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These results were denoted in Figs. 1 and 2 by MR and in-
dicated that not only were more iterations needed, but the
CPU time per iteration also took about three times that re-
quired for the AF or ZEBRA scheme. Consequently, it was
not competitive with the AF scheme. However, by using a
more accurate LU factorization (i.e., by introducing more
nonzero diagonals into the L and U matrices), a faster con-
vergence rate was achieved. Since the number of iterations for
both outer and inner iterations is reduced substantially, the
performance of the new MR method (denoted by MR2 in Figs.
1 and 2) is more efficient than the old MR method. A detailed
implementation of the improved MR method (including the
construction for the preconditioning operator Q, and com-
parisons with the AF scheme for lifting and nonlifting calcula-
tions, have been reported by Wong.7
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Nomenclature
c - specific heat, J/kg-K
Ch = heat-transfer coefficient, qtj2/(Tt2-T5), W/m2-K
k = thermal conductivity, W/m-K
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M = Mach number
p = pressure, N/m2

q = heat-transfer rate, W/m2

r,, =nose radius, m
R = unit Reynolds number, p £///*, m ~ l

t =time, s
T = temperature, K
U = velocity, m/s
0 = thermal product, (pck)", W-s1/2/m2-K
/x = coefficient of viscosity, N-s/m2

p = density, kg/m3

Subscripts
s - surface or substrate
t, 1 - reservoir stagnation conditions
t,2 = stagnation conditions behind normal shock
2 = static conditions immediately behind normal shock
0 = ambient or initial (f<0)
oo = freestream

Introduction

CONVECTIVE heating for proposed Earth or planetary
entry vehicles is generally inferred from model tests in

hypersonic facilities and flowfield computer codes that often
are verified with these or similar heat-transfer measurements.
Such measurements are relatively straightforward for models
of a simple shape, but difficulties arise for complex models
characterized by surfaces with small radii of curvature (e.g.,
wing leading edge). Accurate measurement of surface heating
using conventional transient calorimeter techniques becomes
quite challenging for complex models and often is impossible.
For this and other reasons, an alternative method for measur-
ing detailed heating distributions on models in conventional-
type hypersonic wind tunnels was examined at the Langley
Research Center several years ago.1 Borrowing from
technology developed for hypervelocity impulse facilities hav-
ing extremely short run times (< 10 ms), thin-film resistance
gages were successfully tested in hypersonic wind tunnels at
the most hostile environment generated in each tunnel. One
significant difference between these gages and previous thin-
film gages used in impulse facilities was the substrate material.
A glass ceramic referred to as MACOR (trademark of Corning
Glass Works) was used in lieu of quartz or Pyrex.2 Because the
thermal properties of MACOR are similar to quartz and
Pyrex, gage performance is similar; however, unlike quartz
and Pyrex which must be ground, MACOR may be machined
with conventional metal cutting tools and techniques. Thus,
complex surfaces may be machined from MACOR, polished,
and miniature thin-film elements sputtered or painted on the
surface at a cost substantially less than quartz or Pyrex.

The advantages, disadvantages, limitations, and uncertain-
ties of using thin-film gages in conventional hypersonic wind
tunnels having longer run times than impulse facilities by
several orders of magnitude are discussed in Refs. 1 and 3. The
purpose of this Note is to present recent results that resolve the
principal uncertainty associated with the use of thin-film gages
on MACOR substrates—the uncertainty in the thermal prop-
erties of MACOR and the variation of these properties with
temperature. These results are based on stagnation-point heat-
transfer rates measured on small hemispheres in hypersonic
wind tunnels. Along with providing information on MACOR
properties, they also illustrate the relatively large influence of
shock strength (normal shock density ratio) on stagnation
point heating at low Reynolds numbers.

Apparatus and Tests
The present study was performed in the Langley 31 in.

Mach 10 Tunnel4 (formerly known as the Continuous Flow
Hypersonic Tunnel), and the Langley Hypersonic CF4 Tun-
nel,4 a Mach 6 facility that uses Freon 14 to generate a normal
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shock density ratio of 12. Five small (/•„ = 4.1 mm)
hemispheres, two of MACOR, two of quartz, and one of
Pyrex 7740, were mounted in a survey rake, rapidly injected
into the flow (approximately 0.3 s required to traverse the noz-
zle boundary layer and reach the vicinity of the nozzle
centerline), and subjected to the same flow condition at the
same time. Palladium thin-film elements in the form of a
serpentine pattern 1 x 1.3 mm were sputtered over the stagna-
tion region of each hemisphere. The same calibration pro-
cedure, constant-current circuitry, analog-to-digital data ac-
quisition system, sample rate (each channel sampled 50
times/s), excitation current (1 mA), and data-reduction pro-
cedure were used for the five thin-film gages in both tunnels.
Thus, the substrate material was the only intended variable for
a given run, thereby permitting a direct comparison between
the heat-transfer coefficient for the MACOR hemispheres to
those for the quartz and Pyrex hemispheres. To account for
small variations in the radii of the hemispheres, which were
measured on an optical comparator at a magnification of 20,
the results are compared in the form Ch/(pt>2/rn)'/2, where the
heat-transfer coefficient Ch=qti2/(Tt>2-T's). Four runs were
made in the Mach 10 Tunnel covering the range of Reynolds
number (reservoir pressure) for this facility, with the last run
being a repeat of the first; two runs were made in the CF4
Tunnel. Calibrations performed before and after the test series
revealed the resistance of four of the five gages remained con-
stant to within 1% and the other to within 3%. The
temperature coefficient of resistance increased 0.9-1.4% for
all gages during the test series. This relatively good gage
stability is attributed to improved annealing techniques, as
compared to Ref. 1, and illustrates the low level of solid con-
taminants in the flow of these tunnels for these tests.

The primary reason for testing such small hemispheres was
to allow several hemispheres to be tested simultaneously
without tunnel blockage. Another reason was to obtain
heating rates and surface temperatures indicative of the max-
imum values expected in these facilities. For t<\A s, where
t - 0 is defined as the moment the thin-film gages experience
an increase in their output during their movement into the
flow, surface temperatures up to 570 K were experienced. The
maximum correction to the heat-transfer rate required to ac-
count for the variation of substrate thermal properties with
temperature was 16, 33, and 59% for MACOR, quartz, and
Pyrex, respectively. Even with these large corrections, Ch
varied less than ±2.5% for the MACOR and quartz
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Fig. 1 Stagnation-point heat-transfer coefficient for present hemi-
spheres as a function of velocity gradient.

hemispheres and ±5% for the Pyrex hemisphere over the time
interval 0.5 </< 1.4 s in the Mach 10 Tunnel. These relatively
small variations in Ch lend credibility to the approximate
method derived in Ref. 1 to account for the variation of j8 with
temperature. Also, the time histories gave no hint that the
hemispheres violated the assumption of a semi-infinite sub-
strate.1"3 The results presented herein correspond to t-0.6 s.

Results
The heat-transfer coefficient is plotted in Fig. 1 as a func-

tion of the velocity gradient term (pt,2/rnY/2• Viscous and
possible vibrational relaxation effects within the shock layer
of the hemispheres are assumed to be the same magnitude for
each hemisphere for a given run. The average value of
Ch/(ptt2/rn)'/2 for the two quartz hemispheres ranged from
1.10 to 1.15 times the average for the two MACOR
hemispheres for the six runs; the average of this ratio was
1.135 for these runs in both facilities and 1.125 for the ratio of
Pyrex to MACOR. Because the thermal properties for quartz
and Pyrex are believed to be accurately known, the present
results demonstrate that values of q determined with the
method of Ref. 1 for thin-film gages with MACOR substrates
will be too small by approximately 13%. [Note that <?«/35,
where the thermal product for the substrate 05= (pscsks)**.]
Based on these findings, the following simple expression is
recommended to determine &s>0 for a MACOR substrate at
ambient or prerun conditions (flSt0 in W-s'/2/m2-K)

Sj0= 1816.6 + 0.6303 T0 294<T0<312K (1)

where the variation in /3 with temperature is accounted for us-
ing the expression

^(0 = ̂ (0 [l+6.38xlO-4Ar,(0] T,<450K (2)

The value of /35 0 for MACOR presented in Ref. 1 was ob-
tained from information supplied by the manufacturer of
MACOR, from the results of a study using the comparative
method, and from a study using a step-input heat-rate
method. (See Appendix A of Ref. 1). These sources, which
agreed reasonably well with one another, were selected over
experimental results furnished by Wittliff.9 The present study,
using yet another method to determine the value of 0S>0 for
MACOR, shows the error of the selection made in Ref. 1 since
j85>0 from Eq. (1) is within 1% of the value determined in Ref.
9. The confidence level in Eq. (1) is further enhanced by the re-
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Fig. 2 Viscous effects on stagnation point heat-transfer rate.
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cent study of Ref. 3, the results of which are also within 1 % of
Eq. (1). Thus, Eqs. (1) and (2) are expected to provide an ac-
curate determination of q from thin-film gages on MACOR
substrates, which, in turn, allows detailed heating distribu-
tions to be measured accurately on complex models in conven-
tional hypersonic wind tunnels that are not possible with tran-
sient calorimeter techniques, as demonstrated in Ref. 3.

Because of the small size of the hemispheres, corresponding
to relatively low values of Reynolds number based on nose
radius, the present results also provide information on viscous
effects on stagnation-point heating. As the Reynolds number
is reduced, classical boundary-layer theories (see, for example,
Ref. 5), initially underestimate heating as viscous effects
become significant, then progressively overestimate heating as
slip effects become significant. This trend is well documented
in the literature and is illustrated by the curves in Fig. 2 which
were taken from Ref. 6. Each of the five hemispheres revealed
an effect of Reynolds number on stagnation-point heating in
the Mach 10 Tunnel, with Ch/(pt>2/rn)//2 increasing about 8%
as R^r decreased from 32.5 to 7.9 x 103. Viscous effects were
also evident in the comparison of measured heating for the
quartz hemispheres to that predicted by the theory of Fay-
Riddell.5 This comparison is shown in Fig. 2 where the ratio of
measured-to-predicted stagnation-point heating is plotted as a
function of the post-shock Reynolds number and the normal
shock density ratio. Now, since the thin-film element covers
the stagnation region within 10 deg of the stagnation point,
the measured heating rate will be lower than the stagnation-
point value by 1-2%. Possible vibrational nonequilibrium ef-
fects may also tend to lower the heating. Nevertheless, viscous
effects are observed in Fig. 2 to cause the measured heating to
exceed classical boundary-layer prediction by up to 10% for
the present Mach 10 flow conditions in air. Measured heating
rates in Mach 10 air also exceeded values predicted with a
code7 that solves the Navier-Stokes equations but by no more
than 5% (experimental uncertainty). Measured heating rates
in Mach 6.4 CF4 presented in Fig. 2 are nondimensionalized
by values predicted using a boundary-layer code and the ther-
modynamic properties for CF4 given in Ref. 8. These CF4
results are of particular interest since they simulate the in-
crease in shock strength that occurs for a blunt body during re-
entry due to dissociation within the shock layer. The ex-
perimental results of Fig. 2 show the influence of viscous ef-
fects on heating increases substantially with increasing shock
strength for the present range of Reynolds number, in agree-
ment with the predictions of Ref. 6.
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Introduction

THERE have been several papers written on the subject of
adaptive mesh generation;1'3 however, few have empha-

sized the complete model building process.4 The emphasis in
Refs. 1-3 tends to be the determination of the solution quan-
tity used as a refinement criterion, but such systems do not
automatically obtain an initial mesh or carry out the refine-
ment process. The process described by Shephard4 addresses
the abovementioned features, but relies heavily on interactive
graphics to tailor the refined mesh. It was desired to develop a
technique that could be used with shape optimization,5 as well
as to have an efficient modeling technique that relieves the
analyst of much of the work of finite element modeling. For
this reason, three major features were required: 1) mesh
refinement based upon an initial solution, 2) efficient model-
ing of the initial mesh, and 3) "blackbox" operation.

Structural components subject to bending deformations are
of particular interest to the automotive industry. None of the
authors of mesh refinement papers have treated bending prob-
lems, probably due to the undesirable characteristics of
bending-type finite elements. An example with bending has
been included in this Note.

Mesh Refinement
The mesh refinement process is based upon the variation in

strain energy density (SED) as a measure of the error in an ele-
ment. In order to show this, consider the relationship4 ex-
pressing the error in a solution quantity in an element in terms
of the variation in that quantity

\V-VI\e<Cjhk
e\DkV\e 0)

where Vis some exact solution quantity (stress or SED), Vf the
computed value, Cy a proportionality factor, he the element
size, and Dk a differential operator of order k (the order of the
element). For constant-strain elements (k= 1), the error is pro-
portional to the element size times the first variation in the
solution quantity. The following empirical relationship has
been proposed in Ref. 4 for determining a level of SED varia-
tion above which the elements will be subdivided:

(2)

in which CV is the SED difference cutoff value, A£ the
average SED variation for all elements, A£"max the maximum
SED variation in any element, and /3 a parameter to be selected
based upon the problem but generally lying between 0 and Vi.

Obviously, the accuracy due to any refinement is unknown
in advance. Although numerous papers have been written on
error estimates of total strain energy (many of which have
been noted in Ref. 6), this work cannot be readily extended to
stresses and displacements. For the case of shape optimiza-
tion, it is desired to have a conservative estimate of the con-
verged finite element solution. This information may be ob-
tained using a linear extrapolation technique, such as
graphically represented by Fig. 1. This is a typical relationship
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