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Abstract

Test performed during the Spacelab Support Research and
Technology Programme involving a Carbon Fibre Reinforced
Plastic faced honeycomb panel have been rerun using an
improved experimental technique. The original theoretical
analysis has been revised using CFRP material parameters
derived from a separate coupon test programme. Results
from this programme have shown only small changes in
material properties with decreasing temperatures.
Discrepancies that were found between theoretical and
practical panel performance have been put downh to anomalous
expansion coefficients and detail model problems.
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1. _ INTRODUCTION

~ In 1974 BAe (then HSD), Space Division, Stevenage, proposed the use
of Carbon Fibre Reinforced Plastic (CFRP) face honeycomb panels for
the Spacelab Pallet.

Due to the high technology that was involved, it was decided to proceed
with a development programme before adopting carbon fibre as a

. o baseline material. The Support, Research and Technology (SR a.nd T)
. ~ Programme which followed was completed in October 1975 with the
S issue of the final report HSD TP 7553

One of the major problem areas was the accurate prediction of low
temperature failures which could occur as the result of the build up
- of internal material stresses and/ or the differential contraction between .
-the carbon fibre panels and the aluminium frames to which they were
to be attached. ~Unfortunately, programme timescales allowed neither
detailed theoretlcal analysis nor exacting experimental procedure with
the result that the theoretical predictions were not achieved in practice.

Figure 1 shows the test arrangement that was used to simulate the
| o ~ proposed configuration. It consisted of a representative carbon fibre
- faced honeycomb panel bolted to a rigid, aluminium box frame. This
arrangement was cycled in a fixed and free condition to the maximum
limits of + 100°C to ~180°C and strains induced in the panel were
recorded using a series of strain gauge rosettes. '

The theoretical analysis, developed at that time, predlcted a buckling
failure of the panel at -70 C whereas in practlce there was no failure
down to the lowest temperature achleved of -180° C The Pallet de81gn
temperature range was then -150°C to 110°C and so with no design
‘confidence in failure prediction it was decided to termmate further
research and adopt aluminium faced panels. :

. The aim of this Study was to win back this confidence by achieving a -
better understanding of the complex behaviour of CFRP at cryogenic
temperatures
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2.1

2.1.1

STUDY STRUCTURE

The structure of the Study is éummarised in block form in Figure 2.
The top and bottom blocks represent the starting points; the theoretical -
analysis and the practical tests of the SR and T programme.

The objectives were to improve systematically both the theoretical
analysls and the experimental technique so as to narrow the gulf between
prediction and actual behaviour. : :

The major proposals for modifications to the theoretlcal analysis were
as follows

e  Improvement of mathematical model

e  Accommodation of material property variations.
° Modification of failure criteria.
o Incorporation of possible creep effecte.

These proposals were to be 1nvest1gated by means of a comprehensive

programme of coupon testing designed to identify their respective
sensitivities.

The major proposals for modlflcatlons to the expenmental techmque
were as follows :

° Improvements to panel fixing
® . Use of specialised strain gauges . ' v
o Improvements to test arrangement

o Adoptlon of automated data loggmg

‘ Theoretxcal Analysis

I-mprovements to Mathematical Model (See Appendix F)

'There were two major changes to the SR and T model as follows:

° Addition of bending stiffness to plate elements which were
previou sly modelled with only membrane stiffness

o CFRP panel was remodelled using triangular instead of
" quadrilateral sandwich elements.
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2.1.2

The final model, as deplcted in Figure 3, comprised the following

, 'elements

° Aluminium framework (%)

(

54 plate elements representmg top and bottom plates and channel
webs.

40 beam elements representing channel flanges.

e  CFRP Panel ()
24 triangular sandwich elerﬂents representing the main body.
7 beam elements representing the panel edge stiffening.

. ' Connection |

. Panel and framework were connected using rigid beam elements
representing the panel offset.

Material Property Variations

Previous studies on the low temperature performance of carbon fibre
composite materials have been made by References (1) and (2). It
was found that the moduli tended to increase with decreasing
temperature, while flexural and shear strengths were a maximum at
room temperature and decreased with rising or falling temperature.
For strength measurements considerable scatter was noted. The
coefficient of thermal expansion (CTE) in the fibre direction was small
possibly negative depending on the fibre resin system used, ‘and

‘substantially constant with changes in temperature, but in the transverse
'_dlrectlon it was much larger and increased steadily with rising .
temperature as might be expected for a property controlled by the resin

matrix. Work on glass, carbon, and aramid fibre composites has been
reviewed by (3) who noted that, generally, the tensile or flexural moduli
in the fibre direction increase as the temperature falls to 77 K, but

_ that the ultimate tensile strength decreases. Below 77°K results for ‘

either property become erratic, possibly because the mechanical
behaviour of the resin becomes very sensitive to liquid or gas in contact

'w1th it.. I a later publication, (4), the modulus and strength properties

of a limited number og comp051te materials were measured at tem-
peratures as low as 4" K.  In most cases the properties mcreased W1th
decreasing temperature. :

T
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~ input data for the mathematical model. Plots of stress versus

Table 1 shows changes in certain material properties:that were
identifie% for unidir&ectional laminates of CIBA Fibredux 914 in the
range 20 C to =190 C.

Property Units | at20°c | at -190°C | % Change
Longitudinal Flexural | GN/ m? 214 | 243 +14
Modulus '

Longitudinal Flexural | MN/m? 900 510 -43

Strength ‘ ’

Interlaminar Shear MN/ m? 79 54 -32
| Strength

Table 1

The original analysis of the panel/ frame combination assumed the CFRP
material properties to be invariant over the above temperature range
and this was thought to have been a significant source of error. It was
therefore decided that methods for incorporating such deviations into

the theoretical analysis would be devised. '

‘One approach is depicted in Figure 4. Angle ply coupon tests are used
to construct a series of graphs showing the relationship between material
properties and decreasing temperature. A polynomial approximation -
is then made to each of these curves and the polynomials are fed in as
temperature produced by the model can than be compared with strength
‘data obtained from coupon tests and used to establish failure conditions.
Despite its apparent simplicity this method was rejected on the following
grounds: ‘

1.  Few finite element packages have the facility for incorporating
" polynomial expressions as material input data.

For example, the 'STARDYNE' packagev commonly used by BAe
has not got this facility.

2. Packages that can accept polynomial material inputs often have
other limitations. For example 'ANSIS' cannot handle anisotropic
sandwich elements. :

3. The major problem is one of cost since iterative techniques are
' used to incorporate material variables. The comhination of
small temperature decrements and a relatively large number of
“elements was considered to be cost prohibitive.
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2.1.3

A simplified approach based on this former method was subsequently
proposed by BAe and accepted by ESTEC. The approach is shown
diagrammatically in Figure 5. The same set of coupon-derived
property versus temperature curves are used to provide sets of
material data for each of a series of temperature decrements. The
mathematical model is then run for each set of properties, deflections
at the end of each decrement being used as the starting conditions for
the next run. At the end of each decrement, the derived stresses are
compared with ultimate coupon -determmed values to identify failure

~ conditions.

Since the choice of decrement(s) is a function of the degree of property

‘variation, it was decided that the precise technique to be employed

would be left until coupon results had been obtained.

A further limitation imposed by certain finite element packages is that
they are not capable of dealing with anisotropic material properties.

' In particular the 'STARDYNE' package proposed for use in this Study

does not have this capability. The 0,60, 120° lay-up under considera-
tion was however considered to be orthotropic and so a check was run
using an anisotropy routine recently developed by BAe. The result

is shown in Figure 6 and confirms the orthotropy of the considered

lay-up. A0, 90, 0° plot is shown for interest.

Mo_dificaﬁdn to Failure Criteria

Flgure 7 shows a typlcal stress/ stra.m curve that might be obtained
from the loading to failure of a 0 °/90° cross ply laminate. The change
in slope corresponds to a failure in the 90° ply and is analogous to the
yield point of conventional metallic materials.  Load is transferred to
the 0 ply at this point which carries on. takmg load until the ultlmate
fallure stress is achieved.

In many cases the sudden load transfer, and v1olent crack propagation
typical of composite material failures may cause ultimate failure to
occur af the yield point. The exhibition of this yield characteristic is
dependent on many factors, but in particular the rate of loadmg, the -
number of phes and their orientations.

Fa.hmy et al (5) conclude that transverse crack propagation is mh1b1ted
by large angular variations between adjacent plies. Thus a o/ 90°
lay—up would be more likely to exh1b1t a yleld characteristic than a
0°/45° lay—up “Torsion testing of 0%, 0°, + 45° tube sections
conducted during the Phase 2 Study (6) showed distinct changes of slope
corresponding to what was considered to be failure of the 0" plies.
The onset of yield was often accompanied by a sharp crack sound
again charactenstlc of composite failures.-
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2.1.4

‘Data Source A‘Yield 011 | Yield ogg | Ultimate 011
| Derived from unidirectional 302 236 481 *
properties : »
Angle Ply Test 350 296 478
, MN/ m?

Tests conducted during the latter stages of the SR and T programme
showed similar curves and Table 2 gives stresses corresponding to the
yield pomt and the ultimate failure.

i

* Sée text below.
_Table 2

The theoretical values for yield strengths are the ultimate values
determined from classical analysis which assumes failure in any one

ply to be indicative of failure of the complete laminate. If it is assumed
that redistribution of load occurs at yield then the classical yield criteria

will require modification. For a multiply laminate it is not sufficient

to assume that a failed ply makes no further contribution to the laminate
strength since some load transfer will still occur in practice. By means
of an iterative procedure an ultimate theoretical stress corresponding
closely with the practical value was determined during the SR and T
programme. This value, shown in the table, was derived by assuming
the transverse stiffness and shear modulus for the unidirectional
material to be reduced to 1% of their original values.

Due to the random nature of crack formation it would be difficult to
justify theoretically such an assumption. It was hoped however, that by
carrying out further angle ply tests that a parametrlc relatlonshlp might
be estabhshed albelt one peculiar to this lay-up.

Honeycomb Sandwich Effects

Coefflclent of Thermal Expansmn (CTE)

Tests performed during the SR and T programme showed that contrary
to what had been expected, the aluminium core of a CFRP faced honey-
comb sandwich can contribute significantly to the overall.CTE of the:
sandwich. Theoretical ‘analyses, (See' Appendix A), have confirmed

' the effect but have failed to predict the apparent values shown in practlce

Table ‘3 summarises the theoretical and practical results that were
dete rmined.

13




2.1.5

Creep Effcets

Item _ Source Coeffieient_of thermal expansion in
X-direction | Y-direction

' Fa'cesheetv |  Predicted 1.4 1.4
1 . Actual 1.0 1.0
Honeycomb | Predicted | 5.2 5.2
Sandwich Actual (DT 7.8 4.6

‘ Actual (Strain 10.6 - 6.6

' Gauge) ,
S " x 10-4/°C at 20°C
Table 3

The large differences between theoretical and practical values and
indeed between two sets of practical values, are indicative of the

. problems of both analysis and measunement,of this property.

Since the theoretical predictions were based on practically determined
unidirectional values it was proposed that a part of the Study be devoted
to accurate expansion measurements. AERE Harwell proposed the use |
of a laser interferometric technique and this Would be apphed to the three
basic matenal configuraxions‘ .

o Umdirectlonal Material
e  Angle Ply (0 . 60 , 120 )

° Angle Ply faced honeycomb .

' Failuré Mode

The predlcted mode of failure for the panel/ frame arrangement was

. through buckling at the centre of the panel. It was therefore proposed

that edgew15e compression tests be performed on honeycomb sandwich
specimens to determine load levels to mduce fallure and the mode of
failure produced. ' : ! -

-Many researchers have identified the existence of creep in reinforced

plastic materials. In most cases these movements have been extremely
small, resulting in the need for non -contacting micromechanical
measurements. i

P '
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2.2.1

Room temperature microyield and microcreep expenments Berformed
on CFRP laminates and sandwich structures having a 0° , 60, 120°
fibre orientation have been reported by Goggin (7) . Although the
experiments were concerned with absolute deflections at low stress
levels, it can be deduced from the specimen geometry that 1.5 x 107
permanent strain was induced in the 90 direction after 2% hours and
in the 0" direction after 40 hours with a constant stress level of 2% of
ultimate.  The reduced resistance of the 90° direction is concluded
to be due to the lower resolved fibre effect, see Figure 8.

Work by Wang et al (8) on the transverse creep properties of uni-
directional laminates tends to confirm the effect being resin dominated
with considerably higher creep strains of the order 100 x 10~ being
produced after 21 hours at a constant stress of 30% of ultimate at room
temperature. ¢

It was .suggeeted foliowing the SR and T ’progrémme thermal test that
such movements could have off loaded the panel as the stresses built up

and thereby helped it to survive a much lower temperature excursion.

Since no information was available on the creep properties of laminates
. at cryogenic temperatures it was decided to include some prelimmary

mvestigatlons as part of this programme.

Experimental Procedure

Improvement to Panel Fixing

For the SR and T programme, the panel and frame fixing holes were

" drilled 5.3mm in accordance with the standard defined for the Pallet.

Test results showed that this clearance allowed for considerable bolt
slippage during thermal cycling which prevented effecuve loadmg of the
panel in the range + 50 C. .

Since the mathematical model assumed perfect fixing between the panel

" and frame at all temperatures it was proposed to tighten the tolerance

on the fixing holes and if necessary fit each bolt individually.

The same frame as that used for the SR and T programme was to be used
for this Study and so in order to achieve close tolerance fixing it was
necessary to bore out the existing 5.3 mm holes to 6mm. The specified
tolerance was: ‘

6mm + 0.018mm

This allowed the use of standard bi-hex, titanium pallet bolts to drawing

" no. HSD F3 92048 having a shank tolerance

5.990mm -0.012mm

There was therefore a maximum of 0.04mm free movement in each
fixing as compared with 0.328mm in the SR and T thermal test.

15
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2.2.2

Use of Improved Strain Gauges

Due to timescale limitations there was no scope during the SR and T
programme for detailed investigation and subsequent procurement of
specialised strain gauges. General purpose HSD manufactured gauges
were therefore used in hand laid Oo 600, 120° rosettes. Several
problems associated with these gauges were thought to have contibuted
errors to the strain readings:

e  Instability at temperaturesapproaching -190°c

e  Slight characteristic variations between gauges
o Large apparent strains at sub-zero temperatures
® mé.ccuracy of hand laid rosettes.

It was proposed that high precision rosettes be used for t}us Study having

certlfled apparent strain characterxstxcs

Premsmn gauges made by the Micro-Measurements Division of Vishay
Inter technology Inc. were identified as having the necessary attributes.

A series of ganges is available for each type which allows for matching -

to specific materials via their expansion coefficient. By such matching
the appa‘rent strains and thus strain corrections can be minimised.

Vlembers of the series are 1dent1f1ed by an 'STC' number in the range
00 to 15 corresponding to expansion coefficients 0.03 to 26.1x 10~¢/°C.
Gauges with STC number 03 corresponding to an' expansion coefficient
of 5.4 x 10~® would have been 1deal had there not been a prohibitive
lead time.

With the need for a quick delivery it was decided to select an aluminium
matched gauge, STC 13, having a characteristic as shown in Figure 9(a)
and then by using expansion coefficients determined by coupon testing
of CFRP samples, derive a zarbon fibre correction curve similar to
that shown in Figure 9(b). See Reference (9). This derived curve

- would then be checked against readings from similar gauges fvted to an

unre'strained CFRP faced honeycomb sample cycled to hquld mtrogen
temperatures '

: The exact des1g'nat10ns for the chosen gauges and adhesives were as

follows:

45° Rosettes: WK-13-125RA-350

Linear: ' WK-13-125AD-350 }
Adhesive: M-Bond Type AE10/15

Quter coating: - M-Coat 'A' Polyurethane coat_ihg

17
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(b) A CFRP laminate Fig.9.
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All these items were supplied by:

Welwyn Strain Measurement Ltd.

Armstrong Road,
Basingstoke RG 24 OQA
England

‘The lmear gauges were proposed for checkmg the stress distribution in

the edge members. This was not investigated during the SR and T
programme but was later thought to be important to the understanding
of the overall distributions.

AIm'provements to Experimental Technique

The major problem encountered during the SR and T programme thermal
test was that of control over the temperature stabilisations. Due to the
relatively large thermal capacity of the aluminium frame there was a
tendency towards the panel dropping rapidly in temperature well in
advance of the frame. The problem was amplified by coarse cooling

" control v‘provided by a valve on the Liquid Nitrogen (LN) supply line.

The original and improved schemes are shown in Figure 10.. The
improved version featured a completely enclosed oven in which it was
considered a more uniform temperature environment could be achieved.
LN was supplied to the oven reservoir by a manually controlled electric
pump. Controlled amounts of Gaseous Nitrogen (GN) were then supplied
to the test arrangement by means of heating coils evenly distributed
inside the reservoir. By careful control of the rate of supply of IN to
the reservoir and amount of energy supplied to the coils, it was
predicted that more uniform temperamre environments could be
estabhshed

i
Similarly it was thought that provision of a controlled heat electrical
blower would allow more uniform warm up conditions.

The Dial Test Indicator (DTI) distortion measuring arrangements
(See Figure 11) were thought to be subject to errors from icing and
thermal gradients between the measuring plane and the instrument
plane. Icing was to be minimised in the new arrangement by means
of the surface closure of the oven.

A method of overcoming the thermal gradient effect was proposed hy

the use of a low expansion support frame. Sucha frame could have
been made from rods of Invar or poltruded carbon fibre stock. Time
andcost factorsdidnot however allow this proposal to be pursued and
so it was decided that an aluminium framework similar to that used
previously would be used and corrections due to thermal gradients
would be applied. Correction accuracy would be improved through
better knowledge of frame temperature by means of an 1ncreased
number of thermocouples.
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2.2.4

'

More thermocouples were also to be attached to the panel and frame

to increase confidence in temperature umformlty
] ; {

: Impr'ovement to Data Logging

~Data logging for the original test was a long and hborlous task

involved the use of a manually operated commutator for the: selectlon
of each channel and once selected the channel output had to be manually

_ zeroed on a bridge to produce the required reading. Considerable

temperature changes resulting in comparable errors could and
probably did occur between the first and last readings.

To impfové the scan time an antomatic data logger was used for the
revised test. This device scanned all channels and output the results
on 2 line printer in a matter of seconds . .

- 22




3.1

/

COUPON TESTING

Introduction

In order to provide the property/temperature relationships and
failure modes required for the theory modifications analysed in
Section 2, HSD TP 7600 proposed the following series of coupon
tests: '

®  Unidirectional Specimens

longitudinal and transverse moduli and strengths

_ - longitudinal and transverse compressive strengths
- - torsional or shear modulus and strength
- = principal Poisson's ratio

-~ longitudinal and transverse coefficients of thermal
_expansion :

- flexural creep over 100 hours. .

2 Speéiméns were to be tested for each property at each of 5

temperatures (three temperatures only for flexural creep) in the
range ambient to -196°C. The precise temperatures that were
subsequently selected by AERE Harwell were as follows: -
+209, -60°, -100°, -170° and -196°C.
e - Angle Ply (0/60/120 balanced lay-up) -

- - longitudinal and transverse tensile moduli and strength

-  longitudinal and transverse compressive strength

- longitudinal and transverse coefficients of thermal
expansion.

2 ‘spééime"ns were to be tested for each property at each of 3
femperatures in the range ambient to -196°C. The precise -
temperatures subsequently selected Were as follows:

120°C, =100 and -196°C.

(longif;udirial and transverse directions were defined as being’
respectively parallel and at right angles to the 00 direction of the
angle ply). ' T




3.2

3.201 '

o - Angle Ply faced HeneyCOmb.Sandwich

- longltudmal and transverse coefflclents of thermal
expansion

- longitudinal and transverse compressive strengths,

‘ 2 specimens were to be tested for each property. The expansion
'measurements’ were to be in the range amb1ent to -70°C and the

compressive strength at 3 temperatures in the range ambient to
~1960C. The actual temperatures selected were as for the angle- -
ply specimens.

A full list of the specimen types and numbers is vgivven in Appendix B.

¢

‘Interlaminar shear strength

Specimen Manufacture

Matei'ials

Garbon Fibre

Unidirectional, angle ply and heneyccbmb faceskin laminates were
manufactured from unidirectional carbon fibre prepreg sheet supplied
to British Ministry specification NM547.

The exact requirements‘were as folloWs:

‘Fibre type | . Conrtaulds A-S i

Resinbty;‘)e o :  Fothergill and Harvey Code 69
Nominal lthicknes.s IS 0.127mm at 60% volume fraction
.Res}n c‘ontent. L 41 + 3%

Flexural strength at 20°C* : . »1.5 GN/m?

Flexural modulus at 10°C* :  »110 GN/m?

2
at 200C* >90 GN/m

Interlammdr shear streng‘th
at 1200C*

Volatile content : < 1.59

545 GN/m?

* Properties to be achieved from unidirectional laminates manu-
factured using a platten press according to the following cure cycle:

24




3.2.2

3.2.2.1

3.2.2.2

o Gel at 160°C under contact pressure, cure for 1 hour at 160°C
under 100 psi, post cure for 3 hours at 170°C.

Material was supplied by:

Fothergill and Harvey Ltd.,

- Composite Materials Division,
Summit Littleborough,
Lancashire OL15 9QP,
England.

| Honeycomb

The honeycomb type used for the sandwich specixhens was as follows:

CIBA-Aeroweb Aluminium Honeycomb E142MPS* x14 mm
‘thickness. _

This material was procured during the SR and T programme from:

CIBA-GEIGY (UK) Limited,
Bonded Structures Division,
Duxford,

Cambridge CB2 4QD,
England.

* Note this material designation is now defunct, the nearest equivalent
~ specification is 3.4 - % - 15,

Film. A_dhesive

The adhesive used for bonding the faceskins to the core for the
sandwich specimens was as follows:

CIBA - Redux BSL 312UL
ThlS material was procured from CIBA - Gelgy (UK) lelted

Dimensions and Form

Longitudinal Tensile Modulus, Unidirectional Material

Specimens were 150mm x 10mm x 2mm with 50mm long aluminium
end tabs bonded to either end. The inside edges of these tabs were
chamfered to give an angle of 45°.

Longitudinal Tensile Strength, Unidirectional Material

1 S :
As above except that the centre portion was reduced in thickness

" to 1mm, with a radius of 125mm.

) : . ' £
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3.2.2.3

3.2.2.4

3.2.2.5

3.2.2.6

3.2.2.7

3.2.2.8‘

3.2.2.9

3.2.2.10

3.2,2.11

. As in 3. 2.2. 3 except that the centre portion was rj“
to 1. 25mm, with a radius of 125mm. &

Transverse Tensile Modulus, Unidirectional Mate'rial

!

Specimens were 50mm X 10mm x 2mm with 15mm lcng alummium

_end tabs bonded to either end. The chamfer angle of the inside edges

of the tabs was 459,

Transverse Tensile Strength, Umdn‘ectlonal Material g

ced in.z thickness

Longltudmal Compressive Strength Unidirectional Material

Specimens were 48mm x 10mm x 2mm, with the centre portion

‘reduced in thickness to 1.35mm, with a radius of 125mm.

_Transverse Compressive Strength, .Unidirectionsl Material

-

" As in 3.2.2.5 except that the centre portion was reduced in thickness
to 1. 6mm, with a radius of 125mm.

_Shear Strength and Modulus, Unidirectional Material

Speci‘inens were 150mm x 6.5mm with the centre 100mm turned down
to a diameter of 6mm', with a 5mm radius at the shoulders.

Long1tud1na1 and Transverse Thermal Expansmn Coefflcients,
Unidirectional Material :

Specfimens were 20mm x 7.5mm x lmm.

Long1tud1na1 and Transverse Tensile Modulus and Strengt_,
Angle- Ply Material

Specimens were 150mm x 35mm x 1.5mm with aluminium end tabs
35mm x 40mm bonded to either end. The inside end chamfer angle

‘was 450, The specimen width was reduced to 25mm, the shoulder

radius being 75mm.

Longitudinal and Transverse Compresswe Strength Angle— Ply
Material :

Specimens were 48mm x 10mm x 2.25mm, with the centre portion
reduced in thickness to 1.6mm, with a radiusof 125mm. :

Longltudmal and ‘Transverse Coefficient of Thermal Expansion,

"Angle- Ply Material

Specimens were 20mm x 7.5mm x 2.25mm.




| - 3.2,2.12 Long1tud1na1 and Transverse Compresswe Strength, Sandwich
: Material/

Specimens were 70mm x 20mm x 14,.76mm. The skins were each
normally 0.38mm thick, and the aluminiiim honeycomb 14mm deep.

" 3.2.2.13 Coefficient of Thermal Expansion, Sandwich Material

Specimens were 10mm x 100mm x 14 76mm. Other details as in
» 3 2 2 12.

3.2.2.14 F;lex'ural Creep Test Specimens, Unidirectional Material
Specimens were 1'55mm x 10mm x 2mm.

3.2.2.15 All dimensions quoted are nominal and in calculating the results of

‘a given test the actual dimensions of the specimens were used. The
geometry of thetest samplesused in Sections 3.2.2.4, 3.2.2.5 and
3.2.2.6 was as specified by (10). . The longitudinal tensile strength
test pieces employed were shorter and with a smaller waisting
radius of curvature than recommended by (10), because of the
machining facilities available. The shear modulus and strength
test piece has been successfully used before by (11). The design

- of the angle-ply and skinned honeycomb samples were based on the
experience of BAe, Stevenage and AERE, Harwell, in testing these
matermls.

3.2.3 Method of Manufacture

Unidirectional and Angle Ply Laminates |

Specimens were cut using a Dessouter oscillating circular saw from
larger press moulded plates. These plates were layed up and
moulded using material as specified in para. 3.2.1 in accordance
with BAe specification PSS/GP/50039. Special tools were used as
shown in Figures 12 and 13.

Where applicable, aluminium doubler plates were bonded on following
cutting to size, using CIBA Redux BSL 312 in accordance with the
manufacturer's instruction sheet No. RTA 312a. A special jig was
devised to ensure correct alignment during cure. ‘

Honeycomb Specimens

Speciméns were cut from 260mm x 260mm panels using a Dessouter

oscillating circular saw. The panels were manufactured in accord-

ance with BAe specification PSS/GP/50074 using CFRP plates

manufactured as above,adhesive in accordance with para. 3.2.1 and

aluminium honeycomb in accordance w1th para 3.2.1. The 'Vaccum
Bag' techmque was used. '
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3.3

3.3.1

' 3.3.2

3.3.3

3.3.4

Test Methods

Longitudinal and Transver‘se Moduli snd "Streggg' s

Tensﬂe measurements were made by direct pulling of the Specimens

between the test machme jaws. A tensometer was used to determine
moduh. Flexural measurements were made by usmg a 3 point loading
rig using span to depth ratios of 25 : 1 and 16 : 1 for modulus and cﬂ' .

-_.strength respectively. _ Exact methods were as specified in (12)

Tests were carried out usmg a 10 OOOkg floor model Instron testmg

machme as shown in Figure 14.
Low temperatures were obtamed by surrounding the specimen witha
coil of copper tubing through which cooled nitrogen gas or liquid

v ,mt;rogen was circulated. See Figure 15. For measurements at 770K

the gas was blown directly over the specimen. Temperatures were .
monitored with thermocouples attached to the specimens, the time for
the bulk of the specimen to achieve the temperature having been -

determined previously by inserting a thermocouple into the centre of

the carbon fibre composite. Low temperature strain gauges were
employed for thoddlus measurements. - The temperature response of
these when unloaded was determined m a separate set of experiments.

Longitudmal and Transverse Compress1ve Strengt

‘Steel” end caps were used to measure specimen compressive strengths.
_ These were 35mm long, 15mm deep and 10mm wide, with a central

slot 20mm deep and parallel to the long axis, into which the specimen
was ‘bonded. The ends of the caps and specimens were machmed
square so. that off—ams stressmg was minimised. R

Test machine and temperature control were as per para. 3.3.1.

Torsional Test

Shear properties were determined in torsmn using a r1g and techmque
as ‘described by (13).

Temperature control was as per para. 3.3.1.

Coefficient of Thermal Expansion

Measurements of the coefficient of thermal expansion of unidirectional
and angle-ply materials were made using a Perkins Elmer dilatometer.
Each specimen was cooled to liquid nitrogen temperature and allowed
to stabilise. The temperature was then raised at a rate of 1,259K/
minute and the resulting change in length recorded. The silica

‘correction was applied and the apparatus standardised using copper.
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PHOTOGRAPH SHOWING SPECIMEN COOLING ARRANGEMENT ' . FIG. 15

(Né)te that specimen was only a dummy)




3.3.5

3.4

3.4.1

To determine the expansxon characteristics of the honeycomb core
sandwwh panels, the method used by (14) was employed.

Flexural Creep

See Para. 3.4.4.

Results and Discussion

"Thie resuits of the mechanical tests are shown in Figures 16 to 30.
Thermal expansion data for the unidirectional and angle-ply material
is given in F1gures 31 to 34 and for the honeycomb samples in ,
Figure 35.- Results are the mean of two readings and the error bars

 represent the standard error of the mean.

. Mechanical Properties of Umd:rectxonal Material

The longitudinal and transverse tenslle moduli and strengths for
.unidirectional material are shown, as a function of temperature, in

Figures 16 and 17. The longitudinal modulus increases initially and
then remains steady below 1739K. = The transverse modulus, being
‘primarily determined by the fibre/resin bond and nature of the matrix
'is much smaller and decreases below 1739K. The transverse .
strength is constant over the entire temperature range, but the
longltudinal strength after rising initially shows considerable vari-
ation.  For both types of test failure occurred in the gauge length,
but the longitudmal samples showed extensive delamination through
the thickness of the specimen, often extending back into the material
under the end tabs, This could account for some of the spread in the
results noted in Figure 17,

Longltudmal and transverse compressive strengths are shown in
Figure 18. These properties were difficult to measure at sub-zero
temperatures because the recommended test jig, (14), proved to be

. too massive to be cooled satisfactorily, and an alternative had to be S

employed.  The transverse compressive strength is low but remains
reasonably constant with falling temperature. ~Longitudinal com-
'pressive strengths are less than the corresponding tensile values,
there is a large spread, and also a considerable drop at lower
temperatures. Failure usually occurred in the gauge length, often,
 for, longitudinal samples, with localised delamination between plies.
Some of the specimens were found to have a void content approaching
2.5% by volume and it has been noted, (14). that this leads to reduced
compressive propertles.

The shear modulus, strength and angular deﬂection at’ failure are
_shown in Figures 19 to 21. The modulus increases with decreasi.ng
temperature indicating an increase in the resin modulus since the
fibre properties are not affected by low temperatures, (15)

. . I . N o : ' . . . .
Y S : o = L. -. a
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3.4'02

The increase in resin modulus required to cause this change can be

calculated using the appropriate Halpin-Tsai equation, -(16). :
Assuming that the shear modulus of A-S carbon fibre is 24 GPa, (17),

‘and that the fibre volume loading is 60%,. the resin shear modulus must

increase from 1.2 to 1.7 GPa to cause the observed change in compo-
site shear modulus. i :

It is reasonable to expect that as the resin gets stiffer its shear

strength will increase and strain at failure decrease, trends shown °

" in Figures 20 and 21. As the torque deflection characteristic is not

linear to failure it 1s not possible to relate shear strength and shear
failure strain directly. All the torsional specimens showed longi- ‘
tudinal surface cracking after failure, and sectioning and polishing

~ revealed severe cracking in specimens tested at 293, 123 and 77°K.

Photographs of the cracks are shown in Figures 22 to 24. In each
case the crack starts at the surface and runs for several millimetres

into the specimen often linking up with voids that tended to accumulate

between layers of prepreg. The photographs also provide a good
indication of the fibre distribution in the specimens.

‘Mechanical Properties of Angle-ply Material

‘ The inﬂuence of temperature on the longitudinal and transverse

tensile moduli and strengths, the compressive strengths' and Poisson's
ratios of 0, 60, 1200 balanced, angle-ply laminates are shown in .
Figures 25 to 28. Allowing for the errors involved, tensile propper-
ties and Poisson's ratio are similar in either direction, and show no
significant change with temperatures. Compressive properties show
more scatter and a possibly significant difference at 779K. .Inthe
tensile tests most specimens failed in the gauge length, approxi-— '_

* mately equal numbers breaking straight across and at an angle of 60°

to the long axis. It was not possible to correlate the. mode of failure
with either temperature or strength. In compression several
specimens failed at the shoulder but most suffered severe delamin-
ation of the outer plies, within the gauge length. These compressive
specimens were waisted in depth. If this operation was not carried
out so as to leave an equal distribution of material about the centre
plane in every case, variation is to be expected among the results.

1t is possible to calculate the elastic constants of the bal'-anced‘ angle- ‘_

ply material in terms of those of the unidirectional material,
assuming that all the plies making up the laminate are strained
equally, (12). = Values for the longitudinal and transverse tensile .
moduli and shear modulus of the unidirectional material at temper— :
atures of 293, 173 and 779K have been taken from the previous
experimental results in Figures 16 to 19. ' It is assumed that the -
principal Poisson's ration, "12' of. the unidirectional composite, is

0.3 and that it remains constant over the temperature range ‘
considered. From the relation: e
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where Eli and E22 are the longitﬁdinal ahd transverse tensile

moduli, p 5, is found to be 0.026 at 293, 0.025 at 173, and 0.0156
o . ' et L S
at 77°K. The reduced stlffnessels (Qll, ngz’ ‘le, .966) can now be

| clarlcula,ted and hence the elastic constants (A,., A__ A, ). moduli

11° 22’
. o
11’ Ego? Vig V21) of the 0, 60, 120Ybalanced

angle-ply laminate derived. For full details reference 16, should be
consulted. The results of these calculations are listed in Table 4.
The moduli and Poisson's ratios in the two directions are equal.

The agreement between calculated and experimental tensile moduli

is good at 1739K. Above and below this temperature calculated
values are rather less than observed ones. Agreement between
calculated and observed Poisson's ratios is good at 293 and 1730K,
but the calculated value is low at 77°K. Errors in the data obtained
on the unidirectional material will carry over and affect calculated
values for the angle-ply laminates, and this together with the assump-
tion concerning the major Poisson's ratio of the unidirectional com-
posite and its constancy with changing temperature would contribute

and Poisson's ratios (E E

~ to the discrepancies mentioned.

‘The calculation of the failure strength of an angle-ply laminate is
' more difficult, (16). However a simple estimation can be made by

assuming that each ply contributes proportionately to the overall |
strength. Take the room temperature strength and strain properties
of unidirectional material to be 1450, 55 and 80 MPa, and 0.014,
0.006 and 0.024, for the longitudinal, transverse and shear strengths
and strains respectively. Using the stress transformation equations

; developed in (18) and assuming each ply contributes fully to the over-

all strength, the longitudinal and transverse strengths of the angle-
ply laminate are both equal to 752 MPa, compared with a measured
value of 400 MPa. Compressive properties can be calculated in a
similar manner. = A more rigorous approach based on the work of
(19) and incorporated in an in-house developed BAe Computer
Programme gave values of 300 MPa and 240 MPa in the 0° and 90°
directions respectively whichagree more closely withthe measured

value. . :

A calculation of the strains in the 60 and 120° laminates shows that
these should fail before the 0° ply. The effect of a ply failure at an
intermediate stress and the resultant stress redistribution might
cause stress transients and overloading effects that could help
a(.écour';t:for the differences between calculated and measured values.




3.4.3

3.4.4

3.4.5

i

LYe:

Mechanical Properties of Sandwich Maté’rial

The longitudinal and transverse compressive strengths of the
aluminium honeycomb/carbon fibre composite skin, sandwich panels
‘is shown-in Figure 29. In both cases the skins and cotre were loaded
in parallel, the difference being that in the longitudinal case the -
distance between the loading faces was 60mm while for the other case
it was 10mm.  The results for the two types of specimen are similar

~ and virtually independent of temperature. Numerical results have,

in either instance, been calculated on the overall dimensions of the
samples. The stress at failure in the carbon fibre skins was of the
order of 100 to 150 MPa. Failed longitudinal specimens exhibited
‘skin buckling ‘and sometimes shear failure at one end and delamination
between skin and core. Transverse ones showed core and skin
buckling and sometimes shear damage in the skins. = -

Flexural Creep:

To investigate flexural creep specimens were loaded to 500N (15%
of the failure load) in an Instron testing machine and allowed to re-
. main thus for 100 hours. The tensile strain on the lower surface
was monitored with a strain gauge. After the first few minutes,
very little change in strain or applied load was noted and virtually
no creep occurred. At the end of the 100 hour period the flexural
strength and modulus of the specimens were measured at room .
temperature. The results, with readings on unstressed specimens,
are shown in Figure 30. The flexural strength is substantially )
constant and independent of prestressing, but the modulus shows a
marked fall off when stressed at 173 or 779K.  Since only two
specimens were tested at any one temperature this difference could

be associated with, for instance, a higher fibre volume loading,
‘rather than creep damage. No specimens showed any visual evidence
of damage after stressing in the creep rig. '

Thermal Expansion Properties

Typical curves relating the fractional change in length of a specimen
with the change in temperature are shown in Figures 31'and 32. The .
former is for unidirectional material in the longitudinal direction and
the latter for an angle-ply specimen in the trapsverse direction. In
most cases the curves were as shown in Figure 31, but in two cases '
for angle-ply material tested in the transverse direction, a marked
decrease in slope occurs, as shown in Figure 32, this result was -
repe_atablé. It appears as if the specimens started to bend at about
2000K rather than simply change-in length, ‘and it was suggested that -
this might be due to an excess of fibre on one side. Sectioning and
polishing did not support this conjecture; the carbon fibre and ply
distribution was even and very few voids were present. The effect
ig' presumably dueto couplinghetween layers, - because of differences
in bonding, which did not show up in the optical examination.

36
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- TABLE 4

i

Calculated Elastic Constants for a0, 60, 1200 Angle-Ply Laminate

i

] 293°K | 173%K | 779K
Unidirectional | @, (GPa) | 105.8 |120.9 | 116.5
Material ‘ : ' : -
" 9,, (GP2) 9.01 | 10.07 | 6.03
Q, (GPa) | 2.72 | 3.02 | 1.81
Angle-Ply. | A, (GPa) 45.6 | 52.27 | 50.26
: 11 |
Material ; : : S
| A,, (GPa) 45.6 | 52.27 | 50.26
A, (GPa) | 15.69 | 16.33 | 13.87
Elastic Moduli | E,, (GPa) s0.2 | 41.2 | 46.4
of Angle-Ply : DR R R
Material . - Ez’2 (GPa) 40.2 | 47.2 | 46.4
vy 0.3¢ | 0.31 | 0.8 -
Wy 0.3¢ | 0.31 0.28
e ' | 37 )




The coefficients of the thermal expansion (CTE) derived from the o
.fractional length change curves are shown as a function of temperature
in Figures 33 and 34, For unidirectional specimens along the fibre

direction the CTE is small and virtually constant with decreaslng
temperature, but in the transverse direction where the resinis =

- dominant, the CTE is much larger and lncreases rapidly with rising
temperature. Results for the: ‘angle-ply material are similar in both
the principal directions and of the same magnitude as the longitudinal
results for the unidirectional material, The individual curves for
nominally similar specimens give an indication of the variation in .
CTE to be expected. Calculated CTEs, (16), are listed in Table 5.
They are the same for both longitudinal and transverse.directions.

* The values, though of the same order. of magnitude as those measured.
are rather higher, with a maximum at 1739K. They were obtained -
using: reduced stiffness data from Table 4 and experimentally deter- -
mined CTEs for the unidirectional material. The discrepancies-
between calculated and measured results no doubt reflect errors in
the experimental data for the unidirectional specimens. _ :

TABLE 5

Caiculated Thermal ExgansionCoefficients of
0, 60, 1200 Angle-Ply Laminate |

|29 | 171% .| 7%k .

“oTE %1 :2;93:;10’-'6 ~ 3.82x1078 | 3".1x10'-6--

The change in length of sandwich panels, at right angles to the long
glue hne in the honeycomb, is shown in Figure 35. Similar results
were noted along the glue line and for another sandwich sample,
Each point is the average of three readings. - For. either direction,
" and sample, -the CTE was constant over the temperature range 200
to 300°K. Individual values are listed in Table 6. Prewviously, .
‘with this type of specimen, it was noted, (13), that the CTE along the
long glue line is greater than at right angles to it by a factor of about
2, because of the preferential expansion of the aluminium,., In this .
work there is no clear distinction between the two cases. It appears

that the skins completely suppress the effects of its expansmn on ‘
those of the overall sandwich p‘mel In some ways this is surprising
as a careful examination revealed that the fibre layer immediately
.adjacent to the honeycomb was at right angles to the lgmg glue line, :
‘that is in the worst direction to resist expansion of the core. v
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TABLE 6

Measured Thermal Expansion Coefficients
For Sandwich Speclmens

Temp i‘ahge or Along long Transverse to
: glue line long glue line
og-1 x 10-6 - - +0.13 +0.16
CTE »K x 10 203-303 (Specimen 1) 3.82 Zo o1 _ 3.30_.0,.11
+0,23 . +0.13 |
- i [
203-303 (Specimen 2) 2.8.)_0‘12 3.82_.0‘11

3.5

Conclusions From Specimen Testing

A variety of thermal and mechanical properties of unidirectional,
balanced 0, 60, 120°_angle—ply laminate, and sandwich specimens
have been determined over the temperature range 77 to 293°K.
Moduli tended to increase with falling temperature, but the behaviour
of strength, particularly compression strength, was more erratic.
The thermal expansion of unidirectional material parallel to the long
axis was constant, while perpendicular to this direction the CTE
increased with increasing temperature. For dngle-ply spec1mens
there was a small increase in CTE with decreasing temperature.
The CTEs for sandwich specimens were similar in directions along
and at right angles to the long glue line in the honeycomb. ‘

Calculated modulus, strength and CTE values for the angle-ply
material tended to be higher than the measured values, particularly
for strength. This would be expected since the theoretical values
assume a perfect transformation of the unidirectional propertles
whlch can never be fully realised in practice.

It has been BAe's experience with modulus values that providing good
unidirectional data is used (for example, not information presented in
Manufacturers' Data Sheets) then classical theory gives an accurate
predlctlon of angle-ply performance. Furthermore, the magnitude

of the discrepancies provides a good indication of the quahty of the
laminate. '

L’lrger discrepancies that have been found for the strength values

are explained as in para. 2.1.3 and can be'traced to the failure
criteria assumed by the theory.
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3.6

Selection of Material _Inputs for Model

The main aim of the specimen test programme was to provide
accurate material data for the ‘mathematical model. The analysis
as finally envisaged would use only unidirectional properties,
generatmg angle—ply predictions for the model as shown below.

" Angie ply . Isotropic material
P}arameter’s . properties

Mathematical [~ Deflections :

Model

Unidirectional
Properties

Property
Generator |

—p» Strains

Actual Ang.le _ T AT
ply properties

This would allow complete felxxbxhty of the chosen lay—up. _ As has
been demonstrated however, by the test programme there are errors
associated with angle-ply predictions and so the first consideration
was the direct 1input of actual angle-ply data obtained from the testing.

The mathematlcal model requires the followmg material properties
for the carbon fibre panel elements.

Eg C= longitudinal tensile modulus
EY L= transverse tensile modulus A
G = shear modulus
o = longitudinal CTE for carbon fibre alone i
L = transverse CTE for carbon fibre alone
vy = Poisson's Ratio X—»Y | o o R
: =. 3 ! i \
Vyx ' Poxsson s Ratio Y—eX g
O longxtudmal CTE for CFRP faced honeycomb R ‘ '
o = transverse CTE for CFRP faced honeycomb
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For the particular finite elemént package us'ed for this Study the
properties were required to be orthotropic and it has been proved
by theory and test that for the 0, 60°, 120° lay up this is the case.

Hencg YEX = EY = E
%c " %c T % . % T %m T %
sy “ Vyz ~ YV

As was discussed in para. 2.1.2 it was decided to run the model
_ through a series of temperature decrements using average material
. propertles obtained from the test programme for corresponding
decrements.

The chosen decrement was 50°C and from Figures 25 28 34 and
35 the followmg average properties can be derived'

. TABLE7Y
Temperature {E o % * Qg ** 1 x| g
Range °C = | GN/me x107%/°C x107%/oc| GN/m?
20-» -30 49 1.5 3.5 0.3¢ | 16.0
-30—> -80 48 1.8 3.5 0.33 | 16.8 |
-80—> -130 | 49 1.9 3.5 0.32 | 17.6
-130-»-180 | 53 2.4 3.5  |o0.32 | 17.7
~ Average 50 1.9 | 35 o033 17.0

* For a property M, from the relevant graph

My " MYtZ | Mvu

z M o
where X ‘= longitudinal direction
. 'Y = transverse direction
tl = lower temperature bhound

t2 = upper temperature bound |
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x*%

dokk

_Honeycomb expansion coefficient was found to constant, These
‘ 'values are average of those given in Table 6. -

Shear moduli from Figure 9 were used in conjunction with values :
of E and y to give by computer analysis, these predicted values.
See Figure 19B.

It can be seen from the table that the changes in property with
temperature are very small and would not account for the large
' discrepancies observed during the SR and T programme. It was
. therefore decided, in view of the high costs involved with multiple
computer runs, to use the average values given at the t‘oot of
'Table 7. ‘ »

Section 6 of this report details the findings of the parallel practical

. tests and Section 7 compares the results obtained from the model,
o ,using the above mput parameters, with these test results. ,
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4. FULL PANEL TEST
4,1 Infroduc tion

The full panel test was a re-run of the SR and T programme thermal

test as detailed in the BAe document HSD TP 7553, The same alum-
“inium test frame and a similar carbon fibre panél were used and

subjected to the same basic test procedure. ' S

' The objects of the test were as follows:

[ ] To improve the test arrangement and test procedure in such a
way as to minimise differences between the practical situation
‘and the basic theoretical assumptions used by the model.
This included such things as fixity and temperature homogen-
eity. '

e  To increase confidence in the measured values by improved
instrumentation and transducers.

e  With increased confidence in the experimental values, as above,
- to feed back actual behaviour and if necessary apply detail
" modifications to the theory. RN

An outline of the improvements to the test arrangément and
instrumentation that were proposed and finally used is given in para.
2.2, this section gives a full account of the resulting panel performs

ance.

4.2 Panel Manufacture (Reference Figure 36)

'The car'bonvfi'br'é faced honeycomb panel was manufactured to BAe
drawing No. TL 22 109 Basic 01 using the following materials and
processes. : o ‘

} 4,2,1 Panel Materials

° Carbon Fibre Prepreg in accordance with para. 3.2. 1,
K Aluminium honeycomb in accordance with para. 3.2.13
* F_iim adhesive in accordance with para. 3.2.1.

o  Foam filler adhesive REDUX BSL 212 manufactured by
CIBA-GEIGY Limited. -

° Titanium reinforcing washersv (6A1-4V).
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© 4.2.2  Processes

See (2'0') Sectidn 3 for process-development.

Al

Faceskms and Z-Sectlon Edge ’Vlembers

These were press moulded from the carbon ﬁbre prepreg materlal

in accordance with BAe specification PSS/GP/50039. The face- ~
«-skins were moulded between flat caul sheets and the edge members
" were moulded using a spec1al tool shown in Figure 31.

Faceskms were tr1mmed to size usmg a guillotine and edge members
were mitred using a 'Dessouter' osclllatmg clrcular saw.,

’ vPanel Fabrication
Faceskins core and edgemember were bonded together in one
- operation using the vacuum bag techmque in accordance with BAe

y speclﬁcatlon PSS/GP/ 50074

E Reinforcmg Washer Apphcatmn

The reinforcing washers were fitted as a separate operation. . The
titanium was dry blasted to BAe specification DH 21 5/2 prior to
bonding and undersize holes and fixings were used to clamp the mating
parts before curing at a temperature of 120 = 5°C for 30 minutes.

Hole F.inishing

The fucmg holes were drilled and reamed to 6 +0,;018 mm in con-
junction with the test frame, :

. NDT

An acoustic bond tester (see F1gure 38) was used to detect any dis-
bonds following final finishing. The result of the scan 'is shown in
* Figure 39 and indicates the possibility of poor bonding at the extreme
. corners. - The magnitude of the effect was not sufficient to cause
. concern, :

4.3 L TestEquipment : - S o RO
The following test equipment rwes utilised:

' : (2) Aluminium test frame, ropresentatlvc of a large spacecraft
structure, to BAc drawing No. MST 13594.

(b) -;ﬂ’cst oven to BAe drawing No. MST 13607, =~ '
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" SMALL DISCONTINUITIES AT EXTREME CORNERS

RESULTS OF NDT SCANS. THERE WAS NO DETECTABLE CHANGE
AFTER TESTING.

ACOUSTIC BOND TESTER RESULTS - FIG.39
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4.4

 4.4.1

(©) LN Dewer with an electric pump.
@ 200 channel data logger and printer, - o

(¢ - Chromel/Alumel (Tl T2) thermocouples poaitloned as shown
+in Figure 40. .

(f) .~ Strain gauges in accordance with para. 2.2.2 and positioned ‘

‘ as shown in Figure 40. oy .

(g) = Dial Test Indicators capable of detecting movements of 0.001
inch, v

!’

: (h) ‘Dial Test Indicator support frame to BAe drawmg No.

 MST 13608.

' Test Procedure

Testing was in accordance with BAe speciﬁcation DTP/GP /50047

L Issue 2 (Appendix o).

Devi~ations from Planned 'Procedure.

The following devxations were. made from the planned procedure-

- (a)' Para. 2.3.3.2 - additional thermocouples were installed on -

~ the DTI support frame,

() Para. 8.1.1, 1(d) - ambient temperature was taken as the
prevailing ambient (nomlnally 20°0C) at the start and end of
. each test run.

©) Para. 3.1, 1. 2(h) - the ambient to ~75°C thermal cycle was
< not performed due to timescale limitations. However,

transitory -75° DTI and strain gauge readmgs were taken during |

the ambient to -100°C cycle.

@ 'Para 3.1.1,2(m) - initial ambient to mimmum achievable

‘temperature thermal cycle was abandoned due to a breakdown
of insulation in the test box. The test run was repeated after
re-insulation of the box. L : i

" (e) For the duration of tasts 1~4 inclusive, ‘a sample piece of -

CFRP angle-ply laminate 0.07 inches thick x 2 inches x 1.5
inches with carbon fibres orientated at angles 0°, 60° and 120°
and instrumented with one strain gauge rosetté and a thermo-

couple,; was tested in conjunction with the test panel and frame,
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(f)  For the duration of test 7 the above specimen together with _
' + .additional specimens of CFRP/hbneybombcomposite (identical
to test panel lay-up) and 159 aluminium (test frame material)
were instrumented with rosette and single strain gauges
respectively (one each side of specimen) and thermocouples,
and tested in conjunction with the panel and frame assembly.

4.5 , Test Facilities

The test was performed at BAe Stevenage in the Stage 3 Development
Test Area.

A 240V 50Hz power supply was -utilised to run the Data Logger and
printer fac111ty and for operation of the LN pump.

4.6 Test Details
4.6.1 Preparation 'Ac’t,ivit'i-es

The panel and test frame were mstrumented in accordance W1th the
procedure except where stated in Section 4. 4. 1,

(Figure 40 shows the relative positions of the strain gauges and
thermocouples). A pre-test inspection of the test frame and panel
was carried out, : : '

Several calibration runs were performed prior to the initial cold.
_cycle in order to verify the performance of the tast equipment.’

?

4.6,2 Panel Thermal Testing

Two thermal cycles from ambient to ;‘15000 and return (tests 1 and 2)
were ¢arried out with the panel free (i.e. decoupled from the test
frame). In each case the panel temperat:ure was stabllised at
ambient and then at approximately 0°C, -30°C, -60°C, -90°C, ‘120°C
and -150 . Thermocouple, strain gauge and DTI readings were
taken at each of these increments. ' The panel and frame were then
allowed to return to ambient taking readings at a.pproxlmately the
same incremental panel temperatures. The panel was attached to
the {est frame in accordance with the test procedure and the assem-
bly installed in the test chamber.

At the start of each test run.the DTI's were zeroed and the ambient
thermocouple and strain gauge readings were taken,:

The panel and test frame, in the coupled condition, were subj ected
‘to five thermal cycles, designated tests 3-7. '
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4.7

DTI, thermecouple and strain gauge readings bwere taken at each
plannad cycle temperature and on return to ambient. '

“Test 3 consisted of ambient to -25 C (nommal panel temperature)
- and return to amblent

Test 4 consmted of amblent to -50 C (nommal panel temperature)
and return to ambient. : :

Test 5 consisted of amblent to -100°C (nominal panel temperature),
with additional DTI, thermocouple and strain gauge readings being
taken at a nominal panel temperature of -75 C and return to -
ambient (see para. 4.4.1(c)).

Test ‘6 was pla;nned as ambient to cryogenic temperatures but due to
a failure of the test box insulation the minimum achieved panel -
temperature was approximately -40 °c. "~ DTI, thermocouple and
strain gauge readings were taken at this temperature and the assem-.
bly then allowed to return to ambient (see para. 4.4. 1(d))

Test 7 was a.re-run of test 6 with a minimum achieved panel temper-
ature in this case of -196 ®C. The assembly was allowed to return

to ambient and the panel visually mspected for damage followmg test

completion,

Discussion of Results

Preliminary analysis of the DTI, thermocouple and strain gauge
readings for tests 1-7 yielded the following data: _

Durxng thermal cyceling the relatively large thermal mass of the test‘
frame compared with the panel tendedoto cause the frame to
‘over-run' at temperatures below -30 C. Thxs resulted in a s1gmf—
icant mis-match of frame/panel temperatures when the panel was

. ton-cpndition' for the cycle. It was also found necessary to allow

some intermittent circulation of cold nitrogen in order to maintain
panel stabilisation, and this further increased temperature differ-
eutials. ,
This effect appeared to worsen when the panel was coupled to the
frame, possibly due to the improved thermal contact between the
panel and the test frame causing earlier equalising of panel and
frame temperatures. - .

kY
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| : a 40'7.1_

. 4. 7.(1"1, "

‘Pa.ne'l Free Condition

DTI Results

_15_o'si'tive= Vaiﬁe DTI readings were obtained for"th'e panel 'free' case

(test 2) indicating an apparent increase in the panel dimensions.

‘ mvegti'gation, however, showed that these readings were biased due
- to contraction of the DTI support frame, the rate of contraction being
greater than that of the panel. The resultant movement of the DTI

lever arm pivots relative to the panel edges caused an amplified
(2 to 1) compression of the DTI probes with a net positive reading. )

' The actual decrease in panel dimensions for each measured temper-

ature change of the panel, with respect to ambient, was determijned

" by calculating the amount of contraction of the DTI frame for the
‘measured panel temperature (the corresponding DTI frame temper-

~ atures were measured for each panel temperature increment) and
‘adding it to the compound DTI reading, carrying all signs.

(See Figure 41).

’ Thé strains due to thermal effects on the panel along major (X) and

minor (Y) axes were then determined for each panel temperature
increment (see Figure 41) with the following results:~ -

(i) Contraction of the panel along its major axis resulted ina
. maximum calculated strain value of -1833 x 10~ at an-average
. panel temperature of -135°C giving a thermal coefficient of
_ expansion of 11,83 x 1078/°C. A A

" The average coefficient of expansion of the paxiél::"algng the
major axis from the dial test indicators was calculated to be.
7.92 x 10-%/°C. . - IR

(ii)  Contraction of the panel along its minor axis resulted ina
calculated strain value of 1710 x 10~% at an average panel tem-
:perature of -82°C * giving a thermal coefficient of expansion
of 16.76 x 10-¢/°C. ~ : N

The average coefficient of expansion of the panel along the
- minor axis from the dial test indicators was calculated to be
11 x107%/°C. | S
* The maximum calculated strain value of ~3874 x 10 at.
-1359C .was suspect since there was some evidence of ice

formation on the minor axis lever arm pivots at this temper-
ature. - h :
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4,7.1.2  Stran Gage Results

The 18 strain gauges mounted on the panel were of the self-temper-
ature-compensated type but matched to the expansion coefficient of
aluminium. There was therefore an S-T-C mismatch, resulting. in
the apparent strain output of the gauges bemg shifted clockwise about’
the zero strain pomt See Figure 9.

- The (apparent) strain outputs of three selected gauges on the pa.nel
centre line for test 2 are shown in Flgure 42, :

- The corresponding coefficients of expansion are determined from the
difference between the strain curves of Figure 42 and the maxmfact-
urer's curve of Figure 43 as follows:-

Sinee EAPP cF = apPAL - @aL %P * AT
. an__d from F;gures 42 and 43 for panel major a.xis

: L = = 1
€ ppcF ~MEappAL T MM & T AKE
then for gange 7 in the X direction '

AM (X(T) = 1750 + 700 = 2450 at —135°C (average panel temper-
ature) :

and assuming the coefficient of expansion for the S-T-C match to
be 23.2 x 10“/00

2450_ (232 a)

' _ R _
P - . 1 [
giving aPX(T) | 7.39 x 107 /°9C
Similarly for gauge 1.3 in the X direction
Ap €x(13) = 2450 at -135°C (average panel temperature)

7.39 x 10" /°c

g“'mg “pxas)
For gauge 18 in the X dlrectlon
Ap €x(18) = 1410+ 700 2110 at —135°C (average panel temperature)

= 9. 59x10 5/%C.

)
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from Figures 42 and 43 for panel minor axis

( ‘ 4 - = = .+' _
B € appeF "M €appar, T A EY = Ap(e2i €8 -€l)

then for gauge 7 in the Y direction

. Ap ¢Y(T) = (1790 + 1665+ 1750) + 700 = 2405 at ~135°C
' (average panel temperature)

giving oPY(7) = 7.68 x 1075/°C
for gauge 13 in the Y direction

Ap €Y(13) = (1730 + 1610 - 1750) + 700 = 2290 at ~135°C
(average panel temperatiire)

giving aPY(13) = 8.48 x 10-6/0C
for gauge 18 in the Y direction

Ly €Y(18) = (1260 + 1325 - 1410) + 700 = 1875 at -135°C
‘ (average panel temperature)
- 11,0 x 107%/°C

BLVINE Opv 18)

oy and _dY were calculated from the output of each strain gauge at

six (decreasing) incre mental panel temperatures. The expansion
coefficients were then averaged out for panel top and bottom faces
as follqws

- XPAVE(mp face) = 7.79 x 107¢/0C;

‘ aYPAVE(t-Op face) = 10.5 x 107¢/0C

- 1 -6
XPAVE(bott;om face) = 6.56 x 107%/° C

. - - 10.19 x 1678/0
. YPAVE(bottom face) 0.19x16™/9C

The outputs from the single gauges mounted around the edge of the
panél (on the edge member) averaged out over six decreasmg temp-
erature increments produced the following & values:-

. 1 . 3 i !
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-6
6.52 x 10 /°C

) “py(ry) "

“py(20)

%py(21)

-6
9.03 x10_ /°C

12.11x 10 /°C

. —G 0 V
'“PX(zs) = 9,09 x10 / C

(gauges 22 and 24 became detached from substr'ater"during
testing). ' ' ' : :

Notations as follows:-

- € app CF‘ = Apparent Strain of Carbon Fibre Composite

€\ pp AL _ | Apparént Strain of Aluminium

o AL = Expansibn Coefficignt of Aluminium

. aCFt, " '. = vExpansion Coefficient of Carbon Fibre Compoqite

dP = Expansion Coefficient of CFRP Paﬁel under test

L o = Expansion Coefficient of Aluminium Test Frame

&L ; | " . Expansion Coefficient of CFRP Laminate Sample

o . = Expansion Coefficient of CFRP faced hopeycdmb Sample
4. '7..2 Panel fixed Condition |

. 4.7.2.1 DI Results’

With the panel coupled to the test frame the DTI's showed negative
readings indicating that the rate of contraction of the panel/test
frame assembly was now greater than that of the DTI support frame.
Corrections were made for the DTI frame contraction as in the
'free' case and the net panel movement is given in Figure 43.

The strains due to thc compound thermal effects on the panel along
major (X) and minor (Y) axes were determined for a series of panel
temperatures (see Figure 43) with the fouov,ringlresplts:— :

(i) ' The maximum calcuiated'str_ain value along the panel major

~ axis was calculated to be - 3135 x 10-% at an average panel
" temperature of -173°C. R S

80




4,7.2.2

4.7.3

(il) + The maximum calculated strain value along the panel niinor
axis was calculated to be -2923 x 10-% at an average panel
temperature of -173°C. .

Strain Gauge Results

The gtrain output of the fixed test panel gauges showed an anti~

- clockwise rotation about the zero strain point when compared witb

the same gauges for the free panel. This effect was to be expected
since the combined contraction of the panel /test frame assembly was
biased towards the aluminjum thermal coefficient. The actual
compressive strain due to the loading effect of the test frame on the
panel was determined by difference between the strain outputs of the
gauges for the panel free condition and those for the fixed case at the
same panel temperature.

Appendix E gives the real X and Y direction strains and the maximum
and minimum strain values and their direction as computed from the
data logger outputs of tests 3to7. These values were calculated
using a specially developed strain gauge programme 'STRAINCAL'
details of which are contained in Appendix D. Figures 44 to 55
inclusive show the plots of X and Y direction strains against distance
from panel edge for all the gauges on the panel. S

Test Frame Behaviour

N P‘a'nerFree Condition

. Theboutputbs from the single gaugés mounted on the test frame
- produced ¢ values for the aluminium, averaged out over six

decreasing temperature increments, of the following:-

-8
. - le) .
¢1‘}e_‘X(25) 26.32x10 /©C i Inboard edge of frame .
- -$ 0 ’ - adjacent to panel
oLFY(26) 26.16 x-10 [ < _ attachment holes..
' -4 : .
o . 11 e
»an(m) 26‘1 x1l0 /°C |
an(zs) (Gauge O/C)
\ § . - 0 . ‘
= 25, 1 ,
“pys) | 2 68x10 / C Outhoard edge of
o -6 o " frame,
Opyen - 257X 10 /°C g
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4,.7.4

4. 7. 4.1

4.7.4.2

t

Test Sample Results

CFRP Samples

The coefficients of expansion for the CFRP laminate sample and the
composite sample tested with the panel were calculated from the
outputs of the attached strain gauge rosettes mounted in the same
sense (with respect to fibre direction) as for the test panel. The

o‘tx and aY values were averaged out over eight (decreasing) temper-~

ature increments as follows:-

(a) CFRP Laminate

-f
G ayp = 8:46%10°/°C

-6
- 9,60 x10 /°C

%y1, AVE

(b) .- CFRP faced aluminium honeycomb

—£
(yXC AVE(top face) = 9.36x 10 /oc :

) -l g :
12.08 x10_ /°C -

. ’ S -8
Oyq AVE(bott:Om face) = 10.19 x10 / °c;

ozYC AVE(bOttom face)

il

-8B
10.24x 10" /°C

Test Frame Sample

Gauges were mounted on a sample of the BS L59 test frame material
and outputs showed good correlation with the strain gauge
manufacturer's apparent strain curve, indicating an & value for the

unstrained material of 23.2 x 10~-¢/°C,
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a. DISCUSSION

The improved model as described in para. 2.1.1 and Appendix F

was gun using the material properties selected as per para. 3. 6.

A 50 C temperature decrement was used which gave deflections in the
X, Y and Z directions as shown in Figure 56. Corresponding strains
predicted by the model for the same decrement are shown in Figures
59 to 62,

5.1 Panel Deflections, Theory vs Practice

Figure 57 gives a comparison between theoretical and practical '
deflections. The following points emerge:

(a) Normal Deflection along centrelines of Panel

The theoretical model results are seen to be approximately
50% of those measured on test by the Dial Test Indieators.

b In-PlanevDeﬂections Panel Y-Direction

The theoretlcal model results are seen to be approx1mately
30% of those measured by the Dial Test Indicators.

The most significant reason for these discrepancies lies in the
differences between overall panel expansion coefficients 'and those
used in the model which were derived from the coupon tests

The average values determined from the panel tests were 7.0 x 10
and 11 x 107 per OC for the X and Y directions respectively. A
single value of 3.5 x 1078 per OC was determined in the test
programme and subséquently used by the model.

For the 'STARDYNE' Finite Element package used it is not possxble
to input separate values for X and Y coefficients of expansion for the
triangular sandwich elements. If an averaged value of 9 x 10~% per
OC were ‘used in the model, then the theoretical in-plane deflections
would be much greater but the theoretical normal deflections would be
much smaller. Hypothetical curves for this expansion coefficient are
shown in Figure 57. The explanation of this effect is given below.
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95 CFRP

{
)

Section AA

Frame _Loweir Edge

a “ ! . ’ ‘ .
CFRP CTE of CFRP faced honeycomb.panel

'CTE of aluminium

‘ O‘AL

'Followmg a temperature drop, the expected deflected shape of the
' beam AB where - CFRP < AL is shown below:

~UPPER EDGE

LOWER EDGE

The lower edge is allowed to contract freely but tjhe'upper_'edge of
the beam is restrained due to the carbon fibre panel.

¢ !
i
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_~ If the panel were to be given a hypothetical increase in CTE then the
. restraint offered by the panel would be reduced and consequently the

out of plane deflections would be reduced. It can similarly be seen
that a reduction in the restraint would also increase the in plane

‘ deﬂections.

To check whether or not the apparent CTE of the panel remalned
constant with temperature, a plot (Figure 58) was made of deflection
at the centre of the panel against temperature. The linearity of the
curve shows that the CTE is constant which is in agreement with the -
coupon tests.

‘1t is evident that correction of the CTE alone will not give model

results that agree exactly with thoge obtained in practice. Other

' sources of error are considered below:

o Errors in Dial Gauge Indicator Readmgs dite to the effects of
o _temperature on their mechanisms, . o

e  Basedon then current manufacturer's data an average value
" of 252 N/mm? was used in the model for the honeycomb shear

stiffness. Later information gives values of 270 and 170

~ N/mm? for the longitudinal and transverse directions

~ respectively. If an average of these values was used it would
be lower than that in the model and would give rise to greater

" theoretical normal deflections and result in better correlation -
between theory and. practice. ’

e  Errorsin idea.lisation of box beam frame. Since this beam is
*of fabricated construction it may not possess a torsion constant
~ as high as that suggested by incorporating the bending normal
. to the plate, This can be explained by reference to the
diagrams following-

L

' Shear Centre

(b) ©
,Diagram (a) shows the torque applied to the fabricated aluminium box
segtion. Diagrams (b) and (c) show the effects of the torque applied .

to the box if the corners of the box are rigidly connected and pinned
respectively.




'The model utilises quadnlateral plates that conform to (b) rather
than (¢). For this reason the box may be described too stiffly in
torsion giving rise to too great an end restraint, in bending, to the
panel. A torsionally less stiff theoretical frame would allow
greater out of plane deflections of the panel and hence closer agree-
ment betWeen theory and practice. .

Additionally, because of the type of quadrilateral plate elements used
in the model, the joint line ’X‘ shown below, is also considered to
take bending. -

This joint line may aleo be described too stiffly by the- model. _
The effect of this is again to provide too great a theoretical bending
restraint and thus smaller out of plane deflections by the panel than
are seen in practice. ‘ ‘

Although the numerical results from model were not in ag'recment
with those obtained from practical testing, the in-plane and normal
' defiecticn gave the expected deflected shape of the structure.

An exaggerated in plane deflected form is given below:

-
= -~ S

' ! ,[‘\ S
! 7 Vg t \

/ \

f )

N . oL , 4 .
o Errors due to. Dial Test Indicator nrrangement, |
(a) In-plane Readings.

These readings were used to calculate the coefficient
of thermal expansion for the panel and give results
in the longitudinal (X) and transverse (Y) directions
similar to those obtained from the strain gauge
readings.
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- Measurements were, however, subject to large
correction factors due to the fact that the DTI's were
connected to an aluminium frame which contracted
relative to the panel.

“(b) Normal Readings

With reference to the dxagram below it can be seen
that a minor source of error arises from the fact that
the DTI frame was supported on rods which rested on
the frame outside the panel per:meter. Measure~
ments taken normal to the panel were thus slightly
greater than the actual deflections.

Deformed
Frame
Position .

N\

. Datum 2
Y © Datum 1 :

€—— Original Frame Position

a = actual deﬂectzon of panel as given by the
model

a' = apparent deflection of panel relative to
mounting datum ,

e = vertical deflection of the panel edge fixing

relative to the dial gauge frame fixing,
It follows a' - e = a,

- Thus for actual deflections of the panel "e' should be
- subtracted from all DTI readings but cannot be
obtained from the measurements taken.

i

From con91derat10n of deflections alone the following conclusxons can

be drawn.
) Theoretical and practical deflected forms are similar.
) Absolute values are, however, very different, practical values

being approximately twice and three times the theoretical
values for normal and in plane measurement respectively,
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5.2

)

e ' Differences between the panel CTE's and the coupon CTE's,
. as used by the model, are significant and must contribute to
. the differences in absolute deflections. The apparent differ- -
ences cannot, however, be explained at this time and future
research should aim at solving this critical anomaly.

‘@ - . Discussion has shown that the differing CTE's are not the sole

source of error inthe absolute deflections. Other sources
that have been proposed are assoclated with local model ideal-
.isations and the practical measuring arrangement. The latter
is thought to be more significant than the former but both are
considered small in comparison with the observed differences.

e ‘For the 'panel free' case the panel CTE's derived from the DTI

and strain gauge readings were in close agreement, This
would tend to give confidence to the in-plane DTI measurements
and the large apparent, panel CTE's,

Panel Strains, Theory vs Practice

Figures 59 60, 61 and 62 give the model computed strams together
with the practically derived values.

Each of the plots of theoretical and actual strains show the same form

~and in each case the theoretical results are always greater than those
‘measured in practice. :

Bottom surface readings were all greater than top surface re'adihgs'

“for the four cases plotted. The reasons for these dlfferenceé is that

the induced bending of the panel produces an addltwe compressive
strain to the bottom surface and a tensile strain to the top surface.

These bending strains thus subtract from the end load compresswe
strain in the top surface and add to the end load compressive strain
in the lower surface. ,

A tehdency for the thébrencél results to be greater than the actual is
compatible with the coefficient of thermal expansion bemg entered as

lower than actual in the model mput

That is if ¢¢ CF tends towards that of & AL then there will be less

relative strain between the two panels.

The correct CTE value would only lower the strains by about 28%.
The mammum actual strain values are seen to be up to 50% less than
the theoretlcal maximum strains, - The minimum strains are seen to
be up to 80% less than the minimum theoretical strains,

1
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5.2.1

Axi additional discrepancy will be due to the fact that the panel in the

fixed' condition was not free from strain at ambient temperature

(+19.1°C). This strain shown on Figures 44-55 inclusive was

- induced by panel and/or frame irregularities in geometry and was

accentuated by the close tolerance fixings.

For the plots 59-62 the actual curves were derived from a ~eadmg at
-23 5°C by correcting with strains induced in assembly at - 19.1° C,

then factoring by m—%’-{g—s to compare with the stram output from

~model for a 50°C drop in temperature.

The above does not result in a direct comparison between actual and
theoretical strains as the strains induced at ambient will influence
the panel toading‘ but are not taken into account by the model.

The induced strains are due to the clamping of the panel to the frame
and thus their effect should be reduced towards the centre of the
panel.

Other reasons for discrepanexes between actual and theoretical
values may be in local model idealisations as discussed in para. 5.1.
They are not, however, consxdered to be a sigmﬁcant source of

error, .

Overall conclusions based on analysis of strains are as would be
expected very similar to those obtained from the deflection analysis
para. 5.1. Trends and forms are similar but absolute values are
different. Differences are not, however, so marked as they were
for the deflections. The primary source of error appears to be the
anomalous CTE values although again this is not considered the sole
source of error,

Failur_e Prediction

Maximum stresses identified by the model for a 50°C drop in temper-
ature were 51, 54 and 49,33 N/mm? for the X and Y directions
respectively. These correspond to values of 46.4 and 37.4 N/mm?
obtained from the fixed panel test for a sumlar temperature drop.

‘(See Appendix G).

Coupon testing showed a local buckling failure of 107.0 N/mm? at
-100°C for the honeycomb sandwich which would give a predicted

 failure at -89°C. In practice there was no evidence of faiiure at

this temperature and the pancl was still intact at the lowest temper-

. ature reached on test which was —166°C Recorded panel stresses
at this temperature were 197 and 137 N /mm2 for the X and Y dxrectmns
' respectlvely.
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5.3

Néélécting errors between theory and practice the two practically
derived stresses differ by almost 2 to 1 and could at panel failure
differ by more. - It can only be concluded that the coupon test

~ arrangement did not simulate the panel mode of failure by developing
- a premature failure peculiar to itself. S

Certainly the measured failure stress is sigﬂficantlybél'dw that found

" during other test programmes albeit with different layups.

" Further work, see para. 5.3, is required to invest_ignté the re‘is’.tion— |

ship between coupon and panel instability modes.
Recommendations |

The most significant sources of error that have been identified in this
Study are differences between coupon derived CTE and faflure stresses
and those found for the overall panel. Before any further improve-
ments to the modelling or measuring arrangements are made it is
imperative that a better understanding of these differences is obtained.
It is therefore recommended that test programmes be instigated to-
investigate the following: - . ~ ' N

() ~ CFRP faced honeycomb sandwich CTE's. |
S s;éx\dard'cbtxppns, 'énd séinéléé" with edge member’ |
: cut fr_om the panel . PR . P
- ‘ ‘laéell' inferferoﬁetric‘ methods to be eniployed .
- ‘local measurements to be made within perimétexj of

large panel to reduce edge effects.

(’2) ) CFR?'faced hbqeﬁomb _sandwiéh in-plané c’pmﬁéssive failure
- overall and local instability failure | |

- - R faceskin material failu‘ré

- . o effects §f cofnbined loadirv\g” | :

- edge member effects .,

Once these areas have been investigated the panel/frame analyéi's }
should pursue the following course: '

\

(n Model the ‘frame alone and subject it toa temperature drop

(consideration could perhaps be given to using a solid alumin-
" jum frame to ease the analysis at this stage)
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(2) Model the panel alone and subject it to a tempefature drop
(3)  Test frame by subjecting it to a temperature drop

9 Test panel by subjecting it to a temperature drop. For all
: practlcal tests the following should be observed -

. ' ) (a) All necessary deflections should be measured
’ optically
(b) Strain gauges cahbrated for the material on which

they are intended to measure strains should be used

() It should be ensured that the surfaces to be bolted are
C flat and that there is no likelihood of strain being
induced when the two structures are bolted together.

(5 | Alter st;ffness of elements in models (1) and (2) and /or ideal-
isation, for example add more elements to produce a more
. accurate model.

When a satisfactory correlation between theory and practice
is achieved the panel and frame should be bolted together and
*ested as such, : ,

(6 Model the structure complete using the same idealisations as
for the sub-structures and subject it to a temperature drop. .

This should genei‘até a close approx1niation between theory. and
practice and will certainly give a better understandmg of the relative
_interactions that are involved.
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6.

CONCLUSION

An improved mathematical model backed by coupon test results has
still not been able to fully simulate the effect of low temperature
excursions on a CFRP panel/aluminium frame combinatlon.

The reasons for the lack of correlatmn between theoretical and actual
results are due to unknown factors both in the development of the
model and in the production of the CFRP panel/ frame assembly.

Better agreement between the results could be achieved. This would
require more practical testing, together with computer idealisations
of the panel and frame as separate problems. The gstructural behav-
jour of the assembly is of such a complexity as to require deeper
mvest1gation both practically and theoretically. :

The results to date do not reveal enough data to solve the problem but
do show more clearly the source of some of the discrepancies. '
Comparing the practical and model results, there is good agreement
in form and would certainly be better absolute agreement if the larger
thermal expansion coefficients were fed into the model.v

Major problems lie in relating the coupon test CTE's and failure

levels with those of the panel. The expansion coefficients for the
panel appeared to be 300% up on those measured from the coupons and
failure stresses were greater than 200% up since no: failure was
observed even at the lowest temperature reached ontest. No reasons
are offered for these discrepancies but suggestions for a future test
programme to investigate the problems have been put forward

Coupon testmg has provided an 1mportant range of low temperature
performance data which will be useful to applications outside this
study. Generally moduli tended to increase with decreasing

- temperature, but the strength behaviaur was subject to greater

variability. The strength and modulus properties of the angle ply
laminates were similar in the longitudinal and transverse directions.
The thermal expansion of the unidirectional materials was small and
constant with decreasing temperature along the fibre axis, but was
much larger and decreased with falling temperature in the transverse
direction, The thermal expansions for the angle ply materlal were
small and the same in the two orthogonal directions,

Doubts expressed during the SR and T programme concerning the
performance of a CFRP panel/aluminium frame combination at low
temperatures have again not been realised. Confidence in CFRP for
this and similar applications remains at a high level but it remains
that some further research be undertaken to ﬁnally ahgn theory with
practlce.
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APPENDIX A
CALCULATION OF CTE FOR CFRP-FACED

ALUMINIUM HONE YCOMB SANDWICH

Coefficient of Expansion of Composite Sandwich

The effective coefficient of expansion of the sandwich construction is a function
~of the coefficients of expansion of the core and the facings and also of their
stiffness properties.

Honeycomb Core:

Consider a typical section of the core:
Y
30°

" | ‘ -
! - — -» X
| .

F L
Let t = ribbon thickness
o, a = cell size across flats
c = core depth
~Side length = af JTS- .

]

p

a3 + 223 - —‘%‘-—

Consider the loadixig on part of one cell ‘

R
l A
P V1
< 4
3 /o
9 a
P
_ ‘R
_ _a_@ ay3 aJ3
B 6 . 6 6
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For Moment equilibriuni
o _ Pa , & _
S T R

Consider an imposed strain in the x direction only
(i.e. 'fy = 0).

For sides (1) and (2), increase in length, 0, is given by

6’ - -P;l- —_ _E. .' a L[] —
®1,2 ~ EA E 2V3 ct
For side (3), load T is derived from
T Sin30 = P
T Cos3 = R =P {3

From either equation Tv = 2P
2P , a 1

-— ——

T - SR

|6x|

%

sin 30~ 2%

Axigl deflection, ibx' =

.. . ’ . ‘. i _ -E;a_ : 1
_« . Tetal axial deﬂecﬁon = et {
_ Pa 2
 Eet * V3
i _ 6 _ loP
Strain ex . 3Eot
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| The effective stresses are:-

. =-22
ax' ac

o - B _ 2

-y pc ac

. (o o -

..-—x—=i—= "-"

€ € °'6a

X b4

Now consider an imposed strain in t_he Y directiqn {.e. ‘x = 0)

! 1

6 = = B a 1
Asabove % =8 T E- I

c = 2 a 1
3, E°*J3 ° et
6y3 due t_o.as_
30° / 1 '8'y3
8, dueto 8, and §, | _:6},3 = $3/Cos 30 = 1‘5%%

If the load/mm is denoted by Nx' Ny thus for the core we have:-

el - .0048 0048 | | ¢ |
= 3
N, G x107x14 | o048 0048 | | ¢, N/mm
| 1 1] e |
= 4637 - 1 N/mm
1 1] e
y
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Ca'rbon Fibre Facings:

t

= .762 mm  (for two faces)
“E- = 50  GN/m?
Nl 50x10° x .762 B I €x
N | -.04)2 1 .04 1 €
y ¢ )v : : : y
1 041 1| €
= 41340 . X N/mme
.04 1 '
| ‘y
Sandwich panel
= aluminium = 23 x 10~% /°Cc - -

/°C. (Average value

.~ - 180 to 100°C). -

tan 30 .

y2 61

8 = §, + O + 6

y yl y2 y3
. Pa_ 1 4Pa _ 5 Pa

Ect = 3 3Ect 3 Ect

_ 2 _ 10 p

€y a 3 Ect

6 ) 0.6 Et

X D A, .

Gy Ey

" over temp. range -




For 20 - 3/16 - .7 core

t = 002", a = 1/an
| . ®
i. - ° LA .008 , 5 . .0048E
coo a €
. For aluminium alloy E = 69 x10° N/m?
| Core depth = ldmm.
N . 4637 4637 33
.é. < . . - 10— .
aluminium | 4637 4637 23
213300
= 10~¢
| 213300
- )
41340 1654 1.3
Ne g = 10~6 '
o L}654 41340 | 1.3
r-
55890
= 10"6 :
| 55890

' The stiffnéss matrix for the completé sandwich is:

‘ 45977 6291
K =
6291 45977
269190
Ns luminium + N CF x10°

_269190
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Under Free expansion

N
X
= 0 = K €, - Nul
N
y
€ - | 269190
o e, = T = K x 10~6
X . )
€y - 269190 |
22.2 -3.0
K = 1io-¢
’ -3.0 22.2
. Te : 5.2
: X
- =108
€ | 5.2
y

Hence effective coefficient of expansion of the sandwich is
5.2 x 10~% /OC in any direction. ' ‘
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APPENDIX B

MASTER LIST OF SPECMENS

1. INTRODUCTION
This Appendix details the total specimen requirements for ‘

the Study
Al specimens have been given a purely numerical reference’_
for immediate identification,
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2. " FAILURE CRITERIA AT CRYOGENIC TEMPERATURES

2.1 v Unidirectional Specimens

Specimen DrawingNo. | o o Test Test
No. d  TL , ' : Description | Temperature °C
001 22037 - 05 01 LTM | 20
002 | =22037-05 | oL LTM | 20
003 | 22037-05 o LTM . t1-60
004 22037 - 05 01 T uT™M . =60
005 | 22037-05 | o1 LM £2 ~100
006 1 22037 -05 01 LTM ' -100
007 22037 -05 | o1 | vttm . |  3-170
008 22037 - 05 01 LTM 170
009 .| 22037-05 01 LTM -190
010 22037 - 05 01 | mm ©-190
011 ' | 22037 - 05 01 | rtm ' SPARE
012 22037 - 05 0o LTM ‘_ T SPARE
013 . 22637 - 04 02 - LTS . 20
014 22037 - 04 02 : LTS : 20
015 22037 - 02 | o2 ' LTS T -e0
016 22037 - 04 02 LTS =60
017 22037 - 04 02 . LTS - -100
018 22037 - 04 02 | LTS | -100
019 - | 22037 -04 02 | vwrs + -} . 170
020 | 22037 -04 02 LTS -170
021 22037 - 04 02 | LTS Z190
022 22037 - 04 02 . LTS - -190
023 22037 -~ 04 02 LTS - SPARE
024 22037 - 04 02 LTS ; SPARE
025 | 22038 -04/1 03 TTM ' 20
026 | 22038 -04/1 03 TTM | 20
027 52038 - 04/ 1 03 TT™ ~60
098 55038 - 04/ 1 03 TTM , ~60
029 22038 = 04/1° | 03 TTM . ~100_
030 1 22038 -04/1 | 03 TT™M ~100
031 22038 - 04/1 - 03 | TTM™ | -170

123




2.1 Unidirectional Specimens (continued)
Specimen kDrawing No. Test No. ~ Test Test -
No.' © TL Description Temperature °C

032 22038 - 04/1 03 TTM -170
033 /22038 - 04/ 1 03 "TTM - -190
034 122038 - 04/1 03 | TTM - 190
035 22038 - 04/ 1 03 TTTM SPARE
036 22038 - 04/1 03 TTM SPARE
037 22038 - 05 04 TTTS 20
038 "22038 - 05 04 TTS 20
039 22038 - 05 04 TTS =60
040 22038 - 05 04 ~TTS -60
041 22038 - 05 04 TTS BETR
042 22038 - 05 04 TTS -100
043 22038 - 05 04 TTS ~170
044 22038 - 05 04 TTS 170
045 22038 - 05 04 TTS 190
046 22038 - 05 04 TTS T80
047 22038 - 05 04 TTS SPARE
048 22038 -/05 | 04 TTS SPARE _

" 049 22039 05 TICS 20
050 22039 05 LCS 20

051 22039 05 ICS =60
052 22039 05 LCS 60
053 22039 05 I.CS =100
054 22039 05 ics =100
055 52039 05 ICs 170
1056 22039 05 ICsS =170
057 22039 05 LCs 190
058 22039 05 ICs 150
059 22039 05 CS SPARE
060 22039 05 ICS —SPARE
061 52000 06 TCS 20
062 22040 06 TCS 70
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2.1 - - Unidirectional Speéimens (conti'nued)'

Specimen | Drawing No. Test No., Test Test
No. TL g Description =~ | Temperature °C
063 | 22040 06 TCS =60
064 22040 6 | TCs 60

065 - | 22040 06 TCS ~100
066 22040 06 . TCS ~100

067 '| 22040 06  TCs 170
068 22040 | 06 . TCS o tg 170
069 /| 22040 06 ‘tcs " 190
070 . 22040 | 06 res - | -190
o1 | 22040 06 TCS ~ SPARE

_or2 22040 06 ~ TCS SPARE

073 | 22041 o7 - smMm 20

o073 22041 08 ss | 20
074 22041 07 SM ' 20

Cioma 22041 08 ss 20
075 . .| 22041 07 SM 60
075 22041 o8 | ss Sl .0
076 . | 22041 07 SM | -60
076 22041 08 ss | o
077 22041 07  sm ~100

077 22041 08 ss -100
078 22041 07 SM . -100
o78 | 22041 08 - ss ~100
079 22041 07 SM ~170

o019 | 22041 08 ss | -170

‘080 | 22041 Y SM ' -170
080 | 22041 08 ss’ . -170
081 22041 Y SM T 190
081 22041 08 s 190
082 22041 07 SM -190
082 | 22041 ° 08 "~ ss -190
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2.1

Unidirectional Specimens (continued)

Drawing No,

S’pilc:n “1 - TL Test No, Des::i;ttion 'Temp;:i;re °c
083 22041 07 SM ' SPARE
083 22041 08 ss SPARE
084 22041 07 SM SPARE
084 22041 08 ss SPARE
085 23266 09 LCE 20
086 23266 09 LCE 20
087 23266 09 LCE 60

088 23266 09 . LCE 60
089 23266 09 LCE -100
090 23266 09 LCE - -100
091 23266 09 LCE - -170.
092 23266 09 LCE -170
093 23266 09 LCE -190 -
094 23266 09 LCE -190
095 23266 09 LCE SPARE
096 23266 09 LCE SPARE
097 23267 10 TCE 20
098 23267 10 TCE 20

" 099 23267 ' 10 TCE ' -60
100 23267 10 TCE -60 - -
101 23267 10 TCE -100
102 23267 10 TCE -100
103 23267 10 TCE 170
104 23267 10 TCE -170

£ 105 28267 10 TCE -190

106 23267 10 "TCE -190
107 23267 10 TCE 'SPARE
108 23267 10 TCE SPARE
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2.2 Angle Ply Specimens

Specimcn Drnnrg No. | Test No Test - Test
No, TL T Description Temperature °C
o flres | z214-01 | u LTM | 20
Qe | 2emu-0n 12 s 20
10 | 22114-01 n | M 20
) 110 22114-01 12 LTS 20
111 22114-01 11 LTM | . -100
111 22114-01 1 12 s | -100
112 22114-01 - 11 LTM 100
2 | 2211401 12 | L8 T
us | 22114-01 i LT™M 190
13 | 2zita-or 12 s | -190
114 | 22114-01 u LT™M | 190
114 | 22114-01 12 Lts | -1e0
115 | 22114-01 1  LTM SPARE
115 22114-01 12 LTS SPARE
116 2211402 s | T™ | 20
116 22114-02 14 TTS 20
7. | 22114-02 13 TTM 20
17 | 22114-02 4 TTS 20
18 22114-02 13 TTM 1 . -100
118 | 22114-02 14 TTS -100
119 22114-02 13 TTM : ~100
119 | 22114-02 14 TS ~ -100
120 22114-02 13 TTM -190
120 | 2211402 w7118 | 1% .
‘121 2211402 1 13 T T -190
I _ 121 | 22114-02 ' 14 s |, | <190
S T 22_11@'-02 13 TTM SPARE
e 122 221.14-02 14 TTS “SPARE
| 123 | 23271 1T 15 | 1c8 20
124 23271 1 15 ics | 20
125 | 23271 " 15 1CS o100
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2.2 ' . - Angle Pix Specimens (continued)

‘Specimen | Drawing No. Test N o Test ~ Test
No. . TL : o Description Temperature °C
| 126 | 23271 15 _LCS -100 '
127 23271 15 LCS =190
128 ';232'71 ‘ 15 LCS =190
| 129 23271 15 " 1eS SPARE
130 23272 16 TCS 20
131 23272 16 TCS 20
132 | 2sem 16 TCS -100
133 | 23272 16 ‘TCS © -100
134 23272 16 TCS 190
135 23272 16 TCS 190
136 23272 16 ~ TCS " /SPARE
137 23273 17 LCE 20
138 23273 17 LCE - 20
139 23273 17 LCE -100
140 23273 | 1 LCE ~100
141 23273 Y LCE =190
142 23273 17 LCE -190
143 23273 17 LCE " SPARE
144 23274 18 TCE 20 -
145 23274 / 18 TCE 20 -
146 23274 18 TCE © -100
147 23274 18 TCE -100
148 23274 18 TCE -190
149 23274 18 TCE -190
* 150 23274 18 TCE  SPARE
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"2.3 i Angle Ply Honeycomb Specimens

Drziwing No.

| Test

Sptlis(:fnen TL Test No, Description Temp'e'l;i;fxre °C
151 . 23281-01 19 LCE 20<--> 10
151 23281-01 20 TCE 20<--> =70
152 , 23281-01 19 LCE 20<--> =70
52 23281-01 20 TCE ° [20<--> -70
153 2328101 19 LCE SPARE
153 2328101 20 TCE SPARE
154 23281-01 19 LCE SPARE
154 23281-01 20 ~ TCE SPARE
155 23281-02 21 LCS 20
156  23281-02 21 LCS 20
157 23281-02 21 LCS ~100
158 23281-02 21 LCS - -100
159 "23281-02 21 ICS ~190
160 - 23281-02 21 ICs ~190
161 23281-02 21 LCS SPARE
162 .| 2328103 22 TCS 20
163 23281-03 22 TCS 20
164 23281-03 22 TCS 100
165 23281-03 22 TCS -100
166 23281-03 22 — TCS ~190
167 23281-03 22 TCS -190
168 23281-03 22 TCS “SPARE
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Creep Specimens '

2.4
Spf;::nen le?}WT;ilg e ,th No. Des::is;:ﬁon T-emp:'eaitxre °C

169 _TL 22036/ 1-04 23 C, LFM 20
169  TL22036/1-04 | 24 C, LFS 20
170 - ' TL 22036/ 1-04 23 C, LFM 20
170  TL 22036/1-04 | 24 C, LFS 20
171 TL 22036/ 1-04 23 C, LFM . -100
171 TL 22036/1-04 | 24 C, LFS ~100

172 TL 22036/ 1-04 23 C, LFM -100
172 TL 22036/ 1-04 24 C, LFS ~100
173 71 22036/ 1-04 23 C, LFM -190
173 ' TL 22036/1-04| 24 C, LFS ~190
174 TL 22036/1-04 | 23 C, LFM -190
174 TL 22036/ 1-04 24 C, LFS =190
175 TL 22036/1-04 | 25 LFM 20
175 T1L22036/1-04 | 26 LFS 20
176 TL 22036/1-04 | 25 LFM 20
176 - TL 22036/ 1-04 26 LFS 20
177 TL 22036/1-04| 23 C, LFM SPARE
177 TL22036/1-04| 24 C, LFS SPARE
178  TL 22036/ 1-04 23 C, LFM SPARE
178 24 C, LFS SPARE

TL 22036/ 1-04
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Test Description Terms

LTM .’

TCE

LFM

LFS

Longitndipal Tensile Médulus
Longitudinal Tensile Strength
Transverse Tensile Modulus
Transverse Tensile Strength

Longitudinal Compressive Strength

- Transverse Compressive Strength

Shear Modulus

Shear Strength

Longitudinal Coefficient of Linear Expansion
Transve.r'se Coefficient of Linear Expansion
Creep Test |
Longitudinal Flexural Moduhis

Longitudinal Flexural Strength
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_ APPENDIX C
COMPLETE PANEL TEST PROCEDURE
(BAe Specification DTP/GP/50047)

¢
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Procedure No. DTP/GP/50047
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Procedure No. DTP/GP/50047

10

1.1

1.2

2.1

2.2

2.3

2.3.1

i

-The panel will be attached to a test frame of a large spacecraft

SCOPE

'Equipment to be Tested
: -

A carbon fibre honeycomb, panel dimensioned in accordance with
HSD Drawing No. TL 22109 Basic 01.

structure. The HSD drawing number of the frame is MST 13594.

;Pur;’)osef of Test

The purpose of the tests detailed in this document are to subject
the panel/test frame assembly to thermal cycling and investigate
the effects of differential thermal expansion and how this coincides
with the theoretical analysis. L

CONDITIONS

Personnel

The Test Conductor shall be responsible for supplying an adequafe
number of qualified personnel to carry out the activities associated
with the test. : -

Special Hazards/Precautions

Safety pz‘ecautibns associated with the test facility and equipment.

shall be the responsibility of the Test Conductor. During the

‘test, the panel will be inside a chamber and any potential failure

will bé contained.
Pre’pziraﬁon

Test Equipment

e  MST 13607 Insulated Test Box

. Liquid Nitrogen Bowser - self pressui'ising from which cold
. gaseous nitrogen at temperatures approaching that of liquid
nitrogen is piped into the test box. : : :

e 200 Channel Data logger to MST 14223/2 plus printer.

e TIl. T2. Thermocouples taped to the panel and aluminium frame
in the positions shown in Figure 1 of this document. . -

e Strain gauges positioned on the panel and frame as shown in
Figure 1.
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2.3.1

0

z. 3.2

'2.8.3.1

2.3.3.2

'2,3.8

Procedure No. DTP/GP/50047

Cont'd. '

e Dial Test Indicators (DTI's) (for use with the insulated test
box) plus support frame and attAchment rods as shown on
“HSD Dtawing No. MST 13608,

@ VUltrasonic tes_t probe. ‘ , : P

Teést Equipment Prmraﬁon ' ' ‘."
All thermocouples, strain gauges, dial test indi cat ors and other

. measuring and recording equipment shall be supplied, fitted or

connected by the Test Conductor. Sufficient calibration runs and -
checks shall be performed by the Test Conductor to verify the
performance of the test equipment.

Test Article Preparation

Strain Gagge Insmllation

' Micro-Measurements seriea WK (temperature compensated) 350 ohm

strain gauges (rosette and single) will be fitted to the panel and
frame.

The gauges used will have an accuracy of 0.3 - 0.4% and all changes {n
gauge resistance will be referred to a fixed stable resistance with
applied correction factors for apparent strain and non-matching
coefficients of expansion,

Panel Preggration

Carry out a pre-test inspection of the test frame and panel for
planarxty and record bolt hole sizes in the panel and their positions,
and record any surface damage.

Install the strain gauges and thermocouples in the positions indicated

in Figure 1,
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Procedure No, DTP/GP/50047

3.°  PROCEDURE

. 3.1 Procedure Performance - » o '
3.1.1 ' Test Sequence

- Tests shall be conducted in the sequence specified heren.
3. 1.1.1 Thelrlmall_gxcling (Panel Free) | |

(a) Carry out a check and record the overall dimensions of the test
frame and include a check for planarity

(b) _ Install strain gauges, and thermocouples in the positions
"~ indicated in Figure 1,

© ‘Install the test frame in the test chamber.

@ Install the Dial Test Indicators (DTI) complete with- support
.~ frame as indicated in Figure 1.

(e) Subject the frame and panel (di sconnected) to a thermal cycle,
: from an ambient temperature of 150C down to -1500C and return
_to ambient as follows:- : :

® Stabilise the panel temperature at approximately 300C
increments. .

(i) Record the DTl and strain’ gauge readings at each of these
increments.

I(f) Repeat (e).

" (g)  Analyse the results by plotting graphically strains against -

B temperature. ‘Assess the results of this analysis'with regard to
the characteristics of the gauges. If these characteristics display
significant anomalies subject the frame and panel to further :
thermal cycles until these anomalies are minimised.

i

136




Procedure No. DTP/GP/50047

3.1.1.2

Thermal Cycling (Panel Attached)

(@

(b)

(@)

@

(e)

)

(2)

(h)

t)]

(k)

)

(m)

(m)

Attach the panel to the test frame using M6 Titanium bolts and

steel nuts and torque tighten to 4. 5Nm. Record the temperature
at which the panel attachment is made.

Install the assembly in the test chamber.
Record DTI and strain gauge and thermocouple readings.

Subject the assémbly to a thermal cycle from an ambient
temperature of + 150C down to approximately -25°C and return to

.ambient..

Record the strain gauge readings at achieved minimum
temperature.

'-Subject the assembly to a thermal cycle from an ambient
" temperature of 15°C down to approximately -50°C and return

to ambient.

Record the DTI and strain gauge readings at achieved minimum
temperature.

" Subject the assenibly to a thermal cycle from an ambient

temperature of 15°C down to approximately -75°C and return
to ambient. ' '

Record the DTI and strain gauge readings at achieved minimum
temperature. : ' . o

Reduce the temperature of the assembly, by allowing cold
nitrogen to circulate in the chamber, -to approximately -1000C

and return to ambient.

Record DTI and strain gauge readings at achieved minimum
-temperature. ' Co '

Reduce the temperature in steps of 25°C to the limit of the test
equipment's capability or until a significant failure to the panel
occurs.

Record DTI and strain gauge readings at each of th_ése ‘
temperatures. e e e »
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Procedure No. DTP/GP/50047

3.1.1.2 Cont'd.

®) Shut off the supply of cold nitrogen and allow the assembly to
return to ambient temperature. o

, - (@  Remove the assembly from the cold box and inspect for Visible:
g signs of damage. o

(r) Inspect the panel for damage and bolt hole shape, size and

position.
" 4, DATA REQUIREMENTS.
_4. 1 Data Reporting '

Tabulate all results obtained.
Analyse the results as strain in geometric axes:‘against'temperature.

:Photographs of the test specimen wxll be taken before the test and also
of any damage that occurs during the festing. '

1
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APPENDIX D
, 'STRAINCAL COMPUTER PROGRAM' -
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INTRODUCTION

When using certain types of strain gauges a zero error is introduced into -
the readings which varies with temperature. This Is corrected for by
+ varying the temperature of the body under test withiout any artificial
strain imposed upon it. The strain gauges attached to the points of interest
give results forming calibration curves of temperature against strain. From
~ these curves the artificial zero point, or nominal value for each strain
.gauge may be determined for any value of temperatiure.. If the body s now
put under strain and the temperature varied, the nominal value may be
calculated from the calibration curves, and subtracted from the straln
measurement giving the true strain. .

The program considers two configurations of strain gauge, the rosette

. type and the single type. The single type only requires calibration as it
only reads strain in one direction, but the rosette type measures strain In
three directions and from this the maximum and minimum strain values may
. be calculated and also their directions.

The program has two modes:

(i) ' Calibration mode and

(i) “Test mode

During the "cahl/)ration mode the calibration curves are Input and stored by -
the program. During the test mode, the test data is read in which contains

measured strain and temperature. This test data is then callorated and
" resolved as described above.
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THEORY

The cahbration curves are sorted out in the form of temperature against

,stx‘am and each run ‘contributes a point on the curve for each channel
number

Test Mode

When the test data has been read in the nominal strain is obtained from
the calibration data by linear interpolation with respect to temperature.
The equation used is shown helow: ' :

(Cs, - CS))

T)) o eese 201
1 (CT ('Tl)

"8 =CS8 P T
S.\' 1 _(x

where S‘ is the nominal strain
N T‘( - is the temperature nf the test period
(CT CS ) and (CT CS8,) are two points on the calibration

curve which are Llo‘,e\t to the test point.

The calibration curve is of the hysteresis type and thu_s the two points
used on the calibration curve must be on the same part of the curve as
the test data. For example if the temperature of the test data is being

reduced then calibration data must he from the downward path and similarly

if the temperature is being increased then the calibration data must be
from the upward path.

The callbl ated test data is then scaled hy maltxplymrf by the variable SCALE

mput as data

The results of the single strain gauge type are now ready for output, but
the ;osett’e type strain gauge still requires some resolving. The rosette
strain gauge groups the channel numbers into sets of threes. Let three
channel numbers of one strain gauge have the corrected strain values

LI ,“ , and €_. These values are used to calculate the full output for the
rosetté type strain gauge.




0]

iy

(it

(v)

<x=‘1 .‘..2.2'
y 2+. 3 1 . ) '...2.‘.‘9
ny'a,cs"‘z. SRR L e 2
€x+t ' . v S
_e: = ! € —f 2 2 .
max ] 2 -+*ﬁx y) +'?xy .000205
V .
€ + € ' . . _
€ = X ‘- € - 2_1._ 2 ) a .
o mln aw .iJ(x S
(%} =%tan”1 c—-—% ' T neee 2.7
P x "y |

To determine the maximum and minimum direction of the strain the fdlio&lng

tests have to be done:

. {
If ratio g% = t::
x ¥y
'ny +ve
Kratlo & ¢ = Tve
LI 4
X  ve
If ratio 7=2te- =ve
%y _
Y

If ratio —3L - ZYE

€ -¢€ rve

then angle of max. . st = ©)°

_ n angle o max» .prlnc‘ strain «op max. (tpp)

. . : . = o+ o
and anglf of min. princ. straln wp min. (c:p . 99)

head

then angle of max. princ. strain © .=(90 -9 ).
e _ p max. . )

: = -@ )0
‘ and angle of min. princ. strain Qp min. (180 cp)

then angle of max. princ. strain © - =(180 - @ )°
o TR | . pmax. ° P

. . _ i 10
and angle of min. princ. straip ?p min. = (90 wp) |

' = ©)° .
;hen angle of max. princ strain &?p max. ‘(90 + ‘p) B
and angle of min. princ stramo_ _ =(®)°

pmin. " p .'

These results are then outpu(:-. .
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1

PROGRAM STRUCTURE

The basic program structure can be scen using the simplified flow chart,

-see Fig. 1.

First of all the user must read in the calibration data which is signified by
the second card of the data pack. The calibration data is stored in a single
three dimensional array having r2ferences of channel number, run number
and strain/temperature. The data read in at the beginning of the data file
is checked for consistency, e.g. the ranges specified for the rosettes to
check that exact grouping of threes is possible allowing for inconsistencies
when channel numbers are not used. If inconsistencies are input in the
ranges specified for single strain gauge readings then this will be picked
up and the program will be halted. : ’

The channel numbers are also checked that they follow on in steps of one.
Even if a certain channel number is never used, the data file muast include the
channel number with two other numbers after it, the last number (the
temperature reading) being set to -999, indicating reading is to be ignored.

The program then searches through the calibration data in the ranges specified
for rosette type strain gauges, to find any reading with the temperature setto
-999 . On finding one, the program sets the other two temperature readings

of the same rosette type strain gauge, and same run to -999. ’ ‘

When all the calibration data has been input and checked it is listed out with

all the readings for each channel grouped together.

The calibration curves are now set and as long as the prog-rani is not
re-loaded then the information will be stored for use when running the test
data.

The test data may now be input for calibration and resolving. This data is’
stored in a similar way to the calibration data, i.e. a single three dimensional
array. As the data is being read in the channel numbers are checked that they
increment in steps of one in the same way as the calibration data.

The first stage of the test mode section of the program, after the data has
been inpit, is to calibrate the test data. This is done by first obtaining the
nominal strain from the calibration data, by linear interpolation with respect
to temperature, using the equation (2.1) given in section 2. This nominal
vitlue is then subtracted from the measured valae and the new calibrated value
is then stored in' thetest data array over-writing ihe‘ original measured value.
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Not all the test data requires calibration thus this correction is only
applied- upto the maximum channel number of the calibration data, or upto
the last channel number of the test data.

The test data now calibrated is resolved according to its strain gauge type
as described in section 2. For the single strain gauge type, the data only
requires to be multiplied by SCALE (input as data), to scale the reading
before being output on the line printer. The rosette type strain gauge
groups the channel numbers into threes and after scaling, as n the single
type test data, uses equation 2.2t0 2.7 in sectlon 2 to produce the value

€ €, L€ e ,w - andw ready to output. on the line
x' 'y’ xy’ - max min’ pmax p min i ,

printer,
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Card No.

3a.

4a.

a.

6a.

Ta.

INPUT DESCRIPTION

The data for the program is input on cards and was peripheral * CRO.

" Free format is used by the program, thus adjacent numbers must be

separated by at least one space, if any other separator is used by the
program then this will cause an error.

Pescript ioi\

TITLE(]), 1= 1,10 ,
Input the title to be printed at

| The data for the program is listed below in tabular form:

the top of the

_output file. Must be within the first 80 columns.

ICAL ,
Flag to define program mode

i.e.

'ICAL =0 Calibration mode

ICAL =1 Test mode -

.~ If ICAL = 1 then go to data cards 3b

" SCALE

~ Scaling factor of the strain readings

NR

Number of runs of the céllbrétlon data

Minimum value 2. Maximum

RUNTEMP(D, 1=1, NR

‘value 20.

where RUNTEMP(]) is the overall temperature

of the Ith run.

" 'This defines two ranges of channel numbers
to be grouped in threes for rosette type strain
gauges. The ranges are ROSING(1) to, ROSING(2)

and ROSING(3) to ROSING(4)

ROSING(D), 1=5,8

! This defines two ranges of single type strain

gauges. The ranges are ROS
and ROSING(7) to ROSING(8)

147

ING(5) to ROSING(6)

Format

10A8

1

F0.0 "

10
NR F0.0

410

410




fiCard_No .

 ga.

 9a.

108 4oNC + 92

NC + 10a -
to
2 NC +9a

3b.

4b.

5b to
NCTEST + 4b

NCTEST + 5b

" CH STRAIN TEMP

‘ ’Description
IDUD
,No, of incons istencies in the channel numbers
'for the rosette type strain gauges. Maxlmum '

 value=5. If IDUD=0 miss card 9a.

"ROSING(D), 1=9, JJ

- Where JJ = 8 +IDUD * 2

This defines.a maximum of 5 ranges of channel :
numbers not to be used in calculations when -
considering rosette type strain gauges. The
ranges defineéd are ROSING(9) to ROSING(10) etc.
~and indicate the numbers to be ignored. ROSING(])
" is included in the range to be ignored,and for cases

~ where only one number is to be ignored ROSING(I)

will :equal ROSING (I + 1)

CH = Channel Number -

. STRAIN = Strain reading

TEMP = Temperature at time of measurement .
For Run 1 where NC Is the number of channel
numbers in each run .

Maximum value of NC = 100

CH STRAIN TEMP. o
For Run 2 and similarly for each run upto
card number NR*NC + 9a, which s the last
card of the calibration data.

NRTEST
where NRTEST is the number of test runs.
Maximum val_ue = 20

RUNTEMP(]), I = 1, NRTEST
where RUNTEMP(]) is the overall temperature
of Ith run of the test data.

CH STRAIN TEMP : v

For Run 1 where NCTEST is the humber of
channel numbers in each run.

Maximum value of NCTEST = 120,

CH STRAIN TEMP

For Run 2 and similarly for each run upto
ca:d namber NRTEST*NCTEST + 4b which is
the last card in the test data. ‘

Format

Clor0

10, 2F0.0

10, 2F0.0

I0
NRTEST I0

10, 2F0.0

10, 2F0.0




The channel numbers of each run must start and finish on the same
number and rise In steps of one. The first channel number of each set
of data must be the same as that of the calibration data ruan prevtously
The last channel number may be different for each set of data. In the
data file the channel numbers must be incremented in steps of one,
including those not actually used by the program. If ahy channel
number is missed then this will be signified by a halted message as

follows:

Ha‘lted: Data Error Channel numbers inconsistent

In cases where no data is available for a channel then this wlll be
swmfled by inputting a temperature of -999.

The program checks the ranges of channel numbers set for the rosette
type strain gauge and if it is found that exact grouping of threes is not
possible (allowing for the inconsistencies) then this ls slgnlfled by a

halted message as follows:
Halted Data Error in strain gauge distinctions

The procrram also halts with the above message if the user attempts
to read in an inconsistency in the range set for the single stram gauore

type.
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‘OUTPUT DESCRIPTION

" For both the calibration and test mode the title of the ouput file as input

as data and a listing of overall temperature against run number are

prlnted on the first page of the output file.

For the calibration mode the information for each channel number is

~output in blocks. Each block is headed by its channel number and

undernegath this ‘are three columns headed by RUN, 'TEMPERATURE, and
STRAIN. The temperature column gives the temperature of the strain
gauge at the time of the strain measurement. For runs of that channel
number where the temperature of the data file has been set to -999 is

‘indicated by the message "No data available for this channel on this run".

For the test mode the rest of the output Is again In blocks but these blocks
can take two forms depending whether it is assoclated with a rosette type
strain gauge or the single strain gauge. For the single type strain gauge
the block is headed by the channel number and below has two columns
headed TEMPERATURE and CORRECTED STRAIN. The temperature
applies to the temperature of the strain gauge at the time of ‘measurement .
The corrected strain is the measured strain after calibration, where
applicable, and scaling. The other type of output format for the rosette type
strain gauge has each block headed by the three channel numbers
associated with that rosette strain gauge. Below this are 8 columns headed
by TEMP, E(x), E(y), GAMMA (xy), E(max), E(min), PHI(max) and
PHI(min) where TEMP is the temperature of the strain gauge at the time
of measurement the other variables are as determined in section 2, where
E signifies €, brackets signify subscrlpt and PHI slgnlfles ‘P

‘ _For runs where the temperature has been set to -999 then this ls
- gignified by "Information not available". On rare cases where there is not

enough calibration data on a channel number then thls ls signlﬂed by

- "Not enough calibration data avallable"
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6. " PROGRESS USAGE

‘The program requir es a core size of 22656 words and the name of the
binary image is STRAINCALBIN and uses peripheral *CRO and *LPO..
An estimation of time required by the program is 20 seconds per 1000
lines of data plus 5 seconds. ‘ ' L : :

Assume fhat the calibration data is held in CALDATA, and two sets of
test data are held in TESTDATAL and TESTDATA2, then the George LI
statements required to run the program are as follows:

JT 150

MzZ 23000

10 . STRAINCALBIN

AS’ *CRO, CALDATA

AS *1,pO, CALOP

T 50 :

EN . -

RL *CRO

RL *LPO

LF CALOP, *LP, AL

AS *CRO, TESTDATAL

AS *LPO, TESTOP1

T 50 ‘

EN :

RL . *CRO

RL *LPO o

LF TESTOP1,4LP, AL -

AS *CRO, TESTDATA2 )

AS *LPO, TESTOP2 )

TT 50 )

EN )

RL *CRO )
v RL *LPO )

)

LF TESTOP2, kL7, AL
The last part may be repéated for as many test data files as Is required, -

as long as ST_RAINCALBIN is not re-loaded. If the program is re-loaded
then the calibration data is lost. '
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APPENDIX D1

CALIBRATION DATA

a. Sample Input
‘b. Sample Output -




, L e Y L S L Y T T T A L]
: ! L
ninaa

2PEINC VY punuan

) POREOSIIIIIRRERISIY

i oy
O s e ]

POVEVIITEFININ IS

BLISTING OF 1PE.CALMTAZIN/)  PLONLCED OB ESANTE AT 10.22.56
SONTPUT 8V LISTFILE 1N *:06407C.TUS33° 0w Suau?s AT 10.26.36 Vsl 17
‘SeCURENT  caLpaval '

.
TESY DAVA 2 CaLIuRAvION
100.0

[3

20 0 =20 =43 8 20
116 % b
e ve

2 X 2 Y LR Y
<

*
??
10
was s
1 3098
12 4 1 =998
73218 .
" 4?8
3722
te 8 23
7e220
1" 1) G 18
" 1% 9 30
612 0 13
Mros
W2lsS
233098
26 4 ¢ S
35 ¢
IHEEE)
Wre0
W
- %40 .
301000
LR X ]
321260 .
33 1] ¢
32 ]
38 )
36 &
s
3 6
L4
[ ]
498 1}
42 16 0 -2C
" 13 -0
2 0 -2¢
0 -4Q
0 ~40 .
Q =40
? -4d
! & ~40
Y =3¢
0 -33
15 ~4C
” ~4C
10 0 -999
91 20 ~40 ..
12 0 =48
[ N ]
30
. a0
K ]
2 -3
S5 =8
3 -3
¢ =3
¥y 5
LR
0 -
¢ 0
020
DL
¢ ¢ 2
T
92
820
20
2N
3 ¢
R LD

ORIGINAT ¥Xtrg 1y
OF POOR QUALITY




i N c
AN IER NN RPROINNANNOAG .'i....'."'...".“0"."".' ."t.ﬁ'.i. L1} ...ti'.‘

56&;55&56555555s&uesssesceescssscacsesssscGcccscsscsssasscesceacecnsasesc
6GG66G6E66G6!

, , : ‘ : 6666EEL6EECE!

:ozsavt;suvsx : - 666EGLGE6666¢

666666EEEGGE!

_ : 66GGEC6CEEEE!
ssascseccesscsaessse¢esseceasessssssscssscssesesscacsecsesssessseeesesss«

ALISTING OF :PE.CALCPT(1/) PROBUCED OW _9MARTE AT 10.26.52-
FOUTPUT MY LISTPRE IN "oesarc EVES3® ON 9MAR7E AT 1C. 26 S4 USING 17
DOCUNENT ” cALcrv

TEST DATA 2 CALIERATION

THE oveaat; 15.9:&;7»:: of encu AUN
hun' TEPPERATURE

20.00

c.00
-67.L08 :
. DeCG0
20.CC

EXLY TP




RUN

NN

RUN

o‘\n'.uN-h

RUN -

[NV I W Ny

RUN

O AN -,

CHANNEL NUMBER 1
PIITTRI T ISR SR R A )

TEPFERATURE STRAIN
15.00 0.00
5.¢C C.00
~15.0G c.cC
-4 .00 c.00
6.0C 0.00
20.CE €.00

CHANNEL NUMEEK 2

ARANSP ARG RSO DR N R G NARD

TEMFERATURE STRAIN
25.00 0.0C
5.CC .00
-15.72¢ £.00
-40.0C ;=00
€c.0C G.CG
20.C0 C.C0

CHAMNEL NUREER 3
AEANSAREA AR PR NN G AR N

TEMFERATURE STRAIN
15.48C c.n0
5.0C 0.Cu
~15.70 0.0G
-43.C0C 7 C¢.CC

© 0.CC : .00
0.C8 €.00

CHANNKEL NUMEER 4
R Y R I L

TEMFERATURE STPAIN
NO DATA AVAILABLE FOR THIS CHAMNEL ON THIS RUN
.oC 1.60 ‘
-15.C¢ , 2.09
-40.6C .00
-5.CC 2.00 ‘
10.0C v 1.00
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RUN

KUK

A e =

~ RUN

L VI PR NN

" wuk

Iy SV, BF JEREVEN N B

LA U R O VAR VAP ]

CHAKNEL NUMEER S
EERIVRNARACOFIVE AR AARNS

" TEMFERATURE - STRAIN
NO DATA AVAILAELE FOR THIS CHANNEL ON . THIS RUN-
Se:-C . 1.20
-15.CC 2.00
-40.CC 6.03
-5.CC 2.00
20.7C C.CO

CHANNEL NUMEER 6

RARBASRRRABARNAERNANRNASE

TEPFERATURE STRAIN

NC DATA AVAILABLE FOR THIS CHANNEL ON THIS RUN
5.720 4.00
=15.°¢ : 1.02
~26.7C o 3.0
=800 : 5.00

'23.6C .00

CHANNREL NUMEER ]
PANPARBANSANRRRREARONS

TEMFPERATURE STRAIN
20.0¢C 2.00
c.C 4.03

NO DATA AVAILASLE FOR THIS CNANNEL OMN THIS RUN
NC DATA AYAILAELE FOR THIS CHANMEL ON.THIS RUN
=5.0C 6.00
1M.0C : 2.00

‘CHANNEL NUMEER 9

] AEAPFRAASRARANRADARDADR

TEMFERATURE STRAIN
C O 6.n5 2.00
L 0.cC . 4.00

NC DATA AVAILAELE FOR THIS CHANNEL ON THIS RUN

-NQ DATA AVAILABLE FOR THIS CHANKNEL ON THIS RUN
=St 3.00 .
10,08 21.00

158




CHANNEL NUMEER 1C.
‘..‘Iiﬂ“...‘.i.'....'

; RUN TERPERATURE STRAIN
1. 15.00 . €.00 7
¢ C.%0 C.00
3 NG DATA AVAILABLE FOR THIS CHANNEL ON THIS RUN
. 4 O DATA AVAILABLE FUR THIS CHANNEL CN THIS kUN
5 0.EC €.00
° 2C.7¢ . 0.0C

CHANNEL NUMBEF 11

2333 X2 212 X2 AR 2R 22 2d s

RUN YEMFERMTURE STRAIN
) /.66 - 1.00
2 0.cc 5.00
' -20.06 15.20
. -46.30 22,00
s -5.6C 12.00
¢ 20.00 . 1.00

CHANNEL NUMEER 12
2RI X222 22222 0Z 1]}

RUN - TERFERATLRE STRAIN
1 15.00 0.00
2 0.C0 C.Go
4 ~20.26C ¢.00
4 -43.C0 0.30
<. 0.0G 08.03
¢

29.0C . c.oc
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APPENDIX D2

TEST DATA

a. Sample Input
b.  Sample Output
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L PO R BRI A NP IR A A RA R AN AR AR AN AR A AN AR AR AR SRR AN AR NN AR NG ARG SRR N AN RARARERNP,

TFIIILEITTIITEINITINLIEIITIITIIITRIS LR RIIIIIRIZIRITTSINIIILIRIANIILAINILLL
) : . PIFETIINITILINIL
. ‘ : [ES3303583088¢!

SDELETC.EUESS 11I138L2LL12LL

: fIrrIrIIILILIL

. . 1ItrasLRRLdILLYL
FIITILIEIRYIRRRRTSTIXETIRIYIRTEIRERRQRXIIZITIIRIRIQIIRIIITIIIZIIRIZINIINLINLL

BLISTING CF “:PELDATAZSET(I/) PRODUCED ON 3MAR7E AT 14.43.38

BOUTPUT BY LISTFILE IN *:DE4B7C.EBBS3® ON OSMAR7E AT 10.2B.21 uSING 17

$e
21
32 11 12 -0
T3 92 0 =999
34 15 T

15 14 50
N 5

DOCUMENT DATA2SET
¢ TEST DATE 2 SETI
11
¢ 2
* 200
411 18 ]
522 16
¢ 32 16
745 20
£ 5 7 2¢C !
° 6 9.20

127 % 15
11 2815
12 9 215
13 16 & 20
14 11 7 15
S 1206 15

16 13 115
17 16 115
17 15 G ¢
1% 16 G 1S
ZC 17 5 1t
21 18 10 ¢
22 115 =699
23215 G
bt 18 @
25 4 2 =18
Tie S F =1
27 ¢ 2 -10
PERNAR TGS B

]

9

1

3
-
<
-
>

37 16 5 0
3% 17 1z -1
16 1¢ 18 0
L( weuws

41
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bnftﬁy--toﬁt-attt'--t'a..n.oit'iQQtottt.t'o"t.ttt....btttt.;iit.t.t.tit'.i
JJJJJJJJJJJJJJJJJJJJJJJJJJJJJJJJJJJJJJJJJJJJJJJJJJJJJJJJJJJJJJJJJJJJJJJJJJJ
V34344343443308

j’ $44443334444444

SDEARTPC . EUBSS 4493343330003343

’ 444434434334003

4443833333343
JJJJJJJJJJJJJJJJJJJJJJJJJJJJJJJJJJJJJJJJJJJJJJJJJJJJJJJJJJJJJJJ‘JJJJJJJJJJL

SLISTING OF :PE.SET20P(1/) PRODUCED ON 9RARTS AT 10.28.45
#OUTPUT BY LISTFILE IN °:DE4B7C.EUBS3® ON 9MARTE AT 10.28.46 USING 17

DOCUPENY  SET20P
W

TESY 0AYTA 2 SET

THE QVERALL TEPPERATURE OF EACH RUN

. RU” TEPPERATURE ‘ »
) 20.00
2 £.Co
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°4
L o 23

(NIW) THd

L 3E 3 1)
0-stld

(NiW) INd

g°oel
(NLu) INd

£0 300§5°0- Y0 300§4°0  20°3000§°0-  0CISi-
£0 300S1°0  £0 300090 €0 300$%°0 00-St

(AX) YUUHYY 3 x)3 *duii

UCOQCCOCIGVQQCCCC.cn'uaccccdcict
. oL 6 1] SHIGINN VINNYHI

£0 10009°0 £0 30829°0 20 300§2°0 00°0L-
£0 30009°0 £0 30§29°0 £0 3052%°0 00°92
(ARDYHMYS (A3 it EPTETY

CC.QIGCC.CCQCC.Q.C.qQ.Ccli.ccidc
: 9 4 ¥ SUIBUNN TINNYR)

I1GYIIVAY LON NOILYNEOINI, 2 NNy
00 30000°0 €0 3000€°0 £0 300040 00°91
(ARIVUNYS ], : ()3 “duidk

SSCUESEIITSIIRIERRONTFIRVEIS LIRS
£ L4 ' SHIFANN TINNYHI
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CHANNEL NUMREF 11
RRRAAN KR AR A B AR I AR AN kX

TEMPERATURE CGRRECTED STRAIN
15.CG 0.50C0E 03
-10.G0 0.2000E 03

CHANNEL NUMBER 12

ITIZREX2 RS RS R E LR LR EE

TEMPERATURE CCRRECTED STRAIN
15.00 C.CC00E 0O
rRUM 2 !IﬁFORnATION NCT AVAILABLE
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0°0 1]
0°06 a0
(NIN) IH4 (XVMIINd
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£3 3009s°0 £3 30005°0. - 00 30009°0 £0 3000%°0 U 30006°0 G3°2
€0 30034°0~ £) 30004°0 - 00 300600°0 . £0 30001°0- §0 3co0L°0 Go°si
(NIW)3 (V)3 (AX) ViNY9 (A)3 (X33 *dwil

BESIIIINIIIIININIIIIISIIIISINIY
91 st % SHIBANN TINNVHI




CHANNEL NUMBRER 17
ttttttittttt*tii**tit*

TEMPERATURE  CORRECTED STRALN
. 16.00 0.5000E 03 -

. -1.50 Ca120CE Go

CHANNEL NUKERER 1§
RRRRSXNAAARRARSRARNN R AR

TEMPERATURE COPRECTED STRAIN
20.00 | C.1000¢ 04

0.-00 C.180CE C4
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APPENDIX E
COMPUTED STRAIN VALUES FOR TEST 7

(Refer to Table E1 in conjunction with Fig.40)
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APPENDIX F

THE FINITE ELEMENT MODEL
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APPENDIX F
THE FINITE ELEMENT MODEL -

The test structure and panel were modelled with finite elements using
the 'Stardyne' Programme*. As the structure is symmetrical about
* two axes through its centre only one quarter of the total was modcelled
" and the appropriate boundary conditions applied in the stress anzlysis.

The aluminium framework of the test rig, a rivetted assemblage of

plates and channel sections, was modelled using 54 plate elements to ' ol
represent the channel webs and the plates and 40 beam elements to '

represent the channel flanges. ' ' L

The panel under test was modelled using 24 triangular sandwich
elements (plate elements designed to model the particular properties
peculiar to sandwich structures), and 7 beam elements which represent
the edge stiffening of the panel. Framework and Panel were connected.
using rigid beam elements to represent the offset of the panel.

Material properties were taken as being isotropic and were as follows

For Carbon Fibre . E = 50000 N/mm? - ;
. - ' et = 1.9x 10°6/°%c . ) See _
Sandwich y = 0.33 para.3.6
o = 3.5 x1076/9C
Core Shear Rigidity . 252 N/mm?
" For Aluminium Alloy E = 70,000 N/mm?
' y = 0.3 '

a = 23.0x1078/0C

This model differs from the previous Finite Element Model in the’
following aspects. R ' ‘

1. Plate elements previously modelled with membrane
stiffness only now have membrane and bending stiffness
and are sandwich elements. C .

2. The panel was previously represented with quadrilateral
plate elements.. . : i
3. The properties of carbon fibre were based on test results
not as previously ontheoretical calculations and manu- ¢

facturers' data.

*Reference: MRI/STARDYNE 3 Users Manual =~
and  MRI/STARDYNE Theoretical Manual
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~ APPENDIX G
CALCULATION OF STRESS FROM THE
~ MEASURED ORTHOGONAL STRAINS

It is Tequired to compare the actual stress levels in the lower surface
of honcéycomb panel (panel fixed) W1th the corresponding stress output
1rom the theoretical model for a 50°C dropin temperature.

The model'gave maximum stress at the edges of the panel The location
of thesc stresses being in close proximity to stram gauge positions used

in practlcal test, G
Method Thé figures 50 and 51 show the strain distribution in Y and X
dircctions respectively., The measured strain recorded at strain gauge 1
was used at both temperatures +19,1°C and -23.5°C. for both X and Y
d1rect10ns.

Adding the strams at these two temperatures corresponds to a total strain
. at a drop of 42. 6°C. " This strain is therefore factored by 50 to giVev an

’ . 42,6

> (,st1mated stram at the requn'ed temperature of 50°C. '

Using equations (1) and (2) the stresscs in the X and Y directions may be
calculated from the mcasured strains, :

13 . : ' TR
v g W ovox (2)
‘Notation | o
ox and oy _’ - stresses in X ‘ar.\d Y dire‘ctions respectively; ‘ '
v ' ‘ - Poisspns ratio | |
() o | S L Ynum_r;s Modulus
€x am} ey . ' T struine‘ mecasured in X and Y dircctibns"reSpective}y.
Results

() From Figurc 50
. 1ol

¢y 400 x 10~ for 42.6°C drop in temperature.
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(b)) From Figure 51

€x = 600 x 10~ for 42. 6°C. drop in temperature.

Constants _'
E ‘= 50000 N/mm?

po o= 0.3

o Therefore for a 50°C drop in temperature

. -6 S .
704 x.10 = 2x10 [Ox - 0.3 Gy]
469x10 = 2x10" [oy - 0.30x]
from which ox. = 46.4 N/mm?

-0y = 37.37 N/mm?

vesesees (1)

sessinan (2)

These stresses are now directly comparable with the predicted stresses.
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