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Thermo-mechanical properties versus temperature

Nimonic 90: nickel-based high-temperature low creep alloy for use in aircraft
and gas turbine components such as turbine blades and engine exhaust jets.
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Secant coefficient of thermal expansion o, (T)
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Instantinous coefficient of thermal expansion o, (T)

er(T)

A




Coefficient of thermal expansion

Ty - temperature at which e =0 - in the test

Trer - temperature at which e = 0 - for working conditions
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Ty

Ose(T) =

er(T) = ase(T) - (T —Tp)

if Trer# Ty, the secant coefficient o, (T) isrecalculated




Strain in a structure including the thermal effect

The total strain is a sum of thermal and elastic strain:
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Thermal stress is observed for:

— nonuniform temperature field

— temperature change and nonhomogeneous material

— temperature change and statically indeterminate constraints

Example: statically indeterminate bar with uniform temperature distribution
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for: E = 2 -105MPa, AT = 100°C, 0s,=1.2 - 10 1/ °C:

0,= —240 MPa (compression — possible buckling)




Boundary value problem of heat transfer

boundary I+ (T=T))

boundary I (loaded by thermal flux)

_______________________________________

boundary I
domain {2

thermal properties:

heat generation (W/m3)
— density p

1T lmmmmmooooooooooooooooe- | — conductivities A, , 4, , 4,
UNKNOWN FUNCTION

temperature T(x,y,z,t)

| — specific heat ¢




Thermal analysis

Transient heat flow inside a solid body (law of conservation of energy):

e (M) + 3 () 5 ()t v bz th=pe 3

oT
pco; =0 for a steady state:

Fquivalent functional for steady state analysis :
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Finite element model

NOE — no. of finite elements
NON - no. of nodes

discretization:

| >
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domain .2 boundary I,

NOE
) = .Qe and.()l-n.()j=0

1]
e=1 J

Finite element with n- nodes
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Nodal approximation in the finite element for thermal analysis

_______________________________________________

1Xxn nx1

Vector of shape functions

|_N(€; n, {)J — |_N1,N2, -"rNi' ,NnJ

1Xxn

Local vector of nodal temperatures

(T1)
Iy
I3
{Tte=+4 : ¢
nx1 Ti
N coordinate system of a finite element :
}» anJ e

y nodal temperature at node 1

global coordinate system
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Functional formulation for a finite element (isotropy and steady
state):

J, = f%(a <(%)2 + (Z—Dz + (%)2> - 2qu> A0, + [ (% (T = Top)? + qT) dr,,

qe

derivative of J, with respect to temperature T;:

9e _ aT.a(aT) aT.a(aT) aT.a(aT) T
aTi_f<A<ax T \0x +03’ 0T; \0y T oz 0T; \0z W o, aq,

2

+j (T =T )aT + or dr,
o o) o1, T a1, | ¢ ae (T
I
qe T2
T3
T(f) n, () = UV(SZ»U» ()J{T}e = |.N1JN2r '"JNi! "'!NnJ { ’
1xn nx1 7&
oT :
a_Ti - Ni \TnJ e

12




ZZ s J{ }e V] a{;;}e N aajjcl'aaljcz'
T
agT}e — (0}
ON; _ ON; 0¢ _I_aNi.an _I_aNi - 0¢
dx d¢ Ox on Ox d{ O0Ox

0 (0T\ ON;
oT;\dx/) ox

"V 0x

T,

aNi 6Nn < 7:'3 >
dx 7.11'

LfnJ

(Jacobian matrix)

13




similarly:
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derivative of ], with respect to temperature T;:
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derivatives of J, with respect to temperatures Ty, T5, ..., T;, ..., Tj;:
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\ ™~ thermal load vector in a finite element

local conductivity matrix
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components of the local conductivity matrix:

+ +
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2.

components of the thermal load vector:

= — quN d0e + [ a(INJ{T}e — Too)N; dlye + [ qN; dle

1xn nx1
Tge

/ |

heat generation convection & radiation

|

applied thermal flux
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3 ways of heat transfer

e conduction
q =—A-grad(T)

Y,

rate of heat flow per unit area (HEAT FLUX)

e convection
q = a(T — Ty)

/ \ N bulk emperature

film coefficient
surface temperature

Medium (fluid) |[Free convection | Forced convection
- . as (air 5-30 30-500
* radiation gas (@)
water 30-300 300-20000
T4—Too* oil 5-100 30-3000
o=f(T)=c X
T-Too liquid metals 50-500 50020000

(w%)




Minimalization of equivalent functional J for the entire FE model:

NOE — no. of FEs
NON - no. of nodes

NON =NDOF 0,
To find the solution of heat transfer, the derivative of functional J
with respect to the global vector of nodal temperatures is minimized:
]
o = [H] AT} + {F}={0}

o{T}

NONXNON NONx1 NONXx1 NONXI1

/ \

global conductivity matrix global thermal load vector

NON x 1

global vector of nodal temperatures
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Including boundary conditions:

N = NON — NOF

The set of algebraic equation after taking boundary conditions into account:

N

number of known nodal temperatures

[H] - {T} + (F}= {0}

N XN Nx1

Nx1 N x1
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