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Predicted Temperature Field in a Thermomechanically
Heated Viscoplastic Space Truss Structure

D.H. Allen* and W.E. Haisler’
Texas A& M University, College Station, Texas

This paper focuses on the effect of thermomechanically induced heating on the response of a single member of a
space truss structure that behaves viscoplastically. The governing equations are given for a typical truss member, in
which material inelasticity is reflected in constitutive equations via a set of internal state variables, each
characterized by a history-dependent growth law. The governing equations are coupled in the sense that
temperature and displacement are dependent on each other. This difficulty, together with the fact that the inelastic
constitutive equations are nonlinear and numerically stiff, requires that a computationally complex semidiscretized
finite element spatial technique be utilized to obtain a solution. This procedure is utilized to predict the response of
a typical metallic space truss member under vibrational or cyclic loading. Particular interest is placed on the
temperature rise in such a member due to hysteretic loss during structural vibrations and in the presence of
complex thermal boundary conditions. Example cases are constructed for a typical cylindrical bar of 5086
aluminum, both with and without special coatings. Results indicate that significant, possibly even catastrophic,

heating can occur due to thermomechanical coupling.

Nomenclature

A = cross-sectional area

¢ = absorbing portion of perimeter of an
element normal to longitudinal axis

C, = specific heat at constant elastic strain

Dy, n, m, = material constants used in Bodner and

Z,,Z;, Zy, v Partom’s model!

E = Young’s modulus in the axial
coordinate direction

Fy = Earth radiation view factor

k = coefficient of axial thermal conductivity

L = length of the structural element

P = axial internal resultant force

. = axial externally applied force per
unit length

q = heat flux vector

q = axial component of heat flux

q. = flux on longitudinal boundary

q:: 4, = earth and solar radiation flux, respectively

r = internal heat source per unit mass

s = surface area

S, = area of the longitudinal surface
of the bar

t = time

T = temperature

T, = deep space temperature

7 = equilibrium temperature of
structural component

Ty = reference temperature at which no
deformation is observed at zero load

T, = end traction in units of force
per unit area

u = axial displacement component

v, w = test functions
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X = axial coordinate dimension
a = coefficient of thermal expansion in
the axial coordinate direction

a, a, = internal state variables representing axial
inelastic strain and drag stress, respectively

a, = absorptivity

€ = axial strain component

Aps A, = incident angle of Earth and solar radiation,
respectively, on structural component

[ = mass density

o = axial stress component

a, = Stefan-Boltzmann constant =

5.775 x 10~ '* MPa m/s/(K)*

Introduction

T is well known that in viscoplastic metals a certain amount

of mechanical energy is converted to heat, thus resulting in
a temperature rise in the medium. In recent research®’ a
model has been developed for predicting this effect by utiliz-
ing thermodynamic constraints together with constitutive
equations of the internal state variable type.* Furthermore, it
has been shown that in a perfectly insulated uniaxial bar,? as
well as in a uniaxial bar with insulated longitudinal surface
and fixed end temperature,’ significant temperature rise can
occur in the component during cyclic loading.

Due to microgravity, large space structures will require
control of flexible body modal response. One possible mecha-
nism for incorporating passive control is to design selected
members in the structure to operate inelastically. The conver-
sion of hysteretic strain energy loss to heat will result in
mechanical damping of the structure. The purpose of the
current research is to simulate the response of a typical
metallic space truss structural element (see Fig. 1) in the
postyielded state and to determine if significant heating occurs
when this component is subjected to cyclic mechanical load-
ing. The factors of interest in this simulation are the effects of
thermal boundary conditions and loading rate on the thermal
response. In particular, it is of interest to determine if radia-
tive boundary conditions on the longitudinal surface of the
truss component are significant enough to carry off all heat
generated due to hysteretic loss.

The paper first reviews the governing field equations, then
briefly discusses the procedure whereby a numerical algorithm
is constructed for modeling the problem. This is followed by a



MARCH-APRIL 1986 PREDICTED TEMPERATURE FIELD IN A SPACE TRUSS STRUCTURE 179

USE(T‘LTg) X

Fig. 1 Typical space truss structural element.

detailed discussion of the implementation of thermal boundary
conditions. Finally, example results are obtained for rep-
resentative space structural components.

Governing Field Equations

The governing field equations were presented in Ref. 5 for
quasistatic conditions. For problems involving inertial effects,
the governing equations are as follows:

1) Equilibrium,®

0P p(x) (1)

where the axial resultant P is defined by

P=[odd (2)

and

prfS_Txds (3)

2) Strain-displacement relation

du
E=o (4

3) Thermomechanical constitution,

—E[e—a - a(T— Ty)] (%)
we g2
a2=m(Zl—a2)a¢'x1—AlZl(a2—Z_1-é)r 0

- 5L ®)

where «; and «, are the internal state variables (ISV) repre-
senting inelastic strain and drag stress, respectively, in the
constitutive model developed by Bodner and Partom.! This
model has been shown to be accurate for a variety of materials
under uniaxial cyclic loadmg conditions,? including alu-
minum at room temperature.’ Several other constitutive mod-
els have been developed for viscoplastic metals, and these are

reviewed in Refs. 7, 9, and 10. Finally,
4) Conservation of energy,3‘5

aT
[(Ee—Eal +EaTR) 3t L+ Ea’T 3t]
de aT  dq
—EaTW CD a1 ax+ r——O (9)

Conservation of mass is satisfied trivially (under the assump-
tion of small motions in a closed system), and the second law
of thermodynamics has been previously shown to be satisfied
by the above equat1ons

The governing equations are adjoined with appropriate ini-
tial and boundary conditions® such that a well-posed boundary
value problem is constructed in terms of the following depen-
dent variables, which are sought as functions of x and r:
o,e,u,q,T, P, oy, and a,. Due to ISV growth laws (6) and
(7), as well as radiative boundary conditions, the problem is
nonlinear.

Solution Procedure

As described in detail in Ref. 5 for the quasistatic problem,
the solution is obtained using the semidiscretized finite ele-
ment technique, in which finite elements are constructed spa-
tially and finite differencing is used in time. The result is a
time-marching algorithm, which is reviewed here briefly.

First, Egs. (4) and (5) are substituted into Eq. (2); this result
is substituted into Eq. (1) to give the following equilibrium
equation:

ai{EA[gu *a(T—TR)]}=—px(x) (10)

Next, Eq. (4) is substituted into Eq. (9) to obtain the coupled
energy balance law

3 u

dt dx

aT

du day
[( Tx Ea1+EaTR) FT! + Eo? T(?t

] EoaT-5—5—

aT
—pC 5, ~V q+pr=0 (11)

The result is a set of two coupled partial differential equations
in terms of axial displacement u = u(x,t) and temperature
T=T(x,1).

Variational Principles and Finite Element Discretization

Selecting a suitably smooth test function v = v(x) over the
domain of some element £,, x,<x<x,,,, one may con-
struct the following variational principle from Eq. (10):1!

4/ g [au
= —0(xe) P(xe) +0(x) P(x0) = [ op, dx
(12)

where the boundary terms result from the standard integration
by parts.

The variational principle for heat equation (11) is con-
structed by first integrating this equation against a test func-
tion w=w(x) on {, to obtain

a —a(T— TR)] dx

f {[(E8~Ea1+EaTR) o +Ea2T‘?9T]

Q, !
g2t Ca + +orldr=0 13
a dx 0f v 37 V-q+pr ( )
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Integrating the flux term by parts, assuming that nonaxial
components of flux are negligible, and substituting Eq. (8) will
thus result in

Xt J a
[ 1w{A [( E5%— Eoy + EaTR) SE+ EazT%l;]

3u oT dw dT
m—APC —kA——}dx

—AEaT TS dx dx

= —w(x,1) Ag(x,,1) +w(x,)49(x,)

Xe+ Xet
—f ‘ewgq, dx +f 1wA(pC,,%th—pr) dx (14)
x(’ xe

_ Variational Eqs. (12) and (14) are now discretized by assum-
ing the following displacement and temperature fields in a
typical element (superscripted e):

3

u(x,0) =2 ui(i(x) x,<x<x,, (15)

i=1
2

T(x,t) =Y TA(0)¢i(x) x,<x<x,,, (16)
i=1

where uf and T are nodal displacements and temperatures,
respectively, and ¢ and ¢ are quadratic and linear shape
functions, respectively.!! Furthermore, v and w are endowed
with the properties of u and 7. Note that a higher-order
element must be used for displacement than temperature due
to the fact that temperature produces strain rather than dis-
placement.

Timewise discretization is implemented via the following
backward finite difference equations:

d;,f;(t) ={Te(e) ~ Te(t—AD)] /At m=1,2 (17)

f%&(f) =[up (1) ~ug, (1= A0)] /6t m=1,2,3 (18)

The above equations require small time steps in order to
guarantee numerical accuracy. However, they are uncondition-
ally stable, which is necessary because ISV growth laws (6)
and (7) are numerically stiff.!?

Substitution of Eqs. (15) through (18) into the governing
field equations in variational form will result in the following
algebraic equations:

3x3|3x2 e
== 19
F,e} (19)

2X3 2x2 5x1 5X%1
Nl
5X5

where [K°], [S*], [E"], EC‘], and { F°} are as described in Ref.
5, and

e =, Xe+1
Fre=F - [ esq. dx (20)

Xe

where F? is as defined in Ref. 5. The last term in the above
equation accounts for thermal flux boundary conditions on
the longitudinal surface of an element.

After global assembly and imposition of boundary condi-
tions Egs. (19) can be solved in a time-marching scheme in
order to obtain the nodal displacements and temperatures as
functions of time.

Global assembly of the element equations is accomplished
in the standard way using the Boolean matrix.!!
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Imposition of Boundary Conditions

For a typical space truss structural element, the boundary
conditions are assumed to be of the following type:

u(0, 1) = u? = known
u(L,t) =ul=known
T(0,¢) = T, = known
T(L,t) = TF = known (21)
and"?
q.= —a,[ gcosA, + Fg(1 — ag) geosh, + FpgcosX, |
(22

where the first term is the solar radiation flux absorbed by the
body, the second the solar radiation flux reflected by the Earth
and absorbed by the body, the third the Earth radiation flux
absorbed by the body, and the last the flux radiated by the
member to space.

The above boundary conditions may be implemented to the
discretized global equations in the standard way.'! Although
Eq. (22) technically includes the unknown temperature field,
the component temperature is treated as a known quantity in
this term for each time step. This approximation is acceptable
due to the fact that the numerical stiffness of constitutive Eqs.
(6) and (7) requires extremely small time steps in order to
obtain an accurate solution.

+oe(TH - T5)

Example Problems

A typical structural element has been modeled with proper-
ties shown in Table 1. The material properties were obtained
experimentally in the Texas A&M Mechanics and Materials
Center® for Al 5086 at room temperature, which is similar to
Al 6061-T6.

Sample cases were constructed for various cyclic loading
rates for two different sets of thermal boundary conditions, as
described in Table 2. Both cases are considered to be worst
cases in that the component is in a maximum radiation flux
condition at the maximum equilibrium temperature during
one orbital cycle. The two cases differ in the emissivity and
absorptivity values for the component due to differences in
surface treatment of the component. For case I the component
is anodized, and for case Il the component is painted with
high emissivity IITRE-S13GLO white paint."*

We now consider two elements in a large space structure
(see Fig. 1). Both elements are constructed of the same material
and are geometrically identical. However, element 1 is painted
with the high emissivity paint described above and is in full
view of both Earth and sun, whereas element 2 is anodized
and is in view of Earth only. For this case, as described in
Table 2, the components have identical equilibrium tempera-
tures 7, = 295 K [obtained by setting ¢g. = 0 in Eq. (22)].

In both cases the structural members have been subjected to
50 cycles of loading at three different frequencies: 1, 5, and 25
Hz. These frequencies have been selected as representative of
resonant frequencies in a representative space structure. For
example, a typical structure analyzed in Ref. 15 has resonant
frequencies of 4.1 Hz and 3.4 Hz in the first two modes.
Because the resonant frequency of the first mode in the
structural element itself is 240 Hz, inertial effects may be
neglected in these examples.

Results for the cases described above are shown in Figs. 2-8.
In Figs. 2-4 the cyclic stress-strain curve is shown at the
location x = L/2 for case I and at all three loading rates. It is
found that in all cases the specimen reaches cyclic saturation
after approximately 5 cycles. Thereafter, the hysteretic energy
loss per cycle becomes a constant value.
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Table 1 Material and geometric properties for a typical Table 2 Thermal properties for example cases T and IT
truss structural element (from Ref. 14) (from Refs. 13 and 14)

C, =900 I /kg/K (0.215 Btu/Ib /°F) Casel Case Il
a=238%10"° in./in./K (13.2 X 10° in./in./°F) a 0.20 (degraded) 0.3218 (degraded)
k=127x10"* MPam?/s/K (73.4 Btu/ft/h /°F) e 0.85 0.24
E=71.0 X 10° MPa (10.3 X 10° psi) A 0° 0°
A=6.45x10"* m? (1.00in.%) 0 1.39 MPa m/s 0

T =295 K (12°F) qr 0.20 MPa m/s 0.20 MPa m/s
L=3.66m (3120 ft) (4080 km altitude)

D0=10><10 m/m A 0° 0°

A, =1.685x1077s"! T, 0K 0K
n=2355 . ] oy 0.30 0.30
m=0.1770 MPa~! (1.2205 ksi 1) F, 04 0.4

Z, = 620.1 MPa (89.93 ksi) Teq 296.2 K (73.6°F) 2962 K
; =0 CASE I: Surface painted with SI3GLO white
p = 2.66 Mg,/m’ (0.096 1b /in.%) CASE II: Chromic anodized surface
¢=0.0508 m (0.8333 ft)

Z, = 387.8 MPa (56.25 ksi)
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Fig. 2 Cyclic stress-strain curve at x = L /2 for case I coating loaded
at 1 Hz.
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Fig. 3 Cyclic stress-strain curve at x = L /2 for case I coating loaded
at S Hz. Fig. 5 Temperature vs time curves at x= L /2 for loading at 1 Hz.
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Fig. 6 Temperature vs time curves at x=L /2 for loading at 5 Hz.
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Fig. 7 Temperature vs time curves at x = L /2 for loading at 25 Hz.

In Figs. 5-7 the temperature rise is plotted for both cases at
all three loading rates. As expected, the amount of tempera-
ture rise increases dramatically with loading rate. For exam-
ple, after 50 cycles the total temperature rise at x=L/2 is
17.5 K (1 Hz), 62.5 K (5 Hz), and 119.7 K (25 Hz) for case L.
Furthermore, it is apparent that, while neither surface treat-
ment can be regarded as resulting in negligible heating, at the
higher loading rates the anodized surface treatment produces
temperature rises significantly higher than those produced by
painting with IITRE-S13GLO paint. Finally, these authors
believe that the nonlinear nature of the average temperature
rise per cycle suggests that the temperature rise asymptotically
approaches some upper bound, although this belief cannot be
corroborated at this time due to the large computer times
required in the current algorithm.

Figure 8 shows that the spatial temperature variation at 5
Hz is approximately spatially homogeneous. Apparently, a
very thin boundary layer forms near the end of the compo-
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Fig. 8 Spatial temperature variation for case I coating loaded at 5 Hz.

nent, and this boundary layer has little effect on the tempera-
ture at x=L/2. In fact, subsequent investigations by the
authors have shown that, at least for the geometry and physi-
cal conditions considered herein, identical results may be
obtained more efficiently by neglecting spatial variations in
displacement and temperature.

Conclusion

The current research has attempted to predict the response
of a typical space structural element that is viscoplastic and is
subjected to various cyclic loading conditions in the presence
of radiation boundary conditions. Several general conclusions
can be made as a result of this research:

1) Significant temperature rises may occur due to hysteretic
loss, although the precise amount depends on loading rate and
surface treatment.

2) The special paint IITRE-SI13GLO appears to produce
significantly lower temperature rises than anodized surface
treatment.

3) The temperature rise appears to be approaching an upper
bound that is dependent on loading rate and surface treat-
ment.

4) The thermal boundary layer that forms near the end of
the member appears to have little effect on the far-field
temperature rise.

These conclusions indicate that future research on this
subject should perhaps concentrate on spatial variations in the
radial direction rather than the axial direction. More im-
portantly, these results indicate that an inelastic structural
component may undergo temperature rises during structural
vibrations that are so substantial that the material properties
of the component may be further degraded, thus leading to
failure of the component and perhaps of the entire structure.
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