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Nomenclature
D = diameter of the axisymmetric objects, cm
d = distorted (i.e., denotes quantities measured when

objects are present)
L0 = integral length scale, cm

= streamwise root mean square turbulent velocity,
m/s

= axial heat flux, m°C/s
= root mean square temperature, °C

xl = streamwise distance measured upstream from the
objects with origin at the stagnation point, cm

y = transverse direction with origin at the stagnation
point, cm

Introduction

T HE distortion of a turbulent flow as it approaches an
axisymmetric object is of both fundamental and practical

interest. The latter is due to the fact that many probe supports
are axisymmetric and many probe platforms such as aircraft
or submarines are approximately so. Thus, an assessment of
the effects of these objects on the measured turbulent quan-
tities of interest is of importance.

Previous studies of the effect of the flow distortion caused
by two-dimensional objects (Hunt,1 Bearman,2 Britter, et al. ,3
and Rahai and LaRue4) have shown significantly different
effects depending on whether the ratio of L0 to D is very large
or very small. When LQ/D is large, along the mean stagnation
streamline, the root mean square (rms) velocity decreases in
a manner similar to the mean velocity as the object is ap-
proached. However, when L0/D is small, starting at about
one diameter upstream of the object, the rms velocity initially
increases due to the vortex stretching. Closer to the object
(starting about one integral scale upstream of the object) the
rms velocity begins to decrease. This decrease in the rms
velocity is due to the blockage effect.
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In contrast to the results for the velocity field, the rms
temperature and temperature spectra for all LQ/D do not show
any change outside the region where the blockage effect is
important (cf. Rahai and LaRue4).

Wyngaard et al.5 study the effects of mean flow distortion
caused by an axisymmetric object on the turbulence statistics
when LQ/D » 1. In their study, a Taylor's series expansion
and a flow distortion matrix which relates the velocity field
near the object to the freestream velocity are used as a means
of determining the effect of distortion on the turbulence sta-
tistics. Their results show that distortion can induce significant
variation in the velocity covariances measured ahead of axi-
symmetric objects. The errors depend on the flow distortion
matrix as well as on the freestream turbulence properties and,
weakly, on the angle of attack. There appears to be no cor-
responding experimental studies for the axisymmetric case.
In addition, for this case there appears to be neither analytical
nor experimental studies of the effect of distortion on the
turbulent passive scalar field. This provides the motivation
for the study discussed herein.

Experimental Procedure and Techniques
The heated turbulent flow is produced in a wind tunnel by

means of two biplane grids. The first consists of 0.254-mm-
diam chromel-/? wires which are electrically heated and has a
solidity of 0.04. The temperature rise across the grid is 0.5°C.
The heater grid is placed 99-cm downstream of the second
biplane grid of polished aluminum rods which is placed 60-
cm downstream of the exit of the contraction. Two biplane
grids of polished aluminum rods are used in the study. One
has a rod diameter of 0.476 cm with a mesh spacing 2.54 cm,
while the second has a rod diameter of 0.95 cm with a mesh
spacing of 5.08 cm. The solidity for both is 0.34.

All measurements are carried out in the UC Irvine closed
circuit wind tunnel with a working area which has a cross-
sectional width of 60 cm, a height of 90 cm, and a length of
6.7 m. The background intensity is 0.06%. The mean velocity
is 5.6 m/s which corresponds to grid Reynolds numbers of
9300 and 18,600. The corresponding integral scales, 30.45-cm
downstream of the heated grid, are 1.2 and 2.3 cm, respec-
tively.

Two axisymmetric bodies are used in the study. Both are
composed of tubes with diameters of 3.81 and 0.635 cm which
are 40 cm in length with their axes aligned with the flow.
Hemispherical noses are attached to the upstream end of the
tubes which are mounted on a slender stand and placed inside
the tunnel. The stagnation point on the hemisphere is 30 cm
ahead of the stand.

Simultaneous time resolved measurement of the longitu-
dinal velocity and temperature are obtained using a specially
designed probe which consists of a TSI T1.5 hot wire and a
cold wire which are mounted 1-mm apart. The tips of the
probe support are constructed so that near the sensor the
probe supports are parallel to the flow for a distance of 5 mm.
The hot wire is operated in the constant temperature mode
using a TSI Model 1050 anemometer at an overheat of 1.7.
The cold wire is platinum, 0.625 ^m in diameter with a length
of 0.75 mm and is operated at a rms current of 180 //A using
an ac Wheatstone bridge. The current supplied to the cold
wire is low enough so that its sensitivity to velocity is insig-
nificant (cf. LaRue et al.6). The probe is directly calibrated
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for velocity and temperature over the range of 3-9 m/s and
17-23°C. The frequency response of the hot wire, determined
using the square wave technique, is 16 kHz and that of the
cold wire is estimated to be about 4 kHz (cf. LaRue et al.6).

For measurements near the stagnation point, a similar probe
with a vertical sensor support (normal to the flow) is used.

Experiments are carried out along y - 0 (the stagnation
streamline) and y = D/2 (along a line parallel to the edge of
the object). More details of the experimental arrangements
and data reduction techniques are given by Rahai and LaRue.7

Results and Discussions
Figures la-c show the variation of the normalized rms

velocity, rms temperature, and axial heat flux for different
L0/D ratios. When L0/D = 3.5, starting at x^D = 0.16, the
blockage effect causes the normalized rms velocity to decrease
in a manner similar to the mean velocity. The value is reduced
to 72% of the undistorted value at xJD = 0.16. When L0/D
— 0.32, vortex stretching effects cause the normalized rms
velocity to increase starting at x^D = 0.8. The distorted value
becomes 1.2 times the undistorted value at x^D = 0.25. Com-
parison between the results with the corresponding results
from the two-dimensional objects (cf. Rahai and LaRue5)
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Fig. 1 Variation of the normalized a) rms velocity, b) rms temper-
ature, and c) axial heat flux for flow along y = 0 (uncertainty in the
normalized rms velocity is ±0.02, in the normalized rms temperature
it is ±0.03, and in the xjD it is ±0.05 at 20:1 odds).

shows that the distortion effect is less pronounced for axisym-
metric objects. For example, in the two-dimensional case,
when L0/D = 0.470 and x^D = 0.5, the increase in the rms
velocity is 10%. Contrast this with the increase of only 4%
for the flow upstream of the axisymmetric object at x^D =
0.5 and L0/D = 0.32.

When LQ/D = 0.32, the rms temperature does not change
for xJD > 0.25. This is in contrast to the rms velocity which
increases by 20% compared to the undistorted value at the
same location.

The blockage effect becomes important at a distance from
the surface which is approximately equal to the integral length
scale or the body dimension, whichever is smaller. However,
the blockage effect occurs closer to the stagnation point of
the axisymmetric objects than for two-dimensional objects,
and thus, its effect is observed relatively closer to the stag-
nation point than it is for the two-dimensional objects.

For LQ/D = 3.5, the normalized rms temperature does not
change for jt/D > 0.5. However, for xJD < 0.5, the nor-
malized rms temperature decreases and becomes 98% of the
undistorted value at xJD = 0.16.

It should be noted that although the strain due to the pres-
ence of the axisymmetric objects differ from the strain due
to the presence of the two-dimensional objects, their effects
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Fig. 2 Variation of the normalized a) rms velocity, b) rms temper-
ature, and c) axial heat flux for flow along y = D/2. (Uncertainties
are the same as Fig. 1.)
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on the scalar field are quantitatively similar. This indicates
that outside the region where the blockage effect is significant,
the passive scalar is unaffected by the strain regardless of the
magnitude and direction of the strain.

For LQ/D = 0.32 near the stagnation point, vortex stretch-
ing causes an increase in the magnitude of the turbulent axial
heat flux. At the station nearest to the stagnation point, the
distorted axial heat flux is 1.8 times its undistorted value at
the same location and experimental conditions. Due to the
blockage effect, the axial heat flux for L0/D = 3.5 at the
nearest station to the stagnation point is about 40% less than
its undistorted value. The variation in the axial heat flux for
axisymmetric objects for different LJD ratios is qualitatively
similar to the corresponding results for the two-dimensional
objects. However, since the effect of distortion is less than
that for the two-dimensional objects, the amount of atten-
uation and amplification in the normalized heat flux is less
and occurs closer to the stagnation point than for the two-
dimensional objects.

Figures 2a-c show the variation of the same quantities as
given in Fig. 2 along a line parallel to the edge of the objects
(y = D/2). The increase and decrease in these quantities are
similar but less than the corresponding quantities along the
mean stagnation streamline.
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Nomenclature
Cp = specific heat, J/kg-K
H — nondimensional thermal convection parameter,

(hT,)/(anI)
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h = thermal convection coefficient, W/m2-K
/ = laser intensity, environmental heat flux, W/cm2

Ta = ambient temperature, K
Tt = initial temperature, K
Tmax = maximum temperature before material

breakdown, K
t = time, s
^max = maximum exposure time before material

breakdown, s
x = depth, m
an = total or spectral normal surface absorptivity
j8 = semi-infinite wall parameter, K/s172 - (2aJ)l

(pC.ATT)"2

8 = wall thickness, m
e = total hemispherical surface emissivity
j] = thin wall parameter, K/s - (anI)l(pCpd)
0max = maximum nondimensional temperature,

(Tmax - ro/r,
On = nth-order nondimensional perturbation

temperature, ATn/Tf
00 = Oth-order nondimensional temperature,

(r0 - n/Tt
K = thermal diffusivity, m2/s - \/(pCp)
A = thermal conductivity, W/m-K
£ = nondimensional depth, x/(Kt)l/2

p = density, kg/m3

cr = Stephan-Boltzmann constant, W/m2-K4

X = nondimensional thermal radiation parameter,
(<reT*)l(anI)

i|iw = nondimensional time parameter, (r]t/Tt), (/3tl/2/Tt)

Introduction

M ATERIAL survivability during constant-heat-flux ir-
radiation is of increasing importance to many defense

and commercial applications. Spacecraft and laser weaponry
design are major defense applications concerned with material
survivability during high-intensity laser irradiation of both
ground-based and space-based systems. Commercial appli-
cations where material survivability is important include, in-
ertial confinement fusion (ICF) reactor design, Tokamak fu-
sion reactor design, many types of laser-driven materials
processing, and thermal protection system (TPS) design in
high-velocity planetary re-entry vehicles.

It is often desirable and necessary to have estimates of
thermal reradiation and convection effects on material tran-
sient thermal response and survivability characteristics during
constant-heat-flux irradiation. Although transient thermal re-
sponse of irradiated materials can be impacted by thermal
reradiation and convection conditions at the material surface,
little analytical work includes thermal reradiation and con-
vection effects in a closed-form analytic solution. Several
references1"4 discuss analytic solutions to thin-wall, thick-wall,
and semi-infinite wall analysis cases, assuming no thermal
radiation and convection from the material surface. Abar-
banel,5 Bartholomeusz,6 and Chen et al.7 have investigated
analytic treatment of thermal conduction in finite-thickness
and semi-infinite cooling solids, but not with the combination
of incident irradiation, thermal reradiation, and thermal con-
vection at the surface. Roy et al.,8 Modest et al.,9'10 Yuen et
al.,11 and Knight12 effectively treated such complexities as
three-dimensional effects, pulsed and moving beams, in-depth
absorbing, emitting, and scattering effects on transient heat-
ing, and vaporization using numerical techniques, but ne-
glected thermal reradiation and convection effects. This work
presents a rapid, accurate analytic methodology to evaluate
first-order thermal reradiation and convection impacts on ma-
terial survivability before breakdown (i.e., ablation, melting)
during constant-heat-flux irradiation.

Many constant-flux thermal response problems can be ef-
fectively analyzed, at least to a first approximation, with a
one-dimensional thermal analysis. This approach is particu-
larly applicable to situations where lateral thermal conduction


