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1 	 EFFECT OF HEAT FLOW ACROSS THE WALLS OF POROUS CYLINDERS 

2 
	 ON THEIR STRENGTH AND OPTIMIZATION CRITERION 
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4 ABSTRACT 

The use of porous materials, e.g. sintered metals, ceramics 
and refractories, has found its applications in many thermal 
problems. In which situations, the prediction of attained 
thermal stresses in porous media has to be carefully and 
accurately computed for proper and safe operation. 

Assuming a steady heat flow across thick walled porous cyl-
inder, the induced thermal stresses and consequently their 
influence on the total stress distribution due to existing 
pressures could be computed. By the aid of a specially devi-
sed computer program, the stress distribution in porous mat-
rix of thick walled cylinder has been fully analysed and the 
selection of materials properties and cylinder dimensions 
have also been herein optimized. 

INTRODUCTION 

Cylinders with porous (permeable) walls have been previously 
studied [11 from the point of view of induced stresses due 
to both internal and external pressures. The presented resu-
lts confirmed that higher stress values could develop in 
porous cylinders compared to solid ones. Also, coating of a 
porous cylinder with impermeable coating or shrink fitting 
it in a solid cylinder would help higher stresses to exist 
in the porous matrix. Recently, the author has proposed an 
analytical solution to study the combined effect of both 
fluid pressure and temperature on the induced stresses in 
solid thick walled cylinders [2]. In this study, an optimum 
elastic and thermal properties of cylinder material has been 
attained as a function of the operating temperature and pre-
ssure with no dependence on the cylinder geometrical configu- 
rations. 
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The effect of temperature on the behaviour of thick cylinders 
is two folds: deterioration in mechanical properties coupled 
with induced thermal stresses. The material composition of the 
cylinder may display weaker strength under high temperature 
situations 0]. However, for some porous nonmetallic materials 
e.g. ceramics, available data [4] showed a uniform strength 
up to temperature range of 1200°C beyond which a sharp decline 
in strength with temperature is fully recognised; a situation 
which was explained in terms of plastic deformation which may 
take place at very high temperatures. Un the other hand, the 
temperature difference across a cylinder wall would impose a 
thermal stress pattern dependent on the thermal, physical and 
mechanical properties together with geometrical parameters 
[5]; a situation which may affect the design stresses under 
normal loading conditions. 

Although porous materials can be found in various engineering 
applications imposed to heat flow, e.g.jet nozzles, filters, 
piping, furnaces, combustion chambers, boilers with internally 
coated with porous heat transfer surfaces, and other aerospace 
mechanical and chemical applications, little has been published 
to consider the case of porous cylinders subjected to both 
pressure difference and internal heat flow. Hence, it has been 
herein decided to investigate in full this case with due con-
sideration to optimum material selection 

ANALYSIS AND OPTIMIZATION 

For porous permeable cylinders subjected to internal and ex-
ternal pressures, the normalized tangential stress is given 
in the form [1]: 
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Assuming a steady heat flow and isothermal condition through 
the porous cylinder wall, the temperature gradient can be 
described as such, 
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Adopting this equation and applying it to the stress equations 
resulting from heat flow across thick cylinders 15!, the norma-
lized tangential thermal stress can be presented by: 
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The combined effect of both the pressure and temperature on 
the tangential stress would result by superimposing equation 1 
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onto equation 3 to give the total tangential stress distribu-
tion o-er  
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From equations 1, 3 and 4 the resultant tangential stress dis-
tribution can readily be computed. 

An optimization can, thus, be achieved with the objective of 
minimizing the resultant maximum tangential stress values and 
in the mean time controlling the stress distribution to give 
the best uniform shape. This objective has been herein per-
formed by directly equating the resultant stress ak at inner 
and outer cylinder surfaces. which procedure renders an opti-
mization criterion in the form: 
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Figure (1); Effect of internal pressure and 
temperature on tangential stress 
distribution 
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figure (2): uptimum tangential stress as a function of 

porous cylinder thickness compared to the 
tangential stress values at inner and outer 
cylinder radii due to either pressuret-------) 
or temperature(-----) 

In the more common case in which the cylinder is subjected to 
internal fluid pressure at raised temperatures whereas the 
external surfaces are subjected to atmospheric conditions, the 
optimization criterion, equation 5, reduces to: 
T. 	( 2- V ) 

) 
P D.CE 

where Ti stands for temperature difference between cylinder 
inner temperature and atmospheric temperature, 

This simple, but powerful, optimization criterion gives a 
direct correlation between operating conditiors and porous 
material properties with no dependence on geometric features 
of the cylinder. 

RESULTS AND DISCUSSION 

Results attained to describe the combined effect of internal 
pressure and heat on the tangential stress distribution 

6 
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Figure (3): Graphical assessment of optimum condition 

in a porous cylinder are displayed in .e'igure 1. The super-
position of thermal stresses on the induced tangential stress 
due to internal pressure has shown to produce a more likely 
uniform stress distribution across the cylinder wall if the 
proposed optimimum criterion is adopted. This uniformity in 
the stress distribution, as shown in Fagure 1, permits a maxi-
mum utilization of the material. Any departure from the pro-
posed optimum condition would lead to a higher developed 
stresses either at the inner cylinder or the outer cylinder 
surfaces. This ensures that the novel optimum objective here-
in assumedinwhich the combined total stress values at cylinder 
inner and outer surfaces have to be identical, renders the 
minimum and almost uniform tangential stress distribution. in 
practice, however, the optimum design criterion can be put 
into effect by controlling the temperature difference across 
the cylinder wall to justify a temperature to pressure ratio 
analogous to that governing the optimum criterion, equation 5. 
However, another possibility is to optimize the selection of 
porous material properties sothat the elastic and thermal 
properties satisfy the design criterion. 
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The graphs in Figure2 show full account of the effect of super-
imposing the thermal stresses on the internal pressure induced 
stresses. The effect of thermal stresses on the reduction in 
maximum tangential stress has shown to be more pronounced for 
relatively thick cylinders. This should be expected as with 
thin cylinders the walls would decribe a uniform temperature 
with zero gradient. 

The effect of cylinder dimensions, i.e. radii ratio b., is given 
in figure 3. It can be seen that with an increase in temperature 
difference to pressure ratio (Ti/pi),the induced total tangen-
tial stress at the cylinder inner surface decreases up till 
zero value and the reverts to change sign to exhibit compre-
ssive stress and continues to increase negatively. The tangen-
tial stress values at outer cylinder surface, on the other hand, 
retain tensile behaviour with increasing magnitudes. Once the 
stress values at inner and outer cylinder surfaces describe the 
same magnitude, the optimum condition prevails. The optimum 
condition occurs at a definite temperature to pressure ratio 
irrespective of cylinder geometry. 

CONCLUSIONS 

both the fluid pressure and temperature gradient across the 
walls of porous cylinder would affect the strength and the 
induced stress distribution. optimum criterion independent 
of the cylinder geometry could be derived to correlate work-
ing conditions to material properties in an endeavour to 
maximize material utilization by assuming a minimum and 
uniform developed stress distribution. 
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NOMENCLATURE 

Pi,P0 	: Inner and outer Cylinder Pressures Respectively 
r,A 	: Polar Coordinates 

, r
i  r

o 	: Inner and Outer Cylinder Radii Respectively 
R : Radii Ratio ( R = r}/r0) 
Ti,To 	: Inner and Cuter Cylinder Temperature Respectively 
E 	: Modulus of Elasticity 
...‹ 	: Coefficient of Thermal Expansion 
11 	: Poisson's Ratio 
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0--
0 	

: Tangential Stress 
o-p 	

: Tangential Stress due to pressure 
O 
a p 	

: Normalized Tangential Stress Due to pressure (61.- 10=2P) 

oft 	
: Tangential Stress due to temperature difference 

asit 	: Normalized Tangential Stress due to temperature 
difference (aot = aeth<ETO 

0-T 	: Total Tangential Stress 
O 

o— OT 	
: Normalized Total Tangential Stress (ao-T  =o--6,14i) 
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