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Gentlemen: 
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attached fo l low ing  the errata l i s t .  The new pages (22/23, 59/60, 
61/62, 63/64 and 79/80) should replace those o f  the o r i g i n a l  repo r t .  

P r inc ipa l  Inves t iga tor  

/ kar 

A t t .  



Errata 

Final  Report - Contract NAS 8-264s- 

co r rec t i on  

denominator for harmonic mean co rduc t i v i t y  should be (kl + k 1 
2 

i n  chart, Value o f  S when (il + i j i s  between 10~10-~rn  eid  

3 0 ~ 1 0 - ~ m  should be ( 3 0 ~ 1 0 - 6 ) ~ / ~ /  ( i l+ i2)  
2 

ordinate o f  graph should be (hz/ks) = N,,, 

change "decree" t o  "decrease" i n  l a s t  l i n e  o f  CAUTIOlJ statement 

i n  Eq. 3-8, l a s t  t e r m  should be 2nzks, not ZGk, 

seventh conversion should be 1 lb-in'2= 6 . 8 9 ~ 1 0 ~  Newton-m-2 

76 , de le te  reference t o  F i y b t e  3-1 i n  Eq. 3-2 l abe l  
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. .  i .  

SECTION 1.0 

INTRODUCTION 

This repo r t  presents the resu l ts  of a study which had the object ives o f  (a )  a c r i t i c a l  

review o f  the ex i s t i ng  information on the pred ic t ion  o f  bo l ted j o i n t  heat t rans fer  

and (b )  the se lec t ion  and recommendation o f  guidel ines and procedures t o  enable the 

thermal design engineer t o  predic t ,  w i th in  reasonable l i m i t s ,  such ,s#..int heat t rans fer  

f o r  spacecraft appl icat ion.  Included i n  t h i s  work are tables and graphs showing 

experimental data on bol ted j o i n t s  and re la ted  data. 

complete i n  i t s e l f  and can be included i n  a "handbook" type document. A glossarv 

of terms used i s  a lso included. Empirical approaches are used exclusively beca se 

ana ly t i ca l  mzthods are not s u f f i c i e n t l y  developed t o  a l l o w  f o r  r e l i a b l e  p red ic t  ons 

o f  the load d i s t r i b u t i o n  i n  the j o i n t  or  the area o f  apparent and rea l  contact. 

For convenience, i tem ( b )  i s  

Contact conductance i s  defined as h, where 

The po ten t ia l  users dilemna begins a t  t h i s  point ,  because there i s  no uni formi ty  

i n  the d e f i n i t i o n  o f  e i t he r  A, o r  A T. 

equal t o  A, the comnon area o f  the mating surfaces unless otherwise defined. The 

For purposes o f  t h i s  repo r t  & w i  11 be se t  

A T  term w i l l  be defined as the d i f fe rence between the average temperatures o f  

contact  surfaces. 

i n  the s o l i d  t o  the mating surfaces. 

This i s  usus l l y  obtained by ext rapolat ion from an i n t e r i o r  po in t  

While there e x i s t  approximately 250 repor ts  on research and experimental work on 

contact 

even fewer a re  per t inent  t o  spacecraft app l i ca t ion .  This repo r t  and guide l ine i s  

heat t ransfer,  only 5% o f  these are  concerned w i t h  bo l ted  j o i n t s ,  and 
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. .  . .  
based p r imar i l y  on t h i s  small group, however, w i t h  due considerat ion o f  the vast 

body o f  background information ava i l ab le  and the author 's  extensive experience i n  

the f i e l d .  For general background informat io i l  on contact  heat transfer,. the reader 

i s  re fe r red  t o  the mater ia l  i n  References 1, 2 and 3 .  Reference 3 i s  the most com- 

prehensive review o f  bo l ted j o i n t  data. Re4'erences 4 and 5 provide extensive 

b ib l iographies.  

. 

1.1 SUMMARY OF STATE-OF-THE-ART 

A t  the outset o f  t h i s  report ,  i t  should be noted t h a t  there e x i s t  no sa t is fac to ry ,  

experimentally ve r i f i ed ,  ana ly t i ca l  methcds t o  p red ic t  the thermal conductance f o r  

bo l ted j o i n t s .  There do ex is t ,  howevw, some very l i m i t e d  appl icat ions o f  empir ics l  

r e s u l t s  and, more important ly,  some p o t e i t i a l  approaches leading t o  approximate 

methods. The l a t t e r  involves the separation o f  the mechanical and load d i s t r i b u t i o n  

ef fects from the pure ly  heat t rans fer  e f fec t .  

The mechanical o r  s t ruc tu ra l  e f fec ts  fo r  a j rJ in t  made up o f  two m e t a l l i c  p la tes  

include: 

0 p l a t e  deformation under load 

0 p l a t e  separation under load 

0 e l a s t i c  o r  p l a s t i c  deformation 01: asper i t ies  

0 combined ef fects  o f  the above as wel l  as long-term y i e l d i n g  

0 surface charac ter is t i cs  and f i n i s h  

The thermal and heat t rans fer  effects f o r  such a j o i n t  include: 

0 thermal deformation e f fec ts  

0 themmechanical  o r  themost ruc tura l  e f f e c t  

0 heat t rans fer  by s o l i d  conduction 

0 heat t rans fer  by f l u i d  conduct iw  

0 heat t rans fer  by radia" lon - 2- 



The mechanical contact ( o r  j o i n t * )  parameters def ine wnich contlguous areas a t  the 

in te r face  are i n  actual  contact and which are  no t .  ,I number of inves t iga tors  have 

developed mostly ana ly t i ca l  techniques t o  estimate o r  p red ic t  the load ( s t r e s q  

d i s t r i b u t i o n  a t  the i n te r face  of a bo l ted  j o i n t ,  o r  d p a i r  of p la tes  ucder load. 

I n  some instances, experimental work using h-igh!y idea l i zed  condit ions was ca r r i ed  

out t o  support such a i a l y s i  s, a1 though not always successfully. The p r inc ipa l  

sources f o r  such wor . re  Lardner (8)3*Fernlund (9), A r m  and Colombo ( l o ) ,  arid 

Gould and Mikic (11). While n o t  a l l  e x i s t i n g  work i s  ci ted, these cover most o f  

the important informat ion sources. However, no ye l i ab le  eqer imenta l  v e r i f i c a t i o n  

o f  i n t e r f a c i a l  load o r  s '  ess d i s t r i b u t i o n  ex i s t s  today. 

Once the regions o f  contact and the appropriate regional  stress d i s t r i b i i t i o n  have 

deen established, the surface charac ter is t i cs  must be known t o  estimate the actual 

microscopic arees i n  contact through which s o l i d  conduction car  tbke place. One 

must d i s t i ngu ish  between regional  (macroscopic) -nd very l oca l i zed  (microscopic) 

contacts. The l a t t e r  are p a r t i c u l a r l y  important f o r  contacts i n  vacuum, since 

there i s  no heat conducting continuum surrounding the asper i t i es  o f  the surface. 

The thermal and heat t rans fe r  e f fec t  must be considered a t  t h i s  point ,  because 

thermal expansion effects can inf luence the actual areas i n  contact or can change 

them as non-unifor..; heating takes place. This i s  discussed by Clausing (40) w i th  

respect t o  d i s s i m i l a r  metals. 

* Reference 3 uses the term j o i n t  for  a bol ted p l a t e  contact and --- contact f o r  r i g i d  
block contact. 

** Reference Number 
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The s p x i n g  between the mating surfaces also affects the f l u i d  conduction contri- 

bution, w h m  a gas, liquid or gredse i s  present in the interface. The effect o f  

this spa+ng and its dimensional determination has been covered by Cetinkale (13),  

Fenech [14), and Laming (16) among others. Radiation heat transfer also my be 

inf1i;enced by the spacing and surface conditions. I t  is, however, generally 

neGlected for most moderate temperature joints, since the other heat transfer modes 

f 

make radiation negligible, except for h igh  temperature or h igh  temperature difference 

condi ti ons . 

As a result of the general interest i n  the subject of  heat tr tnsfer between mating 

surfaces, the 2 have been developed a number o f  highly analytical correlations. 

The greatest complexity of expressions cover the solid-solid conduction contribution, 

and are examplified by references such as Cetinkale (13), Clausing (15), Fenech (14), 

Laming (16). Experimental and empirical apprcaches were reported b j  Fried (17, 18), 

Barzelay (19), Rolsma (201, Bevans (211, Aron ( lo ) ,  Fontenot (3), and Whitehurst (36). 

Several of these items included data on bo1 ted j o i n t s ,  however, w i t h  limited correl- 

a ti on success. 

Generalized correlation o f  contact heat transfer data has been attempted by a number 

of investigators. Among these were Graff (6 ) ,  Fletcher (27) and Hsieh (12). 

none of these attempts were very successful over a wide range of data. Bevans (21) 

and Rolsm (20) attempted t o  correlate bolted joint  data, b u t  these efforts d i d  not  

succeed, due to the nonreproducibility of tes ts .  

However, 

I n  order to  obtain the most up-to-date joint  heat transfer data, a thorough review 

of the existin3 contact conducta;ice l i terature WBS made, including the use of a NASA 

Literature Search No nw inform,7tiov  red. The work by Fontenot (3, 7) 
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provides one o f  the best summaries and reviews o f  bo l ted j o i n t  thermal performance 

informat ion and Rolsma (20) provides thi: la rges t  body of experimental data. It 

should be noted tha t  many good sources o f  contact or bol ted j o i n t  data were not 

mentioned i n  t h i s  b r i e f  sumnary. This i s  due t o  the f a c t  t h a t  t h e i r  analyses and 

data are included, u t i l i z e d  o r  reviewed i n  the c i t e d  work. Thus, the number o f  

references c i t e d  could be kept w i t h i n  manageable l i m i t s .  

The next sect ion w i l l  provide capsule reviews and discussion o f  the important 

bo l ted j o i n t  data as we l l  as per t inent  other contact parameters. 

- 5- 



SECTION 2.0 

DATA REVIEW 

I n  the course of t h i s  study a la rge  ninber o f  contact  heat t rans fer  references were 

reviewed, w i th  p a r t i c u l a r  emphasis on the bo1 ted j o i n t  problem. ?he References 

sect ion o f  t h i s  repor t  l i s t s  a l l  c i t e d  references as well as the s i g n i f i c a n t  bo l ted  

j o i n t  references. References 4 and 5 show near ly a l l  ex i s t i ng  contact  heat t rans fer  

references and are the most recent published bibliogrbphie. on the subject .  

no t  a l l  ex i s t i ng  bol ted j o i n t  references were obtained for review, t h e i r  c i t a t i o n  

i n  recent work, personal comnunications, experience and knowledge o f  the general 

subject  lead us t o  bel ieve t h a t  we have covered a l l  important mater ia l .  

While 

This sect ion begins w i th  a t r i e f  discussion o f  surface character izat ion and contact  

heat t ransfer,  followed by a data co r re la t i on  discussion and capsule reviews and 

sumnaries o f  per t inent  bo l ted j o i n t  heat t rans fer  work. 

t o  surface properties, mater ia l ,  loads and d i s t r i b u t i o n  and heat t ransfer .  A 

l i s t i n g  o f  h igh l igh ts  of bo l ted j o i n t  work i s  given i n  Table 2-1. 

Consideratton i s  given 

The ra t ings  shown i n  Table 2-1 are based on the compi ler 's estimate o f  the adequacy 

o f  eJtperimenta1 procedures and techniques f o r  prov id ing useful  data f o r  reference 

purposes. The ra t ings  are for thermal t e s t  only. 

A. i!ighest q u a l i t y  o f  measurements 

B. High q u a l i t y  

C . Average qua1 i ty 

- 6- 
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2.1 SURFACES 

It i s  evident t ha t  ex i s t i ng  standards fo r  surface character izat ion are  inadequate 

t o  describe a surface for contact heat t rans fer  purposes. The standard (ASA 

B 46.1-1962, Ref.  22) issued by the American Standard Associat ion s tates " .... This 

standard i s  concerned w i th  the geometric i r r e g u l a r i t i e s  of surfaces o f  s o l i d  m t e r i a l s ,  

,;kysical specimens f o r  gaging roughness and the charac ter is t i cs  o f  instrumentat ion 

f o r  meas;iring roughness. 

wav,,w=ss, lay  and a se t  of symbols . . . . ' I  While the d e f i n i t i o n  o f  terms used i n  t h i s  

I Gort i s  based on the ASA standards def in i t ion,  other concepts w i l l  be introduced. 

I t  establishes de f i n i t e  c lass i f i ca t ions  for roughness, 

The most  comprehensive survey o f  "contact area" i s  a t r a n s l a t i o n  from the Russian 

(Ref. 24); however, i t  does no t  do very much f o r  the design engineer, besides t e l l i n g  

him khat he already knows, tha t  there i s  no universal  surface < ? f i n i t i o n .  The major 

reason f o r  the ex i s t i ng  d i f f i c u l t y  i s  due t o  the two-dimnsional  character izat ion o f  

a three-dimensional surface topography. 

The use o f  special apparatus was considered by several invest igators .  

used a " t r o l l e y "  w i t h  a sty lus,  which fed a s ignal  i n t o  an analog computer. 

t rac ing  a pa t te rn  for each surface, a three-dimensional pa t te rn  could be establ ished 

and the surfaces matched. Cassidy (35) a t  NASA-Lewis Research Center, has developed 

a scanning device which i s  coupled t o  a d i g i t a l  computer t o  es tab l i sh  the surface 

character izat ion as p a r t  o f  the conductance predic t ion.  

Henry (34)  

By 

From a p rac t i ca l  viewpoint, i t  would be des i rab le t o  have a device t o  scan and 

provide a surface mating output su i tab le  f o r  contact  conductance ca lcu la t ion .  Such 

a device, if prac t i ca l  o r  portable, would be too cos t l y  f o r  normal use. For t h i s  reason 

s t a t i c t i c a l  methods have been considered, because surface charac ter is t i cs  may be qgi  t e  

-8- 



amenable t o  random and averaging procedures. Thus, while the exact profiles are 

indeterminate, the average of the profile protuberances i s  stat is t ical ly  predictable, 

provided the method of fastening (bolted, riveted) does not distort  the surface, 

resulting i n  waviness. The surface characterization must consider: !a) microscopic 

protuberances, (roughness, asperities, short wavelength, etc .) , 
wavelength), 

defining surfaces varies due to differences i n  instrumentation, techniques, calibration 

and texture. Surprisingly, as stated i n  a survey ar t ic le  (Ref. 23), sight and touch 

surface standards provide more reliable surface matching t h a n  do  instruments. Because 

of the absence of instruments w h i c h  are  comparative, current practice i s  linited t o  

"topographic instruments", which result  i n  nonreproducibility of surfaces by con- 

ventional means. One technique to  achieve a random surface is by use of glass shot 

b l a s t ing .  T h i s  method is  described i n  reference (34).  

( b )  waviness (longer 

(c) mat ing  surface separation due to load. Engineering practice i n  

Attempts were also made to circumvent the surface definition problem by introducing 

a predictable surface by several means, such as in te rs t i t i a l  materials: wire-cloth 

(25)  silicone rubber (21, 26), metallic deformable fo i l s  (25 ,  26), silicone grease 

(21, 25) .  While extensive theses could be written on the subject o f  contact surface 

examination and definition, t h i s  is not the place. The reader is referred to Refer- 

ences 23 and 24 for a concise treatment o f  the general subject. 

2.2 CmTACTS 

The theory for contact heat transfer as based on ccntacts for r i g i d  surfaces such as 

cylinders has been covered extensively i n  the l i terature.  The most prominent of these 

reviews are Fenech (14) ,  Clausing (15), Cetinkale (13) i n d  Laming (16) .  All of these 

theories are based on Holms' (31) constrict'on resistance concept. Although this 

report i s  not concerned w i t h  theory of contact heat transfer, the subject of data  

correLtion based on theory i s  of interest. For this reason, data corelations were 

-9- 



reviewed extensively w i t h  the objective of design applications i n  mind. 

pertinent of these are discussed. 

i s  referred to  References 13, 14, 15 and 16. 

The most 

For development of the contact theory, the reader 

2.3 - CORRELATION S 

While there exist many correlations for contact heat transfe;. d a t a ,  most of these 

are no t  directly suitable for an engineering approach, because :hey require knowledge 

of certain parameters which are not known or are diff icul t  to measure. The most 

desirable expression would be one of the form 

h = Cpn (&la)  

or h = B + Cp” (2 - lb )  

where h = contact conductance as defined i n  equation 1-1 

B, C = constants for the material, fastening method and in te rs t i t i a l  f l u i d  ( i f  any) 

p = contact pressure over entire area unless otherwise defined 

n = an exponent less than 1 

There exist  several correlations which approach this expression for contacts between 

r i g i d  blocks i n  a vacuum. 

use of dimensionless groups, correlated much o f  this data. He considers two cases, 

( a )  r i g i d  f l a t  surfaces where the contact spots are d i s t r ibu ted  uniformly over the 

total area, ( b )  wavy surfaces where the contact spots are concentrated in groups. 

Bolted joints fa l l  into the l a t t e r  category. Hsieh provided an expression 

Hsieh (12) has taken the data of many investigators and,by 

where 

the contact pressure and Y i s  the yield strength of the material. 

is the radius Of the contact Spots, ks is the s o l i d  thermal conductivity, P is  

C i s  a constant 

taken as 2 by Hsieh. I f  the mating surfaces are made o f  dissimilar material, then 
3i 
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the harmonic mean conduct iv i ty  k = 2Ic1k., 
m -  must be used for ks and <he lower of the 

two y i e l d  strengths ( Y )  must be used. For a contact where there i s  a f l u i d  conductance 

as well ,  the above equation P 2  becomes 

where subscr ipt  g i s  f c r  i n t e r f a c e  gap, s i s  f o r  so l id ,  6 i s  equivalent gap th ick -  

ness, and a l l  other terms as defined f o r  equation 2-2. 

a vacuum, equation 2-3 rever ts  t o  the form o f  equation 2-2. The value o f  m i s  

When $ goes t o  zero, as i n  

approximately 1. 

Figure 2-1 shws a c o r r e l a t i o n  o f  a v a r i e t y  o f  data f o r  tes ts  i n  a i r  and i n  vacuum 

as presented i n  Reference 12. Figures 2-la and 2- lb show the Ref. 12 data points f o r  

reference only. A constant value o f  30 x 10% was assumed f o r  a and i s  a customarily 

assuned value based on References 28 and 31. The c w v e  shown i s  f o r  m e t a l l i c  mater ia ls 

inc lud ing aluminum al loys,  copper, t i tan iun,  magnesium a l loy ,  s ta in less s tee l  for  

roughness values ranging from 0.13 x 10% t o  50 x lo'%. This f i g u r e  represents 

both r i g i d  f l a t  as w e l l  as wavy surfaces w i t h  the spread of data greater a t  low P/Y 

values for the  l a t t e r .  I t  should be noted t h a t  t h i s  r e l c t i o n  i s  r e l a t i v e l y  independent 

of temperature, other than the temperature dependent propert ies o f  the mater ia l  and 

f l u i d s .  This a lso impl ies t h a t  r a d i a t i o n  i s  negl ig ib le .  

An expression o f  the form o f  equation 2-2 has a l s o  been proposed and recent ly  used f o r  

contacts i n  a vacuum by Malkov ( 3 0 ) ,  a Russian invest igator .  Malkov's expression i s :  

0.66 
hK = 0.118 ( ks) kS 

-1 1- 



5 6 7 8 9 1  

0 Z = 30 x m (constant)  

10-4 10'2 10 

p / y  

-1 

FIGURE 2-1 

NON-DIMENSIONAL CONDUCTANCE CORRELATION (REF.  12) 
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# a  

I 

. 

Dimen~lodesr Plot of [&be& - l l / ~ X s ~ , , / w g l  versu p l y  for 
Naanlnally Flat Surfacer of Ferrous and Non-Ferrous Materials with Taken a6 Constap1. 

FIGURE 2-la COPY OF CORRELATION DATA POINTS I N  REF. 12 
(NOMINALLY FLAT SURFACES) 
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Dimeneianless Plot of [ (htbeg/Ag) .. Il/[As6,,/IIAgj versus p/Y for 
h’ominblly Wavy Surfaces of Ferrous and Non-Ferrous Materials with Taken as Constant. 

FIGURE 2- lb  COPY OF CORRELATION DATA POINTS I N  REF.  ;2 
(NOMINALLY WAVY SURFACES) 
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which d i f f e r s  from equat ion 2-2 i n  the inc l lcs ion o f  S, a roughnesc. f a c t o r  depending 

on the height  o f  the surface protuberances. Malkov uses a value f o r  a o f  40 x 10"6rc 

as opposed t o  Hsieh (12), who used 30 x 10'6rn. 

i and i2 a r e  the mean he igh t  of thc surface micro-pro ject ions.  

purposes t h i s  i s  roughly equal t o  the sum o f  the rms roughness values plus the waviness. 

S i s  def ined as shcvn below, where 

For a l l  p r a c t i c a l  1 

Sum o f  Surface 
I r r e g u l a r i t i e s  

Value o f  S = 1 1 (15 x (30 x 10-6) 
il + i 2  i, + i2 

Figure 2-2 shows Malkov's at tempt a t  dimensionless c o r r e l a t i o n  o f  h i s  own data as w e l l  

as data from References 28, 29, and 18 teken i n  vacuum. For values o f  SP/3Y above 
2 

10- , Shlykov's (29) equation 

0.86 e = 0.32 ($) [ 2-4b) 

appl ies,  whereas, a t  lower values, M a l k m ' s  equation (2-4a) cor re la tes  the data much 

b e t t e r .  

values, wh i le  n o t  i n  slope, over the range of i n t e r e s t ,  i f  i t  i s  recognized t h a t  P/Y 

i n  f i g u r e  2-! must be d i v i d e d  by S/3 f o r  comparison. The curve o f  f i g u r e  2-1 

(Eq. 2-3) i s  shown i n  f i g u r e  2-2 for comparison. I t i s  i n t e r e s t i n g  t o  note t h a t  

the proposed r e l a t i o n s  are  q u i t e  c lose a t  P/Y values of t o  10- . 

It should, however, be noted t h a t  f igures 2-1 and 2-2 a r e  q u i t e  s i m i l a r  i n  

1 
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7 0" 

,p-3 

1-1 

FIGURE 2-2 

NON-D IMENSIONAL CONDUCTANCE CORRELATiON (MALKOV IN REFERENCE 30) 
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ha k = N. 
S 

U f 2  

ro" 

d 

1 I 

Correlation of experimental data on 
heat transfer under vacuum in dimensianless 

coordinates. 
1) Aluvlinum-uranium I51 ; 2)-4) respectively 
aluminum-aluminum, aluminum-iron and 
aluminum-uranium [31; 5) urantwn-"magnod' 
alloy[4];6)stainlesssteel[2l;7)DT 16 alloy 
[duraluminum?l 121 ; 8) niobium 11, I) .p- 
proxfmatiag equation (1) obtained from d8t8 

points 1 thmugh 81 9) 45 etea, d-wbj -vww 17 10) 1 x 13 etael, - rv; 
11) 20 steel, 0l/p? (81: 12) magnesium VWVO IS]; 
13) molybdenum-stainless steel ern. wm. .ulrr; 
14) stsinless ateel turned to vam; 15) stainleaa 
steel ground to em; 16) stainless steel turned 
and then lapped to v l o m  ; rr) approximating 

equation (3). 

FIGURE 2-2a COPY OF CORRELATION M T A  PO?NTS IN REF. 30 
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Boeschoten (28) u t i l i z e s  an expression of the form 

h a  - = 1.06 
kS 

(2-5)  

where H i s  the indentat ion hardness and i s  approximately equal t o  3Y. Typical  values 

given by feference 28 f o r  H are  19 x 10 N/cm f o r  steel ,  14 x 10 N/cm f o r  -;num 

( the  l a t t e r  value i s  seven times t h a t  given i n  the l i t e r a t u r e ) .  

an average value o f  a o f  30 x 10-6m equation 2-5 becomes: 

4 2 4 2  

For example Jr 

h = 0.33 x 10 ks (i) (2-6) 

w i t h  ks i n  watts - cm-loc-1 
h 3n watts - c r f 2  - "C- 1 

Fletcher (27) a l so  developed a semi-empirical expression f o r  the pred ic t ion  o f  thermal 

contact  conductance, based on experimental resu l t s  i n  a vacuum o f  several inves t ig -  

a tc rs  f o r  mater ia ls such as aluminum, brass, s ta in less s tee l  and magnesium, covering 

a wide range o f  t e s t  variables. F le tcher 's  co r re la t i on  i s :  

= T  x R = Dimensionless Temperature 

= Coef f i c ien t  o f  thermal expansion 

= P/E - Dimensionless Pressure 

mean S 
where T* 

8S 

P* 

E = Modulus of E l a s t i c i t y  

P 

6 *  = I n i t i a l  gap dimension/Apparent Contact Area Radius c c /  ' i  
r = Sample R a d i  us 

= Apparent Fressure (as !!sed previously)  
t -  / '  

9 

Figure 2-3 shows the data points  on which t h i s  equation i s  based and which i s  claimed 

t o  cor re la te  t h i s  data w i th in  an average overa l l  rms er ro r  o f  24 percent or less f o r  

-18- 
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most o f  the data. This data covered a range o f  mean temperatures from -155°C 
2 2 

( - 2 5 0 O F )  t o  260°C (5OO0F), apparent in ter face pressures o f  0.69 N/cm t o  4930 N/cm 

(10-7000 psi) , f latness deviat ions o f  38-11, 400 x 

and surface roughness ranging from 7.6 x (3-120 micro inches). 

This data curve w i l l  not  be used i n  the guidel ines sect ion because i t  requires ex- 

tensive suboperation f o r  i npu t  values. The equation i s  given f o r  informat ion only.  

cm (15-4500 micro inches), 

cm -300 X 

It i s  o f  i n t e r e s t  t o  note t h a t  the conductance number h 6 /k i s  always shown as a 

func t ion  o f  the appl ied load, an e l a s t i c  deformation parameter and i n  some cases, 

the temperature. This impl ies tha t  these cor re la t ions  apply f o r  the e l a s t i c  reg ion  

only, although i t  i s  reasonable t o  assune t h a t  some p l a s t i c  deformation does take 

place. 

Thus far ,  on ly  equation 2-3 has considered the f l u i d  conductance as an independent 

term. 

s o l i d  conduction term hs and the gap conduction term hg, then th?  l a t t e r  term can 

be determined independently, as was done by Laming (16). 

I f  one considers the t o t a l  contact  conductance h as being wade up o f  the 

Laming considered: 

where, approximately, 

6 9 = 2/3 (il + i 2 )  

This was determined experimentally by perfo.rm2ng tes ts  w i t h  several f l u i d s  i n  the 

gap. 

e f fect ive i n te r face  gap dimension 6 i s  approx imte ly  cquai t o  2/3 o f  the sum 

o f  the peak-to-mean height  (center l ine average or rms values), i 

It  i s  noteworthy t o  observe t h a t  a number of inves t iga tors  found t h a t  the 

9 
+ i 1 2  f o r  the mating 
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surfaces. This does not take i n t o  account the waviness of the surfaces. Based 

upon the work of many contact conductance investigators, Fontenot (7) proposed an 

ana ly t i ca l  approach t o  be used when no experimental data was avai lable. The pro- 

posed expression i s  o f  the form h = hs + h and u t i l i z e d  previously discussed elements 

t o  provide: 
9 

i n  consistent un i ts .  The f i r s t  term i s  s i m i l a r  t o  Laming's (16) expression, equation 

2-7, except t ha t  the coe f f i c i en t  f o r  (i, + i2)** i s  0.64 instead o f  0.67. The second 

term i s  the s o l i d  conductance term. Reference 3 replaces the (il + i2) term, by using 

an empir ica l ly  determined (il + i2)* term whict. apparently includes waviness e f fec ts .  

Fontenot (3)  provides graphical means t o  r e l a t e  i t o  surface roughness and load t o  

the n 2 term, shown as f igures  2-4a and 2-4b. E i ther  o f  the above methods shown can 

be used, depending on the input  data avai lab le.  Applicatiot i  methods are shown i n  

the Guidelines section. 

work assunes t h a t  a l l  deformation are e l a s t i c  and t h a t  a l l  r esu l t s  are reprx luc ib le .  

This i s  not  necessarily true. Cordier (32) and Popov (33) have observed experiment- 

a l l y  t h a t  successive load appl icat ions r e s u l t  i n  increased conductance values. 

Cordier reports t h a t  not  only d i d  the repeated app l ica t ion  o f  load r e s u l t  i n  hicjher 

ccnductances, bu t  t h a t  the approach d i rec t i on  from higher and lower pressure made a 

difference. This was a l so  observed by others. This i s  further complicated by the  

f a c t  t h a t  long term contacts (months) r e s u l t  i n  increased conductance. 

I t  should be noted t h a t  the c i t e d  experimental and ana ly t i ca l  

2.4 - BOLTED JOINTS 

This section provides capsule reviews o f  experimental and ana ly t i ca l  work i n  the area 

of bolted j o i n t  heat transfer. For convenience, Table 2 - 1  provides an overview of 

the most important experimental work, however, each i tem i s  discussed i n  t h i s  section 

and where appropriate, used i n  the Guidelines. 

-21- 
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FIGURE 2 4  
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Barzelay (19) performed a ser ies  of b o l t e d  and r i v e t e d  a i r c r a f t  s t r i n g e r  t e s t s  t o  

determine the contact  conductance of these j o i n t s  under aerodynamic heat ing condi t ions.  

Other t e s t s  performed were on c y l i n d r i c a l  column contact  elements. The range of 

mater ia l  tested inc luded 2024T3 and T4,7075-T6 aluminum a l l o y  and type 416 s t a i n l e s s  

s t e e l .  

t e s t s  i n  a i r ,  thus n o t  s u i t a b l e  for  a u t  ob ject ives.  While observations and con- 

c lus ions  from Barzelay's work on roughness, contact  pressure, use o f  i n t e r s t i t i a l  

f i l l e r  mater ia l  and temperature e f f e c t s  a re  used, none o f  the  data w i l l  be shown i n  

the Guidel ines. Barzelay was the f i r s t  i n v e s t i g a t o r  t o  r e p o r t  d i r e c t i o n a l  heat  f l o w  

e f f e c t s  f o r  d i s s i m i l a r  metal j o i n t s ,  however, the e f f e c t s  a re  n o t  s i g n i f i c a n t  enough 

t o  be o f  concern i n  most design app l ica t ions .  

While the column t e s t s  were steady s tate,  most o f  the  others were t r a n s i e n t  

Bevans (21) performed an experimental program on component j o i n t s  as w e l l  as s t r u c t -  

u ra l  j o i n t s ,  w i t h  the bas ic  d i f f e r e n c e  between the two being the greater  r i g i d i t y  

of the  l a t t e r .  This work represents the f i r s t  subs tan t ia l  at tempt a t  e v a l j a t i n g  

" p r a c t i c a l "  spacecraft j o i n t s  i n  a vacuum. Three types o f  s t r u c t u r a l  and th ree  

s izes of component mounting j o i n t s  were tested and a method f o r  the  c o r r e l a t i o n  of 

b o l t e d  j o i n t s  was proposed. The most obvious r e s u l t  repor ted  was the inconsis tency 

o f  data f o r  presunably i d e n t i c a l  j o i n t s .  

It should be noted t h a t  no specia l  i n s t r u c t i o n s  were given to the technic ians 

assembling the j o i n t  r e l a t i v e  to the order  o f  t i g h t e n i n g  the b o l t s ,  a l though the 

b o l t  torques were s e t  w i t h  3 c a l i b r a t e d  torque wrencb. 

i n  order t o  achieve randomness o f  f a b r i c a t e d  j o i n t s .  

Reference 21 show the tested conf igura t ions .  

were performed on more than one sample and using a heat t r a n s f e r  promoting f i l l e r  i n  

some instances. Table 2-11 shows the averaged r e s u l t s  f o r  the component j o i n t s .  

This procedure was d e l i b e r a t e  

Figures 2-5 and 2-6 taken from 

For each o f  these c m f i g u r a t i o n s ,  t e s t s  
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C 
e 1 . 6  mn 

(1/16 i n )  

L 

A --. CONFIG. 

1 20.32 cm 
12 Bolts  ( 8  i n )  

2 35.56 cm 
18 Bolts  (14 i n )  

3 -  35.56 an 

9.6 mm 

- 
-- B c -  . D  

20.32 cm 15.24 cm 15.24 cm 
( 8  i n )  (6  i n )  (6 i n )  

20.32 cm 30.48 cm 1 15.24 cm 
(8 i n )  (12 i n )  (6  i n )  

3 5 : s  cm 30.48 an 30.48 cm. 
, 24 Bolts  

0 Bolts were 4.75 mm (3/16 i n )  diameter 

( 1 4  i n )  (14  i n )  I (12 i n )  (12 i n )  I 

FIGURE 2-5 

CONFIGURATION AND DIMENSlONS FOR COMPONENT J O I N T S  (REF.  21) 
. 

-25- 



FIGURE 2-6 

CONFIGURATION AND DIMENSIONS. FOR STRUCTURAL JOINTS (REF. 21 

B o l t  holes 

---. 

c 

I 
2.54 cm 
( 1  i n )  

4 

Configurations 4 and 5 ( M a t e r i a l  - Aluminum 6061-T6) 

Confi gura t i on 6 
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TABLE 2-11 

588.4 :103.6) 

291.4 (51 .3 )  

?e s t  Conflg. 
:see f ig ,  2 -  ) 

1 

574.2  (101. 1) 

277 .2  (48 .8 )  

1 

- -  
- -  
- -  

1 

102.2 (18 .7)  

553 .8  ( 9 7 . 5 )  

47. 1 ( 8..3) 

2 

2 

3 

3 
- 

BOLT TORQ UE - m N  f in- lbs)  - 
I 1.35 (12) I 2 .  71 - (24)  3 . 3 9  (30)  - 

J - hr -1-f t -2  - - 

170.4  (30. 0) 

806.6 (142.0) 

323 .8  (57.01 

AVERAGED VALUES OF JOINT CONDUCTANCE FROM REFERENCE 21 

FOR COMPONENT JOINTS. (ENTIRE CONTP.CT AREA WAS USED IN 

CALCU LATION) 

-1 
Tiller 

none 

- 

I 
RTV I1 

G-683 
sil icon( 
grease 

none 

RTV I1 

no ri e 

RTV I1 
- -- - 
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The reported surface finish was 28 x lo'% (11 x : 0 -6 in )  rms across the rol l  mrks 

and 10 x 13-8m ( 4  x 10-6in) rms w i t h  the roll marks. This i s  3 f a i r l y  good finish 

for an "as received" surface. The component moun"ng plates a l so  had a nonflatness 

of as much as 17.8 x 

other joint;.  This nonflatness was reported to have had some beneficial effect on 

conductance when i t  inproved the contact area, however, benefits cannot be clearly 

defined. Bevans (21) a lso reported t h a t  for t h i n  plate joints, the principal thermal 

resistance uas f q  the t h i n  plate i t se l f .  

(0.007 i n . )  for No. 2, and 7.6 x 10-5m (0.003 i n . )  for the 

Results for joints using an in te rs t i t i a l  f i l ler  of RN-11 silicone rubber and G-683 

silicone grease are Shawn for comparison purposes  i n  addition t o  bare metal joint  

data. I t  should b e  noted t h a t  the area imnediately under and adjacent to the bolt 

has a definite relation t o  the overall conductance, because most of the conduction 

heat transfer takes place i n  that  region as opwsti t o  the entire mounting area. 

This is due t o  the fact  that  while the number of bolts increases w i t h  the perimeter, 

the mounting area increases a t  a greater rate. Since the contact conductance wa: 

based on the to ta l  area, i t  decreased as the total  interface area increaseL. Had 

the joint conductanck been based on the area imnediately adjacent tc  the bolts, i.e., 

a functioi of the nlimber of bolrsI t h e n  the conductances would have been less incon- 

sistent.  For example, d i v i d i n g  the total heat f l u x  by the bolt area perimeter would 

make the conductances vary by -- -%. 

The data shown for in te rs t i t i a l  f i l l e r s ,  shows a sl ightly better consistency for 

configurations 1 and 2, however, due to the potential variations i n  fi1:Zr conipos- 

ition, thickness, e+c., no real conclusion can be made other t h a n  t b t  f i l l e r s  do 

indeed he1 p . 
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For the s t ruc tu ra l  j o i n t s  shown i n  f igure  2-6, on ly  the bare j a l n t  data w i l l  be 

considered. There were var ia t ions  i n  contact. conductance from j o i n t  t o  j o i n t  

w i th fn  each o f  the conf igurat ions,  but  f o r  i den t i ca l  samples. Table 2-111 shows the 

resu l t s  f o r  Reference 21, but  averaged values only. It was observed tha t  the heat 

f l u x  through the j o i n t  was no t  a s ign i f i can t  var iable.  The data f o r  the r i g i d  

s t ruc tu ra l  j o i n t ,  conf igurat ion 6, i s  w i t h i n  the range used f o r  bare j o i n t s  on the 

NIMBUS spacecraft (850 W-m-2-oC'1). 

Reference 21 describes a proposed method f o r  p red ic t ing  the conductance i n  a bo l ted 

j o i n t .  

are i n  the small reg ion under the adjacent t o  the bo l t s .  This i s  an agreement w i t h  

the approaches o f  other invest igators .  The item o f  i n t e r e s t  i s  the method of a) deter- 

mining the apparent contact  area and pressure and b)  the correspondfng conductance for 

the contact  regions, where an averaged pressure i s  used over t h i s  contact regicn. 

It postulates tha t  the points  o f  contact which contr ibute t o  the conductance 

An expression providing a l cqd  d i s t r i b u t i o n  o f  the form shown i n  f i g u r e  2-7 was used 

and was based on work by Lindh (37). 

Aron (10) and others. 

uniform l o a d  w i t h i n  the b o l t  was determined by use of the fo l lowing approximate 

r e l a t i  on, 

Simi la r  load d i s t r i b u t i o n s  were postulated by 

Since the loca l i zed  load values depend on the appl ied load, thc 

B o l t  Torque = 0.20 
(Tensile Force) (Major Thread D ia l  

(2-10) 

using consis tent  un i ts .  This r e l a t i o n  assumes a stavdard 60" thread and a f r i c t i o n  

c o e f f i c i e n t  o f  0.15. 
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TABLE 2-111 

Configuration Nratts-rn-'-OC-' ( 

4 480.0 (84 .5)  

5 5 3 1 . 7  ( 9 3 . 6 )  

6 825.9 (1 45.4) 

1 n t e r f a c e  
Fill er 

none 

none 

none 

Bolt Torque 2 . 7 1  m - N  ( 2 4  i n - l b s )  

AVERAGED VALUES O F  JOINT CONDUCTANCE 

FROM REFERENCE 21 FOR STRUCTURAL JOINTS 
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- 
RADIAL DISTANCE 

FIGURE 2-7 

PRESSURE DISTRIBUTION UNDER BOLT HEAD I N  BOLTED PLATE 
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An acceptable expression r e l a t i n g  the loca l i zed  load and r a d i a l  distance from the 

b o l t  i s  needed. Once the laca l i zed  o r  averaged load i s  determined, the corresponding 

contact  conductance can be found from known experimental data o r  by use o f  an anal- 

y t  i c a l  expression. 

Aron and Colombo (10) performed photoelast ic experiments t o  evaluate the actual  contact  

region as we l l  as thermal experiments w i t h  a bo l ted  j o i n t .  While t h e i r  p red ic t i on  o f  

thermal t es ts  was inconclusive, t h e i r  est imat ion o f  contact  reg ion i s  useful .  

a bo l ted  j o i n t  of equal thickness plates, they assume the i n te r face  pressure t o  drop 

For 

t o  zero a t  a rad ius equal t o  the loading radius plus 1.5 t o  2 times the thickness o f  

the plates.  

Rolsma (20) performed one o f  the most extensive t e s t  programs f o r  the evaluat ion o f  

bo l ted  j o i n t s  i n  a vacuum. Three d i f f e r e n t  l a p  j o i n t  conf igurat ions,  w i t h  var ia t ions  

i n  thickness, bo1 t spacing torque, surface f i n i s h  and temperatures were evaluated f o r  

a t o t a l  o f  over 500 t e s t  points.  Figure 2-8 shows a typ ica l  j o i n t  w i th  thermocouple 

locat ions.  The major conclusion f o r  t h i s  work was t h a t  the experimental data was 

not  su i tab le  f o r  de r i v ing  an ana ly t i ca l  or empir ical  procedure. However, a nunber 

o f  very useful  conclusions were made. These are: 

0 J o i n t  samples w i th  a b o l t  spacing/thickness r a t i o  less than approximately 
s i x  are thermal ly t h i c k  and the in ter face resistance i s  con t ro l l i ng .  These 
samples e x h i b i t  a change i n  contact  conductance w i th  torque. 

0 J o i n t  samples w i th  a b o l t  spacing/thickness r a t i o  greater than approximately 
s i x  a re  thermal ly t h i n  and c o n t r o l l i n g  resistance l i e s  i n  the mater ia l  i t s e l f .  
'These samples e x h i b i t  no consistent change i n  contact  conductance w i t h  torque. 

0 The values o f  contdct conductance which have been obtained are  associated 
w i th  the temperature d i f fe rence as def ined by the l oca t i on  o f  the sensing 
thermocouples. Any tittempt t o  associate these coe f f i c i en ts  w i th  another 
temperature di f ference i n  an ana ly t i c  proce?ure w i l l  lead t o  er rors .  
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LEGEKD 
OFROKT A l l  dimensions i n  inches 

HEAT I N  x IMCK ( 1  i n  = 2.54 cm) 
0 BI'IIIED 

FIGURE 2-8 

THERMOCOUPLE LOCATIONS AND TYPICAL TEST CONFIG- 
URATION OF LAP JOINT USED I N  REF. 20 
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0 Addi t ion o f  a 1/16'inch phenolic laminate i nsu la t i ng  spacer between the 
mating surfaces e f f e c t i v e l y  blocks heat t rans fer  across the in te r face .  

0 Addi t ion o f  a p l i a b l e  f o i l  (Indium) between the mating surfaces increased 
the contact  conductance even w i t h  samples which were thermally t h i n .  

O f  p a r t i c u l a r  i n t e r e s t  i s  an experiment Rolsma (20) performed t o  r e l a t e  appl ied 

torque t o  ax ia l  b o l t  load and perhaps even pressure. A nunber o f  bo l t s  were success- 

i v e l y  tcrqued t o  increasing values (0.11 , 0.057, 0.085 meter-#ewtons,/50, 75, 100 

i n - I k )  and t h i s  cyc le  was repeated 14 times. 

load was recorded, based on the output o f  a. straingage load washer under the bolthead. 

As shown i n  Figure 2-9, the a x i a l  load did l o t  s t a b i l i z e  f o r  a given torque wrench 

app l ica t ion  u n t i l  the approximately seventh cycle. Thi$- would imply t h a t  the load f o r  

most bo l ted  j o i n t  experiments i s  no t  s t a b i l i z e d  unless a t  l e a s t  seven appl icat ions 

have been made. 

For each torque appl icat ion,  the a x i a l  

Observations made during the tes ts  of Reference 20, ind icated t h a t  there was v i r t u a l l y  

no heat flow across the j o i n t  near the edges (see Figure 2-8). Thus, the choice o f  

what represents the actual  j o i n t  area determines the average j o i n t  conductance. 

Furthermore, the  locations, number and adequacy o f  thermocouples i n  a t e s t  j o i n t  

s t rongly  a f fec ts  the q u a l i t y  of conductance data. The length o f  tke  undisturbed 

j o i n t  " length" a lso a f fec ts  the temperature measurement adequacy t o  avoid performing 

measurements i n  the "disturbed" region. 

Figure 2-10 shows j o i n t  conductance data from Reference 20 f o r  a l ap  jo in t ,  o f  the 

type shown i n  Figure 2-8 as type 111. Figure 2-11 gives the actual  j o i n t  geometry 

o f  the CG, , igura t ions  tested i n  the work o f  Reference 20. This data (Figure 2-10) 

shows that,  f o r  a given torque loading on the bol ts ,  the j o i n t  conductance decreases 

0.16 cm 
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BOLTED LAP JOINT CONDUCTANCE VS. GEOMETRY (REF. 20) 
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SAMPLE JOINT GEOMETRY (REF. 20) 
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as the b o l t  spacing t o  thickness r a t i o  

noticeable, w i th  higher temperatures g 

surface f i n i s h  i s  w i th in  expectations, 

rough f i n i s h  surfaces. Other geometr 

increases. The temperature ef fect  a lso  i s  

v ing higher conductances. The e f f e c t  of 

showing s l i g h t l y  higher conductances f o r  

ES f o l l ow  s i m i l a r  r e la t i ons .  
I 

I t  shauld.be noted t h a t  the  sanrplesb.for.the above work were made o f  7075-T6 Aluminvn 

a l l o y  and were jo ined using capt ive 1/4-28 screws (Calfax Inc., Series CA 1137) and 

a f oat ing nut (Kaynar Mfg. Company, MF-10-31-4). 

rms (63 x 10-6in.) 

f i n  shes a t  the mating interfaces. This in format ion i s  provided for reference because 

the extensive amount o f  t e s t  data provided by Ref. 20 may be d i r e c t l y  su i tab le  f o r  

some appl i c a t i  ons . 

Smooth surfaces were 160 x cm 

and rough surfaces were 320 x 10-6cm rms (125 x 10-6in.) machined 

Fontenot (3) performed tes ts  on a p a i r  o f  r e l a t i v e l y  simple ;ap j o i n t s  made o f  6061-T6 

aluminum and 301 s ta in less s tee l .  The j o i n t  consisted o f  two plates,  17.8 cm ( 7  in . )  

long and 5.1 cm ( 2  inch) wide, w i t h  the aluminum p l a t e  0.63 an (1/4 inch)  th i ck  and 

the s tee l  p la te  0.32 cm (1/8 inch) th i ck .  Two holes, approximately 0.6 cm i n  diameter 

a i d  about 1.27 cm from the side and edges, were used f o r  fastening the j o i n t s .  B o l t  

torques were 10.83 m-N (96 i n - l bs )  and 20.31 m-N (180 in- lbs. ) .  Average j o i n t  con- 

ductances are  not provided i n  t h i s  reference, but  l oca l  temperature d i f ferences are 

given. For t h i s  reason, the experimental thermal data i s  not  d i r e c t l y  useable. Com- 

par ison o f  the t e s t  j o i n t  o f  a sample conf igurat ion and instrumentat ion o f  Ref. 3 

wi th other experiments such as t h a t  o f  Ref. 20, ind icates tha t  er rors  i n  heat f l u x  

uni formity and temperature measurement may have occurred. 

Fontenot (3) did, however, inves t iga te  the problem o f  i n te r face  stress d i s t r i b u t i o n  

and bo l ted  p l a t e  def lect ion,  drawing on the work by Fernlund ( 9 ) ,  Lindh (37), 

Sneddon (45 ) ,  Aron (10) and others. Of i n t e r e s t  i s  the o r i g i n a l  work on the value o f  

-38- 



, the radius o f  zero in te r face  stress, where mating p la tes would separate. ra 

Figure 2-12 shows Fontenot's ( 3 )  data as we l l  as t ha t  o f  others and can be used 

t o  determine the extent o f  the contact area under a b o l t .  Table 2-IV)also from 

Ref. 3 ,  shows the actual  values. It should be noted tha t  fo r  small values o f  b, 

i .e. t h i n  plates, separation occurs near the b o l t  head. This data i s  o f  value i n  

the guidel ines sect ion.  Feldmanis (38) performed a number of bo l ted j o i n t  experi- 

ments, however, the t e s t  condi t ions * re " too p rac t i ca l "  t o  be o f  general use. 

Tests were performed inc lud ing  power i n p u t  va r ia t i on  and bo1 t torque var ia t ions.  

Conductances ranged from 500-9000 W-m-2-oC'1 (100-1630 BT"-hr-1ft-2-F-1) for  b, - 

torques up t o  5.6 m-N (50 i n - l bs )  w i th  power i npu t  o f  up t o  100 watts i n  a sirl.- Axed 

"black box" mounted on a cold p la te .  

be d i r e c t l y  useable. 

Feldmanis a lso  invest igated the use of steal bo l t s  w i t h  a:uminum plates t o  take 

advantage o f  d i f f e r e n t i a l  thermal expansion. This resul ted i n  tFSrinal conductance 

increase of 100% when the heat inpu t  increased from 25 t o  100 watts. 

shows t 5 i s  e f f e c t  o f  heater power and b o l t  torque on conducLance. 

For appl icat ions o f  t h i q  type, t h i s  data may 

Bo l t  spacing was 3.87 cm (1.5 inches) f o r  1/4-20 machine screws. 

Fiqure E - l ?  

Whitehurst (36) invest igated a s i m p l i f i e d  experimental method o f  lap j o i n t  cor,ductance 

predic t ion.  Tht t e s t  i tem was f a i r l y  simple and i t  i s  very probable that, edge loss 

errors were present. An equivalent f i n  method (EFM) i s  proposed, whir.n requires tha t  

temperature gradients be obtained on both sides o f  the j o i n t  o f  i n te res t .  Since t h i s  

method requi res construct ion o f  a prototype o r  a model, i t  does not r e a l l y  add t o  the 

body o f  p red ic t ion  techniques, unless scale model ina '. ronsidered. Whi tehurst  states, 

t ha t  an ana ly t i ca l  method o f  j o i n t  conductance pi, 

and approximations, which may eventual ly render the ni2t;if ' I t m c u r d t e  

mental methods are more re l i ab le ,  they elso are subject  t o  gross errors, as was 

reported i n  Ref, 20. The data repoi ,A does not add t o  the body of knowledge, although 

the EFM technique may be o f  i n t e r e s t  i n  s t ruc tu ra l  appl icat ions.  

w i r e s  many assumptions 

While exper i -  
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TABLE 2 - I V  

VALUES OF rrAS DETEFMINED BY VARIOUS INVESTIGATORS (Ref. 3 )  

b 

I 
I 

-- I 

0.5 

1. 

2. 

3. 

00 

0 .25  

2.00 

0.53 

2.89 

0.89 

0 .  a9 

3.. 38 

2 . 6 2  

ra- =s 

3.0 

2 . 0  

1.6 

1 .4  

1.0 

5.6 

1.83 

3.88 

3.32 

3.10 

2 . 0 8  

1.78 

1.27 

Type of Data 

Theore t i ca l  

Theore t i ca l  

Theore t i ca l  

Theore t i ca l  

Theore tical 

Theor. & O i l  P r e s s .  

P h o t o e l a s t i c  

C J ~ L  Pressure 

O i l  Pressure 

Oil Pressure 

Oil Penetra t ion  

Oil Penetra t ion  

O i l  Penetratic.n 

Source 

Sneddon ( 4 5 )  

Sneddon ( 4 5  

Sneddon ( 4 5 )  

Sneddon ( 4 5 )  

Sneddon ( 4 5 )  

Fernlund ( 9 )  

AronhColombo ( 1 0  I 

Fontenot  (1 1 

Fontznot ( 3 )  

For! t e n o t  ( 3 1 

Fontenot ( 3 )  

Fontenot ( 3 )  

2m t e n o  t ( 3 1 
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Gould and Mikic (11) performed an experimental and analyt ical  study o f  the actual 

contact area i n  a bolted j o i n t .  The experimental program was performed t o  measure 

the actual contact area between bolted circular discs. One method utilizec, the 

polishing action a t  the interface when mat ing  plates under load are rotated w i t h  

respect t o  each other. 

were made of 304 stainless steel. The second method employed an autoradiographic 

technique, where one Flute of a mated pair was covered with radioactive silver and 

assembled w i t h  an untreated plate. All b u t  one set of these plates were rotated 

once, followed by disassembly and measurement of the radioactive contamination 

on the previously untreated plate. Photographic x-ray techniques were also used i n  

this test. These tests were performed w i t h  loads o f  4900 N (1100 lbs.) w i t h  an 

applied torque o f  7.9 m-N (70 in-lbs.). The conputaticnal approach, employing a 

finite element technique i s  in substantial agreement w i t h  these experiments and 

yielded smaller zones of actual contact than the data i n  the existing literature 

indicates. T h i s  appears primarily due t o  the previous assumptions based on single 

plate models, rather t h a n  a two plate model as used by Gould. Test results are 

sham i n  Table 2-V which a l so  shorn the j o i n t  geometry designation. 

noted that this data applies to stainless steel plates and that  a computer program 

is necessary for predictions. 

will work for aluminum alloys as used i n  spacecraft systems. 

The polished area represents the true contact area. Plates 

I t  should be 

I t  would be of interest t o  see whether this technique 

S h i h  (46)  attmited t o  apply thermal scale modeling techniques t o  bolted joints. 

Experimental mrk was performed on 2024-T4 aluminun, ZH62A magnesim and 304 stainless 

steel jo in ts .  Whi?e the modeling work was claimed t o  be successful, the experimental 

work i s  of greater interest because of the large nunber of test points and test 

sample approach. 

jo'nts. The condirctance values are within expected ranges for t.his type of j o i n t .  

Figure 2-14 shows the configuration and test results for  ungreased 

-43- 



7- 
LIP I- 

P) 

V
 

p: 

Q
J

h
a

J
 

cn 
m

 
N

 

.
.

 -
0

 

w
z

t
o

o
 

a0 
u

o
 

w
m

c
-

4
0

 
m

 
0

4
 

*
m

a
-

 
VI 

d
N

 
. 

d
d

 

*
*

 
u
 

vr 
Q

J
*

 
I 

A
 

I 

. 
i

l
l

1
 

4
 

9
Q

)
 

4
"

"
;

"
 

.
.

 
I 

I
1

 

N
 

N
 

U
 

0
0

 

r
l

r
l

 

F 



' Thetnocouplr 
in both blrer 

CJ mpuimm 

FIGURE 2-14 

CONFIGURATION AND TEST RESULTS 
TAKEN FROM REFERENCE 46 

c-c 
brcrncnh'o. S 
(30. CRES) 

. I  I 

Y .. c 
* s o 0  

-45- 



The strong temperature dependence of the magnesium and aluminun a l loy  joints i s  

probably due t o  differential thermal expansion loading due t o  the use o f  steel 

bo1 ts ,  w h i c h  increases the contact pressure w i t h  increasing temperatures. This 

was reported by Feldmanis (38) and mentioned earlier. 

While there exist other bolted j o i n t  reports, besides those mentioned herein, i t  

is believed that a l l  currently significant material has been covered. 
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SECTION 3.0 

GU I DEL I N  ES 

This sect ion i s  intended t o  provide the design engineer w i th  a procedure t o  determine 

the contact  conductance (o r  resistance) o f  a j o i n t ,  w i th  p a r t i c u l a r  emphasis on bol ted 

j o i n t s  as used i n  spacecraft appl icat ions.  

existence, which can be used f o r  t h i s  purpose, although there have been ettempts t o  

develop empir ical  techniques (Ref. 3, 21, 27 and 38),  wi th  varying degrees o f  success. 

The work o f  Ref.  3 and the several references c i t e d  i n  the preceding section, probably 

provide the most p rac t i ca l  methods t o  date, however, they must be organized. 

fie:-e are no v a l i d  ana ly t i ca l  methods i n  

This sect ion was o r i g i n a l l y  intended t o  be s e l f - s u f f i c i e n t ,  i .e. no addi t ional  mater ia l  

was required. For t h i s  reason some of the f igures  from Section 2 w i l l  be repeated as 

they are  required. 

has been taken, because experience and judgement have s h w n  t h i s  t o  be the most 

p rac t i ca l  way o f  data presentation. The choice o f  tak ing a conservative approach 

or the opposite i s  o f ten  d i f f i c u l t ,  because o f  the uncer ta in ty  o f  the data used i n  

preparing equations and data graphs. 

I t  w i l l  be noted t h a t  wherever possible, a non-dimensional approach 

This sect ion consists o f  recomnended approaches, data graphs and a glossary. The 

data graphs taken f. 3m marly sources provide values i n  the In te rna t iona l  System o f  

Uni ts  (SI) and,in most cases, i n  common engineering uni ts .  For the Cases where only  

S I  un i ts  are giuen, the glossary provides the necessary conversions. 
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3.1 RECOMMENDED APPROACH 

The determination o f  the contact conductance f o r  a bo l ted o r  otherwise fastened j o i n t  

requires an assessment of  the modes o f  heat t rans fer  i n  the j o i n t .  

s o l i d  conduction, f l u i d  (gap) conduction and rad iat ion,  as shown i n  the s i m p l i f i e d  

resistance sketch below. F l u i d  convection i n  the j o i n t  i s  no t  a probable mode f o r  

the gap dimensions considered here. 

These can be 

F1 u i d  Conduction 

Sol i d  Conduction 

Radiat ion 

For spacecraft j o i n t s  i n  a vacuum and a t  moderate temperatures, the f l u i d  conduction 

and rad ia t i on  cont r ibu t ion  t o  the j o i i i t  conductance can be considered neg l ig ib le .  

I f  they need t o  be considered, e x i s t i n g  techniques and equations are avai lable,  as 

i s  contact  conductance data inc lud ing  such i n t e r s t i t i a l  f l u i d  e f fec ts .  

a re  some observations o f  the contact  and j o i n t  e f fec ts  on heat t ransfer  which must 

be considered. 

Following 

3.1 .1 CONTACT RESISTANCE 

I f  the surfaces o f  two dry  metal blocks are placed i n  contact, there remains a con- 

s iderable resistance t o  heat f l o w  from one block t o  the other, unless the surfaces 

a re  bonded tqgether by a s o l i d  fiteta1 bond as i n  welding, brazing, ot soldering. This 

thermal resistance, knoen as "contact resistance,', i s  a func t ion  o f  the actual  contact  

area, the presence o f  a so l id ,  f l u i d  o r  vacuum i n  the gap between the surfaces and 

the presence o f  oxide layers on the contact surfaces. S ign i f i can t  changes i n  the 

meafi in ter face temperature may also produce changes i n  any or a l l  c f  the above condi t ions.  
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The actual  contact  area i s  a func t ion  o f  the physical  proper t ies o f  the contact  

mater ia l ,  the surface condi t ions and f i n i s h ,  the f latness of the mater ia l ,  and the 

contact  pressure. 

Contact res is tance i s  prescnt i n  add i t i on  t o  the usual resistances o f  the mater ia ls  

themselves. The res is tance of the contact may be large compared w i th  the other 

resistances, and should r a r e l y  be neglected f o r  metals. The contact  res is tance i n  

a vacuum or  a t  very low i n t e r s t i t i a l  gas pressures i s  considerably greater than 

i n  the presence o f  a i r  o r  other f lu ids,  or  conversely, the conductances are much 

lower, Figure 3-1 shows representat ive data from a number o f  sources f o r  s ta in less  

s tee l .  Shown below are representat ive ranges of contact  conductance i n  vacuum. 

Stain 1 ess Steel  

5 2  
@lo N/m (20 p s i )  

-2 -1 
400-1500 W-m - O C  

- I  
2500-1 5,000 W-m-Z-oc 

Copper 1000-10,000 Ii 'I 'I 20,000-100,000 Ii 

3000-6000 I' I' I' 25,000-50,000 I' I' 

2000-6000 I' ' I '  I' 25,000-50,000 'I I' 'I 

Magnesium A l l oy  

Aluminum A l l oy  

CAUTION: The contact  res is tance o f  warped o r  wavy surfaces may be decreased by the 

use o f  sanawich mater ia ls .  The reason f o r  t h i s  i s  t h a t  w i t h  warped surfaces most 

o f  the thermal res is tance i s  introduced by  a r e l a t i v e l y  t h i c k  layer  o f  gas (o r  

l i q u i d )  between the blocks and replacement of a poor conducting medium such as a i r  

by a b e t t e r  conductor w i l l  e f f e c t  a decree i n  contact  resistance. 

3.1 , 2  WARPING OR NONFLATNESS 

If the surfaces considered are Warped, then t h i s  nonflatness may have more 

Jn contact  ras is tance than the  roughness o f  the surface. The expressions 

consider both. 

e f fec t  

n Sect on 2 
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3. . 3  ELASTIC RECOVERY 

With lessoning o f  contact pressure, a t  the temperatures and pressures considered 

herein, the resu l t s  are repeatable provided the e l a s t i c  l i m i t  o f  the asper i t ies  

has not been exceeded on e i the r  o f  the mating surfaces. When p l a s t i c  deformation 

occurs i n  the asper i t ies  i n  contact  w i t h  each other, the contact  res is tance w i l l  

decrease due t o  the increase i n  actual contact area caused by t h i s  deformation. 

I f  the contact pressure i s  increased enough t o  produce p l a s t i c  deformation, then 

a subsequent reduct ion o f  pressure w i l l  increase the contact resistance, b u t  the  

resistance w i l l  not  become as high as i t  formerly was a t  the same reduced pressure. 

(Ref. 32). 

3.1.4 EFFECT OF TEMPERATURE 

For bo l ted  j o i n t s  where the mating surfaces are  made of aluminum o r  magnesium and 

the b o l t  i s  made of s tee l ,  d i f f e ren t i a l  thermal expansion w i l l  increase t!.e pressure 

and overa l l  conductance o f  the j o i n t  when the temperature i s  increased. Otherwise, 

the temperature dependence of j o i n t  conductance i s  f a i r l y  mcderate. Where no temper- 

atures are given on curves, normal room temperature i s  t c ,  be a;sumed. 

3.1.5 EFFECT OF SANDWICH MATERIALS 

The e f f e c t  o f  add i t ion  o f  t h i n  metal shims on the overa l l  contact  resistance o f  a 

j o i n t  depends on the r e l a t i v e  hardness or' the blocks and the shim mater ia l .  For 

example, blocks o f  mater ia l  which are hard r e l a t i v e  to  the shim mater ia l  (as f o r  

examie, s tee l  w i th  aluminun o r  brass shirts) w i l l  show a decrease i n  the overa l l  

contact  r e  

h igh pressures. Conversely, blocks which are s o f t  r e l a t i v e  t o  the shim mater ia l  

exh ib i t  contact  resistances which are higher than fo r  the Sam? sur-races without 

shims (e.g., blocks o f  aluminum w i t h  and wi thout  brass shims). Aluminum block!: 

w i t '  aluminun shims seem t o  show no difference from the same aluminum j o i n t s  wi thout  

shims. 

Ante as compared t o  the same j o i n t s  wi thout shims, especia l ly  a t  
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Nonmetallic sandwich mater ia l  such as s i l i cone  rubber may increase the contact  r e s i s t -  

ance by as much as 10 t o  1, if appl ied so t h i c k  tha t  i t  ac tua l l y  moves the blocks 

apar t  ra ther  than merely replacing the a i r  i n  the i n t s s t i c e s .  

3.1.6 DISSIMILAR METALS 

It has been reported t h a t  the t h e r m ,  conductancE across j o i n t s  o f  d iss i rn i lb r  metals 

depended on the d i r e c t i o n  o f  heat flow. The most general ly accepted reason f o r  th is ,  

as repor ted i n  Ref. 40 i s  due t o  thermal s t ra in ,  ra ther  than exot ic  e f fec ts  mentioned 

by e a r l i e r  invest igators .  

3.1.7 BOLT TORQUE 

For r e p r o d u c i b i l i t y  a l l  bo l ted  j o i n t s  should be assembled and disassembled a t  l eas t  

seven times, based on the data o f  Figure 3-4 (Ref. 20). 

3.1.8 CONTAP ' ':NTS 

The presence o f  de l ibera te  o r  accidental  contaminants, such as o i l s ,  grease, on the 

mating sdrfaces tends t o  increase the conductance (reduce resistance).  The presence 

o f  powders or excessive dust, p a r t i c u l a r l y  i n  a vacuitm, tEm% t o  reduce conductance 

(increase resistance). 
. -  

3.1.9 PLATING 

Meta l l i c  o r  n o m e t a l l i c  p l a t i n g  of contact  surfaces, causes the siirface t o  have a 

contact  resistance much c loser  t o  t h a t  of the p l a t i n g  mater ia l ,  than t o  the substrate 

mater ia l .  This i s  usual ly  t r u e  f o r  aluminum or  magnesium p la t i ng  o f  ztcrel surfaces. 

The use o f  a meta l l i c ,  deformable f o i l ,  such as indium o r  lead f o i l ,  as an i n t e r s t i t i a l  

f i l l e r  \Jill achieve s im i la r  resu l t s .  
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3.1.10 03LT SPACING 

The effect ive heat transfer area i n  the v ic in i ty  o f  a bo l t  usually has an approximate 8. 

two bol t  head diameter radius. Thus a bo l t  spacing o f  more t k n  fsur b o l t  head 

diameters w i l l  cause increased thermal resistjnce per t a b 1  area. 
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TABLE 3-1 

LIST OF EQUATIONS USED I N  

SECTION 3 - GUIDELINES 

- 
9 

a k  

For kg = 0, i .e. i n  vacuum, Eq. 3-1 reduces t o  

F=&)(;)  S 

- 
a i s  assumed t o  be 30 x m 

0.66 .IT = 0.118 (+ s) 
S 

- 
a i s  assumed t o  be 40 x 10-'m 

S = 1 f o r  very rough and wavy surfaces. 

S = approximately 3 for f a i r l y  smooth surfaces. 

When i n  doubt, use Ss1.5 for moderately rough surfaces. 
- 0.86 

na = 0.32 (+) 
0 hc = h + h  

S 9 

h = k  
0 9  9 

(3-2) 

( 3-31 

( 3-41 
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TABLE 3-1 Cont'd 

6 6g = 2/3 (il + ip ) (3-7) 

where il , i2 , are the indiv idual  mean o r  rms values of surface i r regu la r i t y .  

For wavy surface increase value t o  include f latness deviation. 

Using Fig. 3-15 an empir ical ly modified value o f  (il + i2 ) can be obtained - 
(11 + i 2  )** which can be used i n  (3-7). 

h =  k 
S + Z s k s  0 0.64 (il + ip )** (3-8) 

Use Figures 3-14, 3-15 for (41 + i 2  )** , and determination. 

Tensile Force = 5 (Bol t  Torque) 
Major Thread Diameter 0 ( 3-91 
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TABLE 3 -11 

CONVERSIONS 

- 
1 inch-lb - 
1 m-N - 
1000 Newton - 

- 
- 
- micro-inch - 
- 1 b-i nc h-2 - 
- m i  cro-i nc h - 

m i  cron - - 

1761-hr -1 -ft -2  -'F-'-BTU 

0.568 x 10-%att-cm-20C'1 

5.68 wa t t-m'2- "C' 

0.11 3 meter-Newton 

8.85 inch-lbs. 

224.82 

2.54 x 

6.89 x 

2.54 x 

10-6, 

bs. (f) 

0-6cm 

0-% 

O3 Newton 
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3.2 PROCECURES 

The prediction or determination of the joint  conductance of contact or bolted joints 

requires a knowledge of physical, envirormental and structural (mechanical) properties. 

Armed w i t h  th.i; complete or partially complete information, the existing data and 

data correlations can be surveyed t o  determine or a t  least  estimate the heat transfer 

properties of the joint of interest .  

I t  i s  a s s w d  that the following information i s  known or can be obtained readily. 

a .  Matea8ial and physical properties for  each of the mating surfaces. 

b. Surface roughness and flatness deviation (Thesecan be taken from drawings, 

specifications or obtained by comparison w i t h  known surfaces). 

Interfacial average pressure or load, or applied bolt torque. c .  

d.  Geometrical relations and dimensions. 

e. Thermal properties of mating material and in te rs t i t i a l  gap. 

Using the above information, the existing experimental and analytical data can be 

evaluated for the best approach. 

Table 3-1 l i s t s  the equations required i n  the guidelines suggested below. 

ists conversion factors. Table 3-11 

Since there exists several va l id  correlations for evaluating an interface conductance 

(as evident i n  Section Z ) ,  the proceddre, as followed through, will ident i fy  alternate 

methods for evaluating the conductance for  the same joint.  The alternate value(s) 

may differ significantly from the in i t ia l  value, due t o  the variation of data and 

correlations obtained by the cited researchers. In such cases, i t  must become the 

burden of the user of th i s  guideline to select the value he will actually use. He 

must consider his own applfcation and determine whether conservatism (selection of 

highest or lowest value) or an average of values i s  appropriate. All sytrbols used i n  
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t h i s  procedure are defined i n  tab le of symbols. Section 2 and c i t e d  references should 

be consulted f o r  background d e t a i l s  of the data and corre la t ions used i n  t h i s  procedure. 

The interface conductance, h ,  i s  defined as: 

h = q/AA T 

where A = apparent area i n  contact 

A T = temperature drop across the i n te r face  

q = t o t a l  heat f low r a t e  across the in te r face  resu l t i ng  from A T iind h 

For case of nonbolted p l a t e  as block contact - use Procedure I 

For case o f  bo l ted  j o i n t  - use Procedure I1 

3.2.1 PROCEDURE I - BLOCK CONTACTS OR THICK NON-BOLTED PLATES 

3.2.1.1 Minimum Information Required 

0 Contact geometry 

0 Materials o f  mating surfaces 

0 Surface f i n i s h  & f la tness 

0 Environmental Factors (vacuun, etc.) 

0 Average In te r face  pressure - P ( = LoadIApparent Contact Area) 

0 Approximate i n te r face  temperature 

3.2.1.2 Experimantal Data i n  Figures 3-1 t o  3-11 provide h as a funct ion o f  contact 

pressure and f i n i s h  a t  temperatures from -30°F (-30°C) t o  250°F (120"o. For the 

fo l lowing materials: 

0 AZ 31B magnesium 

0 303, 304, 416 s ta in less steel 

6061-T6, 2024T4 

0 Bery l l ium CR 

0 Oxygen f ree  high cord. c y ~ c :  
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0 304 S.S. Plated w i th  aluminun 

0 304 S.S. Plated w i th  magnesian 

0 Titanium 

0 Ti tan iun  A-loy 6A1 4V 

3.2.1.3 For the above, sgrfaces I and 2 are o f  +!,e same mater ia l .  

3.2.1.4 Procedure: 

categories i s  appropriate, and use corresponding subprocedure. 

Survey Figures 3-1 t o  3-11, determine which o f  the information 

0 Note: Temperature e f fec ts  are usual ly  considered i n  the property 

values , for moderate temperature j o i n t s .  For higher temperatures 

add a " rad ia t ion  between f l a t  p la tes"  term. 
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Procedure I Categories .- 
0 Graphical experimental data ex is ts  f o r  

0 b t e r i a l  . 

0 Surface f i n i s h  

0 Pressure 

e Temperature 

i n  Figures 3-1 to 3-11 o r  i n  other avai lable sources 

(see references) (most data i s  f o r  contacts i n  vacuun) 

0 Graphical Experimental data ex is ts  f o r  

0 Material 

e Temperature Range 

e Pressure or7Surface Finish are s l i g h f l y  out of  range, 

0 Graphical Experimental data does s e x i s t  f o r  
i 

i 

i 
! 

0 Material 
I 

s ign i f i can t l y  d i  ff ers 
1 

from given experimental 

data 

0 O r  surface f i n i s h  

0 O r  pressure 

a O r  temperature i 

0 Contacts i n  vacuun 

0 Contacts i n  a i r  o r  gas or f l u i d  

0 Dissimilar materials 

0 Contacts with t h i n  layer of * i n t e r s t i t i a l  materia? 

1-1 

1-2 

1-3 

1-4 

1-5 
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Subprocedure 1-1 

1. Use graphical data d i rec t l y ,  l i n e a r l y  in te rpo la te  surface f i n i s h  (Vacuum data 

only). Graphical data i s  given i n  Figures 3-1 t o  3-11. If other data i s  

avai lable, use i t  jud ic ious ly  !f i t  i s  more representative. 

2. If a i r  o r  other f l u i d  i s  i n  gap, use Subprocedure 1-4. 

3.  I f  contact i s  i n  vacum use subprocedure 1-3 for a l ternate value o f  h. 

Subprocedure 1-2 

1. Obtain contact conductance h by ext rapolat ing graphical data curve trend 

f o r  pressure or  surface f tn ish .  

2. I f  f l u i d  i n  gap, use subprocedure 1-4 f o r  value o f  h. 

3. I f  vacuum i n  gap, use shprocedure 1-3 f o r  a l te rna te  value o f  h. . 
Subprocedure 1-3 

1. Obtain add i t iona l  information; 
6 Y ,  k,, T = 40 x 10’ m 

2. Use Eq. 3-3 and/or Figure 3-12 (Let S = 1.5). 

3. A l ternate ly  use Eq. 3-4 a l so  shown on Fig.  3-12. (Le t  S = 1.5). 

4. For altei-nate value o f  h use Eq. 3-2. 

5. A l ternate ly  use Eq. 3-8 bu t  do not use f l u i d  conductance term. 

Subprocedure 1-4 

1. Obtain addi t ional  information: 

9 s 
2. Use Eq. 3-1 and check w i t h  Figure 3-13. 

3. A l te rna te ly  determine h, i n  vacuum using Step 1 0.  subprocedure -2 or 

V, k , = 30 x lo%, & (from Eq. 3-7) 

subprocedure 1-3 (omi t  Step 4). Then determine t o t a l  hc by adding the gaseous 

conduction cont r ibu t ion  fo l low ing  Eq. 3-5 and 3-6. 
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Subprocedure 1-5 

1. Obtain indentation hardness o f  the mating materials t o  determine which 

one i s  softer. This one Controls. Find Y f o r  the sof ter  material, calculate 

ks = km = 2klk2/(kl + k2), and follow subprocedures 1-3 f o r  vacuun and 

1-4 f o r  f l u i d  i n  gap. 

- Subprocedure :I-6 

This i s  perhaps the most approximate procedure f o r  contacts. 

1. Obtain addit ional information: 

0 F i l l e r  thickness 

k f o r  i n t e r s t i t i a l  material 

a Determine whether i n t e r s t i t i a l  material i s  metal l ic  or capahle of  
9 

deformation and flow (plastic,film,fluid,etc.) . I f  metal l ic, 

. .  obtain Yg.  

gg using Eq. 3-7, then add f i l l e r  thickness t o  obtain q, the modified 

gap thickness 

2. F i r s t  coinpub the value of hs i n  vacuun as i f  no filler were present using 

Eq. 3-2, 3-3, or 3-4. I f f i l l e r  i s  metal l ic, use Yg i n  these equations. 

The hs obtained i s  the base value. 

3. Determine h term (Eq. 3-6) using 5, kg obtained above for f l u i d s  Which 9 
completely f i l l  gap. Determine t o t a l  hc using Eq. 3-5. For p last ic  

f i lms, ceramic fibers, and other semi-defomble f i l l e r s ,  use same 

approach but take a median value for overal l  conductance between the 

base value (hs) and the modified h,. 

4. CAUTION: F o r  t h i ck  f i l l e r s ,  t r e a t  as two d i s t i n c t  interfaces and fnclude 

conduction through the f i l l e r  as a t h i r d  e l a i m t  i n  heat f l o w  path. 
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3.2.2 PIKh3XIRL: i i  - BOLTEL) JOXTS 

3.2 .2 .1  __.____ t4in iitiuiii .- Informa t i  __.__ on ..__ Regvi ____. red 

a Same a s  for Procedure I 

9 Plus additional information: 

0 A r m  used i s  apparent ,?cci-*ral contact ;rea, as defined in 

procedures which fol1 ow. 

Average contact pressure for above ared or l o a d  or b o l t  

torque 

0 Effect of differential temperatures on load. 

0 ',.formation da ta  on j o i n t  members a t  and near joint ,  f;, 

determine contact area. 

0 Figure 3-16 shows effect of repeated torque applicat'on on same bol t .  

Rule: 

Figure 3-17 shows typical "thick" bolted joint ,  conduci.ances for 

7075-T6 aluminum alloy. 

Less t h a n  7 successive load/unload cycles are llot reproducible. 

0 

0 Figure 3-18 shows zero-interface s t r e i s  pQint  for bolted plates. 

0 Figure 3-19 shows t h i n  Dlate conductances. 

3.2.2.2 ProLedure: Determine whirh o f  the folluvins suhprocedures i s  appropriatc . 
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Procedure I1 Catew ie r  

a Contact Lrea - (Actual) k n m  

0 Average foetact Pressure knorm 

(or b o l t  toque and geometry 

0 Pyincipzl heat flow path a t  and near bol ts.  

known) 

I I-1 

Subprocedure 

@ Contact Area a t  b o l t  not known 

0 Principal heat flow paths k n m  

0 Contact toad (or torque) knawn 

@ Contact Areas (regions) known, (such as 

edge clamped boxes). 

0 Heat flow paths unclear 

0 Contact load unknarm 

11-2 

11-3 

0 Any o f  the above with f i l l e r  o r  i n t e r s t i t i a l  i 

material. 

Note: I f  there are facings, but not coctacting areas o f  significance, calculate 

radiation between paral le l  plates and added t c  h. 
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1.  If co i l t ac t  pi-a-sure i s  knowri, s k i p  next  s l 2 p .  

2. If boll; t o r q x  is knom, use Eq. 3-9 t o  f ica  fGrce, K, and calculate 

contact pressure a s  W A C .  

3. Use appropriate rubproceduve 1-1 to  1-5 t o  f i n d  h knowing contact pressure. 

Sabprmxlure 11-2 

1. Obtain additional information: 

Bolt head or n u t  radius (rh),  hole radius  ( r - ) ,  plate thicknesses (b l ,b2]  
5 

2. Using Fig .  3-18, determin? radius a t  which zero interface stress exists.  

For plates of different thickness, use smaller value of b.  The apparent 

actual conbc t  area is  determined as n(rc2 - rs2). 
Proceed as i n  subprocedure 11-1. 3. 

Subprocedure 11-3 

1. From drawing data and us ing  Steps 1 and 2 of 'subprocedure 11-2 above, 

determine apparent actual contact area. 

2. If  bolt spacing is known, cbtain approximate value o f  h from F i g .  3-17 

and apply over agparent actual contact area. 

3. If bolt spacing unkown, assume an h o f  3000 Watt-rn-2-oC-1 and apply 

over apparent acrual contact area. 

If further investigation is warranted, bolt torque must be assumed based 

on knowledge of t h 2  function of the particulsr bclted j o i n t .  Assume torque 

and proceed as i n  subprocedure 11-1 (Steps 2 and 3) ,  u s ing  apparerit actual 

contact area calculated i n  Step 1 o f  this  subprocedure (11-3). 

4. 

Subprocedure - I 1-4 

1. getermine contact area and load us ing  subprocedures 11-1,2,0r 3 a s  appropriate. 

2. Applying over apparent actual contact area, use subprocedure 1-6. 
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3 . 3  - GLOSSARY AND NOMENCLATURE 

ASPERITY 

A- SPOT 

LAY 

MACROSCOP I C  

MICROSCOPIC 

PRIMARY WAVINESS 

SECONDARY WAVINESS 

WAV I N  ESS 

ROUGHNESS 

PROF1 LOMETER 

as used on contact heat t ransfer ,  a very small protuberanre, 
many of which make up the roughness pattern.  Sometimes 
ca l l ed  an a-spot. 

See asper i ty  

the d i rec t i on  o f  the predominant surface pattern, usual ly  
determined by the production method used. 

cons t r i c t i on  resistance. The resistance due t o  small surface 
i r r e g u l a r i t i e s  such as groups o f  asper i t ies  i n  contact. 

cons t r i c t i on  resistance. The res is tanc due t o  small surface 
i r r e g u l a r i t i e s  such as asper i t ies  i n  contact. 

general l y  re fe rs  t o  roughness, surface f i n i s h  , shortwavelength. 

f la tness  deviation, l a rge r  scale undulations than primary 
waviness, longer wavelengths. 

corliponent of surface texture.  I n  conventional pract ice,  the 
widely spaced undulations, i .e. secondary waviness. 

the f i n e r  i r r e g u l a r i t i e s  i n  the surface texture (primary 
waviness) 

device to measure two-dimensional topographical features 
o f  surface. (Talysurf, Micrometrical, Surfanalyzer, are 
some o f  the commercial devices). 
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TABLE 3-111 

NOMENCLATURE 

2 Area (na ) 
Constant 
Constant 
Modulus of E l a s t i c i t y  (N-!n-2) 
Mating Mater ia l  I den ta t i  Hardness 

Heat F l o w ( w )  
Pressure (Apparent) (N-m- gT ) 

S Surface Parameter 
T Temperature 1°C) 
ki Load Force N) 
Y Y ie ld  Strength (N-f2) 

a 
h Conductance (w-m'2-oC'1) 

- 
Radius o f  Contact Spot (m) 

i 
k 
m 
n 
P 
r 
8 
6 
P 
1cI 
T* 
P* 

Peak-to-mean-surf ce u du la t ion  0 ,  each mating surface (rms vamde) (m) 

Exponent 
Number 
Contact Pressure = Load/Apparent Contact Area (N-m-2) 
Radius (m) 
Coef f i c ien t  o f  Thermal Expansion (m-m-l-oC'l) 
Equivalent (e f fec t i ve )  Gap Thickness (m) 
rms roughness (mr 
Conductance Number hs /k  
Nondi mensic*,a 1 Temperature TB 
Nondimensional Pressure P/E 

Conductivity (w-m- 4 1  -0C' ) 

Subscripts and Superscripts 

C Contact 
9 b P  
S Sol i d  
m Mean 
1, 2 Surfaces o r  m t e r i a l s  
* Nondi mens iona 1 
** Modified Value (used w i t h  Eq. 2-9) 
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