact that the
sensing unit (sbaxis sensor) is placed between the tensioning arm and the support
structure. This offset from the line of the drag force creates a moment which has the
magnitude of the drag foreaultiplied by the momerdrm.

Other possibilities have been considereddnstruct the test apparatusi€©
involvedplacing the sensing devices on the line of the drag action force. The design
would userails to be placed on the side of the wind tunnel walls and be virtually
frictionless. This way no twisting of the structurecars, no apparatus is inside the test
section of the wind tunnel and no magnification effect of the small forces can occur as it
would in the case with the torque. This desigasdiscarded because of unaccounted

benefits compared to cost and longer desigie associated with the frictionless rails.



Two of the requirements concerning the tensioning amethat it should be both
lightweight and stiff. We have managed to achieve this by using aluminum sections as
the frame of the structure. These are 80/20 aluminum extrusions with specific cross

sections for enhanced moment of inertias and low density pgthlesee App K for

details)
Part No. 1004 1255
{ TVD
Material 5105-T5 —_— —,— s
Finish Clear Anodized ‘ 323 Typ E \087 Typ )
Weight Per Foot 9609 Lbs. I S /
145" - Part No. 1004-145 1000 355 1yp .
Stock Length (+/- .1257) Typ . \,/
242" - Part No. 1004-242 i /
I¥=.0443" 230 Typ / i
Moment Of Inertia
IY=.0541" T3 =3 N
Estimated Area 4819 8g. In. < 500

Typ

Figure 5: Cross Section of 80/20 Aluminum Extrusion

Thesupportstructure, built using0/20 aluminum extrusions assly on which
we would mount our drag sensidgvicei tensioning arm and ssar,was previously
used for a number of testing setups including variable angle of attack in water tunnel
testing. Thus this setup has proven to be useful and working for the tggpasfments
we would beconducting Apart from the fact that it was g to the project by the R&D
Center in Natick it is perfectly suitable for use on the wind tunnel available tib iss.
very stiff andonly slightmodifications were needed to ffit our design.

The 0y ok e il calvtheitemdiningvagm, would connect to the already
existing setup at a single point. In order for any forces or torques to be detected by the
force-torque sensor the structure should not be in contact with any other objects. The only
point of connection between th&d structures is where they connect to the transducer.
Thus, the flexing point is in the sensing device rather than anywhere on thignirah.
dimensional analysigiscussed in Methodologyy different velocities and tensions
showed that the lineensionmay need to be as high as 20 Ib. Therefore the loads that the

tensioning arm had tsustain over the entire length of B&hes may cause significant

1C



deflections at the midsection of the arm. This is a confmertwo reasons. One is the fact

that afer tensioning the specimen to the desired tensimberd created may have

chang the overall shape of titensioning arnwhich is not desirable. Also, the bending

that may get created at the midsection of the arm may be enough to cause damage to the
six axis transducer. A SdWorks/COSMOS simulation was ram show maximum

bending. Even though the analysis showed no exrésfiections a decision was made

not to attach the transducer directly to the tensioning arm, but rather to use a steel plate in

between for additional stiffness at the nmaxm bending point

Figure 6 - SolidWorks Desgn Figure 7: Six Axis Transducer

Figure 8: Back Plate andCircular Mount

The assembly had to be adjustable so that it would accommodate any
imperfections or misalignments in the rest of the setup. The side arms are free to slide to
the desired position and at the same time being able to attach securely & ti¢he
setup via a 4 hole inside gusset corner bra@kependixK).

We arealsointerested in the vibrations created by the suspension line and the

corresponding drag. A dimensional analysis shows that controlled variables should be

11



tension on the tie andree streanvelocity. The combination of the two would cause a
different vortexsheddingpattern which may result in a different drag on the line.

To control the tension on the line a load cell (strain gauge in its nature) together
with a simple tesioning mechanism is used. Tiee streanvelocity is controlled by the
wind tunnel control panel.

Since the support structure is free to move once on the top panel of the wind

tunnel a calibration methodology was developed to ensure perfect alignnietievi

transducer axes so that fowce/torquecomponent build up occurs.

Figure 9 - Calibration and Alignment Figure 10: Calibration and Alignment

Furthemore, to add the load cell and tensioning assembly additional spacing
between the wind tunnel walls and the support beams had to be accounted for adding to
the overall length.

Accesdo the test section of the wind tunnel is thygbyort holes on each wall.

The portholes are sealed pljugsspecially manufactured for different experiments. Even
though previous designs of plugs are available to us, new ones designed specifically for

our testing purposes are needede plugs are damed so that enough room exists

between the test specimen and the slots through which the line enters the wind tunnel test

section and at the same time maintaining good Eealugh spacing is required because
of the vortex shedding induced vibrationgioé line which may cause significant
amplitudes.Furthermore, the slots allow for the line to be placed at different angles to

thefree streanin the horizontal plane.



Figure 11- CNC Machined Plug Figure 12 Solid Computer Model

1.3 Line Tensioning Apparatus

[11.3.1 Tensioning Mechanism

The tensioning of the parachute line needed to be measured accurately. In order
to dothis, the group developed various tensioning mechanism concepts. Initial concepts
included weights, pulley systems, acmimpressed air pistons.

To incorporate the tensioning mechanism with the tensioning ar@20/%ize
holes had to be drilled throughe aluminum extrusionsn the current design we use ¥4
20 threaded bolts to hold the load cell and the tensioning asséseblyrig 13).

Adjusting the tension on the test specimen is done by screwing 12@ $olt in the
hook assembly. This is done hgnd sincehte required tensions are small.

However, if higher tensions are needed a wrench can be used to turn Btedait.

Figure 13: Tensioning Mechanism



[11.3.2 Load Cell Integration

The mechanism chosen to measure line tensseisthe Futek Model LSB200

(L2357) SBeam Junior Load Ce{6).Thel oad <cel | wa bneldadliegsn gned f or
tension and compression. o0 Wwilhbe tiskdefor ca s e of owu
measuring the tension of the |ine when it 1is

small size along with its ability taccurately measure loads up to 100 pounds makes it
ideal for this project.With its small sizeand light weghtthe load celdoes notinder

the measurements of tpeoject. The accuracy of the instrument hasimal error with

a nonlinearity of +0.1%T he design is simpléthe lbad cell connects directly to one of
the sides of the tensioning arm and to #s specimen. The tensioning mechanism
connects on the other side of the wind turinghe tensioning arm as well and consists of

a hook assembly andva- 20 bolt.

Figure 14: Load Cell

Initially the load cell had the purpose of not only indicating the tension on the line
but also to sense any flow induced vibraticrnsated by the vortex shedding. A high
sampling rate is required to sense the estimated frequencies. Using LabView and the
DAQ computer, provided to us by the Research center at Natick, proved to work with the
load cell assemblyHowever, an unknown event caused the setup to malfunction and not
output dataNo solution was found to this problem. Acquiring data from the Loddi€e
done using a DMM (digital volt meter) to measure the output voltage. A calibration curve
has been established to correlate voltage outputs to real te(fSiginsl5). We used
standardéisted belowwith a known mass hanging from the load cell tddthe
calibration cure. Developed aurve fit equation to correlate raw voltages to weights.

This is needed because in order to tension a line to a specific tension a certain volt output

should be achieved. Using this equatiod aupplying it with the dsired tension we



were able to obtain the corresponding voltage our load cell should oAtpnit
conversion for the tensions to pounds was necessarya@ihcenetric weights were

available to us.
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Figure 15- Load cell Calibration Curve

Because of a failure of the DAQ channel acquiring load cell output the use of a
Digital Multi Meter (DMM) was introduced as a solution. The resolution of the DMM is
considerably lower than that of the DAQ PCI Card in the computer. The maximum
resolution in the volts range is 0.1 mV which is enough to be used as low voltage output
reader.

The power need for the load cell is $0V. The selection of the power supply is
of great importance since the output of the load cell is proportional fmther input.
Any disturbances in input voltage will be reflected at the output which causes
discrepancy between true measured values and load cell actual output. For our setup we
selected a balanced power supply. Another option is to use 9V batterresite@
stable low noise input power to the load cell. However, batteries drain and in the case of a
longer testing session the drained battery will cause an offset in tha goliages from

the load cell.



Figure 16 - Load cell power supply

lll.4 Data Acquisition

The project design requirements require from the DAQ system a very high
sampling rate and comparably long sampling time. Many challenges have been overcome
to meet those requirements. All of the hardware and sodtwas provided to us by the

Research Center at Natidkig. 17 below shows a graphical representation of the

different links in the signal acquisition system.
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Data Acquisifion card drivers receive
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DAQ FIT software and ransducer
callranon data convert transaucer
load information info usaable force and
torqus data.

Figure 17: DAQ System Setup
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High frequency of sampling combinedtivia long sampling period causes a
major hardware and software malfunction expressed in buffer overflow of the DAQ PCI
board. This was solved using an alternative, custom made LabView VI design.

The VI was developed so that it acquires and records valtage the six
channels of the transducer at a rate of 10 kHz. Time stamp resolution also matches
sampling frequency. The voltages are then plotted to an FFT diagram and on a voltage vs.
time graph andutputted taa .csv file. The outputted data file cests of 7 column$ a

time stampand thesix axesfrom the transducer.

sppend to file? (new file:F)

Control box for sampling rate

[ Devi/a0 -
Channel Parameters bt ]
cul 0,33
% Devifs0 | okt Help o
vl
> Munvaba § .0.5-]
.‘}340400 0,75~
Maximum Value -1 i
[ ,gmmv—‘ z:os:!zo.omm 2:05:25.000 PM
4 3f21/2008 3j21/2008
Data
Timing Parameters
:};:‘;g: 0)0 Waveform Graph Dev1/ai0 (FFT - (Peak)) LONA
timeout 2 . .
duw 4— | Control box forsampling time
Voltage vs. Time Graph

header? (write header:T) 0005~
T R R R T R AT
10 250 500 750 1000 1250 1S00 1750 2000 2250 2500
Frequency

Path

fz :& FFT Graphi Power vs.
‘ Output File name and directory Frequency

Figure 18- LabView 8.2 VI




The block diagram shows our custom DAQ design capable of high frequency,

long sampling time data acquisition and writing to an output file.

1. Croote o Replaco o file to stire the dxta

R Creste an analog rewt vokage charrel

[3. Set the ate for the samgie dock. Addtonaly, defire the sasgle mode to be continuis.
[ St (Autdn, TemeRarp, Savpie

. Callthe S VLo start acarng sumples

7. Seve o

Iattributes. They are sutomaticaly stored by TOMS Wrke.
B. Close the Fle.

3, Callthe R0op V1 to stop scquring samples.

10, Cpen the TOMS Fle Viewer o exarine the dsta fle.
11 Use the popue dakog bax o daplay an erree £ any.

Figure 19 - Block Diagram



.5 Final Design

Support Structure

6-axis
Transducer &
Assembly

Tensioning Arm

—— Line Tension
DA \ | .08 — Load cell
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: T . e ) .
: Yy Suspension Line
% oo (inside tunnel)

Line Tensioning
Assembly

Wind Tunnel
Porthole Plugs

Figure 20: Final Structure Design

Figure 20 shows the final design manufactured designed and built. As shown in
the above figure the entire structure is mounted on the wind tunnel and the tensioning
arm hangs from the sensor. No alignment issues exist with this Sette all the
aluminum extrusion arms slide to achieve perfect positioning. Simple tensioning
mechanism and capability for a wide range of loads are essential to this design and have

been achieved with the developed setup.



.6 Dimensional Analysis

The goal of our testing is to mimic the behavior of an actual suspension line;
however we are limited to collecting data only in the wind tunnel. This constraint poses a
need for dimensional analysis) angineeringechnique used to reduce thember of
relevant physical variables in a problem to a smaller number efimoensional
parameters. Using this technique, wié be able to draw comparisons between our
model in the wind tunnel arttie actual prototype parachute, which will enabléous
directly relate our data to the real world situation. In our case, the length of our model is
not the same as an actual suspension line; however, we can adjust the tension in the line

and the wind tunnel velocity if needed to achieve dynamic similarity

[11.6.1 Equivalent Resonant Frequency

While testing in the wind tunnel, it is important that the model line behaves the
same as an actual line on the parachute. The natural resonant frequency of the line
should be the same between model and prototype.will break the resonant frequency
equation down to a function of a number of dimensionless parameters. Dynamic
similarity states that if all of these dimensionless parameters are the same between model
and prototype, then the resonant frequency isthlssame. The following analysis will

take you step by step through this process.
Dimensional Analysis of resonance frequency equation:

f,=1(T,wd,f,V,,r,,mL) (1)

Where,

s . emL . . em
f.= Resonance frequencé%g, T = Tensions-2, w= Linear densﬂy%tg

gt2 i

d=Line diametel{L] , .= Vortex shedding frequenc%lg, V, = Fluid velocity, gtkg

1C



= Fluid density z = Fluid viscosity £ L= line Iength,[L]

éemg émg
JE BLtt

N = number oparameters =9
J = number of dimensions = 3

N1 J =6 pigroups

r.,V, andd cannot be combined to form a pi group. We can use these three

parameters along with other parameters to determinemo@nsional pi groups.

Group 1:
elgem gel
f.r V,d: —rg—na—n
A - 1. R h‘étg |
ef.de
Combining these variables into a rRdimensional pi groupP , = ev—u This
eVe U

represents the ratio between the velocity of the vibrating line compared to the velocity of

the passing fluid.

Group 2:
emLgemgel

TN g

e [
The pi group isP, e%u This represents the ration between the force
e Valg

on the line du¢o tension compared to the force on it from the fluid.

Group 3:
_émﬂémﬂéLg ]

by el i ]
8L HEL® Ut

wr .V, d
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e w 9
The pi group isP , e—du This represents the ratio of the amount of mass
CUA

per length of the physical line versus the amount from the fluid.

Group 4:
elgemeel
For Vod: 2= oe—ol
ST E e He g |

_efde
The pi group isP, ev—u This is theéStrouhal number, S'he Strouhal

eVa U
Number represents a measure of the ratio of inertial forces due to the unsteadiness of the
flow or local acceleration to the inertial forces daehangesn velocity from one point

to arother in the flow field.

Group 5:

Lr,V.d:[L em‘?’?ﬁgL]

This simply forms a groupP = %g, which is the aspect ratio (A) of the line.
Group 6:
emgemgel
mrV,d:
SLtHEL Ht g ]
. . V,dg
The pi group formed i , = e—u’ the Reynolds number
e M q

Solving for the resonance frequency with respect to the 6 pi groups:

; _gé/iggae T ©¢ w gefdomelgér,V,ded
r e 5 N Sy & N
¢d =+ é%ffvndzﬁ"éffdzﬁgvu qedHg m o *)
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As long as the ratios from each pi group are the same between the model and the
actual parachute, dynansanilarity will be achieved. If we test under conditions of
dynamic similarity we can assume our results will be the same as those of real conditions.
Under testing conditions, our length is limited to 2 feet. Pi group number 5
(aspect ratio) will nobe the same between model and prototype because we are using the
same lines and therefore cannot change diameter to make up for the change in length. By

combining two pi groups into one we can solve this problem.

Dividing group 2 by group 5 squaredgs:

e T o
e—-u
erV.d’g_ e T @

- e u
ol g éerang
&d

The resonance frequency with respect to the pi groups is now:

‘ _%/iﬁae T 2¢€ w ﬂefdﬂerVdﬂO
" ¢d ggé%eranagrfdzggvn H’g m UQ (3)

Once again, the only parameter that differs between model and prototype is L, so
e T @
ev—u is the only pi group that needs attention. This ratio must be equal between
e Vb

model and prototype in order to achieve dynamic similarity.

Solving for our model tension:

e T o e T . TL2
, m u:é p Zl;IYT
@/’VL 0 @/'fVuLp 0 p



This equation will be used to determine the tensiomileapply in the wind
tunnel. Having achieved dynamic similarity, the resonant frequency between model and

prototype will be the same.

[11.6.2 MC-4 Prototype Specifications

By examining the M& Parachute Assembly schematic (Drawing Ne141

3518), onecan determine the actual line lengths ) of the parachute. By using the

maximum specified suspended weight for the-¥IGf 360 Ibs, one can also estimate the

tensions T,) in the lines of the parachute during free flight.

Si xteen main |ines branch off of the para

and 90630. Each |ine supports 22.5 | bs assum

Then, each of these sixteen lirggdit creating a total of 32 lines. These lines
have | engths of 14660, 14690, 660, and 540.

line carries an equal load.

There are six different relations betweepand T,. Solving forT  from

equation (4) above:

L, T,(Ibs) | T, (Ibs)
1106|225 |.744
963(225 |1.052
1406(11.25 |.214
146(11.25 |.207
660 |11.25 |1.488
540 1125 | 2222
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By tensioning the model line in the wind tunnel to these tensions, conditions will
be properly matched between the model and the actual parachute. Also keep in mind that
these are independent of wind tunnel air velocity, which must be set to an appropriat
airspeed for an operating parachute.

Looking at the horizontal and vertical velocity ranges for theMg@arachute

from its technical specifications:

Operating velocity ranges for M&.

A) 4.47-11.18m/s (1625mph)

d

C)

S/ 6'Y €Y (d

A) i Horizontal velocity range
B) - ROD (Rate of decent)/Vertical velocity range
C) 1 Flight vector

C=+vB? +A? =6.2- 12211
S

g = Arc tan(%) =21- 424

Using the actual velocity ranges of the M(arachute and the model line
tensions as calculated before, the group came up with an experimental matrix of tests to

run with the MG4 suspension lines. This can be seeAppendix I.

[11.6.3 Vortex Shedding

One important case to look at would be when the vortex shedding frequency of

the line equals the natural resonant frequency. In this case, the line would vibrate with



large amplitude and it would be interesting to see how this affects drag. Firstlet me

out some properties of the MEsuspension line as measured by the group:

Line Dimensions (wind tunnel testsectior0. 10 x 0. 30 x 20

Approximate Diameter (based on area): | 0.19%

Linear Density, w 225 Ib/ft

Table 1: MC-4 Suspension Line Properties

The resonance frequency of a line oscillating solely due to tension in a véasuum
1T

f=—|— (5

‘ 2|_W/w (5)

The resonance frequency is shown in Fig. 18 foMik4 suspension line:

Line Resonant frequency vs. Tension
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Figure 21- Line Resonant Frequency vs. Tension

Based on experimental testing, the Strouhal number (based on vortex shedding

frequency) for a smooth cylinder (38):

1€



Solving forf,: f = A8V,

d

This can also be represented graphically using thedMGspension line properties:

Vortex Shedding Frequency vs. Wind Speed
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Figure 22 - Vortex Shedding Frequency vs. Wind Speed

Setting f, equal to f, and solving forT :

o 2
1 I:'l&/“YT:a'BBLV“BW (7)
2L Vw d G d =

Solving for tension with respect to velocity, using MGuspension line properties in
metric units:

_ 657 W g (8)

m

T

Plotting these results, again usithg properties of the M@ suspension lines:



Tension vs. Wind Speed
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Figure 23 - Tension vs. Wind Speed

With the current setup, tensions of this magnitude are unachievable. With a free
stream velocity of 10 m/s, the M€line would need to be tensied to approximately

670 kilograms in order to match the resonant and vortex shedding frequencies.
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1.7 Calculations

Before running any experiments, it was importardétermine the magnitude of
the suspension line drag we would expeantasure For this purpose we assumed the
line to be a smooth circular cylinder. Using properties of atmospheric air, Reynolds
number curves were plotted for various line diameters and wind speeds based upon the

Reynolds number equation:

Rgd) : r&d
m
Reynolds Number vs. Wind Speed, d=0.3 in
810 //
3 10
n
o
§ ReV) 410
&
210
0
0 5 10 15

%
Mean Velocity, m/s
Figure 24 - Re vs. Wind Speed

Reynolds Number vs. Line Diameter, V=10 m/s
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Figure 25- Re vs. Line Diameter, V=10m/s



For the range of Reynolds numbers that the suspension lines will see, the drag

coefficientis neara value of 1, as seen in Figu24 (7).

O e I I T Y B I B I R B I T T T
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_wp

v
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Figure 26 - Drag Coefficient vs. Rg(9)

Knowing the drag coefficient and size of the wind tunnel, graphs of the expected

line drag were also made:

Cdiﬂ |: =2ft

D(d) : =Xz, D BV

2C



Drag Force vs. Line Diameter, V=10 m/s
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Figure 27 - Drag Force vs. Line Diameter, V=10m/s
Drag Force vs. Wind Speed, d=0.3 in
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Figure 28 - Drag force vs. Wind Speed, d=0.3 m

Due to the short, 2 foot section of wind tunnel and the relatively small diameters
of the lines, we can expect tbservedrag forces on the lines, in the range 4.6 N, or
0-60 grams.These drag forces are within the resolution rangel(®00 N = +/ 1 gram)

of the force transducer usedthe study. However, drag values in this rangéq@) are
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still difficult to measure in experimentsspecially due to noise associated with vibrations
from the wind tunnel

This force range may be well withthe resolution of the staxis transducer but the
disturbances from all the external components which are part of the entire setup add to

the noisé to signal ration making it extremely hard to analyze and to extract useful data.
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IV. Testing Methodology

Although slight alterations were made throughout the completion of the project, a
basic methodology was used for each testing segment. The testing was broken up into
five basic steps: construction, electronic setup, bias testing, drag testing, and data
extraction. The foll owing sections constitut

who would wish to repeat the experiments.

V.2 DAQ Equipment Setup

The DAQ systenset upwas a relatively simple procedure once our computer was
based by the wind tunel. In order to acquire voltage signals from the six axis transducer
it has to be connected to an Interface Electronics Unit and to a power supply which are all
part of the transducer setup. The high voltage signal is then sent to the PCI DAQ Card in
thecomputer which has LabView 8.2 installed (see App. D).

Sensor cell

PCI DAQ Card

Interface
Electronics Unit

Figure 297 DAQ Connection diagram

Even though we are interested in only two of the sensing axes of the transducer to
obtain drag data, all the axes output voltages are being recorded. This is done so we could
investigate any unpredicted phenomenon created by the line being in the fee stre
flow. If no disturbances occur the bias taken before hand will annul the DC offset in any
when the data files are run through the MATLAB analysis code.

After the sensor is setup and connected to the PC equipped with DAQ PCI

onboard card and the Lald Visual instrumentation is configured, the alignment



procedure can begin. Using ATI DAQ F/T Bias Software tool (note: the ATI DAQ
software cannot be used simultaneously with LabView) all the six axes can be aligned so
no force or weight components exisig 30). The ATI software is examined to ensure
there are no forces except for the weight of the arm in-tisegtion. If this is not the
case the tensioning arm positioning can be adjusted removing any moments created by an
offset of center of gravity

At this point ATI software provided by our liaison is opened on the computer and
the forces are biased out. The user interface can be seen below. This establishes a
starting point for alignment purposes throughout the rest of the setup.

[=TES]

File Tools Help

ATI DAG FIT Demo
AT Industrial Automation Lpeniend ST, SRER A niwinte nvervad

- Force (N}
X 0.300
Y 0.062
ra -0.99

~Torque (Nm)
X -0.0087
Y -0.0060
zZ 0.0247

Display Therrnistor [+]: -0.1285
& F/T Units

i Gauges z

Log Data | »»»» g
A ~Y

[FT7203 [ Mirid0/51-40-2 [Input Fiange: +/10% 4

Figure 30: ATI DAQ F/T Demo Software User Interface

IV.1 Apparatus Setup

The constructed base apparatus should be assembled on top of the wind tunnel in
the following manner. The support structure of the apparatus should be placed in a
postion parallel to the top of the wind tunnel. The apparatus is tightly clamped to the

edge so only the movement of the line being tested is recorded; the motion of the
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apparatus would be the same as that of the wind tunnel. Excellent horizontal plane
alignment can be achieved because of the adjustability of each of the four legs of the
support structure. As Fig. 26 shows perfect alignment to the horizontal is possible.

: B =

C-clamp used to immobilize the
set up

SMARTTGGY, |/

ON/OFF

Horizontal plane alignmen

Figure 31- Support structure alignment

We have developed a procedure for building the set up since it has to be taken on
and off the wind tunnel on a regular basl$is procedure allowed us to easily
reassemble the apparatus witimimd initial misalignment. First, we attach the
transducer to the circular mounsing three #20 screws spaced at 120 deg. Next, the
back plate is attached to the circular mount with the sensor. Having this configuration

makes it easy to handle and aktac the support structure later on.

Figure 32 Circular Mount Attached to the Back Plate
The tensioning arm is then attachedtie transducer section (Fig)32 stack of

paper is placed between the tensioning arm and wind tunnel test section in order to align
this connection. The paper stack also supports the weight of the arm during bolting to
ensure that no excessive forces/moments are placed on theitems@®nce the arm is

aligned evenly and screwed into the base apparatus, the paper is removed.



Rotating plate ;

Tensioning Arm

= Supprot Structure

— ,,f :T.;g_. L 7

-
Support Paper —

Back Plate for
support

Figure 33 - Last assembly step

Once the entire setup is in place and the DAQ system functioning, we use the
DAQ F/T tool to verify the alignment. The only force/moment component present should
be the Z axis representing the weight of the tensioning arm. Biasalkgetion carbe

initiated after this step.

IV.3 Bias Testing

The offset of voltage output from the six axis transducer is comparable to the drag
induced voltages resulting in incorrect combined output. To remove this DC offset a bias
file is created bire each measurement set and later used to subtract it from the
measurements data files. The bias is taken as a test file having the same length and
sampling frequency as the intended test files so that the format is kept the same avoiding
any discrepaneis. The bias is basically a measurement test with the tensioning arm
attached to the supporting structure but no line. A new bias has to be created for each
wind speed to account for the vibrations of the wind tunnel itself. The bias files then are
used asn input to the MATLAB code discussed in Drag Testing below to remove the
DC offset.
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IV.4 Drag Testing

Once the entire set up has been constructed and aligned, the actual data extraction
can begin. Fig 31 shows the path the voltage readings takantelgeted as clean force
and moment readouts.

There are several steps that need to be taken before the closed circuit wind tunnel
can be used. Power switch is firfollowed by connecting an air pressure hose and letting
the cool water circulate thrgh the heat exchanger. The external control panel allows
accurate flow velocity adjustment.

After having the right tension on the line, the entire setup is positioned and
aligned and the right free stream speed has been achieved data recording carhisegin.
is done by letting the LabView VI to run for 100s (program has a self timer) and to record

the data to a .csv file. This step represents the first arrow irdkig 3

V.5 Data Extraction

After drag testing has been completed, the data needs tm blerough two
MATLAB codes before useful mean dragluescan be seen. This process is illustrated
in Fig. 31.

Calibration/Bias FFT/IE')IEan Dtsrag -
DAQ - Outputs removal - Be E::IC
raw voltages Outputs unfiltered d 1\/%,
forces/torques resc{)ronse/ =0
ag forces

Figure34 - From raw voltages to filtered forces and torques

First, raw voltage data is acquired from the six axes of the s&mmpling at 5,000
hertz over 100 seconds results in 500,000 data points for eacH.lskgy MATLAB

codes seen in Appendices M angthe raw data ishenmatched against the bias data



and calibration cur ves f{Jdy2007t Theoutgueafithior 6 s | ast
code is force and torque data for each of the six axes; again, 500,000 points each.

This data was shown to be quite noisy, so further analysis was done. Thegast s
data extractin involved another MATLAB code, seen in Appendix Dhiscodewas

used to extract mean drag and also performFagtier Transform on the data.
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V. Results and Analysis

Analysis of the wind tunnel data proved to be quite cusdree. High noise due to
vibration was seen early in the project; however no absolute solution to this problem was
produced. Fast Fourier Transform was able to show the frequency response of the data,
but once -2agaobmpassobdalgbobébuitto elean theadata. a b | e t

A typical signal over a one hundred second period can be seen ladog, sinelike
waves can be seen over periodalbdutlO0 seconds. Also note the amplitude of the
signal; greater than 15 Newtons. Timse is orders ahagnitude higher than the
expected drag, 0-Q.2 N.

¥-Force Data
20— S R S S T

Force (N)

10 20 30 40 50 60 70 a0 90 100
Time (s)

Figure 35 Raw drag data: Low frequency noise

The raw drag signal also contained very high frequency noise. Rgsteows

the signal in a range of .25 seconds.
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Figure 36: Raw drag data: High frequency noise

Fast Fourier malysis proved this distinction of low and high frequency noise

response.For all tests conducted, there were two distinct spikghe FFT, as seen in

Fig. 35 The first, corresponding to the low frequency noise, wasoaind .lhertz for

all data collectedFig. 36). The second spike, resulting from vibrations in the wind

tunnel, occurred anywhere from-90 hertz, depending on the speed of the wind tlunne

(Fig. 37). Higher frequency spikes seen are harmonics diirtstevibration spike.

Power

#-Force Periodogram

Two
significant
power
spikes

0 50 100 150 200 250 300 350
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Figure 37: Drag data FFT
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¥-Force Periodogram
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Figure 38 FFT for Low Frequency Response
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The final experimentthat wererun are thosshown highlighted in Appendix |
The mean drag data from those experiments can be seen in Appemtieamean drag
data collected is not perfectly consistent; there are variations of close to .2 N between
runs at the same wind speed and line orientation.

However, obvious trends can be seen which validate our collection procetiures.
examining the data ovall, as wind speed increases, drag increases. Furthermore, as line
diameter increases drag increas8seing these expected trends shows that valid data
could be extracted with more work.

Another interesting note is that as a whole the drag of theated data was
higher than had been approximatecarliercalculations. For a smooth cylinder with a
0.3 inch diameter and wind speed of 10 m/s, we calculated a drag of 0.3 N. The
perpendicular orientation of the M€suspension line has an area nortodhe flow of
0.3 inches as well, but at 10 m/s we measured a drag of 1.10&d&\source of this
discrepancy can be due to a number of factors. First of all, the line icylatder;it is
more of a plate. The linis flexible in nature, while wevere calculating for a solid
cylinder. Lastly, the stitching of the line creates and obvious surface roughness which

could affect the drag.

VI. Conclusions

Throughout the span of the project we have strived to obtain accurate and reliable
results which would helpxamine the aerodynamic drag on suspension.|liNesy
obstacles have come in our way and most of which related to the high signal to noise
ratio we obtain from drag testinglhese issues arise from the small drag forces created
from the lines and the comparably high noise induced from the vibrating wind tunnel and
other electrical sources. MATLAB tools have been developed to examineaedstand
the output data so thatorereliable results are obtained. This includes, Fast Fourier
Transforms and filtering techniques.

The test structurandthe entire DAQ setup & been designed for minimum
weight and maximum durability. Bending moments fronstening the line causes
insignificant bending on the tensioning arm in the apparatus thus providing no threat to

the transduceor any other part of the assemblyhe DAQ equipment and software is
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capable of high frequency data acquisition and long samphme enabling the FFT
analysis to capture low and very high frequency noise patterns.

However, we were unable to conduct all the experiments entries in our
experimental matrix. This lack of sufficient data points in our analysis makes it hard to
arrive at any solid conclusions of distinct line drag behavior.

To conclude, the constructedpgpatus and the DAQ system developed for this
project proved to be reliable, easy to assemble, extremely cost effective and with great
features. Powerful softwaredls have been developed as welbwever more in depth
signal analysis together with bigggaita volume should be done to arrive at any

conclusive results.

VIl. Recommendations

The goal of this project was to analyze aerodynamic drag on parachute suspension
lines. An experimental apparatus was constructed together with a sophisticated data
acquisition system to investigate possible drag causing phenom&weweral key points
regarding future work and recommendations have to be made.

Stemming from our dimensional analysis a test matrix was constructed| tmeexp
different real world situations which the test specimen can be fouhtbwever, the
majority of the experiments have been left as future work because of time constraint.
Running the entire test matrix will ensure a broad spectrum of data that would cover a
wide variety of phenomené&at can be correlated to line drag.

As stated before we have encountered many problems with the high rnoise
signal ration in our measurements. Using the currently developed structural support and
overall DAQ setup few improvements can be made toeseHower noise values in
comparison to output signal. Various alternatives can be employed to target the noise
issues which result from the resonating closed circuit wind tulinelkecommendd,
resulting from our investigatioof the above mentionadsuesgdisconnecting the entire
test structure from the wind tunngbuld redue the amount of vibrations significantly.

Furthermore, it isuggestedhat a better understanding of the output signals is
acquired. Once significant amount of data have lodtained more in geh signal

analysis should be psual. We have developed sophisticated methods of analyzing the



entire frequency domain of the vibrating setup with the line in the free stfeastter
filtering strategyshould be developegkeared towads cleaning the undesired noise in the
signal. This would ensure cleaner data which will in turn provide higher confidence in
deducting any conclusions from the results.

In conclusion, running the entire test matrix using a less noisy setup and a better
understanding of the gathered results is enough to obtain high confidence experimental

results.
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Appendices

Appendix A - S-Beam Junior Load Cell

FUTEK MODEL LSB200 (L2357) s-BEAM JUNIOR LOAD CELL
?@V'"g "';ug"_bgr; :fg 0‘3 DESIGNED FOR INLINE LOADING IN TENSION & COMPRESSION
[mm] |R.0.= Rated Outp AVAILABLE IN #4-40 AND M3x0.5 METRIC THREADS
WIRING CODEMWCT)
Excitati Excitation | +Signal | -Signal
RED | BLACK | GREEN | WHITE
— 0.27[6.8]
2013 [23.2 nom. —._ ] - 032p80]
AN 1
‘[ L
| i /
} / 2X #4-40-28 X
20.08 [@2.1] nom. — / 0.110 [2.8) DEEP p
(METRIC THREAD M3x0.5
FUTEK
AVAILABLE) A —
- 0.69[17.5] —=|
/— DO NOT CONTACT
e 063[16.0] 4—< / nonLomoimasurrace  +OUTPUT
7 (TENSION)
- 1/
uJ 4
i Stock#  Capacity(b) Capaciy(N) Thread Size  Meteril
ozstto:n - I ossiies]  [Fshom o [ [ 0
FSH00099 M3x0.5
03719.5) D #— FSH00090 #40
; ) 25 {
* ﬁ | FSH00100 = M3x0.5
FSH00091 #440
1 45 i
FSHo0101 305 Auminum
FSH00092 9 89 #440
SPECIFICATIONS: |FSHO0102| | | M35 |
RATED OUTPUT 1.5mVV nom. (100 g), 2mV/V nom. (250 g to 100 1b) FSH00093 5 2 #4-40
SAFE OVERLOAD 1000% of R.0. 100g101005l‘>’), 2 Va5
200% of R.0. Tension Only (50 1b and 100 ib)* FSH00103 -
ZERO BALANCE +3% of R.O. FSH00095 #440
EXCITATION (VDC OR VAC) 5MIN, 10 MAX 10 4“5
BRIDGE RESISTANCE 350 0 nom. FSHO0104 M3x0.5
NONLINEARITY #0.1% of R.O.
HYSTERESIS £0.1% of RO, |FSHOO0%) g w | e
NONREPEATABILITY 20.05% of R.O. -ESHO0405 M35
TEMP. SHIFT ZERO 20.01% of RO./F [0.018% of R.0./°C] I: FSHO00GT 40
TEMP. SHIFT SPAN £0.02% of LOAD/"F [0.036% of LOAD/"C] 50 22
COMPENSATED TEMP. 60 to 160°F [15 to 72°C] L — M3¥0:
OPERATING TEMP. 50 to 200°F [-60 t0 93°C] FSHO0S% 40
WEIGHT 0.30z 9 g] (100g to 101b), 0.9 0z [26 g] (25 o 100 1b) 100 “5
DEFLECTION 0.002 {0.05] TO 0.005 [0.13] FSH00107 M3x0.5
CABLE: #29 AWG, 4 Conductor, Spiral Shielded Silicone Cable, 5 1.5 m] Long
ACCESSORIES AND RELATED INSTRUMENTS AVAILABLE
CALIBRATION (STD) 5pt TENSION; 60.4Kn. SHUNT CAL. VALUE (For 2mVAV), 75K SHUNT CAL VALUE (For 1.5 mV/V)
CALIBRATION (AVAILABLE) COMPRESSION
CALIBRATION TESTEXCITATION ~ 5VDC
*SENSOR STRUCTURE CAN HANDLE HIGH OVERLOADS BUT #4-40 and M3x0.5 THREADS MAY LIMIT OVERLOAD AT HIGHER CAPACITY
FUTEK |: o A THEES INTERNET:
i whokorna, by any ciidual wihout wren IRVINE, CA 92618 USA http://www.futek.com
ADVANCED SENSOR TECHNOLOGY,INCG. podeain fomFATEX 1-800-23-FUTEK (38835)




Appendix B i Line Stretch Testing

The suspension lines were marksdclamping two staples onto the liae
approximately 5 inches apart. These staples were then used as points to measure with the
caliper. The following steps were repeated for each stréimgthFirst, 2.5 Ibs were hung
from the line and a measuremaevds taken with the caliper. After 15 minutessed,
another measurement was takéiter testing the MG, it was determined that allowing
a weight to hang for longer than 15 minutes created no significant change in the line
length. After 15 minutesyeights were changed to 5 Ibs and two readings were taken
(one nitial, one after 15 min). Lastly, weights were added two readings were taken
for 10, 15, and 20 Ibs weights.

MC-4 Suspension Line Stretch Test

‘ ¢ Length initial = length 15 min — Linear (length 15 min) ‘

5.7700

5.7600

y = 0.0029x + 5.701 /'
5.7500 / .
5.7400 o L
-/
5.7300

£ 5.7200 =
o
GC) /
2 s.7100 _
5.7000 n
5.6900
5.6800 n
5.6700 , ‘ ‘ ‘
0.0000 5.0000 10.0000 15.0000 20.0000

Tension (Ibf)



Length (in)

Length (in)

Spectra #2000 Stretch Test

¢ Length initial = length 15 min — Linear (length 15 min) \

5.1000

5.0800

5.0600

5.0400

5.0200

5.0000

4.9800
0.0000 5.0000 10.0000 15.0000 20.0000

Tension (Ibf)

Spectra #4000 Stretch Test

¢ Length initial = length 15 min — Linear (length 15 min) \

4.7750

4.7700

4.7650

4.7600

4.7550

4.7500

4.7450

4.7400

4.7350

4.7300
0.0000 5.0000 10.0000 15.0000 20.0000

Tension (Ibf)
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Spectra #6000 Stretch Testing

\ + Lengthinitial = length 15 min — Linear (length 15 min)\

4.9100

4.9000

4.8900

4.8800

4.8700

Length (in)

4.8600

4.8500

4.8400
0.0000 5.0000 10.0000 15.0000 20.0000

Tension (Ibf)

It was determined from these tests that the parachute suspknsgdid not show

appreciable tension stretching under loads anticipated in the study.
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Appendix CT Wind Tunnel Specifications
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Appendix DT Transducer Specifications

Composlie Loading Composits Loading
Information (Low- Inormation {High-
Levei Voitages Leve! Vorages)
intertace Eizctronics Diata Ao
Transducer Harawars
Precision _| e e
T
D
Power Supply : Igital
Electronics nformaticn
\/
nvers —1
ooy viesticleils N | R 1]
DAQ F/T software and transducer
calbration data convert ransducer
load information Into useable %orce and Your Computer
torque data.
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Appendix E - Transducer Certificate of Calibration

INDUSTRIAL
AUTOMATION

IS0 8001 Registered

_—
ATN
"

Certificate of Calibration

Serial Numbes: FT7803
Model: Ilinid()
Calibration: SI-40-2
Electronics: DAQ
Chatput Range: +-10V
Gain Multiplier: 1

Rated (Full-Scale) Loads:

40 M 40 M 120 N 2 M-m 2 N-m 2 M-m

Measurement Uncertainty (93% confidence level, percent of fill-scale load):

1.50% 1.50% 0.75% 1.75% 1.20% 1.50%

The above Measurement Uncertainty values are the maximnim amount of error
for each axis expressed as a percentage of its full-scale load.

Calibration Temperature: 72°F
Temperature Compensation:  hardware

Calibration Date: 12 July 2007
Calibration Interval: 12 months

Calibration Due: 12 July 2008
Date Printed: 12 July 2007

ATI certifies that the above product was calibrated in accordance with
applicable ATI procedures. These procedures are compliani with the
IS0 9001 standard to ensure that the above product is within ATT
specifications. To meet this level of accuracy any loads must be correctly
aligned fo the fransducer origin and the ransducer must be mounted fo
a sufficiently strong surface.

For guestions or comments, please contact your ATT representafive.,
91G5-CAL-CERT
Revizsion 03, December 1002

Engineered Products for Robolic Productivity

Pnnacte Park . 1021 Gopdworth Deve, Apax. NC 27538 Ted MG FF20115. Faw M8 7728250 . mew.al-ia.com . E-mal: infn@ab-a.com



Appendix F - Transducer i to i Tensioning Arm Plate
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