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T H E R M A L  C O N D U C T I V I T Y  OF A F I B E R G L A S S  M A T E R I A L  

W I T H  A C O M P L E X  S P A T I A L  S T R U C T U R E  

V. A.  L o s h k a r e v  and  A. I.  C h e p r a s o v  UDC 536.21 

A method is given for calculating the thermal conductivity of a fiberglass material  having a 
complicated spatial structure.  This method can be applied up to the onset of pyrolysis.  

Part icular  attention has been devoted to the temperature dependence of thermophysical parameters  in 
work on fiberglass materials  [1, 2]; on the other hand, it is extremely important to be able to evaluate the 
effects of structural  form of the fi l ler and type of bonding agent on the physical parameters  in applications, 
part icularly in designing production techniques. 

Here we consider an engineering approach and design formulas for the thermal conductivity of f iber-  
glass materials in which the f i l ler  has a complicated spatial structure; these formulas apply up to the onset 
of pyrolysis,  and they contain technological parameters  and other parameters  readily determined by experi-  
ment. 

The measurements were performed on a material  in which the glass fibers ran in two directions, the 
fibers in one direction forming flat inclined sheets, while those in the other (winding) direction were randomly 
disposed but had the same mean density. Figure 1 shows the characterist ic  winding scheme: In Fig. la, the 
fiat inclined bundles of fibers are  at an angle ~ to the incident heat flux q, while in Fig. lb we have random 
winding in a plane perpendicular to the plane of the incident heat flux. It is c lear  that in limiting cases this 
structure passes into common structures widely used in fiberglass mater ials .  

The thermal conductivity of a material  of this type was examined in two stages in sequence for each of 
the structures (Fig. la, b); we assumed that the fibers were rectangular parallelepipeds. Experience shows 
that the deformation involved in processing such a material  converts the originally c i rcular  fibers into rec-  
tangles whose longersides are parallel to the plaae of the surface of the product. The change in fiber shape 
occurs because each fiber itself consists of a large number of elementary filaments (of the order  of 100-400, 
diameters 2.5-12 ~m), and therefore such a fiber is reasonably plastic [3]. 

Superposition of the part icular  solutions gives the thermal conductivity for the entire system. 

Since the thermal conductivity of the entire system is equal to those of the elementary volumes, and 
since the structure has a periodic component having a definite orientation with respect  to the incident heat 
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Fig. 1. Cha rac t e r i s t i c  g l a s s - f i b e r  winding scheme:  a) p l a n a r  in- 
clined sets  of f ibe rs  a t  angle ~; b) random winding in a plane p e r p e n -  
d icu lar  to the plane of the incident heat flux (1 r e p r e s e n t s  the ends of 
the f ibers  in sec t ion  and 2 r e p r e s e n t s  the bonding agent).  

Fig. 2. The ~av =f(~, ~) re la t ion  for  two types of f ibe rg lass  m a t e r i a l :  
a) our exper iments ;  b) data of [5]; 1) 50~c ~D-5  +500/0 quar tz ;  2) 50~ 
]~D-5 +50% P yrex .  

flux, the ave r age  t h e r m a l  conductivity Lay will be dependent on the balance between the components  of types 
a and b {Fig. 1). Then 

~av = Z(cz) ~ ~ Zn (1) 
q + 1  

Here  and subsequent ly  ~ is the ra t io  of the numbers  of f ibers  in one di rec t ion to the number  in the o ther  d i r e c -  
tion in a unit volume of the m a t e r i a l .  

Cons ider  the s t ruc tu re  of Fig. la;  the t he rma l  conductivi t ies  along the x and y axes  will not be identical,  
The s e c o n d - o r d e r  t enso r  has a m a t r i x  Xij in which nonzero values occur  only on the pr inc ipa l  diagonal for  an 
or thotropic  s t ruc tu re ;  so the end of the vec to r  desc r ibes  an el l ipsoid in t h ree -d imens iona l  space  o r  ane l l i p se  
in two-dimens ional  space .  There fo re ,  

yz = jk2 __ y -~.~--. X2, tJ 2 = X 2 tg2 a. 

Then 

~.(a) = X~/~ '  2.__ "2 ~ )  sin2a. ky~ ( A - -  (2) 

The i so the rma l  su r f aces  a r e  pa ra l l e l  in a composi te  with this type of s t ruc tu re  [2] (Fig. la) ,  so the s t ruc tu re  
gives  us the t he rm a l  conductivi ty along the y axis as 

or  in a l t e rna t ive  f o r m  

Here  

ky = k I v, i- k2 v______r 
V--  vi V- -  v 2 

k y =  q +  l 1 
, l  

(3) 

~1 ( M--p~V ) 1 I ( M - - p ~ V )  1 

vl q + l  P~--Pz -~--; v~ ~ l + l  P,--P2 " - V - '  

where  v~ and v~ a r e  the d imens ion less  volume contents of the f i l l e r  f ibe rs  in the mutual ly  pe rpend icu la r  d i r e c -  
tions and the reduced quantity V1 is defined by 

vl 

The resu l t an t  value X x is found as  the sum of the t h e r m a l  r e s i s t a n c e s  of the two zones:  
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X~= V, I--V~ ' k~= '1 + (  1 '1 ) l,, 
x, t- ~ z~ n + i  I n + l  I 

o r  

kx ---- klL~ 1 (4) 

We substitute these expressions into (2) to get }`(a); the thermal  conductivity of the second s t ructure  (Fig. ]b), 
namely, }`II, is derived by means of standard relations [1], which af ter  appropriate t ransformat ion  give 

~2vl 
)~II=k~+ )~, , I {)~i§ I (5) 

B(1--v l) Zx__X 2 v 2 kl,  i - - )~_  2v l 

System (1)-(5) is a complete sys tem for  the average thermal  conductivity for this complex s t ructure  up to the 
onset of pyrolysis ;  a distinctive feature of the equations is that they contain the microscopic physical quantities 
M, Pl, P2, andV, tha t  are  readi ly de te rminedbyexper iment ,  as well as the major  technological parameters  ~and ~?. 

Figure 2 shows working relationships for ~av for two types of mater ia l  (quartz f iber with ]~D-5 res in  
and glass of Pyrextypewithl~D- 5 fo rvar ious  values of ~ and ~). The thermal  conductivity of P y r e x i s  }'1 = 0.725 
W/re" deg, and for quartz }̀ 1 = 0.835 W/m"  deg [4], while ?'2 = 0.133 W / m ' d e g  [5] for/~D-5 bonding agent. The 
pract ical  significance of the resul ts  is obvious. A computer program may be writ ten to examine all possible 
combinations of bonding agent and f i l ler  for any new mater ia l ,  thus giving a ser ies  of curves from which }`av 
and ~? can be deduced in order  to define the type of bonding agent and f i l ler ,  as well as the optimum value of ~. 
On the other hand, ~ and ? may well be known in advance along with } t̀ and }`2, in which case one can determine 
the average thermal  conductivity of the product up to the pyrolysis  point. 

NOTATION 

M, sample mass ,  kg; q, incident heat flux, W/m2; V, sample volume, m3; v 1, v 2, f i l ler  and binder volumes, 
m3; v], v~, dimensionless values of v 1 and v2; x, y, coordinate axes, W / m -  ~ ~, winding angle (inclination of 
f ibers to heat-flux vector); X 1, thermal  conductivity of f i l ler ,  W/m" ~ X2, thermal  conductivity of binder, 
W/m �9 OK; },av, thermal  conductivity of initial mater ia l ,  W/m �9 ~ X(~), thermal  conductivity of type-a  structure 
(Hg. 1), W/m"  ~ XIt) thermal  conductivity of type-b s tructure (Fig. 1), W/re" ~ }`x, thermal  conductivity of 
type -as t ruc tu re  along the x axis (Fig. 1), W/m �9 ~ Xy, thermal  conductivity of t y p e - a  s t ructure  along the 
y axis (Fig. 1), W / m  .~ Pl, f i l ler  density, kg/m3; P2, binder density, kg /m 3. 
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