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shall assume, for want of better information, that
T, = Vil
Ty = (R)a(Va/la)*n

Thus, since T; = Te = T = (V4/ls)%u, the dissipation pe1
unit mass is given by

T/p = A= (Va/l)™

We now assume that over the whole scattering volume Va/la
— Qis a constant that is the frequency of the eddies charac-
terized by the dissipation wave number K; The magnitude
of Q is generally of the order of 103-10* sec™ The Kol-
mogoroff spectrum is thus given by

Ex(K) = AQi/328K 51t = ¢(K)
and the radar cross section per unit volume is given by
o\ _ 4 sin2aopN2Q43p2/3K 513
NV 1+ (w/w)?

where effects of collisions are approximated by the denomina-
tor (e, is the collision fiequency) The coefficient A is a dimen-
sional constant that cannot be predicted a priori, but whose
magnitude can be determined empirically, as explained below
Our previous discussion suggests that A is only weakly de-
pendent on the detailed characteristics of the flow field

Comparison of Theoretical Predictions with Experiments

The formula for {(¢/V) derived here was applied to the
scattering from wakes of blunt bodies entering the atmosphere
at velocities of the order of 7 km/sec The exponent for the
frequency dependence over a decade was found to be between
167 and 171, as compared with the predicted value of §
The predicted altitude of the cross-section maximum at a
particular frequency was within 3 km of the observed alti-
tude Both of these comparisons were made without specifying
the coefficient A The coefficient A was determined by fitting
the formula at the altitude of maximum return to that at
the observed return Security restrictions do not permit go
ing into greater detail here

Radiative and Convective Heating
During Hypervelocity Re-Entry
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Nomenclature
hp = enthalpy of gas at wall
hy = stagnation enthalpy
I = radiative emission per unit volume into 2= sr
g = heat-transfer rate
Py = stagnation pressure
Ry = nose radius
Ve~ = flight velocity
pw = ambient density

BECAUSE of the existing uncertainty with regard to the
prediction of re-entry heating at superorbital velocities,
the Ohio State University Aerodynamic Laboratory is en-
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Fig 1 Experimental radiative heat-transfer data

gaged in a continuing study of both convective and radiative
heat-transfer phenomena in high-enthalpy gases The
facility being used in the experimental phase of this effort is
the Ohio State University arc-driven shock tube facility,
which is capable of generating hypervelocity flows possessing
total enthalpies of more than 60,000 Btu/lbm *

Experimental measurements of stagnation-point radiative
heat transfer are being carried out at conditions corresponding
to those encountered by a vehicle during atmospheric re-
entry at superorbital velocities The purpose of these radi-
ative measurements is not to obtain a detailed picture of the
spectral distribution of the radiative emission from high-
temperature air, but rather to measure the integrated radia-
tive flux Standard thin-film resistance thermometer tech-
niques are being applied in this effort The material used
in the present measurements for the sensing element of a
thin-film radiative heat-transfer gage was Hanovia Bright
Gold EF no 31-Af This material is a liquid metal sus-
pension; it may be applied to glass or ceramics by biushing,
followed by firing in an oven to approximately 1250°F
Specific details regarding the construction of resistance
thermometer gages can be found in Ref 2 The spectral
radiation characteristics of this gold material are such that
only incident radiation at wavelengths below 055 u will be
sensed 3 In this region, appioximately 75-80% of the inci-
dent radiation will be absorbed A complete discussion of
this gage, its operating characteristics, and calibration pro-
cedures will be included in a future publication

For the present measurements, hemisphere-cylinder models,
described in detail in Ref 4, were designed and constructed
with the thin-film radiative heat-transfer gage recessed in a
cylindrical well at the model stagnation point A sapphire
window mounted on the model surface isolated the gage from
the high-temperature shock-layer gas In this manner, the
radiative heat transfer was separated out from the convective
heat transfer It is important to note that the configuration
of the recessed gage, the transmission characteristies of the
sapphire window, and the absorptivity of the gage all must
be taken into account in determining what percent of the
stagnation-point surface radiative transfer is actually de-
tected by the gage

To date, only a limited number of measurements have
been made These have been at an initial driven tube pres-
sure of 1 mm Hg using untreated room air and at shock
velocities ranging from 21,750 to 27,750 fps  The conditions
in the shock layer thus correspond to flight conditions en-
countered at an altitude of approximately 110,000 ft and
velocities ranging from 30,000 to 38,000 fps

The data obtained are presented in Fig 1 in the form of
the stagnation-point radiative heat flux in the wavelength
region of 1750 to 5500 A as a function of the traveling shock
velocity The radiative fluxes presented have been calcu-

1 Manufactured from Hanovia Liquid Gold Division, Engel-
hard Industries, 1 West Central Avenue, East Newark, N J



JUNE 1964

lated using a value of 082 for the average transmissivity of
sapphire and a value of 0 80 for the average absorptivity of
Bright Gold EF no 31-A in the wavelength region of observa-
tion

In analyzing the radiative heat-transfer measurements,
which are purely of a preliminary nature, a comparison be-
tween theoretical estimates of the total radiative intensity
of high-temperature equilibrium air®~® and the present meas-
urements has been carried out This has been done by cor-
recting the present measurements, which were taken over a
limited wavelength region, to total intensities through the
use of the wavelength distribution of the radiative intensity
as predicted by Meyerott et al® 5 ¢ In using the results of
Meyerott, the radiative contribution due to N. * (1—) was
corrected through the use of an f number of 0 04 1

In calculating the total radiative intensity from the present
experimental results, it was assumed that the entire shock
layer was in equilibrium, and the shock detachment dis-
tance was predicted using the experimental results of Ref 11
Based on presently available information on relaxation rates,
the equilibrium assumption was justifiable
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Fig 2 Radiative emission per unit volume of high-temp-
erature air into 27 sr

The results of this analysis are shown in Fig 2 In gen-
eral, the present experimental results are in good agreement
with the theoretical estimate of Nardone et al?” The cor-
rected results of Meyerott are somewhat low, whereas the
Avco results® predict too high a radiative intensity At
simulated flight velocities above 34,000 fps, there appears
to be a possible trend of the data falling away from the
theory

An improved thin-film radiative heat-transfer gage is
now in use in the Ohio State Laboratory This gage has an
absorptivity of approximately 080 which is virtually inde-
pendent of wavelength over the entire wavelength region of
017 to 6 u  Although results obtained with this gage are
not fully available at the present, its use for engineering
heat-transfer measurements appears promising The initial
results do confirm the possible trend, shown in Fig 2, of much
lower radiative transfer at extreme conditions than present
theory predicts This would also be in agreement with the
recent theoretical results of Biberman and Norman *?
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Fig 3 Correlation of high-enthalpy stagnation-point
heat-transfer data in air

The limited amount of data certainly precludes the mak-
ing of any definite conclusions concerning our present knowl-
edge of shock-layer radiative emission during re-entry It
does appear that, for dissociated gases with no appreciable
radiation due to ionized atoms and electrons, present pre-
dictions are quite adequate However, for extreme condi-
tions where the gas is partially ionized, our present theo-
retical estimates are extremely approximate For these
conditions, there are even uncertainties concerning which
species and processes produce the dominant emission 13
However, for engineering calculations, the theoretical re-
sults of Nardone et al? do appear conservative and should
be used for the present

Extensive convective heat-transfer measurements have
also been carried out for a three-dimensional stagnation
point using a spherical model These measurements were
made using a calorimeter-type heat-transfer gage't made of
platinum foil 0 001 in thick The test conditions were such
that the stagnation-point boundary-layer was believed to
be in near equilibrium  The results obtained are shown in
Fig 3 in the form of a graph of ¢.(RxY2/P¢!/?) as a function
of (h; — hy) The solid line is the equation

Gu(BaY?/PM2) = 47 X 1073(hss — ha) )

where ¢ is in British thermal units per square foot-seconds,
Ry in feet, Pg in atmospheres, and % in British thermal units
per pound-mass It can be seen that the data scatter is
within £209, of the correlation curve, even out at high
enthalpies where ionization is appreciable Thus, for engi-
neering purposes, the foregoing equation should give satis-
factory results, in addition to being practical It should be
noted that the present results are in general agreement with
those of Rose and Stankevies * It can also be seen that
there are no serious ionization effects on stagnation-point
aerodynamic heating at velocities up to 40,000 fps

If A, is replaced by V.2/2 and P, by p.. V.2 then Eq (1)
reduces to

GuR 112
[]- - (hw/hl:>]

which is virtually identical to the approximate form of
Lees * Here p,, is in slugs per cubic foot, V. in feet per
second, Ry in feet, and ¢, in British thermal units per square
foot-seconds

= 20 5(p)V (1000> 2)
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Dynamics of the Solar Wind
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TRW Space Technology Laboratories,
Redondo Beach, Calif

Intioduction

T is now generally accepted that the solar atmosphere has
an enormous extent and that it is responsible for many in-
terplanetary phenomena Chapman,! in 1957, first studied
the temperature distribution of such an atmosphere which he
assumed to be static but thermally conducting Parker?
criticized this static model and suggested instead a model in
which energy is transferred outward from the coronal
base by hydrodynamic streaming In this model, the fluid is
accelerated outward by pressure gradients so that it arrives
at the earth with a radial streaming velocity around 300-500
km/sec Thus, the “solar wind” observed near the earth is
explained as a manifestation of the expanding corona Cham-
berlain® studied the fluid equations for a thermally conducting
atmosphere with convection and heated only in a thin shell at
the base Recently, Noble and Scarf*have solved these equa-
tions with boundary conditions appropriate to the solar wind;
their results leave little doubt that Parker’s model of a steady-

Presented as Preprint 64-90 at the ATAA Aerospace Sciences
Meeting, New York, January 20-22, 1964; revision received
April 9, 1964

* Head of Plasma Theory Group

t Member of Technical Staff

VOL 2, NO 6

state solar atmosphere with supeisonic streaming at large
radial distances is substantially cortect For a general dis-
cussion of this problem together with a reasonably complete
list of references, see Scarf’s discussion ¥

In this note the earlier treatment is extended by inclusion
of appropriate viscous dissipation terms in the hydrodynamic
equations and by development of additional solutions for the
lower corona At some intermediate distance from the solar
surface, as the fluid becomes less dense, it is shown that the
usual form of the transport coefficient equations becomes in-
applicable, and, ultimately, the continuum equations them-
selves break down, and a form of free molecular flow sets in
This transition to free or field-dominated flow is discussed and
treated approximately

Lower Corona

Parkert considered the transport properties of the solar
atmosphere and demonstrated that the lower corona behaves
as a fluid; thus, the usual continuum equations apply These
equations are discussed in detail along with the equations for
the transport coefficients in an article by Burgers 7 We apply
them here to a steady-state fluid in a gravitational field and
assume spherical symmetry With these simplifications, the
continuity equation is

(d/dr)(pur?) = 0 )

where p is the mass density of the fluid and w(r) is the radial
streaming velocity We assume the gas to be neutral with
10% ionized helium and 909, ionized hydrogen, although
there is some uncertainty at present regarding this concentra-
tion ¢ Tor this case, the effective mass m of the gas particles
is 0 62 times the proton mass and N = 0525 N (total) The
momentum and energy equations are, respectively,

du | dp GM, _

Puzi;-i—dr‘i':ﬂ et
4dy d fu 4 d1d |,
§drrdr(r>+3’7$ﬁ$(”) @

and

1 GMm 5 me dar

2o — 2 — 2 &t

2 e + 2 kT (pur2)r dr

4 my L du u?
3 Cour) r (u o r> = const (3)
wheie we have assumed an equation of state
p = p/mkT €3]

Here the usual fluid dynamic apptoximation for the transport
coefficients has been adopted, ie, the heat flow vector Q is
given by

Q= —x(T)VT (5)
and the viscous stress tensor 747 is proportinal to the strain,
7 = peii (6)

Burgers’ derivation of the general transport equations from
the microscopic viewpoint shows that Eqs (5) and (6) are
approximations valid only where the temperatuie and velocity

Table 1 Predicted coronal parameters

N r/Rs  u, km/sec Ne/em? T °K
6 04 1 58 95 6 21 X 108 15X 10¢
4 81 199 18 2 10 X 108 1 47 X 108
2 05 4 67 75 9 20 X 104 1 02 X 108
1 32 7 25 110 2 56 X 10* 8 70 X 105
100 9 56 132 122 X 10% 8 10 X 108
0 696 13 7 161 50 X 10° 7 35 X 108




