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Fig. 3 Temperature variation for longitudinal cracks.

Results
For the laminar tests,3 it was found that ablation induces

transition at a Reynolds number, Ree, of 450. This is sup-
ported by numerical results3 and the longitudinal, almost
parallel striations shown in Fig. 2. At the downstream side of
the longitudinal crack a pronounced wake-like additional
ablation pattern is observed. The transverse crack shows
only a slight rounding on the downstream side. The heating
rates at the bottom of the longitudinal and transverse cracks
are 0.24 Btu/ft2 sec and a maximum of 0.07 Btu/ft2 sec, re-
spectively. In terms of q/q*, the values are 0.0042 and 0.0016,
respectively, where q8 has been computed by the transient ver-
sion of the numerical code.3

Ablation was very pronounced during the turbulent tests.
It was relatively uniform, varying from 0.159 lb/ft2 sec near
the duct entrance to 0.115 lb/ft2 sec along the duct. This
corresponds to m/p^u^St ~ 0.99. Criss-cross striation pat-
terns (Fig. 2) were exhibited by all ducts of the turbulent test
series. The patterns start close to the duct entrance and form
in a uniform fashion if a pressure orifice is not located there.
The cracks have a pronounced effect on the striation patterns;
they alter the spacing or even cause them to disappear. At

i r-

o.i

0.01

G. E. Data AEDC
ReT- 500

Malta Data
ReT- 1600

NOL Data
ReT- 1200 to 1800

— 0

A NOLData \ \
ReT- 4000 \ \

" , . . . V 4 . , .
0.1 1.0

y/b
100

Fig. 4 Transverse crack heating summary (curves and
Non-NOL data courtesy of the aeronautical research

associates of Princeton).

the downstream side of longitudinal cracks a complex pattern
and severe gouging is observed.

At the longitudinal cracks, 1 in. X 3^ in., the center of the
downstream wall experiences the cold-wall surface heating
rate. At the bottom of the cracks the heating rate varies
first slowly but it reaches the surface heating rate within two
seconds (Fig. 3). A faint pattern of transverse vortices is dis-
cernible at the bottom of the cracks. The center of the up-
stream wall showed an erratic behavior probably indicative of
a changing vortex formation. The transverse crack heating
rates are moderate.

From the limited number of tests, the following observations
can be made for the tests with turbulent boundary layers: 1)
For initial aspect ratios of 4, the heat transfer to the bottom of
transverse cracks reaches up to 8% of the duct surface heat
transfer within six seconds. There is evidence of gouging due
to vortices that had established in the cracks. 2) The h/b,
6/5*, or ReT do not seem to be unique correlating parameters.
3) With increasing h, the heat transfer decreases very sharply
and is only 1.0-1.8% of the surface heating rate. This
behavior is consistent with the analytical predictions,4 as
shown in Fig. 4. 4) In short duration runs, the temperature
rises uniformly. For longer runs, a periodic behavior is ex-
hibited. A uniform temperature rise is followed by a period
where the temperature remains constant, or even decreases,
then the temperature rises again at about the initial rate.
This observation strongly suggests that vortex flow exists in
the cracks with the number of counter-rotating vortices being
some multiple of the crack width. As, with ablation, the
crack height is reduced and the width increased so that the
vortex at the bottom can no longer be maintained, this vortex
breaks up and the gas becomes more or less stagnant. The
bottom temperature remains constant until the next vortex
has reached the bottom or a reformation has taken place to fit
the changed geometry.
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Radiative Cooling of Shock-Heated Air
in Cylindrical Shock Tubes
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THE purpose of this note is to extend the work of Ref. 1
by presenting parametric computations of enthalpy

profiles for nonadiabatic flow of air behind a nonattenuating
incident shock wave in a cylindrical shock tube. The param-
eters and their variations in this study are: shock velocity
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C/co, 10-20 km/sec; postshock pressure ps, 0.3, 1, and 3 atm;
shock-tube radius R, 4.7 and °o cm; distance L from shock
wave to interface between driver and driven gas, 4.7 and 9.4
cm. The gas is nongrey, and both axial and radial radiative
transfer are permitted. Sufficient results are presented here
to enable the shock-tube researcher to estimate quantitative
enthalpy distributions for shock tubes of other sizes operated
at other conditions.

The present results show that radiative cooling can signfi-
cantly affect the flowfield for shock velocities greater than
about 10 km/sec. For example, at a shock velocity of 14
km/sec and a postshock pressure of 1 atm (typical of condi-
tions attainable in both explosively driven2 and high-perform-
ance arc-driven3 shock tubes), the enthalpy at 3 cm behind
the shock wave is reduced to about 80% of the Rankine-
Hugoniot value by radiative cooling, and the density is cor-
respondingly increased. Changes such as these in thermo-
dynamic properties have, of course, considerable influence
on the radiation itself. In addition, they produce a non-
uniform flow that would be of concern for tests employing
a fixed model, or for studies using the region behind the re-
flected shock wave.

The basis for the present computations is given in detail
in Ref. 1 and will be abstracted only briefly here. The geo-
metrical arrangement is a cylindrical shock tube, with shock-
fixed axial coordinate x and radial coordinate r. The radiat-
ing volume is a right-circular cylinder of length L and radius
H. The flow is assumed to be inviscid, nonconducting, in
local thermodynamic equilibrium, and steady in shock-fixed
coordinates. An order-of-magnitude analysis on the equa-
tions of motion shows that it is reasonable to assume constant
pressure behind the shock wave. It follows then that radial
motion can be neglected and that the axial mass flux is con-
stant. With these assumptions we need solve only the energy
equation to compute the enthalpy field h(x,r) behind the
shock wave. That equation reduces to

dv

CD
where po> is the freestream density. The quantity V-q is
the divergence of the radiative heat-flux vector, and is given
by the expression on the right-hand side of Eq. (1). In that
expression v is optical frequency, 0 is solid angle, and av,
Iv, and Bv are, respectively, the monochromatic absorption
coefficient, radiative specific intensity, and Planck function.

The present solution of Eq. (1) is performed on the basis
of the differential approximation for raditive transfer4 for

Table 1 Normalized enthalpy distributions h/hs for ps =
0.3 atm, R = 4.7 cm, L = 4.7 cm
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Fig. 1 Axial enthalpy pro- x .7
files for ps = 1 atm; R = g
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which the governing equations are

where

(2a)

(2b)

Equation (2a) is exact, whereas Eq. (2b) is an approximation
for the integral over solid angle of /„.

We assume that all radiation reaching a boundary surface
(i.e., the shock wave, the interface between driver and driven
gas, and the shock-tube sidewall) is lost from the gas and
that there is no incoming radiation from any external source.
This gives an upper limit to the radiative loss since the effects
of upstream absorption, of finite wall reflectivity, and of hot
driver gases will all be to reduce the enthalpy loss from the
gas. These assumptions lead to the following boundary
conditions for the differential approximation: Iv°(0,r) +
2g,*(0,r) = 0 at the shock front, IJ>(L,r) - 2qv*(L,r) = 0 at
the interface, and IS(x,R) — 2qv

r(x,R) = 0 at the sidewall.
There is also the symmetry condition qv

r(xfS) = 0 at the tube
centerline. Immediately behind the shock front the enthalpy
is assumed to be given by hs = Um

z/2.
The model used to approximate the spectral variation of

the absorption and emission properties of high-temperature
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Table 2 Normalized enthalpy distributions h/hs for ps =
3 atm, R = 4.7 cm, L = 4.7 cm

Fig. 2 Radial enthalpy
profiles for Um = 14
km/sec; R = 4.7 cm,

L = 4.7 cm.

air is essentially that described in Ref. 5, modified slightly as
described in Ref. 1. As modified, this model has four grey
bands that, collectively, include contributions from both
continuum and line radiation over the complete optical spec-
trum. With this model, the frequency integral in Eq. (1)
can be expressed as a four-term sum, thus greatly simplifying
the computations. At the highest velocity considered here
(20 km/sec), the model is somewhat less reliable because
it does not include radiative processes that involve doubly
ionized nitrogen or oxygen.

Solutions to Eqs. (1) and (2) are obtained by expanding
the dependent variables 7,° and h in power series in r2 with
coefficients that depend on the axial variable x. In all the
present solutions only the first three terms are retained in
these series. The accuracy of the differential approximation
with this three-term solution was investigated for the present
geometry in Ref. 1 by comparison with solutions of Eq. (1)
in which the integral of Iv over solid angle was not approxi-
mated [as in Eq. (2b)], but was performed numerically.
These comparisons were at a shock velocity of 16 km/sec
and were for the same four-band spectral model as used here.
They showed that the differential approximation with the
three-term solution is adequate for computation of the en-
thalpy loss (maximum error in enthalpy of about 8%), but
is somewhat deficient in its ability to reproduce accurately
the curvature of the radial enthalpy profiles near the wall.
Neither the curvature deficiency nor the maximum error is
expected to be more serious for any of the results presented
here than for those of Ref. 1.

Normalized axial enthalpy profiles h/hs at r = 0, R/2,
and R are shown in Fig. 1 for ps = 1 atm, with shock velocity
as a parameter. Except for the highest velocity (20 km/sec),
the profiles show a successively greater decrease in normalized
enthalpy near the shock front as velocity increases. It
should be noted, however, that the dimensional enthalpy
h at a given x and r always increases with increasing
Um. At the lowest velocity (10 km/sec), the enthalpy de-
crease is small, less than 5%, while at the highest velocity
the enthalpy decreases to less than one-half its initial value.
The curves for Um = 20 km/sec are probably less accurate
than those for the lower velocities because of the neglect of
the radiative processes due to the presence of N++ and 0++

Fig. 3 Comparison of
solutions for R = 4.7 cm
with corresponding solu-

tions for R = co.
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as mentioned earlier. Results for two values of L are also
given in Fig. 1. Comparison of these results shows that
the effect of the change in L is confined to a region near x =
L, and that, even in that region, the effect is not large.

Enthalpy distributions for ps = 0.3 and 3 atm are tabulated
as a function of shock velocity in Tables 1, and 2, respectively.
Figure 2 shows normalized radial enthalpy profiles for a
representative velocity (14 km/sec), and for all three pres-
sures. This figure illustrates that, as pressure increases,
there is both more enthalpy decrease (because of higher
emission) and more curvature near the wall in the radial
profiles (because of greater optical thickness).

Figure 3 shows the ratio of the enthalpy at the interface
for R = 4.7 cm to that for R = <». (In effect, setting R = oo
corresponds to using a one-dimensional radiative transfer
analysis.) This ratio is shown for both the centerline and
sidewall of the tube. Near the centerline the one-dimensional
calculations are not too seriously in error (less than 10%)
for L/R = I (corresponding to a cylinder with a diameter
twice its length), but when L/R = 2, the one-dimensional
calculations are inadequate. For r = R, the one-dimensional
calculations are always inadequate, as is to be expected.

In conclusion, we note that the computational technique
used here is efficient, computation times were typically 5-10
min/case on the IBM 7094. With this technique, computa-
tions could also be performed for other gases, assuming of
course the availability of a spectral model.
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