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For time scales long compared to one orbital period, the
trapped proton fluences are obtained from

ThET)=T,(hLE)XT1 3)

where T, is an annual trapped proton fluence and 7 is the
mission duration in units of years.
With Eqgs. (2) and (3), the ratio R may be rewritten as

R (h) i;E;T) Q) = R 1 (h) I)E )R 2 (E;T) Q) (4)

where R, =S,S,/T, and R,=7"!%x(S;+5,/S;). The R,
functions have the significance of being the solar-to-trapped
proton fluence ratios for l-year missions for which exactly
one anomalously large event must be anticipated. R; func-
tions are plotted in Figs. 1a-1d in terms of iso-ratio contours
in h-i space for a series of energy thresholds. The R, functions
are R; modifiers, adjusting the ratios to reflect the Q, 7
dependent variation in mission duration and in the number of
anomalously large events to be expected. Values of R, are in-
serted in matrix form into Figs. la-1d for mission duration
between 2 months and 5 years and for risk factors between
0.01 and 0.1 (1 and 10%). Note that R, values are in-
dependent of energy for all Q, 7 matrix elements except for
the 5 and 10% risk factors of the 2-month missions, for which
no anomalously large event is predicted. For all other ele-
ments, S;>0and S,/S, becomes insignificant.

Discussion

The accuracy of the figures reflects the accuracy of the
models used. As discussed in Ref. 4, the common
geomagnetic cutoff assumption of the solar proton model
used is reasonable for protons of less than 100 MeV, but
becomes progressively less accurate as energies increase above
100 MeV. Thus, in Fig. 1d, the R; function may be un-
derestimated by a factor of up to two. Likewise, there is a
typical uncertainty by a factor of about two in the trapped
proton model used.

Many features are immediately visible in the figures. First
of all, the solar-to-trapped ratio is zero for orbits in the
shaded areas where, by virtue of geomagnetic shielding, no
solar particle reaches a spacecraft anywhere along its orbit. In
the cross hatched region (high altitude, low inclination) the
ratio is meaningless because neither solar nor trapped protons
reach the spacecraft.

At a fixed altitude (below a few hundred km or so) the
dominant fluence source shifts rapidly from trapped to solar
protons as orbit inclination is increased through the 50° to 60°
range. Thus, for low-altitude, polar-orbiting spacecraft,
solar protons are very important relative to trapped protons.
As the altitude of a polar orbit mission is increased, the solar-
to-trapped ratio declines and then increases again. This is
mainly due to the low latitude portion of the orbit moving out
to, and then beyond, the regions of maximum trapped particle
fluxes. The energy dependence of R;, apparent from a
sequential examination of Figs. la-1d, results from the
variability of the trapped proton spectrum at differing spatial
points and the dissimilarity of the trapped and solar spectra.

By examination of the inset matrices in Figs. 1a-1d, it is ap-
parent that for a fixed risk factor, solar particles tend to
become relatively less important than trapped particles as
mission duration increases. At fixed mission duration,
however, solar protons become relatively more important
than trapped particles as the permissible risk factor is
decreased. Note, however, that as long as at least one
anomalously large event is anticipated, the variation in the
solar-to-trapped ratio due to the mission duration and risk
factor dependences is very small relative to the variation
associated with the altitude and inclination dependences.
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Conclusions

The purpose of the analysis has been to permit the space
mission planner to readily determine whether he must con-
sider solar and trapped proton fluences, or only one or the
other, in his shielding requirements. The analysis is not in-
tended to provide actual fluence values, which are available in
the references cited.

The mission planner must specify orbit altitude and in-
clination (circular orbits only), mission duration, and the per-
cent risk he is willing to take that the actually encountered
solar proton fluence will exceed his design fluence. Then from
the appropriate figure for the energy threshold of interest, he
multiplies the appropriate factor from the inset matrix by the
appropriate plotted R; value in order to determine the ratio
of solar-to-trapped proton fluences he must allow for in his
mission planning. Typically, interpolation will be required.

It is clear that for low-altitude polar and very high-altitude
missions (any inclination), solar protons dominate trapped
protons. Conversely, for low-inclination, low- and medium-
altitude missions and for high-inclination, medium-altitude
missions, trapped protons dominate the solar protons.

Due to the uncertainties in the models, we would recom-
mend that if the value of the S/ T ratio fell between 0.1 and 10,
the mission planner ought to consider both trapped and solar
proton fluences. Likewise, if the desired A, i point is in a
region of rapidly changing S/ T ratio, both trapped and solar
fluxes should be considered.
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Subscripts

m = phase change

o = initial

r = recovery

1-D = based on one-dimensional analysis
2-D = based on two-dimensional analysis

Introduction

PHASE change coating technique has been used at the

NASA Langley Research Center from 1958! until re-
cently 24 to obtain quantitative aerodynamic heat transfer
data. In its usual form, this technique employs a thin surface
coating of material applied to a thermally thick model, i.e., a
model having a wall thickness sufficiently large so that its
back face will effectively not rise in temperature during the
test. The coating undergoes a visible phase change at a known
temperature. The precise time at which the change occurs is
determined as a function of model surface location from an
examination of motion pictures. The heat transfer coefficient
distribution is then determined from one-dimensional exact
solutions of a semi-infinite solid responding to a uniform tem-
perature convective environment.

Implicit in the use of phase change coating techniques is the
assumption that the heat transfer remains one-dimensional.
In this study it is shown that a one-dimensional heat transfer
assumption may lead to large errors in the measurement on
local heat transfer coefficients. Specifically, the influence of
two-dimensional heat transfer is examined in the vicinity of
90° and 120° corners. Correction factors to apply to one-
dimensional results at the corners are determined.

One-Dimensional Solution

The solution of the one-dimensional transient heat transfer
equation which satisfies the boundary conditions of a semi-
inifinite solid exposed to a uniform temperature convective
environment is given by the following:$

r=erfc X—e2X¥+erfe (X +Y) (1)
where

7=(T,—TyY/T,-T,

X=(x)/[2(ab)"]

Y=(h/k)[ (af)"]

At the surface X=0. Therefore, Eq. (1) becomes the
following at the surface:

r=l—eYerfc Y 2)

Given the thermal properties of the model (k,«), the
rccovery temperature of the stream (7,), the initial tem-
perature of the model (T,), the phase change temperature of
the coating (7, ) and the test time required to change phase
(6=90,,), Eq. (2) may be solved for the heat transfer coef-
ficient (h) existing at the surface.

Two-Dimensional Solutions

Two- and three-dimensional exact solutions corresponding
to Eq. (1) do not exist. However, accurate solutions in regions
of multi-dimensional heat flow may be obtained with the use
of finite difference methods. In this study two-dimensional
heat transfer in the vicinity of 90° and 120° corners is
evaluated and compared with corresponding one-dimensional
solutions.

Analytical models are shown in Fig. 1. The one-
dimensional model was used to obtain reference solutions,
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Fig. 1 Analytical models. Unit thickness—all models.

which, if accurate, will duplicate the solutions obtained by
Eq. (1). Solutions were obtained using the Thermal Analyzer
Program (TAP) for several values of heat transfer coefficient
ratio (4 4./ # fron: ). Here the subscript “‘front” refers to the
two-dimensional model’s heated surface which is under study.
The subscript ‘‘side’” refers to the other heated surface. The
corner temperature was obtained by an extrapolation of sur-
face temperatures along the surface with the higher # value.

To obtain accurate solutions over a wide range of Y it was
found necessary to compute each case with three different -
values of k, then patch together those portions of each &
solution which were determined to be accurate. This approach
was necessary because it was found that a large k value
resulted in accurate solutions for small Y values; however, the
model did not remain thermally thick for large Y values. On
the other hand, a small & value resulted in a thermally thick
model for all Y’s, but the solutions were inaccurate for small
Y values. The latter inaccuracy is attributed to problem start-
up which is discussed in Ref. 5.

Results
The procedure used for reducing the data was to plot corner
temperature responses as shown in Fig. 2 for the 120° corner
cases. Those responses to the left of the one-dimensional
solution reach T, sooner and hence have a higher apparent

heat transfer coefficient than the one-dimensional solution.
The one solution to the right reaches 7', later and hence has a
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Fig.2 Temperature responses at 120° corner.
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.lower apparent heat transfer coefficient than the one-
dimensional solution.
The correction factor to apply to heat transfer coefficients
obtained from one-dimensional solutions is given by the
following relationship:

i e [l ERR )

apparent, corner

Computed correction factors are presented in Figs. 3 and 4
asa functionof Y,_,.

It is apparent from the results that sizable errors may be
realized by treating corners as one-dimensional problems. The
error, of course, diminishes with distance from the corner. An
estimate of the distance from the corner for which two-
dimensional effects become negligible is obtained by solving
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Eq. (1) for 7=0.01. The results of this computation are shown
in Fig. 5. An examination of actual results showed the rate of
temperature propagation from the corner to be less than that
given above.

This study assumed the recovery temperatures for the front
and side surfaces were equal. In general, this is not the case.
Higher recovery temperatures on the side surface than on the
front will result in larger correction factors than those shown
in Figs. 3 and 4. Conversely, lower side surface recovery tem-
peratures will result in smaller correction factors.
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Nomenclature

b
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van Driest damping constant, 26.0

= van Driest exponential damping function for

the near wall region

= inner law mixing-length constant, 0.435

= low Reynolds number mixing-length

parameter

= reference length

= mixing length

- = freestream Mach number

Pr, = turbulent Prandtl number, 0.90

Re,, = local Reynolds number based on inviscid edge
conditions and boundary-layer momentum
thickness

Re . /ft = freestream unit Reynolds number

St . = local Stanton number based on freestream

conditions
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