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Fig. 6 Calculated and experimental results for case 3700
(data of Moses).

Comparison with Expériment

Figures 1-6 show a comparison of the calculated results with
the experiment. * The experimental data considered here cor-
respond to the low Reynolds numbers given in Ref. 5. The
caleulations were made by using the method of Ref. 6, which
for incompressible flows consists of solving Eqgs. (2) and (3)
together with the continunity equation. The method is ap-
plicable to both laminar and turbulent boundary layers.
The calculations can be started either at the leading edge or at
some downstream location. In the former case, the flow starts
as laminar and becomes turbulent at any specified z-location
by activating the eddy-viscosity expressions. In the latter
case, it is necessary to specify the initial velocity profiles.

Figures 1-3 show the calculated and experimental results in
which the caleulations were started at the leading edge. In
these caleulations at first an effective length that matched the
initial experimental momentum thickness was calculated.
For flat-plate flows or flows with initially negligible pressure
gradient, this procedure is a satisfactory one. Figure 1 com-
pares the caleulated c-values with those given by Coles’
prediction’ and the experimental values of Wieghardt.s
Figure 2 shows the results for Schubauer and Klebanoff’s air-
foil-like body designated as 2100 in Ref. 5. It is seen that
with the low Reynolds number correction, when the experi-
mental Ry is matched, the skin-friction coefficient is matched
also. Figure 3 shows the results for an accelerating flow
designated as 1300 in Ref. 5. Again when Ry is matched, the
skin-friction coefficient is also matched.

Figures 4-6 show the calculated and experimental results in
which the calculations were started with the experimental
initial velocity profile. Calculations were made for various
flows with pressure-gradients designated as 2700, 2800, 3100,
3200, 3700, 4000 and 4100 in Ref. 5. As the results show, in
all cases the Reynolds-number correction to the calculated re-
sults seems to improve the agreement with experiment.

References

1 Coles, D. E., “The Turbulent Boundary Layer in a Compres-

sible Fluid,” Rept P-2417, 1961, Rand Corp., Santa Monica,
Calif. . .
2 Cebeci, T:, “The Behavior of Turbulent Flow Near a Porous
Wall Wlth Pressure Gradient,” ATAA Joumal Vol 8, No. 12,
Dec. 1970, pp. 2152-2156.

3 Van Driest, E. R., “On Turbulent Flow Near a Wall,” Jour-

VOL. 9, NO. 8

nal of Aerospace Science, Vol. 23, No. 11, Nov. 1956, pp. 1007—
1011.

* Simpson, R. L., Kays, W. M., and Moffat, R. J., “The Turbu-
lent Boundary Layer on a Porous Plate: An Experlmental Study
of the Fluid Dynamies With Injection and Suction,” Rept.
HMT-2, 1967, Stanford Univ., Stanford, Calif.

8 Coles, D. E and Hirst, E H., eds., Proéeedings of the Com-
putation of Turbulent Boundary Layers, Stanford Univ., Vol. 1T,
1969.

6 Cebeci, T. and Smith, A. M. O., “A Finite-Difference Method
for Calculatlng Compress1ble Lammar and Turbulent Boundary
Layers,” Journal of Basic Engineering, Vol. 92, No. 3, Sept.
1970, pp. 523-535.

7 Coles, D. E., “Measurements in the Boundary Layer on a
Smooth Flat Plate in Supersonic Flow. I. The Problem of the
Turbulent Boundary Layer,” Rept. 20-69, June 1953, Jet Pro-
pulsion Lab., Pasadena, Calif.

Solar Electron Temperatures and
X-Ray Flare Activity
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Parameters of Solar X-Ray Source Regions

X-RAYS, especially in the shorter wavelengths, are not
uniformly emitted from the solar disk, but have. dis-
crete, active regions as sources. Therefore, changes in the
magnitude or spectral character of the solar energy flux must
be assdciated with changes in the solar source regions.

The predominant source mechanisms for continuum solar
x-ray emission are free-free (bremsstrahlung) transitions and
free-bound (radiative récombination) transitions. Equations
describing such transitions? show that the electron concentra-
tion, volume, and electron temperature associated with the
source region are parameters which would affect the magni-
tude and spectral character of the solar x-ray emission. Itis
possible to use a pair of broad-band x-ray sensors to measure
changes in these parameters and a brief outline of the tech-
nique follows.

The current generated in an ionization chamber is given by?

I = Aewfe(NE(\T)d\ 1

where ¢ is the electronic charge, w is the number of ion pairs
produced in the gas per unit of absorbed energy, A is the
effective window area of the detector, E(\,T) is the solar
emission spectrum, A is the wavelength, 7' is the electron
temperature, e(\) is the efficiency of the detector, and the
integration is performed over wavelengths where e is nonzero.
If two ionization chambers sensitive to slightly different por-
tions of the x-ray band are used, the ratio of the currents
generated will be dependent on the electron temperature
through the solar emission spectrum, E(\,T). If the solar
emission spectrum is due to bremsstrahlung and radiative
recombination, we are able to express it in the form

E\T) = C\T)fN .2V @)
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where N, is the electron coricentration and V is the volume
of the source region. The temperature dependence of the
ratio of the currents generated in two different x-ray detectors
can then be expressed as

widi fa(N)C\,T)dN
w2dsfex(\)C (N, T)AN

r(T) = ®)

in which we have assumed that fN 2dV, the emission measure,
is identical for both bands. This assumption becomes less
valid as the x-ray bands considered in the ratio become more
separated in wavelength. The detector characteristics,
w, 4, and ¢, are known and we can caleulate values for C(}, T)
over an expected range of temperatures. Therefore, a com-
parison of the experimentally measured ratio of the currents
generated in two detectors with the caleulated values for #(7)
can give us an electron temperature T’ associated with the
source region.

Once the electron temperature associated with the source
region has been determined, the emission measure associated
with the source region can also be obtained. The calculated
values of C(\,T) are used in the equation

I/fN 2V = ewAfe(NCNT)dN = G(T) @

to obtain the detector current per unit emission measure,
G(T), as a function of temperature. Therefore, the emission
measure associated with the source region is given by

SN2V = I/Q(T,) (5)

where [ is the current produced in the detector. If an x-ray
photograph of the sun is available the volume associated with
the active region can be estimated and an average value for
the electron concentration can then be extracted from the
emission measure. The technique for obtaining & source
temperature and emission measure is covered in much greater
detail in a recent paper by Horan.?

Application of Technique

If x-ray data of sufficient continuity are available, a source
region’s electron temperature and emission measure can be
obtained as functions of time. Figure 1 is a plot of these
parameters associated with the source region of an x-ray flare
which occurred on October 22, 1967. The detectors used to
evaluate the parameters were the ionization chambers sensi-
tive to the 0.5-3 A and 1-8 A bands which were included
in the NRL experiment aboard NASA’s 0GO-4 satellite.
The lowest data curve on the plot shows the energy flux
measured by the 0.5-3 A ionization chamber and presents
the time profile of the flare’s x-ray emission. The conversion
from detector current to energy flux assumed a ten million
degree gray-body? solar emission spectrum. The top data
curve shows the electron temperature, to the nearest million
degrees obtained from the ratio of the detector currents, as-
suming that the solar continuum emission was due to brems—
strahlung and radiative recombination. The middle data
curve shows the calculated emission measure. The error bars
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Fig. 2 Electron temperature and emission measure de-
rived from nonflare x-ray flux.

indicate the range of values for the emission measure when the
temperature was allowed to vary by =0.5 million degrees
about the determined electron temperature. The plot shows
that changes in the temperature and emission measure of a
source region during the course of a flare are significant.

Changes in the nonflare solar x-ray emission must also
correspond to changes in the electron temperature and emis-
sion measure of the source region. Figure 2 shows the elec-
tron temperature and emission measure for periods when no
flares were in progress, between February 21 and April 4, 1969.
Data from the 1-8 A and 0.5-3 A ionization chambers in-
cluded in the NRL experiment aboard NASA’s 0SO-5
satellite were used. The detector responses when no flares
were in progress, and the electron temperatures and emission
measures obtained from these nonflare responses, were
averaged in three hour blocks, and the average values ob-
tained were plotted. The top data line on the plot shows the
1-8 A nonflare flux averages in units of ergs/em?/sec. The
conversion from detector current to energy flux assumed a
two million degree gray-body solar emission spectrum. The
middle curve shows the electron temperature of the x-ray
source region in millions of Kelvin degrees. A conservative
correction for amplifier noise was made to each of the detector
currents before taking the current ratio used to determine the
electron temperature. The lowest data curve shows the
calculated emission measure in units of gm ™~

The periods when the average 1-8 A nonflare flux exceeds
1.0 X 10~ %ergs,cm?/sec closely correspond to periods of en-
hanced x-ray flare activity between February 22 and March 1,
when the 1-8 A band flare flux exceeded 1 X 102 ergs/
cm?/sec seventeen times and 1 X 107! ergs/cm?/sec four
times; and between March 9 and March 30, when the 1-
8 A band flare flux exceeded 1 X 10~ ergs/ em?/sec forty-four
times and 1 X 107! ergs/cm?/sec seven times. The 1-8 A
band flux exceeded 1 X 1072 ergs/cm?/sec on only four other
occasions during the period covered by Fig. 2. The electron
temperature and emission measure curves also show changes
which correspond to the amount of flare activity, but the
changes in the electron temperature may be moderated and
the changes in the emission measure may be magnified by the
1nab111ty to completely correct the 0.5-3 A data for ampli-
fier noise contributions. The low 0.5-3 A background flux
on February 21, between March 2 and March 10, and after
March 30 causes detector currents which are just slightly
above the noise level of the amplifiers. Therefore, amplifier
noise causes the measured 0.5-3 A background ﬂux to be
too large by a significant percentage. Since the 1-8 A
background flux causes detector currents well above the
amplifier’s noise level, the noise error in the 0.5-3 A flux
measurements causes the electron temperature to be overesti-
mated. An overestimation of the electron temperature leads
to an underestimation of the emission measure. The noise
corrections applied to the data are believed to be conservative,
and if this is so, the true range of the electron temperature

variation with ﬂare activity would be greater than that shown

in Fig. 2.
No electron temperature determination could be made for
times prior to February 21 and after April 4 because the 0.5
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-3 A flux was below the sensitivity threshold of the experi-
ment on 0S0-5. During the only other periods when the
background 0.5-3 A flux was found to be above the thres-
hold level, June 1-June 17, 1969, November 17-30, 1969,
_and February 1-4, 1970, electron temperatures were found
to be in the seven—eight million degree range during periods
of flare activity.

The 0.5-3 A experiment designed for SOLRAD 10, which
is to be launched in 1971, will be approximately six times more
sensitive than the OSO-5 experiment. Hopefully, it will
significantly increase the periods when background 0.5-3
flux is measurable and enable a better assessment of the
variation of nonflare electron temperatures with flare ac-
tivity to be made.
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Hypersonic Limits for Laminar,
Constant—Pressure Boundary Layers
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Nomenclature

(€)e;(Cs)r = Tu/Zpete?; = Tw/Epsued, friction coefficients

Cp = specific heat

keq = equilibrium thermal conductivity

M = Mach number

n = 0 for planar flow, = 1 for axisymmetric flow
P = static pressure

Pre = ucp/keg

q = heat flux

Reg;Re, = poueX/pe; = pruet/pr, Reynolds numbers
8te;sty = Qu/EpUd; = quw/sprud, Stanton numbers
u,v = velocity components parallel and normal to body
z,y = coordinates parallel and normal to body

v = ratio of specific heats

I = viscosity

p = density

T = shear stress

Subscripts

e = boundary layer edge value

r = reference state

w = wall value

Introduction

N this note the laminar boundary layer problem is formu-
lated in such a way that the skin friction parameter and
Stanton number parameter approach constant values for
Mach numbers much greater than one. The results obtained
provide a rapid method of estimating skin friction and heat

transfer for M, > 10.
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Analysis

In the low speed limit M, — 0, it is well known that the
friction and heat-transfer parameters for laminar flow over an
insulated flat plate approach constant values. This result is
emphasized in Fig. 1a by plotting the von K4rm4n and Tsien!?
result for p « T°% Pr = 1.0 on semi-logarithmic coordinates.
As M. increases, one notes that (c/), Re,!/? and st.Re!/? de-
crease continually. However, in the high-speed limit M, > 1
(or M.~ — 0) it may be possible to obtain ‘“hypersonic
limits” for these parameters. Such an analysis is given below
for laminar, constant pressure (i.e., flat plates, wedges, cones)
boundary layers.

The boundary layer equations for constant pressure

(purm)z + (pr7), = 0 1)
putz + pouy = (uu,)y 2)
puhs + pvhy = [(ka/Co)hyly + pu,? 3

are transformed by defining the coordinate transformations
= L’rn y * — f * e
= @)1 fo de , §= o Prirter da 4

and a nondimensional stream function

f=y/@2oHv (5)

Equation (4) is identical to the Levy-Lees transformation ex-
cept for the introduction of “reference values” of p and u de-
fined by

pr = p(he,pe) (6

where the reference enthalpy h, = 3u,2. After defining the

nondimensional variables

pr = P(hr’P-)

@ = u/ttey, h="h/key, p=p/pr, B=np/pw (7

and substituting Egs. (4-7) into Egs. (1-3), the boundary-
layer equations may be written as

[ppa’) + fa' = 0 8)
[(BR/Pro)h’) + fA' + 2pR(4) = 0 9)
where
1= f aan*

and ( )’ indicates differentiation with respect to 5. It
should be noted that Eq. (9) has no explicit Mach number
dependence. The boundary conditions (for a constant tem-
perature wall) are

atp=0; f=0, @&=0, h==h,

o 1o
at g = »; i=1,h=nh,
1.0 - (cf)ev/Re/v2n+1 10
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" Fig.1 Low Mach number and high Mach number limits

for the friction and heat transfer parameters.



