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ABSTRACT

The phenomena of heat transfer across the interface of discontinuous
materials has received considerable attention during the last two decades.
With the advances in space technology and related electronic systems, a
consistent, unique, and effective means for reliably predicting imposed
thermal resistances to design heat loads has been a research topic. A
review, evaluation, comparison, and utilization of current literature in
this field clearly indicates a need for a simplified experimental, design-
oriented approach for predicting the thermal resistance of a bolted lap
joint,

In this paper such a method is presented. Experimental work is given
for comparison purposes with current literature,-and a qualitative analy-~
sis is made on present theories to demonstrate the inherent difficulties
in combin&ng all of the relative variables related to a theoretically

approximate solvable set of equations.
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I. INTRODUCTION

In many mechanical design problems, it is very important to know the
thermal conductivity of bolted or riveted joints used in the design. Heat
may be generated on one side of a joint, whereas the other side may be
acting as a heat sink. An example of this could be an electrical package
bolted to the framework of a space vehicle. Heat generated by the elec-
trical components must be dissipated by either conduction through the
mounting joints or by a refrigeration system. If the maximum desired tem-
perature of the electrical package and the temperature of the sink (vehic-
le framework) are known along with the thermal conductivities of the inter-
mediate joints, then the amount of heat which will be dissipated to the
sink can be calculated. The difference between the heat generated and the
heat dissipated is the amount of refrigeration needed to properly cool the
electrical package. However, if the joint thermal conductivities are not
known, then a properly sized refrigeration system cannot be designed.

Much work has gone intv developing an analytical method of predic-~
ting these conductivities, but there are many inherent difficulties in the
various approacties, The stress and heat transfer patterns are three-
dimensional, with discontinuities at the joint interface which make a theo-
retical prediction of thermal conductance extremely complicated. The accu-
racy of suchk a prediction is lessened by the numerous approximations which
must be made so .nat the analytical equations can be applied to an actual
situation. Another difficulty is encountered in trying to interpret the
effect of the surface roughness at the joint interfs ' on stress distribu-

ticns, plate deflections, and thermal conductivities. The objective of



this study is to develop a convenient and accurate method of predicting the
thermal conductivity of fastened joints.

A method which shows considerable promise is the Equivalent Fin Method
(EFM) and is the method of primary concern in this study. 1In the results
of this study, the EFM is used in a comparison with previous studies. The
EFM as derived in this study will determine a joint thermal conductivity
which, when applied to the problem at hand, will represent the thermal con-
ductivity of a piece of metal with a thickness and width ¢qual to that of
the parent metal from which the joint is formed, and with a length equal
to the length of overlap of the joint. The joint conglomerate can then be
considered to be a sectiou of homogenous metal with a known thermal con-
ductivity.

The first part of the experimental work was an investigation of the
deflections in the joint caused by bolting or riveting the joint. For this
and all of the experimental work on this project, a bolted lap joint was
used as pictured in Figures I-1, I-2, and I-3. The bolts used are 3/8 inch,
rational coarse, standard buttor~head bolts constructed to close tolerances
from 4140 carbon steel. All plates differ in surface finish and plate ma-
terial, but all had the following dimensions:

Plate thickness = t = 0.1875 in.
Bolt hole diameter = 2t = 0.375 in.
Plate overlap = 10t = 1.875 in.
Plate width = 30t = 5,625 in.
Plate length = 25t = 4.69 in.
Included in the deflection studies was a photoelastic investigation

of bolted plates where an attempt was made tc determine the normal stresses
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produced at the plate interface by the bolts. This helped define the
point at which the normal stress decays to zero (ro) which is also the
point where the plates are no longer in physical contact.

Joint thermal conductivity measurements comprised the final experi-
mental efforts. Temperature profiles along the plates were measured
with a torque on the bolts and a thermal load on the jbint. Thermal
conductivities were then calculated using the EFM. These measurements
were made in a vacuum to give minimum heat losses and at standavd atmos-
pheric pressure for comparison purposes,

The desired results of this study was to develop an accurate method
which a design engineer could use in determining the conductivity of
fastened joints. This report will show that the EFM can be used as that

tooi.



II. TECHNICAL DISCUSSION

LITERATURE SURVEY AND REVIEW OF APPROACHES

A survey of literature concerned with the thermal conductivities
of bolted joints and related subjects revealed many attempts at pre-
dicting the influence of various parameters on joint conductivity.
Some investigators have tried to correlate these various influences
into classical methods of predicting joint thermal conductivity. How-
ever, the number of variables which must enter into any correlation of
this type is large. Among these are interface normal pressure, inter-
face surface finish and waviness, material hardness, material thermal
conductivity, joint temperature, interstitial fluid type and pressure,
geometry of the joint, maximum amount of pre-load, amount of cycling,
and elapsed time since joint construction. Although many of these
variables have been iﬁvestigated in various pieces of literature, no
single study has correlated more than a few of these. Thus, there is
no accurate way to predict the thermal conductivity of bolted joints.
In this study the investigators will demonstrate a convenient and
accurate method of determining joint thermal conductivities,

Even though a complete solution to the problem has not been de-
veloped, previous studies have produced valuable information in es-
tablishing trends of influenﬁe fof many of the pertinent variables,
This information and the information obtained in this study will be
used to generalize the effect of each of these variables on joint

thermal conductivity,



Much of the previous work has been concentrated on pairs of
cylinders or blocks with their mating surfaces under uniform pressure
(References 3, 4, 8, 9, 10, 11, 12, 13, 14, 16, and 18). The data
obtained from these studies can not be used directly to predict the
thermal conductivity of bolted joints because there has been no con-
sideration given to the influence of the bolt or rivet, to the non-
uniform pressure distribution produced by the bolts or rivets, or to
the resulting plate deflections, This data must be coupled with
correlations involving plate geometry and mechanical responses of
the plates due to such things as temperature gradients, torquing, and
creep, This viewpoint is also expressed in Reference 5, and states
that "Data taken from machined blocks under various contact pressuvres
and surface finishes is not applicable to riveted aircraft structural
joints". Reference 1 presents a photoelastic photo which clearly in-
dicates the nonuniform interface stresses and the actual plate deflec-
tions.

In Reference 7, a noteworthy attempt is made at a classical solu-
tion to the joint conductance problem considering as many variables as
possible., The investigators on this project feel that the classical
apprcach ~an only produce a very complicated set of equations that
must be solved on a computer and will have built-in errors due to the
assumptions and approximations which must be made.

The secondary objective of this study is to provide some quanti-
tative data in the area of plate reactions to loading conditions. Ref-
erences 2, 5, and 7 have shown that such things as interface contact

area, normal pressure distribution, and plate deflections are important



in analyzing joint interfaces. No theoretical analysis will be done in
this study. However, daca will be taken to define the reaction trends

of the test plates to the parameters of bolt torque, thermal gradients,

and relaxation time.

THE EQUIVALENT FIN METHOD

The derivation of the EFM equations is extremely simple and can be

done using the sample temperature distribution shown in Figure II-1.
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Figure II-1, Sample temperature distribution.

If the joint is properly insulated against heat loss, then the heat
flow in sections 1 and 3 is one dimensional and the following equation

can be written:
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dT . dT )
9, =4, =q, == kA — = - kA, —
1 2 3 11 44 ) 33 dx ;
where q; = heat flowing through sec. 1,
qp = heat flowing through sec, 2,
qq = heat flowing through sec. 3,
kl = k3 = thermal conductivity of the joint material = k, and
Al = A3 = Cross—-sectional area of the plates = A,

If section 2 is replaced with a single piece of metal having a cross-

section equal to A, then

dT ATy dT
— = = (eq. 1)
dx 1 Xo dx 3

where X, = the equivalent length of section 2, Since q; = 9j and q, =

AT2
-k2A.____ , then
X2
dT AT2 dT
kA — =k2A___ = kA
dx 1 X, dx 3
dT AT dT
2
and k — =k2_....=k-- (eq. 2)
dx x dx
1 2 3

Combining equations 1 and 2 and sdlving for k2, the following equation

is obtained:

X2
k2 B e k (QQ- 3)0

Xe
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This is the basic EFM equatibn; and by graphically determining x,, one
can determine the thermal conductivity of the jcint (kg). Equation 3
can be applied to sections 1 and 2, tc sections 2 ana 5, or both, and
the results averaged, which would minimize errors due to heat losses
and would give more accurate results, Further, Equation 3 can be

written as follows:

(&Ty) (x9)
kg = ————— k (equation &4 for sections
(ZSTZ)(Xl) 1 and 2)
(AT3) (Xz)
and ky = er—— k (equation 4 for sections
(A>T2)(x3) 2 and 3).

Again, calculations can be performed using either or both of these
equations and the results averaged to give an accurate determination
of k2. This procedure was followed with the data obtaiied in this
study and with data given in References 5 and 7 for a comparison,

The effectiveness of the EFM method can be determined by consid-
ering an "ideal" joint for which the temperature distribution and the
thermal conductivity is known. Reference 5 measured the temperature
distribution for the "ideal" joint shown ir Figure II-2. Also shown
on this plot is the ideal temperature distribution calculated as

follows:

9 =49, =4, =4 (for no heat losses)

dT dT dT
q=kAl—--/ BkAz—-— =kA3....

dx 1 dx 9 3
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1
Al = ;-Az = A3 = A
dT dT dT
A =2A_) =A__)
dx dx dx
1 3

dT dT dT ,
Therefo.e, — —_ ) = 2-——‘) . Using the ideal distribution

dx 1 dx 3 dx 2

and the EFNM, k2 for section 2 with an eguivalent cross-sectional area,

A, can be calculated as follows:

XZ 1.0
k2=_...k=-———k=2k.
Xy 0.5

Therefore, the ideal conductivity for an ideal joint having perfect
interface thermal contact is twice the conductivity of the plate ma-
terial. This illustration does nct take into consideration the addi-
tional cross-sectional area of the bolt head and nut which will con-
tribute to the overall heat transfer area acress a joint. The actual
"ideal" conductivity may be in the neighborhood of 2.2k instead of
2.0k as is -.own in Figure II-3,

All real joints will have conductivities less than the approxi-~
mate ideal figure of 2.2k because real plate interfaces have irregu~
larities which will ra=sist the flow of heat across the interface. 1If
the interface resistance is low and/or if the interface area of con-
tact is large (two or three times as large as the joint cross-
sectional area, A,) theun the average temperature drop across the

interface, ¢3TI, is small. The joint thermal conductivity will
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therefore be determined primarily by the conductivity of the plate
material and the cross-sectional area of the joint and will approach
the ideal conductivity of 2.2k. If ASTI is not small, then the joint
tnermal conductivity will be determined by both the plate thermal
conductivity and the interface conductance. In this case the joint
conductivity will be in the neighborhood of 1.5k, 1.0k, or 0.5k.

It must be pointed out that an interfacial material or fluid
can greatly influence the interface conductance and, consequently,
the joint conductivity. All data presented in this report will be
from clean, bare metal interface surfaces in a vacuum environment.
Reference 5 presents some data where interfacial materials are pre-

sent, References 11 and 17 also worked with interfacial materials,

PHOTOELASTIC STUDY

One of the objectives of the deflection studies was to attempt
to define the actual interface contact area for the test specimens.

The outer radius of the contact zone, R

o-» would be the point at

which the interface normal pressure became zero. Through the use
of photoelasticity, a normal pressure distribution plot was made
for a joint interface and R, was determined.

The model used for this study was composed of two plastic plates,
1/8" x 4" x 4", with a 1/4" button-head bolt at the center. A tensile
load of 25 1lbs. was used on the bolt, which corresponds to a 4800 1b.
load on the metal plates used in this study. The stresses were frozen
in the plastic plates at this load and the stress distribution, shown
in Figure 1I-4, was obtained through photoelastic techniques, The
values of normal stress on the ordinate scale have been scaled up to

represent the strasses in metal plates.
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At a radial distance of approximately 0.28 inches from the bolt
hole, the normal stress is zero. Outside this radius the compressive
stress becomes a tensile stress. This was unexpected and thought to
be strange. The same sort of tensile stress was found by E. Coker
and L. Filon in a photoeluastic study cited by Aron and Colombo in
Reference 1. It was concluded in the photoelastic study conducted by
Coker and Filon that the point of zero stress is independent of the
load applied and was dependent only on the thickness of the beam.

Aron and Colombo showed two photographs of identical photoelastic
models where a small load was applied to the first model and a large
load to the second. The area of contact is virtually constant for
both loads.

Since only one load was used in this photoelastic study, no con-
firmation can be made as to the independence of the contact area to
load. It is the opinion of this investigator that Aron and Colombo's
conclusion is correct. Referenée 7 also presented data which supports
this conclusion,

The plate thickness and bolt diameters for the deflection test
specimens were 3/16" and 3/8" respectively, which is in the same ratio
as ihe photoelastic model. Therefore, to use the photoelastic results
to determine the contact area for the’deflection specimens, the radius

of contact, R_ , must be scaled up by 150%. from Figure II-4 is

Ro~
0.28" plus the bolt hole radius R, of 0.125". Therefore, the contact

area, A,, can be determined as follows:

2 2
A, per bolt 77—(Re- -Rs%)

Tr (0.4052 - 0.1252) in?

0.466 in.
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Since there are 3 bolts in the test joints, the total contact area is:
Ac = 3 x 0.466 in? = 1.40 inZ,

This value of Ac can only be used as an approximate area beczuse of the

difference in joint configuration posed by the three bolts instead of

one,

An important fact to be considered is the difference between the
actual contact area, A., and the total interface area, AI‘ AI’ which
is 10.5 in2 in this study, is considerably larger than A . Results
obtained from machined blocks where plate deflections have not been
included as a parameter and A, is considered to be the same as Ay, can-

not be used to predict the thermal conductivity of bolted joints.



III. EXPERIMENTAL PROCEDURES AND EQUIPMENT

TEST SPECIMENS

The test specimen decided upon for this study was a bolted lap
joint as shown in Figure III-2. This joint configuration was chosen
to simulate a large number of bolts or rivets in series along a lap
joint (Figure III-1)., This type of joint can be found on airplane or

space vehicle side panels and in other structural applications. It

O
O
O
O
O
O

Figure III-1. Typical lap joint found on aircraft skins, etc,

19
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was decided that only three bolts in series were needed to produce an
infinite joint affect on the center section (shaded area on Figure III-
2). The center section of the joint was analyzed and the results ob-
tained were assumed to be the same for all similar sections in an actual
joint., The outer two sections were intended to provide the boundary
conditions for the center section. The tubing on either end of the test
plates was used tc heat or cool the plate ends. Steam was passed
through the hot end and chilled water at approximately 50°F through the
cold end, giving an appropriate gradient of 162°F across the joint.
Six sets of test plates were constructed and studied. They are:

Test Plate No. 1 - Aluminum with 16 RMS

Test Plate No., 2 - Aluminum with 63 RMS

Test Plate No., 3 ~ Aluminum with 125 RMS

Test Plate No. &4 -~ Stainless Steel with 16 PMS

Test. Plate No. 5 -~ Stainless Steel with 63 RMS

Test Plate No. 6 - Stainless Steel with 125 RMS,
The two types of materials were used to give an indication of the
effect of plate material on plate deflections and joint conductivity.
The three surface finishes were chosen to indicate the effect of sur-
face finish on the same.

The bolts chosen were 3/8" National Coarse, Standard Button-head

bolts constructed from 4140 carbon steel., The bolts and the plates

were machined to close tolerances.

DEFLECTION STUDIES

The instrument used to measure plate deflections was an optical

comparator (Figure III-3), Special jigs held the test specimen on the
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comparator bed. In order to use this instrument, it was necessary to
install point references on the surfaces of the test blates as shown in
Figure 1II-4, For each pin on the top plate, there is a corresponding
pin immediately below it on the bottom plate, The following procedure
was used to obtain all deflection data.

The plates were bolted and torqued to 4 ft.lbs. The distance be-
tween thé points of the pins was then measured for each pair of pins,
The}values obtained with 4 ft.1bs, of torque were used as references
for determining the amount of deflection produced at a given pin loca-
tion by a change in torque. This reference torq -: was chosen instead
of a reference of 0 ft,lbs. because it was felt that initial and unpre-
dictable reactions due to imperfections in the specimen must be over-
come before meaningful data could be taken. Deflections for torques
lower than 4 ft.lbs. can possibly be determined by extrapolation. The
torque could then be increased to a new value and the values of pin
distance again measured on the optical comparator,

There are three types of deflections that must be taken into con-
sideration, Unlike previous studies, this project measured and consid-
ered all three, The first typé of deflection will be called "creep",
which is the change in deflection caused by passing time, It was spec-
ulated at the beginning of this study that there would be a transient
response of the test specimen to the torquing operation. A stuly was
undertaken to determine the existance oi this creep, and if it did
exist, to determine the magnitude and direction of the deflection change,

the rate of creep, and the time requirea for the total creep to occur.
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Since establishing a total time requirement for creep was the only
necessity for this project, it was decided that only one of the six
test specimens need be included in our study. The aluminum plate with
the 125 RMS finish (Specimen number 3) was chosen since preliminary
measurements indicated that it would have the greatest magnitude of
creep and the longest total time requirement.

Specimen number 3 was torqued to 4 ft.lbs. at time = 0 and the
vaiues cof pin distance read on the comparator. These values were used
as a reference and at various time intervals the deviation from this
reference vas determined on the comparator. After the rate of creep
had diminished to zero, the bolts were untorqued, retorqued to 25 ft.-
1bs., and measurements taken as before. Once the total time required
for creeping was determined, the test specimens could be torqued suf-
ficiently in advance to allow them to creep before any testing was done.

The second type of deflections considered are "mechanical deflec-
tions", wrich are caused by the pressure applied by torquing the bolt.
Most previous studies have limited their scope to this mode of Jeflec-
tion and have ignored the effect of creep and thermal deflectionms.
Mechanical deflections do require the most extensive efforts.

The free body diagram shown in Figure III-5 indicates the moment
produced by the bolt head and interface stresses. The resultants of
these stresses are represented by Fl and F2. The moment produced by
these two forces will cause the plate to deilect. The majority of the
deflertion work was directed towards determining these deflections as
a function of torque, distance from bolt, and surface finish. Each of

the six specimens were torqued to the reference tcrque of 4 ft,lbs. and
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Figure III-5, Free body diagram of a plate with the distributed load.

after the required time for creeping, reference values for pin distances
were read as before. The plates were then retorqued to 10 ft.lbs, and
again allowed to creep. The deflections caused by the increase in torque
were measured. The same procedure was followed for torques of 16, 22,
and 28 ft.lbs. This data was analyzed to determine the plate deflection
as a function of torque, plate material, and surface finish,

The third type of plate deflections considered were "thermal de-
flections", which are produced when a thermal gradieut is applied to the
joint. Initially, the specimens were torqued to 28 ft.lbs. and pin ref-
erence values read. A temperature gradient was then applied to the
sperimen by means of an apparatus which allowed steam at 212°F to flow
across one end and chilled water at 50°F across the other. The deflec-

tion produced by this thermal load was measured for each pin position.

THERMAL CONDUCTIVITY MEASUREMENTS

Upon completion of the deflection studies, the pins were removed

from each test specimen and all plate surfaces were cleaned thoroughly.
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Foil thermocouples (RdF Corporation part number 20114-L10) were placed
on the plates in the approximate vositions shown in Figure III-6. The
actual position of each thermocouple was measured after installation.
The positions in the region of plate-overlap were not needed for the
EFM calculations, but temperatures were recorded at these points for
possible future interface conductance studies and to provide some in-
sight into the heat paths and isotherms in the area of the bolt. In
the joint region there is & thermocouple on the side of the joint oppo-
site the ones shown. The inlet and outlet temperatures of the coolant
and the heating streams were continually monitored.

The instrumented specimen was placed in a Tenny vacuum chamber
(Figures I1II-7, I11I-8, and III-9) and situated on a plastic bucket such
that the rim of the bucket contacted only the rubber supply lines to
the heating and cooling tubes. The specimen was also encased in alum-
inum foil (not éhown in Figure III-9) to guard against radiation losses.
Heating was accomplished by using 212°F steam and cooling by using
chilled water at 50°F, as was done in the thermal deflection studies.

Each specimen was torqued at 4, 16, and 28 ft.lbs., and tempera-
ture distributions were obtainéd for each torque. Specimen number 2
was nct used in the thermal conductance studies because the regions
under the nuts and bolts were plastically deformed when an attempt was

made to obtain deflection data at a high torque value.
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Figure I11-9, Test specimen in vacuum chamber.




A.

IV, DATA PRESENTATION AND DISCUSSION

DEFLECT..ON STUDY RESULTS

Initially, the intent of the investigation was to obtain
qualitative rather than quantitative data in the deflection studies. It
was felt that the optical comparator would providelfhe necessary accur-
acy. However, the deflections encountered were much smaller than had
been anticipated and only through a quantitative look at the data could
useful information be obtained. The average mechanical deflection for
an aluminum specimen was only 3 x 10-4 inches and less than 1 x 10-4
inches for stainless steel. Since the accuracy that could be expected
for a single deflection reading from the comparator was on the order of
1lx 10"'4 inches, the basic data had a considerable amount of scatter.
The same holds true for the creep and the thermal deflection data even
though the absolute magnitude of the thermal deflections are on the or-

der of 6 x 102

inches. To offset the scattering, symmetrical aver-
aging and overall averaging techniques on particular parameters were

used, and the deflection study data were generalized to give meaningful

results.

Creep

The purpose of the creep study was to determine the time required
for normalization of the  creep reaction. This information was necess-
ary to enable the researchers to allow the specimens to creep after
torquing before any measurements were taken. This eliminated the

effect of creep from the data being measured.

32
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It was decided that Specimen 3 (125 RMS aluminum) would creep
longer and to a greater extent than any other specimen; thus, tests were
conducted using this plate. Torques of 4 and 25 ft.lbs. were used to
show the effect at a low and high torque. The data obtained is pre-
sented in Tables IV-1 and IV-2 in basic form. There is considerable
scatter in the data due to the small magnitudes involved; therefore, a
quantitative approach was used to analyze the data. There was appar-
ently no relation between creep and position on the plate, so all data
taken at a particular elapsed time for a given torque was averaged and
plotted on the time versus creep plot shown in Figure IV-1l, This plot
shows that after 36 hours the change in plate deflections due to creep
is zero. The magnitude of creep is greater for 25 ft.lbs. of torque,
but the time required for stabilization is virtually the same.

It was concluded from the creep study that a normalization time of

36 hours would be required after each torquing operation.

Mechanica® Deflections

The mechanical deflection data is tabulated in basic form in Tables
IV-3, IV-4, and IV-5, The only averaging done to this data was in com-
bining repetitive readings for the same pin pair and in averaging sym-
metrical pin pairs between the boit heads, i.e., pin positions 1 and 10,
2 and 9, etc. at 90°, were averaged to obtain data for positions 1, 2,
etc., at 90° respectively and similarily at 270°, The negative numbers
indicate a decrease in the distance between the tips of a pin pair and
the positive numbers indicate a increase. The scatter is apparent, but

it is easy to see the effect of torque and radial distance. The



Time Lapse (hrs.)

g =0°
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Pin
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Pin
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¢ = 90°
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$ = 180°
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¢ = 270°
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Pin
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No.

No.
No.
No.
No.

0w

No.
No.
No.
No.
No.

N wN -

No.
No.
No.
No.
No.

nswN =

No.
No.
No.
No.
No.

wnewno e

-2
13

12

-2
-8

-2

11
15

7
22
-3

CREEP DATA

24

-26
-4
12
12
25

- N
O =Ny 00

5
-1
19

2

29

-6
13
13
17
26

12
15

13
24

9
9
-7
0
-5

(Deflections are given in 107 inches)

Table IV-1.

Creep Data at a Torque of 4 ft.lbs,
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Time Lapse (hrs.)
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Pin No.
Pin No.
Pin No.
Pin No.
Pin No.

GVt

90°

Pin No.
Pin No.
Pin No.
Pin No.
Pin No.

N

180°

Pin No.
Pin No.
Pin No.
Pin No.
Pin No.,

UVt N

270°

Pin No.
Pin No.
Pin No.
Pin No.
Pin No.

v wh e

CREEP DATA

40
-12

14

35
15
11
12
-5

30
-7
20
10
-1

4
0
15
12
~14

24

34

2
&

~14

34

35
25
26
32
16

22
14

11

-10
4
14
A
~8

35

29

41
21
=22
-2
24

34
-2

~

rA

25

(Deflections are given in 10~ Inches)

Table IV-2.

Creep Data at a Torque of 25 ft,lbs.
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Plate # 1

Pin Numberx

angle { Torque 1 2 3 4 5
0 10 ~-29 2 15 -6 -2
16 2 0 35 32 37
22 -1 10 30 21 54
28 20 2 66 63 8¢
180 10 G 3 -9 1 14
16 11 13 14 16 36
22 13 30 28 26 50
28 37 44 37 38 73
90 10 0 7 5 12 -4
16 47 35 32 42 15
22 40 38 39 40 22
28 50 42 S4 56 48
270 10 17 8 12 8 25
16 35 25 39 40 45
22 29 26 42 50 56
28 52 31 60 51 60
Plate # 2
Pia Number
Angle | Tcrque 1 2 3 4 5
0 10 -31 -28 - 7 -7
16 -5 8 ‘. 34 41
22 36 20 81 106 147
) 28 _— - - - -—
180 10 26 14 13 -26 32
16 43 27 56 ~-28 68
22 39 41 44 10 75
28 - - - - -~
9C 10 6 21 6 -2 17
16 25 - 30 23 34
22 25 -- 22 15 20
28 -- .- -- -- -—-
270 10 18 7 33 32 27
16 24 23 39 42 40
22 16 15 25 34 27
28 -- -- -- -- --

Table IV-3 Tabulation of techanical Deflection data for plates 1
and 2. Angle is the angv’.r positior in drgrees, torque
is in ft. 1lbs,, and the . -flections in 10 2 inches.



Plate # 3

Pin Number

Angle Torque 1 2 3 4 5
4] 10 23 17 -4 32 21
16 23 28 14 39 33
22 12 34 36 71 84
28 13 41 37 73 74
180 10 13 37 25 20 42
16 9 31 38 11 43
22 28 59 80 25 77
28 36 73 84 28 99
90 10 29 27 27 33 31
16 25 24 34 42 35
22 34 50 47 56 59
28 42 50 43 56 59
270 10 - 32 28 20 23
16 —_— 30 28 27 35
22 e 31 40 42 51
28 - 47 55 52 56
Plate # 4
Pin Number
Angle Torgue 1 2 3 4 5
0 10 =17 8 -29 1 5
16 -18 8 -12 5 12
22 -14 28 21 23 55
28 -10 27 37 - 29 67
180 10 24 19 40 14 -6
16 42 11 47 10 11
22 40 27 75 6 -8
28 27 23 71 17 17
90 10 -5 -7 -3 -1 2
16 -17 -10 -2 -5 -3
22 -3 -10 -8 -5 -1
28 -5 -4 2 -6 9
270 10 ~4 1 -9 =11 -7
16 ~2 2 -7 -4 10
22 5 6 -1 -7 -
28 3 8 3 . 4 3

Table IV-4 Tabulation of Mechanical Deflection data for plates 3 and
4, Angle is the angular position in degrees, torque is
in ft, 1bs., and the deflections in 10-> inches.



Plate # 5

Pin Number

Angle Torque 1 2 3 4 5
0 10 -14 -13 -9 -18 -9
16 -10 -3 -1 =7 -3
22 1 -12 -9 -2 -5
28 15 -18 ~10 2 =4
180 10 -31 8 ~30 -1 -29
16 9 29 -22 ~14 -34
22 -11 25 -22 ~-17 -23
28 ~-14 49 =21 -5 -18
90 10 — 7 5 2 7
16 — 7 - 7 8
22 —_ 9 9 10 17
28 - 8 7 7 15
270 10 -18 -6 -8 13 -6
16 -2 8 1 27 4
22 -3 8 11 17 7
28 -28 12 20 31 17
Plate # 6
Pin Number
Angle Torque 1 2 3 4 5
0 10 =4 8 12 31 5
16 4 28 12 28 19
22 -4 5 -2 30 28
28 -9 3 2 32 39
180 10 -30 ~-13 -6 -6 -7
16 -23 -8 ~12 9 5
22 -38 -8 -14 -14 18
28 =33 -12 -1 1 22
90 10 15 2 5 -9 =14
16 6 -2 - -2 -11
22 -— 8 5 1 1
28 - - - - -
270 10 6 -9 1 4 5
16 15 -5 9 12 10
22 16 -10 2 17 11
28 - - - - -

Ta*.. IV-5 Tabulation of Mechanical Deflection data for plates 5
and 6. Angle is the angular position in degrees, torque
is in ft. lbs., and the deflections in 10~ inches.
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deflection increases as torque increases and as the radial distance
from the bolt hole increases,

The first step in the quantitative analysis of the mechanical de-
flection data was to determine the general effect of torque on the
deflections. To accomplish this, all deflections taken for all pin
locations cn all three aluminum specimens at a given torque were aver-
aged and plotted as shown in Figure IV-2, This clearly shows the in-
crease in deflection is a linear function of torque and that torque is
a major variable which must be considered when investigating plate de-
flections, The same plot was made for the three stainless steel speci-
mens and the results are shown in Figure IV-3, This plot is nonlinear
at small torque values, suggesting that the plot for the aluminum spec-
imens may be nonlinear in the same fashion at torques below 4 ft.lbs.
Figures IV-2 aid IV-3 indicate the difference in deflecticn magnitudes
between the aluminum and the stainless steel specimens.

The next step in the analysis was to determine the influence of
surface finish on deflections. This was done by plotting torque versus
deflection curves for each of the six specimens. All deflections mea-
sured at a ziven torque for each specimen were averaged and plotted.
The results for the al'minum specimens is presente:l in Figure IV-4 and
for stainless steel in Figure IV-5. The conclusion dravn from these
plots is that the influence of surface finish is small and may be ne-
glected if an accuracy greater than 1 x 10-4 inches is not required.

It also appears that the trend of this influence is that the greater

the surface roughness, the greater the deflections.
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The final step in the analysis was to define the deflections as
functions of pin position. Since the influence of surface finish was
found to be small, the results of .:11 three aluminum specimens were
again averaged to reduce the scatter in the basic data. The deflec-
tions for radial positions 0° and 180° were expected to be different
for those at 90° and 270°; therefore, the positioﬁs were analyzed sep-
arately., All deflections measured at pin location 1 for 0° and 180°
radial posit.ons on all aluminum specimens were averaged. These val-
ues, along with the averages obtained in a similar manner for pin lo-
cations 2 through 5, were plotted to obtain curve number 1 in Figure
IV-6. Curve number 2 was obtained usimng radial positions at 90° and
270° for all aluminum specimens. Curves 3 and 4 were from the stain-
less steel specimeng using 0° and 180° radial positions and 90° and
270° radial positions respectively. All of the curves indicate an in-
crease in deflection as the radial distance from the bolt hole in-
creases, but only curve 1 shows a large increase. It is reasonable to
assume that the slopes of curves 1 and 3 would be greater than the
slopes of curves 2 and &4 respectively, because curves 1 and 3 are
plotted towards free edges where- curves 2 and 4 have restrained
edges, This slope difference for the stainless steel specimens is

hard to ascertain since the deflections involved are so small,

Thermal Deflections

The objective of the thermal deflection study was to determine
the effect, if any, of a thermal gradient across the joint on plate

deflections., It was found that there was indeed an effect and that
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this effect was large in comparison to the creep and mechanical
deflections, It wus also discovered that this effect was opposite in
direction from the creep and mechanical reactions and in general was
greatly different. The basic data obtained is presented in Table IV-
6. These numbers represent the change in pin to pin distance obtained
when a temperature drop of approximately 15 to 20°F was imposed cn the
joint at a torque of 28 ft.lbs,

As in the previous deflection measurements, the data is scattered;
but, through averaging, an overall look reveals the trends of certain
variables, There appears to be no difference between the data for the
aluminum specimens and the stainless steel specimens. To verify this
observation, an average of all thermal deflections for the aluminum
specimens was compared to tﬁe average thermal deflection for the stain-
less steel ones. Deflections of =-4.45 x 10~% and -4.60 x 10~4 inches,
respectively, were obtained; thercfore, it was concluded that thermal
deflections are independent of these two plate materigls. |

The next variable considered was position. It was apparent from
the tabulated data that the deflections for positions Letween the bolt
heads (angle = 9C and 270°) were larger in absolute magnitude than for
positions at angles of 0° and 180°., Howoerr1r, deflections for pins 1
through 5 at a partirular radial position seem to be almost constant,
This is shown in Fi-ure IV-7 ‘here each point is the average of the
Jata taken for all specir .t the indicated positions. There is a
slight decrease in the absolute magnitude of the deflections as the
radial distance increases.

Finally, an analysis of surface finish versus therrnal deflectinns

was made., This w:~ donc by taking the average de! 'n:tion for each



THERMAL DEFLECTION DATA

Pin Number
Plate No. Angle H 2 3 4 5
1 0° -45 -14 =21 -10 -—
180° =30 =12 ~11 -10 -15
90° -88 -93 ~98 -90 -86
270° -102 -80 -105 - -62
3 0° 18 17 27 20 2
180° -1 -78 ~22 5 -43
90° -7 -84 -46 -87 -63
270° -84 . =71 -47 -52 ~70
4 0° -48 =45 -56 -38 -65
180~ ~23 -19 -33 -11 -1
90° -89 -91 -102 ~59 -90
270° -71 =75 -99 -78 -77
5 0° -28 =23 -14 -4 -26
180° ~15 -10 =0 -2 ~4
90° ~93 -89 -91 -91 -85
270° ~106 -89 -93 -102 -91
6 0° 2 0 ~1 1 ~20
180° -12 =10 -16 7 0
90° ~55 -28 -20 -G ~16
270° -65 -81 -84 -75 -81
Table Iv-6. Tabulaticn of basic Thermal Deflection Data

48
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specimen and raking a plot of surface finish versus deflection as shown
in Figure IV-8, The data is insufficient te confira this plot as con-
clusive results; therefore, it will only be concluded here that the ef-
fect of surface finish is a decrease in deflections as surface roughness
increases.

It wvas decided that data should be taken to detetgipe whether or
not the plates would return to their origimal position after the ther-
nsl gradient had been rexoved. Specimenx number 5 was used for this.
After the completioh of the regular testing, the specimen was allowed
to ccol until it was in equilibrium with the surroundiags. This re-
quired about 2 hours. Thé deflections of six selected pins were thea
weasured and conp%red to the measurements taken prior to the ther=zal
load application.> The deflections had raturned to vithin an average of
1.4 x 10~% fnches. The deflections were measured once again at approx -
imataly 18 hour£ after removal of the thermal load, and the uveflections
were within an average Af 0.6 x 194 faches of the original deflection
measured prior to the application of the thermal load. No further
measurements were taken, but it was éséumed that the specim;n had re-

turned to its original condition.

JOINT CONDUCTIVITY DATA

Thetdata obtained in the joint conductance study is presented in
Tables IV-7 through IV-11. The temperature numbers correspond to the
locations indicated in Figure III~6, The "u" and "b" suffixes on the
numbers refer to upper and bottom thermocouples, respectively. No use
was made of temperatures 135 through 26 in this study except to gain some

insight iuto paths of heat flow. Temperatuces 1l through 14 were used
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PLATE MO, 1

52

Torque (ft.1bs.)

T! -mocouble

¥

Number 16 22 28
1 — | m—— —-—
2 191 - 190 1%2 -
3 - 181 180 1oz
] 172 171 172
5 163 152 164
6 123 120 123
7 113 110 113
8 104 102 105
9 94 ‘92 95
10 86 85 89
1 212 212 212
12 212 212 212
3 - n 69 70
14 70 65 €7
15u 143 143 ——
15b 155 155 156
16u- 144 143 144
16b 148 148 149
17 133 133 134
17 138 137 139
18u 126 125 127
_ 18b: 138 138 139
1% 143 142 144
19 157 157 158
20u 139 138 14C
20b 143 143 144
21u 126 125 126
21b 138 138 139
22u 143 142 144
22b 157 156 157
23u 141 141 142
23b 149 149 150
24u 138 137 139"
24b T143 142 144
25u 132 131 132
25h- 140 139 141 -
26u 125 124 126
2¢b 138 138 139
Ambient .
Temperature 58 61 60
Ambient 2 2 2

Press., (mm Hg)

Table IV-7.

Temperature distrvib.tion data for specimen 1.
All temperatures are in degrces Fahrenheit.



PLATE XNO. 3 Torque (ft.lbs:.)
fhe,f;;::pl“ a 16 28
1 195 195 193
2 187 188 186
3 176 177 176
4 167 168 ) 166
5 i60 161 159
6 -— 120 118
7 110 ; 112 110
8 101 103 100
9 490 - 92 89
10 80 82 79
11 212 212 212
12 212 : 212 212
13 68 71 69
14 59 60 61
15 142 142 141
15b ‘ 155 155 - 155
l6u 142 - ‘142 141
16b 147 147 147
17u 131 131 130
17b . 136 136 135
18u : 124 124 o 123
18b © . 7136 -136° 136
1%u 141 141 140
19b 156 156 ‘1556
20u 137 137 : 136
20b . 14 141 140
21u 123 123 122
21b 136 ; 137 ) 13€
224 : 141 141 140
22b 156 157 156
23u 140 . 140 139
23b 148 148 148
24u 137 136 135
24b 141 141 141
25u 131 130 130
~25b 137 ' 138 ’ 138
26u 123 122 122
26b 135 137 137
Ambient
Temperature 68 68 - 66
Ambicnt
Press, (mm Hg) 2 2 . 2

Table IV-8. Temperature distribution data for specimen 3.
All temperatures ar . in degrees Fahrenheit.
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PLATE NO. & Torque (ft.lbs.)
Thermocouple :
) Number : 4 16 28
1 192 194 194
2 183 185 185
3 169 170 171
4 156 157 159
A 144 145 147
6 108 110 111
7 .97 100 100
8 Bo 89 88
9 74 76 75
10 63 6o 65
11 212 212 212
12 212 212 212
13 45 51 47 . .
14 T 41 46 44
15u 136 131 134
15b 139 145 143
16u 129 130 132
_16b 131 132 134
“17u 119 121 123°
17b 121 123 125
18u 114 115 117
"1&b 118 120 122
19u 130 131 133 -
19b 14C 141 144
20u 124 126 127
20b 126 128 130
2iu 111 113 114
21b 1.9 121 123
22u - 132 134
22 141 142 144
23u 129 130- 132
23b 132 134 136
24q 124 126 127
24b 126 128 130
25u 118 120 122
25b 121 123 125
26u 111 113 115
26b 119 120 123
Ambient 66 46 66
Temperature
Ambient 2 2 2

Press., (mm Hg)

Table IV-9, Temperature distribution data for specimen 4.

All temp.ratures are in degrees Fahrenh-~it,
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PLATE ¥0. 5 Torgue (ft.lbs.)
Thermocouple
Number 4 16 28
1 185 193 194
2 184 183 185
3 170 169 172
K 160 1538 163
5 149 146 152
6 116 111 117
7 106 100 107
8 97 90 99
9 - 78 89 i
1. 75 66 79.
11 212 212 212
12 212 212 212
13 59 46 63 .
14 53 42 56
15u 137 134 137 - -
15%. 143 141 146
16u 133 132 136
16b 136 133 138
17u 126 J23 127
17b. 127 124 129 -
18u 120 116 121
18b - i25 121 127
1%u 137 13¢ 137
19 144 142 147
20u ——— —— -—
2Cb - -— ——
21u 119 115 121
21b . 126 122 127
22u 138 135 138
22b 145 143 147
23u 2135 132 136
-23b 137 134 139
24u 130 127 132
24b 132 128 134
25u 126 122 127
25b 128 125 130
26u 119 115 120
26b 126 122 127
Ambient 66 66 66
Temperature
Amblent 2 2 2 ’
Press. (mm Hg)
.

Table IV-10, Temperature distribution data for specimen 5,

All temperatures are in degrees Fahrenheit.
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PLATE NO, 6 Torque (ft.lbs.)
The rmocouple 4 16 28
Number
1 196 194 196
2 182 181 i83
3 169 1/0 170
4 155 155 156
5 145 146 148
6 103 112 111
7 96 101 - 100
8 84 90 88
9 72 77 75
10 60 65 62
11 —-— — —
12 212 212 212
13 46 50 46
14 40 45 43
15u 132 123 134
15b 141 143 ab4
16u 130 132 133
16b 133 135 136
17u 121 124 124
17b 122 125 - 126
18u 113 117 116
18b 121 124 125
1%u 131 133 134
19 141 143 144
- 20u —— — —
20b —- —_— —
21u 110 -115 114
21b 121 125 125
22u 131 134 134
22b 142 144 145
23u 129 132 132
23b 133 136 137
24u 125 128 128
24b 127 130 131
25u 117 122 122
25b 123 127 127
26u 110 115 115
26b 120 124 125
Ambient 71 75 73
Temperature
Ambient 2 2 2
Press. (mm Hg)

Table IV-11,

Temperature distributicy data for specimen 6.

All temperatures are in degree3 Fahrenheit.

[4)



57

“to monitor heating and cooling H,0 lines. Thermocouples 13 and‘lé vere
placed on the outside of the cooling tube and do not represent the act-
"val temnerature of the cooling water,:but represént the AT across the
~cold end of the plate. Temperatures»i thrqugh 10 were plotted in Figures
IV-10 through 1IV-24 and represent the temperature ‘istributions along

the specimens. Thease plots wére used with the EFM to determine the
»thermal cbnductivitf of the joints for each.test.éondition. A sample

" ‘¢alculation showing the procedure used is given below (Figure V-9 shous
a sample temperaﬁure distribution-plot vhich indicates how ths values

ased in the calculations wrre obtained):

Plate 1 = 16 ft.1bs. Torque

Applyiné equation 3 from Chépter'll to sections 1 and 2, we get ‘the
follow ng:

x2 1.875 in.
ky *— k) =740 in. < 2.81 1n.

ky = 1.179k4

Xe

K, = 135,6 o
2 777 Br.ft.°F

Applying equation 3 to specimens 2 and 6 gives:

. - , BTU
Ky l..1787k1 = 136.2 P FL°F

Applying equation 4 to sections 1 and 2, yields:
ATy = (211 ~ 158)°F = 53°F

ATy = (158 ~ 128)°F = 30°F

x1 = 2.81 in.
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X9 = 1.875 in.

- _ Bt :
1.113k1 = 135.5 hr.{tc°§ .

”
LY
it

Applying eguztion + ‘o sectionr 2 and 3, we get tha following:

- BTV
b = 1‘17&k1'= 135.3 v .o

Averaging the fou: values of k, gives the value nesded ir Jesign

computzticas.

- ‘ 45y 50
<! B fr.°F -

g
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o
’
§
D

-

i}

Mll

i,

> Similar calculatioas were-carried out for each of,the~distribution:

?'plots ard the résults are tabulatcd in Tabie IV-12.

Alsc included In this table are the results of tests 2 and 4 in

_Rgfcrence 7 and test A-4/1 in Reference 5. The temperature distribu—

-tions obtainediia\these studies were replotted in Figytes'IV—ZS, Iv-

26, and IV-27 and used with the EFM to determine the thereal conduc-

tivity of the respective specimens. The specimen iﬁ test 3 of B

Keferenge 7 was an aluminua lap joint very similar to the ones used in

this study ard was torquad te € fc.lbs. and tested in 3 vacuu=. Test

-

4 of Reference 7 was the same rpeciwmen as test Jléf this study,; but a
torque of-15 ftr.1bs. wac used. The specimen used in test A-4/1 in
Reference 5 was a copper lap joint f;;tened with flathead screws.

It is apparent froﬁ Table IV-12 that torque and surface ?inish z

have very lictle effect on the value of kz and. the only important para-

meter shown in vhis data is plate material. A plot of surface finish
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versus ko is given .in Figure IV-33. The three vslues of ky obtainad

from thz thrae torques on each plate were 2veraged and plotted as shown.,

These indicate the independence of surface finish or ky. An average of
all data with similar values of terque and plate material was made and
the'reéults plotted in Figure IV-32, The data from Reference 7 is also

pliotted here. This shows that kélis virtually independent of torque

‘over the range of torgues used and for these particular specimen. The

final variahle demonstrated by. this data is plate material.

It is difficult to assess the influence of each material property,’
but since kp:is a licear function.of ky, it is obvious that the greaien
the material thermal conductivity the greater the value of kp if all

othér variables could be helé anstani. However, there is a defiaite
chanéé;in the “joint conductivity ratio (kzlkl) for aluminum and stain-

’ C V: .y - - . ) o R
less steel. The value for copper obtained from the data in Reference 5 |

also support§ this trend, but can't be used conclusively since there is

considerzple differénce in the geometry of this specéimen as comﬁared'to‘

ou(,spécimens.:jFigure:iV;2§ is a plot of the three material praperties,

which are considered to have ag;influence, versus'tﬁe conductiyity ratio.
In Figufe IV-29, these propgrties,are‘pléttéd against k,. The plots

presented ianigures IV-28 and IV-29 indicate that the effect of thermal
coﬁﬁuctivit& is opposite t&ithe_efféct'of hardness and mozulus of elas-
‘ticity. It must be pointed out that only the d;ta obgained in this
study can be use& conclusively because the specimen used in References .

5 and 7 were not constructed to the same geometrical parameters as the

specimen used in this study.
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Figure 1V-28, Plots of material properties of the
plates versus conductivity ratio.
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Figure IV-29. Plots of material properties
- . ’ of the plates versus kj.
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EVALUATION OF PARAMETERS WHICH INFLUEXCE JOINT THERMAL CCSDUCIIVITY

| As ;tated previously, the variables which influencérjoint thermal
conductivity are many. There is not sufficient data,iﬁ éﬁe previous
?iterature or from this study to coaclusively define the influence of

"ea-h of these variables, but there is s;fficieuc data to predict the
trends of some of these variables. Fig;res IV-30 snd ‘IV-31 present ~

these trends in the form of ploté; Each plot in order is discussed

below.

Interface Pressure

Most of the references sdﬁ ort the trend presénted in plet 1.
# : , > 3 P

Thermzl conductivity increases ds pressure increases uatil approximately

1509 psi. The effect of pressure then diminishes and the condurtivity .

is constant. The average interface pressure used on the'spacim;ns in

this study is appreximately IOUQ_psi for & fr.lbs. of - rque and 6500
psi for 28 ft.lbs. The data taken over this rang~ seppoits cue inde-
pendence of thermal conductivity cn pressure at higher presgures.

Figure JV-32 indicates the averaged .esults obtained. Each point is

the average of all cvonductivities calcalated from the data taken at a

partiéular torque for the indicaced plate material.

Surface Roughness

0f the several yrev10us stud;es which predicted thé iﬂflqence'of_
gurface finish on joint conductivity, all agreed{tﬁat‘conductivity d--
creases with increasing roughness as shown in plot Zﬂ; However, there
is poor agreement with respect to the magnitude of *he influence. The

only conclusions which carn be made in light of the available data is

that conductivity decreases with increasing roughress and that the
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Figuré IV-32. Plot of Torque versus K,.

decvease is greater the lower the interface pressure. The data taken
in this study indicates orly a small decrease in conductivicty with in-
creasing roughness over a range of 16 RMS to 125 RMS. This data is

shown in Figure IV-33,
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Figure IV-33. Plot of Surface Finish versus K,.

- Surface Yaviness

The only significant data concerning surface waviness was found in
Reference 18 which stater that an increase in waviness produces an in-
creazse in resistance vhich "is small for small waviness and large at

large waviness., A small amouat of surface roughness has a large effect
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on waviness at light pressures.” Plot 3 is based solely on this
information. There was no attempt iu this study to define the effect

of waviness.

Material Hardness

It is difficult to determine the effect of the Va;ions pl@te'metal-
lprgicél ;arametefs on j;int condﬁctivityfbecgﬁse of ;he‘problem'of
gettiﬁg specimen magétials which are similar enough -that anl} one vari—i
able_ca;jbeiétudied at a_time; However, References 17 aﬁd 18 agree

" that cenductivity decreases as hardness increases as shown in plot &,

and"the_investigators on this study tend tc;agEee vith their opinious.

Moterial Elasticity R

Very 11tt1e 1nfc'nat10n iS'available ccncernlng the effect of :

elést1c1ty Plot 5 is based on a alot ngen ia Reference 18 -

~.

Maherlal Thermal Co1duct1v1ty -

The value" “of k2 increases as the conduct1v1ty of the plate metal
inéreases;,however, the:ratxo of Ez_decreases as kz incteases. ADgta
was taken from Refe;ences 5 and 7 :pd combined with thevresuLts~f!on
this study- to forz the plot presented in FiguigAik-jﬁ; This plot should *

not b. considered as conclusive data because of the difterenves in

joint configuration for the test:speciﬁensiiu each referencsa.

Hysteresis

Piot 7 shows the hysteresis effect noted by References *, 14, and
17. No effort was made in this study to determine whether or mot

hysteresis exist but it is reasonable to assume that there is an effect.



RS ()<—«Tﬁis Study
© -~ Reference 5 - E

+ - Reference 7

0 — e — = ;
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0.

Figure I¥-34. Plot of K, versus K, tn, 2
: : ) - hr. ft.°F

~ Creep
The value of k, increases as time increases.

at first and eventually k, approaches a constant. This investigator

believes that the area of microscopic _ountact increases with increasing

time and thus increases kjy. Reference 18 states, "the resistance

85

The increase is large
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decreases cortinuously and finally assumes a constant lcvel.” Reference

4 also agrees with this coaclusion.

: Ahouné_gerycling

- Plot 9 shows th;fefﬁgct bn:kz of the number of times a joint has
been cycled.” Cycling is sin@ly‘the loading sud unioading of the jeint
to obtain.cogsis:éht results. Referencgriﬁ states that this requires 2'
or 3_cyc1e§ at high loads. The effect of cycling is an incréése in ky
as the number of cycles'igcreasés. Eventually, k, becomes constant and

further cycl .g has no effect.:

Interstitial Gas Pressure -

o The value pf ky is considega§lyy%ncreased as the aggient fiuid
fpress&;e isAincteased'from a,ha§d>vac§um to atmospharic pressure. - Plbtr
10 iqdicat;s_this effect and is sﬁpéortéd bi'Rgfe}ences 15 andrlé. Data
take; in this stud} also supports this plot: Figure IV-35 is a plot of
the temperature distributipﬁ obtained with tést specimen;s-afrlﬁ ft.lbs.
of to:gbe in a vacuum. ?igu?e IV-36 is the températﬁte diStrihution for
the:same:specimen at the same torgue but atrambient pressure, The in-
S BFU . BTU  C
crease in k, is from 136.1 [ e °F forrvaguum to 165.0 Tr.ft.°F for

ambient, which tebresehts a 217 increa-.e.

- Joint Temperatvre

Plot 11 represents the effeét?;f joint temperature on ky. Most of
the references support this trend. Tne value of‘k2 increases gradually
end linearly as the temperature oi the joilt-increases. kfference 18
suggests that this trend holds until the temperature exc-eds 1000°F.
Above this temperature, it is suggested that the increase is much more

rapid.
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Amount 2£ Prelcad

Reference 16 states th;t tne Qaluerof ko can be inctéésed by
increasing the amount of the preload'applied.to the joint. By over-
loading the mating surfaces of th; plates, the small peaks_pag be
plastically deformed and will pe:mit:an increase in m{crdscopic con-

tact area.. This incresse in k, is large initially, and becomes

slignt at high loading conditions.

Some of the above trends are not conclusively supported by data.

In fact, there is a severe lack of good data involving most of the
parameters. Caution should be ohserved in using these trends or any
other joint conductivity data. The assumptions and expérimental

techniques of the respective-investigator(s) should be ciosely

scrutinized before the data or conclusions are uscd.
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V. CONCLUSIONS AND RECOMMENDATIONS

It has been shown in this study ﬁhat‘there are three important types of
‘plate deflections which must be conside;ed iﬁ any study of the reaction of
bolted or riveted joints té static loading conditiongf Any analytical meth-
od of predicting jqint thermal conductivity must inélude a method of pre- -
dicting the responée of the plares to & particﬁlar set of these locding con-
ditions. It must also include a method of ﬁredictidg interface thermal con-’
ductances for numerous parameters. The investigators on this pro_ect are of
tﬂe opinion that su@h an ah;lytigal method cannot be formﬁiated without many-
assumptions and approximétions vhich_Will event;al%y‘reﬁder the méthod inac-
;curate;\ The resulting equations that will have torbe solved will be large
in size andrnumbet, and the éolé&ions to the equations ﬁiil be extremely
complicated. For this reason,rthé'inveggigagors have suggested a more prac—

~

tical{§olution, such as the experimental method presented in this study.

Tﬁe EFM requires that temperature,grgdients ﬁe‘obtained on both sides
of the joint for which the thermal conductivity musﬁ be determined. This
can be obtainéﬂ from the agtual jOinF or from a model. The conductivity of
the joiﬂt, ky, can easily and quickly be calculated from these gradients.
This value of k, reprerents the thermal conductivity of'an-éqﬁivalent sec~
‘tion of metal with the same length as the overlappéd section and cross-
Vsectional area as the parent metalf The simple heat conduction equation,

q ='kA;§E, can be used to define the heat flow through the joint as well as
X

the parent metal. ‘The values of ky, A, and Hx ( Ax = length of plate

overlap, 1) will be constant for the particular joint in question. If the

$3 -
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amount of heat, q, to be dissipated through the joint is known, then AT can

easily be calculated and vice versa.

In some cases, it may be mcre convenient to express the heat flow capa-

bility of a joint in terms of overall conductances or resistances such as

' ka
8 =
T

factory.

or K =.%. For this study, the use of a joint conductivi;y was satis-
The greatest drawback t; aniexperimeutal me:ﬁod of determining joiut -

'COnductiyity is that in many instances temperature"gradiénts.cannot;be de—

termined for the actual joint being useq and.a modei,mustAbe'const.ucted.

If an extremely large number of joints are invalved; then mapy—mbdels would

need to te co?structed and tested. However, if the joints can be staﬁdaid—

ized such that all joints will be similar in shape and differ only by a

- N - ) <
geometrical scale factor, then only one model must be constructed and tested.

i

Ihrough the use of thermal scalz wodeling techngques>(u§der ihvestiggtion
by Dr. Manles 'in Mechanical Enginéering‘at LSU), the conducfivity of all the
jeints ir the standardizéd group can be determined. <The success of any
other method of determining joint ccnductivity .y depend on joint stgn&ardf
ization also. There is an infiniteXy large variety of bolted and riveted_
joints. A single analyticalrsolutionicannot inclu&e every type of 5qint.

Caly by standardizing or growping similar joints can a solution be;fqrmulated.

If an analftical solution is to be sought, then th2 approach ésed in
Reference 7 represents a logical approach. In that reference, zn analytical
solution to define plate responses to loa&ing conditions was frrmulated and
programmed on a cuwmputer. The information obtained from this program was
coupled with an analytical solution to the heatkflow through the joint.

This approach, in cheory, should predict the thermal conductivity of a joint.



dowevrr, only a limited number of variables which inf uence joint
conductivity have been included in the analysis in Reference 7. If this
type of approacin is vo be accurate, then all of the pertinent variables
uust be considere;l.

In conclusZon, the EFM is a method of determining joint thermal con-
ductivity and can be used on any'_ type pf' joiﬁt. It can be used on joints
wvith any type of bi)lting or rivefirig paitetﬁ, with any- type of interfaciai
filler materizl, or auy b{'her: pgrém,etér or combination of 'pagtametets. The

EFH essentially .recats the joint as a black box and is not coni:eined with

what is in the black box.
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