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Long Duration Exposure Facility Surface Temperatures

P. C. Hughes* and R. C. Tennysont
University of Toronto, Downsview, Ontario, M3H 5T6 Canada

Temperatures on the surface of the Long Duration Exposure Facility (LDEF) depend on a number of factors.
The LDEF is sometimes in sunlight, sometimes in eclipse; even when the LDEF is in sunlight, a particular surface
area (e.g., a test patch) may not be able to see the Sun; and, finally, even if it can see the Sun, the angle of
incidence of the Sun's radiation on the test patch is important. The heat input to the test patch from the rest of
the LDEF vehicle depends on the average vehicle temperature, which in turn depends on its eclipse history. This
paper examines all of these factors and uses a multiple-time-scale description (corresponding to orbital, preces-
sional, and annual time scales) to build an understanding of the chief features observed in the flight data.
Geometrical, orbital, and thermal models are developed. Numerical calculations based on these models are
shown to be in general agreement with the characteristics of flight data. Thus, all of the salient features of the
in-orbit temperature data can be explained in terms of the physical phenomena described.

Nomenclature
a\,a2,a3 = dextral orthonormal triad of unit vectors

associated with the reference frame 5^;
see Fig. 3

Cba = rotation matrix that transforms vector
components in 3^ to vector components in 3>

Ceb - rotation matrix that transforms vector
components in 3^ to vector components in 3^

Cpe = rotation matrix that transforms vector
components in Je to vector components in 3^

^i»^2>^3 = dextral orthonormal triad of unit vectors
associated with the reference frame 3^; £3 is
aligned with Earth's north pole, and e\ and e2
lie in Earth's equatorial plane

$a = inertial reference frame whose center is at the
Sun's center; see Fig. 3

$b = reference frame parallel to 3r
a whose center is at

Earth's center
$e = reference frame centered at Earth's center and

aligned with Earth's north pole and equator;
note, however, that 3> does not have Earth's
daily rotation

3> = reference frame centered on LDEF when at
perigee and aligned with LDEF's orbit around
Earth; see Fig. 4

$o = "orbiting" reference frame centered on LDEF
and aligned with LDEF's orbit around Earth;
see Fig. 4

h = LDEF altitude above Earth
/ = inclination of LDEF's orbit with respect to 3^
ie = inclination of Earth's orbit with respect to the

ecliptic plane
J2 = Earth's oblateness factor
d = unit (outward) vector normal to the test patch

on LDEF's surface; see Fig. 5
01,02,03 = dextral orthonormal triad of unit vectors

associated with the reference frame 3F0; d3 is
vertically up toward LDEF from Earth's center,
di is in the "forward" direction, and 62 is
aligned with LDEF's orbit normal; see Fig. 4

P = LDEF's orbital period
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Pi*p2>p3 = dextral orthonormal triad of unit vectors
associated with the reference frame 3^; p3 is
aligned with LDEF's orbit normal, and P! and
p2 lie in LDEF's orbital plane, with p2 pointing
from Earth's center to LDEF when at perigee;
see Fig. 4

re = Earth's equatorial radius
s = unit vector from the Sun to LDEF; see Fig. 3
T = temperature of test patch
Tv = average temperature of LDEF vehicle
t = time
ri - true anomaly of LDEF in its orbit about Earth;

see Fig. 4
rie = true anomaly of the Earth in its orbit about the

Sun; see Fig. 3
K = heat input constant for the LDEF test patch;

see Appendix
K V = heat input constant for the LDEF vehicle;

see Appendix
X = angle between d and o2 specifying the location

of the test patch on the LDEF surface;
see Fig. 5

He = Earth's gravitational constant, 3.986 x 1014

mVs2

T = characteristic time lag for test patch
TV = characteristic time lag for the LDEF vehicle
<f> = self-shadowing factor; see Eq. (16)
<f>v = Earth-shadowing factor; unity when £-03<0;

zero when £• da >0
12 = right ascension (argument of the ascending

node) of LDEF's orbit with respect to 3V
Qe = right ascension (argument of the ascending

node) of the Earth's orbit with respect to the
ecliptic plane

w = argument of perigee of LDEF's orbit

Introduction

O NE of the purposes of the Long Duration Exposure Fa-
cility (LDEF) was to evaluate experimentally the effects

of the low-Earth-orbit space environment on a variety of mate-
rial specimens.1'2 As part of these experiments, temperature
data were collected to evaluate the test environment, and it is
therefore helpful to understand the nature of these tempera-
ture data.

Two examples of such temperature data are shown in Figs.
1 and 2, over a period of about 1 yr. Note, however, that the
circular dots are the data. The lines joining the dots have
simply been drawn to join the dots. Thus, the Solid lines do not
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Fig. 1 LDEF temperature data for thermal gauge #1.
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Fig. 2 LDEF temperature data for thermal gauge #2.
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represent data. As we shall see presently, the solid lines do not
follow—even approximately—actual (instantaneous) temper-
ature histories, except in a time-averaged (slow-time-scale)
sense.

This paper, which is a condensation and extension of Ref. 3,
addresses the question of how to explicate the qualitative char-
acteristics of these temperature data in simple physical terms.
Relatively simple math models will be derived to gain physical
understanding. The discussion is intended to be semiquantita-
tive and physically motivated. Elaborate systems of partial
differential equations or complex software packages for orbit
dynamics or thermal analysis are avoided to promote physical
transparency.

The qualitative features of these data can evidently be de-
scribed in terms of three time scales: fast-time-scale changes
(relatively rapid ~ 2-day oscillations), slow-time-scale changes
(relatively slow ~ 45-day oscillations), and very-slow-time-
scale changes (the even slower -300-day oscillations). The
primary purpose of this paper is to demonstrate the physical
origin of these three superposed oscillations.

System Geometry
In this section we consider the purely geometrical problem

of the angle of incidence of solar rays on a planar patch of
material on the outside of the LDEF. The geometry will be
defined using seven angles, some of which are constant, some
of which are time varying.

Heliocentric Reference Frame
A series of needed reference frames is now introduced, pro-

ceeding from the Sun, in a sequence of stages, to the patch on
the LDEF. The first frame, denoted $a, is shown in Fig. 3. The

origin O.a is located at the Sun's center, and the frame is
inertial (to the extent that the Sun's center is not accelerating—
an excellent assumption for present purposes). The unit vec-
tors associated with 5^ are denoted by a\, «2» and «3. The unit
solar vector, a vector from the Sun aimed at the LDEF satel-
lite—aimed, to all intents and purposes, at the center of
Earth—will be denoted by s. It is evident from Fig. 3 that

+a2sin (1)

Geocentric Reference Frame
Still using Fig. 3, we have the second reference frame $b.

The origin of 5> is displaced from the origin of 9rfl by the
distance between Earth's and the Sun's centers. No new angles
are thus introduced, however. In fact, the rotation matrix
between 3^ and $a is just the unit matrix: Cba == 1. Note that,
although O/, is at Earth's center, the frame S>, is not fixed in
Earth, nor is it even an equatorial frame. The rotation of Earth
on its axis is, fpr present purposes, irrelevant. A geographic
frame for Earth is, however, very important and will now be
introduced.

Equatorial Reference Frame
The equatorial frame 5> has the following properties: Oe is

located at Earth's center, and £3 coincides with Earth's north
pole. It follows that the e\-e2 plane is Earth's equatorial plane.
By introducing ie, the inclination of Earth's polar axis to the
ecliptic plane about an azimuthal direction given by Qe, one
arrives at the standard result4 that

Ceb =

(2)
cos tie sin tie 0

- cos ie sin 12 e cos ie cos 12 e sin ie

sin ie sin 12 e — sin ie cos Qe cos ie

However, note that, although Oe is at Earth's center, and
although £3 coincides with Earth's north pole, the frame
Sv> is not fixed in a rotating Earth. (As stated previously,
Earth's rotation about its axis is irrelevant here.)

LDEF Orbit Reference Frame
Thus far, we have located Earth's poles and equatorial plane

with respect to the ecliptic plane. No particular orbit has been
specified. We now define this orbital plane with respect to Sv,
by its normal vector, using two angles / and Q. The parameter
(orbital element) / is the orbital inclination, and Q is the argu-
ment of the ascending node.

Sun a-»i
Fig. 3 The Sun-centered reference frame 3ra and the (parallel) Earth-
centered reference frame 5 .̂
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The orbit of the LDEF is then defined by the frame $„;
specifically, the unit vectors h \ and h2 define the orbital plane.
Thus, in a manner exactly paralleling Eq. (2),

cne =

(3)

cos 12 sin 12 0
- cos / sin 12 cos i cos 12 sin /
sin i sin 12 - sin / cos 12 cos /

And, of course, Cen = €%,. In order for the orbit to have a
unique set of orbital elements, these angles will be limited to
the following ranges: 0< i < TT, 0< 12 < 2ir.

Finally, following standard practice, we define the perigee
frame 5P and let the perigee be located by a direction at angle
co to hi within the orbital plane. Clearly co gives the orientation
of the orbit within the orbital plane. In fact,

Cpn i C3(co)=
cos co sin co 0

— sin co cos co 0
0 0 1

(4)

However, we shall herein assume that the LDEF is always in an
essentially circular orbit. Thus, the orbital eccentricity e=0,
and co is undefined. Therefore, without any essential loss in
generality, Cpn = Cnp = 1, and

C — r* r* — c1
pe.— ^pn^ne ~ ^m

C — CT — CT
sp — ^pe — ^ne

with Cne given by Eq. (3).

(5)

(6)

Orbiting Reference Frame
Next we consider the position of the LDEF in its orbit.

Consider Fig. 4, from which it may be deduced that the refer-
ence frame $0, which is fixed to the nominal spacecraft orien-
tation in orbit, can bq found from $p as follows:

- sin 77 cos TJ 0
0 0 1 (7)

cos t\ sin r\ 0_

The orbital anomaly t\(i) is the most rapidly changing variable.

Test Patch Unit Normal
Having established a nominal frame associated with the

LDEF vehicle in orbit, we now consider the orientation of the
test patch on the vehicle. However, it should be carefully noted

£1

LDEF

Fig. 5 The unit normal vector b outward from the test patch.

that at this point we are assuming no attitude librations of the
vehicle with respect to the nominal frame %0. Equivalently, if
there are such librations, they will be assumed to be negligible.
Or, again equivalently, if there are such librations, and even if
they are not instantaneously negligible, they will be assumed
not to be large and to average out over a time period smaller
than the fast-time-scale changes mentioned in the Introduc-
tion. That is, roll, pitch, and yaw will be assumed to be either
identically zero, or negligible, or to be small and so rapid as to
have no effect on the phenomena being studied. (Otherwise, an
additional, body-fixed reference frame involving the three an-
gles of roll, pitch, and yaw should be introduced4 at this
point.)

As shown in Fig. 5, we assume that the LDEF has cylindrical
geometry and that the test specimen is a small, essentially
planar article on the side surface. This being the case, it is
possible to specify the normal to the test patch by a single
vector, denoted d, normal to the vertical (the yaw axis).
Its azimuthal location about the o3 axis is specified by the
angle X:

Since the test patch must remain at a fixed position on the
spacecraft, the angle X is constant.

Time Dependence of Geometrical Factors
We now briefly discuss the time dependence of the geomet-

rical factors introduced earlier. Seven angles have been intro-
duced: v\e, !2«,, ie, 12, i, TJ, X. The time dependence of ije(t)
(the true anomaly associated with Earth's orbit about the Sun)
is well known from Keplerian orbit theory. One can introduce
the small eccentricity of Earth's orbit around the Sun
(ee= 0.0167...) and solve Kepler's equation. However, nu-
merical calculations2 have shown that the effect of Earth's
orbital ellipticity on LDEF temperatures is negligible; hence
we take ee = 0 here, whereupon

Note that when f = 3.156x107 s (i.e., after 1 yr), t\e = 6.283
(i.e., 2*).

Turning to the time dependence of 12e and ie, we can assume
that the north pole is inertially fixed (although, in reality, there
is a slight periodic nutation of ie with a period of 18.6 yr, and
a secular precession of 12e with a cycle of 26,000 yr). We shall
take 12e =0 and ie =23.5 deg.

As for 12 and /, at the low altitudes of interest here, we can
assume that the LDEF orbit normal precesses about Earth's
north pole according to the formula

Fig. 4 The reference frame associated with LDEF in orbit, the orbit-
ing frame 3F0 • cos / (10)
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where re = 6.378 x 106 m, J2 = 1.083 X 10~3, and P is the
LDEF's orbital period in seconds. Note also, however, that the
orbital period itself is slightly time dependent, owing to orbit
contraction from atmospheric drag. That is, h=h(t) in Eq.
(10) and, moreover,

The time dependences of the angles r)e,
been given earlier.

e, ie, 0, /, and rj have

r«+*(*)] 3") »/2
(11)

We shall also assume that there is no nutation of the LDEF
orbit normal, and take i =24 deg.

The true anomaly of the LDEF in its orbit about Earth is
the most rapidly changing angle. Assuming a circular orbit,
we have

Self-Shadowing
Even if the vehicle is in sunlight, the test patch will not see

the Sun if there is self -shadowing, in which the test patch is
shadowed by the rest of the vehicle. Since d has been defined
as the unit outward normal to the test patch (see Fig. 5), the
condition that sunlight fall on the test patch is that the LDEF
not be in eclipse and that s-d3<0. Thus, it is also convenient
to define the function as follows:

o,
when s-o<0
when s-o>0

(16)

— t (12)

where TJO is a reference value and the orbital period P was
given, just before, by Eq. (11). The last of the seven angles,
namely X, refers to the location of a particular experimental
test patch on the LDEF surface. Thus X is constant. We shall
take X= 10 deg as a nominal value.

Shadowing
If the LDEF is in Earth's shadow (i.e., in eclipse), no solar

radiation falls on any part of the spacecraft, including the test
patch. Moreover, even if the LDEF is in sunlight, the patch
may or may not see the Sun, depending on self-shadowing. We

Thus, when <p > 0, the test patch (and therefore also the vehi-
cle) can see the Sun; in fact, when <p = 1, the test patch sees the
Sun flat on. When <p = 0, the test patch cannot see the Sun.

To calculate s-o, we again note Eq. (1) for s, and we note
Eq. (8) for d. Therefore,

-•T7

COS 17 e

0

sinX
cosX

0
(17)

The needed rotation matrices Ca^, Q,e, Cep, and Cpo have all
been discussed earlier. An explicit form for the inner product
in Eq. (17) is the following:

s-d = ( — cos Q sin 17 sin X- sin Q cos / cos TJ sin X +.sin Q sin / cos X) cos(rje - 12e

— cos ie sin 12 sin t\ sin X
+ (cos ie cos 12 cos / - sin ie sin i) cos r; sin X sin(r?e - to

- (cos ie cos Q sin /-+ sin ie cos /) cos X

now consider the time-dependent geometrical conditions for
Earth shadowing and self-shadowing.

Earth Shadowing (Eclipse)
Since the LDEF is in a low-altitude orbit, it is reasonable to

neglect the orbital altitude in comparison with Earth's radius
(and to neglect penumbral effects) and to say that the LDEF is
in sunlight whenever the satellite's "up" direction o3 has a
component toward the Sun; otherwise the LDEF is in Earth's
shadow (i.e., in eclipse). This leads to the conclusion that the
LDEF is in sunlight whenever £-d3<0 and that it is in eclipse
whenever $-d3>0. In fact, it will be convenient to define the
vehicle Earth-shadowing function as follows:

(18)

and X

L'
when $-63<0
when $-d3>0 (13)

Thus, when <pv = 1, the vehicle is in sunlight; when <pv =0, the
vehicle is in shadow.

To calculate s-03, we note Eq. (1) for s. Then

COS!?,,

0

(14)

The needed rotation matrices Cab, Cbe, Cep, and Cpo have all
been discussed earlier. (Some transposing may be necessary.)
It can be shown from Eq. (14) that

5 • 53 = (cos Q cos rj - sin 0 cos / sin 17) cos(rje - tie)

+ (sin Q cos if + cos 0 cos i sin 17) cos ie

— sin / sin TJ sin ie sin(ije — Qe) (15)

The time dependences of the angles Trje9 Qe, ie, 12, i, 17,
have been given earlier.

Normalized Solar Heat Flux
In this section we shall present computer plots of the nor-

malized solar flux <p vs time. The detailed time dependence is
quite complex, owing to the three simultaneously active time
scales identified in the Introduction. In fact, we shall demon-
strate that the fast-time-scale component of the flight data is
associated primarily with the orbital motion of the LDEF
around Earth. (Detailed comparisons between these computa-
tions and flight data are made difficult by the sampling rate
used.) The slow-time-scale component of the flight data (the
relatively slow oscillations of the order of 45 days) will be
shown to be associated primarily with the precessional motion
of LDEF's orbital plane. The very-slow-time-scale component
(oscillations of the order of 300 days) is associated primarily
with the annual motion of Earth around the Sun.

Orbital Motion Only
To build our understanding of the three-time-scale flux his-

tory in a logical sequence of steps, we begin by eliminating all
but the orbital motion of the LDEF around Earth. That is, we
temporarily eliminate orbital precession (QsO). We also stop
Earth's motion around the Sun (i]e ssO) — something more eas-
ily done on a computer than in reality!

The flux history calculated for a one-day period is shown in
Fig. 6. For about half the time, the LDEF is in eclipse; hence
<pv = 0 and consequently ^> = 0. During the other half of the
time, the patch spends 50% of the time in self-shadow, and
consequently <p = 0. For the remaining time, <p is a piece of a
sinusoid whose amplitude can be found from Eqs. (15), (16),
and (18). If this plot were made2 for an entire year (i.e., over
5600 orbits), it would be so compressed that it would appear to
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Fig. 6 Normalized solar flux, over a one-day period, with no LDEF
orbital precession and with no rotation of Earth around the Sun.
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Fig. 7 Normalized solar flux, over 1 yr, with LDEF orbital preces-
sion, but with no rotation of Earth around the Sun.
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Fig. 8 Normalized solar flux, over 1 yr, with LDEF orbital preces-
sion, and with Earth's rotation around the Sun.

be a solid brack rectangle. The variations within each orbit are
lost when the horizontal scale is compacted by a factor of 103-7.

Under current assumptions, s • d 3 = cos 17, and s • o'=
- sin 11 sin X. Thus, from Eqs. (13) and (16), <p = sin r; sin 10 if
7T/2 < TJ < tf, and zero otherwise. This indicates that the maxi-
mum flux should be bounded by sin X = sin 10 = 0.174..., as
shown in Fig. 6.

Orbital Motion, Plus Precession
To continue building our understanding of the three-time-

scale flux history, we now add the second time scale: the or-
bital precession (6 5*0). We continue, however, to suppress
Earth's rotation around the Sun 0? = 0). The calculated flux
history is shown in Fig. 7. This plot looks "black" because the
details within the 5600 orbits have been compressed, and de-
tails within each orbit are not visible. But it is clear that orbital
precession causes a slow variation (about every 50 days) in the
amplitude of <p.

s-o= (sin Q sin /) cos X ± Vcos2 0 + cos2 / sin2 Q sin X (19)

where the wide caret indicates the maximum amplitude achiev-
able in any one orbit. Taking further the maximum amplitude
achievable throughout a precessional cycle, we have

s-o = sin / cos X + cos i sin X | | sin(/ + X) | (20)

(The maximum can be shown to occur when 12 = ?r/2.) Since we
are currently assuming / = 24 deg and X= 10 deg, this implies
that sin(/ + X) = sin 34 = 0.559..., as shown in Fig. 7.

Orbital Motion, Plus Precession, Plus Annual Variation
Finally, in our process of building understanding of the

solar flux history, we come to the completion of the three time
scales by adding the annual geometrical variation associated
with Earth's orbit around the Sun. Figure 8 shows the calcu-
lated solar flux history for 1 yr. The chief features of the flight
data (cf. Figs. 1 and 2) have thus been explained. Similar
remarks apply to a comparison between Fig. 8 and plots like
"Daily Time Averaged Orbital Heat Flux, Row 12, April 7,

TCP)

0 400100 200 300
TIME (days)

Fig. 9 Temperature history for 1 yr for a typical test patch (compare
with flight data of Fig. 1).

TCP)

100 200 300
TIME (days)

400

Fig. 10 Temperature history for a test patch with different thermal
properties (compare with flight data of Fig. 2).
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Fig. 11 Temperature history for a test patch at a different location
on LDEF (A = 60 deg).

visible in the flight data has been shown to be due to the annual
motion of Earth about the Sun.

Although detailed plots will not be presented here, it has
also been determined by more extensive numerical study2 of
this model that the eccentricity of Earth's orbit about the Sun
and the slow decrease in LDEF's orbital altitude (orbital de-
cay) do not have important influences on LDEF temperatures.

Appendix: Simple Thermal Model
A simple phenomenological thermal model has been de-

scribed in detail in Ref. 2. Here, we merely summarize the key
equations from that model. Heat flow to the test patch is
assumed to be from two sources only: the rest of the vehicle
and directly from the Sun.

If Tand Tv denote, respectively, the temperature of the test
patch and the average temperature over the vehicle, the simple
model assumes that

1984— May 13, 1985," in Ref. 4. (Row 12 corresponds to
X=10deg.)

It must be borne in mind that LDEF temperature data is
taken every 16 h. With respect to very-slow-time-scale (annual)
variations, this represents very frequent sampling (i.e., -550
samples/year). With respect to slow-time-scale (precessional)
variations, this sampling rate is still quite frequent (i.e., —68
samples/precessional period). However, with respect to the
fast-time-scale (orbital) variations, the sampling rate is very
infrequent (i.e., ~ 1 sample every 10 orbits!); not surprisingly,
such a sampling rate can hardly be expected to pick out the
details of intra-orbital variations.

Temperature Histories
Temperature histories similar to those in Figs. 1 and 2 can

now be demonstrated; by so doing, we shall have attained a
physical understanding of these histories. The average vehicle
temperature Tv is of interest (see Appendix) but has been stud-
ied elsewhere.2 Therefore, in the limited space available, we
focus on the test patch temperature T.

Figure 9 shows T plotted over a period of about 1 yr for
the parameters *= 10, r=100h. The 16-h-sampled version is
shown; for an unsampled (continuous-time) version, see
Ref. 2. This plot is evidently similar qualitatively, and even
semiquantitatively , to the flight data of Fig. 1 . Figure 10 shows
r (sampled) for /c = 5.5, r = 20 h (best-fit values); this should be
compared with the flight data of Fig. 2. Finally, to illustrate
the effect of the test patch being at a different location on the
periphery of the vehicle (as represented by X), Fig. 1 1 shows T,
sampled and with the same thermal parameters as Fig. 10,
when X = 60 deg (instead of 10 deg). The temperature extremes
are evidently more moderate at this point on the spacecraft.

Concluding Remarks
The physical origins of the features of LDEF surface tem-

perature histories have been identified, as demonstrated from
the comparison between calculations and flight data. Fast-
time-scale variations are due to the orbital motion of the
LDEF about Earth. These orbital effects, however, are not
directly detectable from data samples every 16 h (i.e., roughly
once every 10 orbits); the sampling process effectively filters
out fast-time-scale (orbital) temperature variations.

Slow-time-scale variations are due to the precession of the
LDEF's orbit about Earth's polar axis. This behavior, quite
visible in the flight data, is explained herein as being due to
orbital precession. Finally, the very-slow-time-scale behavior

where r and rv are characteristic thermal time lags, K and /cv are
heat input constants, and Q and Q©v are the total heat flux
(heat per unit area per unit time) to the patch and to the
vehicle. (The © subscript is the standard symbol for the Sun.)

Furthermore, we set

Q(t)
20(0 = ?(

60,0 = pQ©o
where <pv and <p are shadowing functions given earlier by Eqs.
(13) and (16), kv is a heat transfer constant for the patch with
respect to the rest of the vehicle, p is a constant lying in the
range 0<p<l, and Q©0 (1404 J-m-2^"1) is the heat flux
from the Sun in the vicinity of the Earth. We shall use the
values kv = 7, p = 0.352, rv = 20 h, and KV = 1 .0. The test patch
parameters T and K are assigned according to specific surface
properties (i.e., are permitted to vary from patch to patch).
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