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1. On heat conduction problem in multi-layer composite pin fins, 3 international
conference " Advanced Composite Materials Engineering (COMAT 2010) "

2. Numerical modeling of 3D unsteady conductive heat transfer in composite
tanks, 3" international conference " Advanced Composite Materials Engineering
(COMAT 2010) "

3. An exact solution of axi-symmetric conductive heat transfer in cylindrical
composite laminate under the general boundary conditions"”, International

conference on fluid mechanics (ICFM 2010)"
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Filament
Fabrication Size, Filaments/
Fiber Type Origin Method um {uin) Tow
Glass S-2 glass Molten Fiber-drawing 6-14 2000
glass (230-550)
Organic Kevlar 49 Liquid Spinning 12 (472) 1000
crystal
AS4 PAN Heat and 8 (315) 12,000
Carbon stress
P-100S Pitch Heat 10 (393) 2000
IM8& PAN Heat and 5(197) 12,000
Stress
Boron Tungsten CVD 142 (5600} 1
core
Ceramic Nicalon Polymer Pyrolysis 15 (600) 500
(SiC) precursor
S5CS5-6 Carbon CvD 127 (5000 1
(SiC) core
Alumina Slurry mix | Spin and heat 20 (800 I
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[Herakovich, 1998] sxio slge 5 b e 5le «SUI plss 5l oo aiges :(F-)) Jou

Thermal
Densily Specific Specific Expansion
p. Modulus Poisson’'s Strength Stiffness | Strength Coefficient
giem? E,, Ratio o, (Efp) (GR €.
Material (1h/in*) GPa (Msi} vi MPa (ksi) (Efp)y (o¥/p)y woC (u/°F)
METALS
Steel 7.8(0.284) 200 (29) 0.32 1724 (250) 1.0 1.2 12.8(7.1)
Aluminum 2.710.097)y 69 (10) 0.33 483 (7 1.0 1.0 2340130
Titanium 4.5(0.163) 91 (13.2) 0.36 758 (1103 095 1.2 8.8 (4.9)
FIBERS (Axial Properties)
AS4 1.80 (0.065) 235 (34 0.20 3599 (522) a3t 1.1 0.8 (-0.44)
T300 1.76 (0.064) 231 (33) (.20 3654 (530 5.1 11.5 0.5 (-0.3)
P100S 2.15(0.078) 724 (105) 0.20 2199 (319) 13.2 53 ~1.4-0.78)
M8 1.8 (0.065) 310 (45) .20 S17E(750) 6.7 16.1 —
Boron 2.6 (0.094) 385 (55.8) 0.21 3799 (551) 5.8 8.3 8.3 (4.6)
Kevlar 49 1.44 (0.052) 124 (18) 0.34 3620 (525) 3.6 13.9 —2.0{-1.1)
SCS-6 3.300.119) 400 ¢58.0) 0.25 3496 (507) 5.1 6.1 5.0(2.77)
Nicalon 2.55 (0.092) 180 (28) 0.25 2000 (290) 28 44 4022
Alumina 3.95(0.143) 379 (55) 0.25 1585 {230) 37 1.9 7.5(4.2)
S-2 Glass 2.46 (0.090) 86.8 (12.6) 0.23 4585 (663) 14 1.4 1.6 (0.9)
E-Glass 2.58(0.09%) 69 (10.0) 0.22 3450 (550) 1.05 7.5 54030
Sapphire 3.97 (0.143} 435 (63) 0.28 3600 (322) 4.3 5.1 8.8 (4.9)
MATRIX MATERIALS
Epoxy 138 (0.050) | 4.6(0.67) 0.36 58.6(8.5) 0.0% 0.4 63 (35)
Polyimide 1.46 (0.053) 35(0.5) 0.35 103 (15) 0.03 0.4 36 (20)
Copper 8.9(0.32) 117 (17) 0.33 400 (58) 0.5 0.3 17 (9.4)
Silicon 3.2(0.116) 400 (58) 0.25 310 (45) 4.9 0.5 482.67)
carbide

[Touloukian, 1972] Giliss sla cujamls ol o)l Ul Lolys 5 ols diges :(8-Y) Jgoo

Filler Matrix Parallel to fibers (W/m K) Normal to fibers (W/m K)  Density (g/ec) WL (%) filler
Continuous carbon fiber Polymer 330 3-10 1.8 NA
Discontinuous carbon liber Polymer 10-100 3-10 1.7 NA

Graphite Epoxy 370 6.5 1.94 NA

Single walled nanotubes Epoxy 0.5 NA NA |

Thermal graph DKD X Lexan HFI110-11N 8 0.6 1.38 30

Thermal graph DKD X Lexan HF110-1IN 114 0.74 146 40
Thermocarb CF300 Zytel 101 NCO10 1.1 04 1.17 5

Short carbon fiber PPS 15 4 1.7 80

Vo



[Herakovich, 1998] Gtz slo oo jomels (Seilse oles 5l ols diges :(F-Y) Jgu

AS4/ T300/ Kevlar/ | Boron/ | SCS-6/ | S-2 glass/
Material 3501-6 5208 epoxy Al Ti-15-3 €poxy
Density. 1.52 1.54 1.38 2.65 3.86 2.00
g/em’ (Ibfin') (0.055) | (0.056) (0.05) (0.096) | (0.14) (0.072)
Axial modulus E |, 148 132 76.8 227 221 43.5
GPa (Msi) (215 | (19.2) (11.0) (32.9) (32) (6.31)
Transverse modulus | 10.30 10.8 5.5 139 145 11.5
F,. GPa (Msi) (1.46) | (1.56) (0.8) (20.2) 2 (1.67)
PoiS-‘*OV"’S ratio 0.30 0.24 0.34 0.24 0.27 0.27
12
Poissti)"'-‘i ratio 0.59 0.59 0.37 0.36 0.40 0.40
23
Shear modulus G . 5.61 5.65 2.07 57.6 53.2 3.45
GPa (Msi) 0.81) | (0.82) (0.3) (8.35) | (7.7%) (0.50)
Shear modulus Goa. 317 3.38 1.4 49,1 51.7 4.12
GPa (Msi) | (0.46) | (0.49) (0.20) (7.12) | (7500 | (0.60)
Modulus ratio 12.6 2.3 14.8 1.6 1.5 4.6
E\/E,
Axial tensile strength 2137 1513 1380 1290 1517 1724
X;, 310y | (219.5) (200) (187) (220) (250
MPa (ksi)
Transverse tensile 534 434 27.6 117 317 41.4
strength Y. (7.75) (6.3) (4.0) (17) (46) (6.0)
MPa (ksi)
Strength ratio 27 35 50 1 4.8 42
X, /Y,
Axial CTE «,, -0.8 —0.77 5.94 6.15 6.84
weC (WOF) -0.44) | (-0.43) (-2.2) (3.3 (3.4) (3.8)
Transverse CTE .. 29 25 57 16.6 7.90 29
weC (WeFy (16) (13.6) (32) (9.2) (4.4) (16)
Fiber volume 0.62 0.62 0.55 0.46 0.39 0.60
fraction l/j-
Ply thickness, 0.127 0.127 0.127 0.178 0.229
mm (in) (0.005) | (0.005) (0.005) | (0.007) | (0.009)
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Silica

Alumina

Calcium oxide
Magnesia

Boron oxide

Soda

Calcium fluoride
Total minor oxides

E-Glass | 54 14| 205 0.5 8 1 1 1

A-Glass | 72 1 8 4 14 1

D-Glass | 61 11 22 3 0.6 2.4

S-Glass | 64 25 - 10 - 0.3 - 0.7
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 Thermosets
® Thermoplastics
* Cross-Link
4. .
Corrosion
1. .
Epoxies

® Vinyl esters
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z Opacity
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Abstract

In this thesis, an exact solution for conductive heat transfer in cylindrical
composite laminates is presented. This analytical solution can be used to analyze the
conductive heat transfer, thermal stresses and strains in composite pipes and vessels.
The fibers are wounded around the cylinder and the direction of fibers in each lamina
can be differed from another layers. we focus on axisymmetric heat transfer in
cylindrical composite laminates by considering the heat conduction in longitudinal and
radial dimensions(r,z). This analytical solution is also obtained for general linear

thermal boundary conditions which covers combined effect of the heat conduction,
convection and radiation at boundaries. Finding the most generalized analytical solution
based on the complicated boundary conditions is one of the main innovation of current
work. For solving the steady state problem, an appropriate Fourier transformation has
been derived using the Sturm-Liouville theorem. We used this Fourier transformation to
change the partial differential equation of heat transfer in cylindrical composite
laminates to an ordinary equation. Due to the difference of the fibers direction in each
layer, a set of equations of Fourier series coefficients is obtained based on the boundary
conditions at inner and outer of the cylindrical laminate and temperature and heat flux
continuity at boundaries located between the layers. The solution of these equations is
obtained using the recessive Thomas algorithm. In other to solve the problem in
unsteady state, we applied the Laplace operator on energy equation and then use the
Sturm-Liouville theorem to achieve the solution of obtained equation. Regarding to
complicated achieved integral, We use a method named Meromorphic Function to
obtain the inverse Laplace transformation.



