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An Extension of the Theory of Diabatic Flow

Bruce L. Hicks
Ballistic Research Laboratories, Aberdeen Proving Ground, Maryland
November 8, 1949

UR work on two- and three-dimensional diabatic flow began

in 1945 with a search both for a general formulation of the

subject and a specific calculation of forces on bodies in the fields

of flow. The general study was completed first and has been pre-

sented in three papers.! Results have also been obtained by other
workers.2~® We can now report the calculation of diabatic forces.

On thermodynamic grounds, as we suggested in 1945, one would
expect that a body immersed in a moving fluid containing a heat
source would experience a force; for the fluid pressure, owing to
the presence of the body, is changed in the region where the fluid
is heated, and is returned to its upstream value at a point far
downstream from the body.* Both general theory and a specific
example indicate!(®. (©» ¢ that the effects of a heat source are much
like those of a fluid source. Also on aerodynamic grounds, there-
fore, a heat source should produce a force since the velocity over
the surface of the body is changed by the source more on the side
near the source than on the far side. Similarly one can see that the
force in the x direction will vary approximately as cos26, where 6,
gives the angular position of the source measured at the body from
the direction of flow or x axis.

To these qualitative arguments we add, as typical of results
that can be obtained, a specific calculation of the force on a
circular cylinder. The complex potential ¥ for an incompressible,
irrotational flow field that contains a cylinder T of radius a with
center at =0, a fluid source of strength m at z=zo= R, expify,
and has uniform velocity in the x direction (— Vo) at 4 = isS5 if
there is no circulation about the cylinder,

W= —Vo(z+a21)+ (m/2n) log(z—30) (a%™1— o). (1)

If p is the fluid density, the complex force F,—iF, per unit length
on the cylinder (pi/2)/r¥"?dz, becomes, when the integration is
carried through,

Fro—iFy=pma%z0 [ Vo+ (zom/27) (R —a?)1]. 2)

The terms on the right correspond to the interaction of the source
with, respectively, the flow induced by the body and by the source
itself. For a continuous distribution of sources of density ¢ in a
neighborhood A4 of z, the second term drops out. If also we use
the known connection!(®:¢ between the heat source strength per
unit mass and time, Q, and the (effective) fluid source strength o,
we find

Fr—iFy=pV(a?Ry2)(Q/cpTo)AA exp(—2iby), 3)

¢ T being the entropy per unit mass of the fluid before heating.
The cos26, dependence for F; is thus confirmed. The calculation is
less accurate for source positions in front of the cylinder than for
other positions because the equations do not make allowance for
vorticity in the wake of the source. The correct value of p to use
in Eq. (3) depends on the relative positions of the streamline
passing around the body and the heated region.

We have thus shown that a force both in and perpendicular to
the direction of the flow can be produced in diabatic flow of a
perfect fluid over a body. The calculation is of course applicable
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both to the diabatic flow and to the case of mass addition to an
incompressible fluid. The classical adiabatic flow only produces
forces normal to the flow and then only if there is circulation about
the body. If both circulation and heat (or fluid) sources are present
it can be shown that there are additional forces in both directions.

Further fundamental investigation of these diabatic forces seems
warranted. The size of the computed force arising from the heating
is not inconsiderable. An order of magnitude calculation shows
that the force is (27gAA4/V o) where ¢ is the dynamic pressure and 4
is the heating rate expressed as the fractional time rate of change
of enthalpy. The corresponding result for a sphere can be obtained.
Since the whole calculation is based on first-order perturbation
treatment of the (non-linear) diabatic flow equations, and since
a compressible fluid does not admit fluid sources of finite strength
and infinitesimal extent, further extension of the theory is required
when the heat source strength is not small or when compressible
fluids are considered at any but the lowest Mach numbers. Some
idea of the range of the validity of the perturbation treatment and
of the magnitude of the compressibility corrections can be gained
from references 1(c) and 4. For a realistic calculation, allowance
must also be made for the departure of the fluid from the inviscid,
non-turbulent model considered here.

I am indebted to Dr. W. C. Taylor and Mr. W. H. Hebrank for
helpful discussions during these investigations, and to Professors
Starr, Platzman, and Tsien for sending me prepublication copies
of their papers.

1®) B, L. Hicks, Quart. App. Math. 6, 221 (1948); ® Quart. App. Math.
6, 407 (1949); ) Third Symposium on Combustion, Flame and Explosion
Phenomena. Paper No. 25 (Williams and Wilkins).

2 Victor P. Starr, J. Meteor. 6, 188 (1949).

3 George W. Platzman (private communication).

4 H. S. Tsien and Milton Beilock (private communication).

5 Chan-Mou Tchen, Phys. Rev. 76, 883 (1949).

* This argument can be formalized to show that the work done on the
body per second because of the fluid element Am isnearly equal to (RV2-vT1)
where V: is the velocity induced at Am by the body and 7' is the tempera-
ture rise of the fluid owing to the heat release at Am.

\ I‘I?ompare Milne-Thomson, Theoretical Hydrodynamics (1938), Chapter
;

The Inelastic Scattering of Neutrons by
Light Nuclei

L. E. BEGHIAN, M. A. GRACE, G. PRESTON, AND H. HALBAN
Clarendon Laboratory, Oxford University, Oxford, England
November 29, 1949

E have investigated the inelastic scattering of 2.5 Mev
neutrons by light nuclei. In many such elements the level
spacing is so wide that only the lowest level is excited by neutrons
of this energy. Thus the «y-rays produced in this process are
homogeneous and this facilitates the determination of their energy
and intensity. Furthermore, theoretical calculations of cross sec-
tion for inelastic scattering are simplified when only a single
transition to the ground-state of the scattering nucleus occurs.

The neutrons were produced by the d-d reaction using an
occluded target with deuterons of 100-kev energy. Considerable
care was taken to minimize scattering in the vicinity of the target
which was made of §-mm aluminum foil, soldered to the end of an
aluminum tube of -mm wall thickness. This tube was waxed to
the glass end of the accelerator column. In this way not more than
4.3 y-rays/1000 neutrons originated in the target.*

Disk-shaped scatterers, 2 cm in diameter and 5 mm thick, were
placed directly in contact with the target. With deuteron currents
of the order of 100 A air cooling was found to be adequate.

The vy-rays from the scatterer were detected in a pair of thin-
walled glass Geiger-Miiller counters set up in coincidence, using
a polystyrene converter in front of the counter to produce the
secondary electrons. The absolute sensitivity of this arrangement
was measured with y-rays from Co® and Na?¢. By placing alu-
minum foils between the two counters, the absorption curve of
the secondary electrons was found. Knowledge of the form of this
curve and its end-point enabled us to determine the energy and
estimate the degree of homogeneity of the y-rays.
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The absolute neutron intensity was determined using a proton
recoil ionization chamber! (4 cm in diameter, 16 cm in length,
1-mm wall thickness of a special aluminum alloy). This was filled
to 20 atmospheres pressure with highly purified methane and
gave electron collection.

Table I shows the results for three materials and it can be seen

TasLE I. Comparison of the results for three materials.

Observation
Inelastic of same
scattering Total excitation
cross Cross Energy level by
section section of y-ray other methods
Scatterer (barns) (barns) (Mev) (Mev)
Magnesium 1.0 +0.15 2.2 1.3540.1 1.:28z
1.323
1.364.8
Sulfur 0.44 £0.06 2.5 2.35+0.1 2.25%
Fluorine 0.62 +C.1 2.0 1.3 +0.1 1.68
(polytetrafluoro-
ethylene)

that the y-ray energy compares well with that obtained by other
methods. A test with a carbon scatterer showed no significant
effect (inelastic cross section <6X 1072 barn).

It is of interest to note that in the case of magnesium the cross
section of inelastic scattering is approximately half the total cross
section at this energy.

Investigations are now proceeding on materials which emit more
than one y-ray line. We wish to express our gratitude to Professor
Lord Cherwell for his interest in the work and for the facilities
afforded to us.

* We cannot exclude the existence of y-rays from the d-d reaction which
has been discussed by several authors: these would be caused by an excited
state of He3 or H3 which theoretically is extremely unlikely. However, from
a measurement of the number of y-rays caused by inelastic scattering in
the target material itself, we can give an upper limit of 2.5 y-rays per 1000
neutrons from such a reaction.

1L. E. Beghian and H. Halban, Proc. Phys Soc. 624, 395 (1949).

2 K. Siegbahn, Phys. Rev. 70, 127 (1946

3 R. H. Dicke and J. M. Marshall, Phys. Rev 63, 86 (1943).

4 E. H. Rhoderick, Nature 163, 848 (1949).

s E. H. Rhoderick et al.. Nature 164, 663 (1949

¢ E. Bleuler and W. Zunti, Helv. Phys. Acta 20, 195 (1947).

Optical Effects in Bulk Silicon and Germanium
H. B. BriGges

Bell Telephone Laboratories, Murray Hill, New Jersey
November 25, 1949

URE bulk silicon and germanium are highly transparent to

infra-red energy of wave-lengths greater than their photo-
electric long wave limits, i.e., 1.2 104 cm for silicon and 2.2X 1074
cm for germanium.! As examples of the transmission through
thick samples it may be noted that a germanium slab, part of a
standard high back-voltage melt, and of thickness 6.0 mm showed
very little absorption in the wave-length range from 2 microns to
6.5 microns. A sample of high purity Du Pont silicon, of thickness
5.2 mm, showed little absorption in the wave-length range from
1.2 microns to 6 microns.

The high transparency suggested the measurement of the re-
fractive indices by the prism method. Two prisms were made, one
of silicon and the other of germanium. The silicon used was part
of a commercial Electromet melt, with a purity of 99.8 percent.
Samples of Du Pont silicon that have since come to hand have a
lower impurity content. The germanium used was part of a
standard high back-voltage melt, and is typical of the purest
germanium now available. From spectrochemical tests the total
impurity content is estimated as less than 0.01 percent.

Measurements of the prism angle were made with a Gaertner
spectrometer equipped with a Gauss eyepiece. Measurements of
the angle of minimum deviation were made with the aid of a lead
sulfide photo-conducting cell fitted in the eyepiece holder of the
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TasBLE II. Germanium:
Prism angle 17° 6’ 30”.

TaBLE L. Silicon:
Prism angle 11° 24’ 7”7,

by n A\ n
1.05 X10™% cm 3.565 1.80 X10™¢ cm 4.143
1.10 3.553 1.85 4.135
1.20 3.531 1.90 4.129
1.40 3.499 2.00 4.116
1.60 3.480 2.10 4.104
1.80 3.466 2.20 4.092
2.00 3.458 2.30 4.085
2.20 3.451 2.40 4.078
2.40 3.447 2.50 4.072
2.60 3.443 2.60 4.068

spectrometer. The procedure consisted in isolating a narrow
spectral band with a Perkin-Elmer monochromator; focusing this
energy on the entrance slit of the Gaertner spectrometer, and
adjusting the telescope angle so that on rotation of the prism table
the photo-cell response indicated minimum deviation.

The range of measurements is limited on the short wave side by
absorption in the prism, and on the long wave side by absorption
in the glass of the optical system.

The results of the measurements of refractive indices are shown
in Tables I and 1I.

Consideration of the errors involved in the settings from which
the indices were calculated indicates that the values above are
accurate for the samples tested to within a few tenths of one
percent. Some qualitative tests on germanium at X 1.8X10™* cm
showed a definite increase in refractive index with increasing
temperature.

It is to be noted that these values of refractive index for bulk
germanium are somewhat lower than we obtained for evaporated
films by interference methods.2 A review of the data on thin film
measurements indicates that a possible cause of the discrepancy
lies in the assumption of equal densities for the evaporated films
and the bulk material.

The high transparency and high refractive indices make possible
the construction of unique optical elements for infra-red use. As
an example, a plano-convex lens of germanium was made. The
radius of curvature of the convex side of this lens is 3.52 inches.
The calculated focal length, using the refractive index of 4.1 at
2 microns, is 1.13 inches. This checked well with the experimentally
determined focal length. The F-number of this lens is 1.5. The
F-number of a glass lens of identical geometry is 9.5.

A further property of these lenses is that they are opaque to
visible and ultraviolet light.

As a consequence of the high refractive indices, the reflection
losses for windows or lenses of Si or Ge are high, amounting
roughly to 50 percent of the incident beam. Such losses may be
reduced by the usual non-reflecting film technique. As an example,
the transmission of a germanium window was increased from 43
percent to 90 percent of the incident energy at 4 microns by films
of selenium on the two surfaces of the window.

1 This transparency was observed mdependently by M. Beckerand H. Y,

Fan Bull. Am. Phys. Soc. 24, 29 (No. US) (1949).
2 W. H. Brattain and H. B. Briggs, Phys. Rev. 75, 1705 (1949).

Erratum: Short Range Alpha-Particles from
Fluorine and Lithium Bombarded
by Protons
[Phys. Rev. 75, 1756 (1949)]

W. E. BURCHAM AND JOAN M. FREEMAN
Cavendish Laboratory, Cambridge, England

N error was made in the calculation of the energy of the
excited state of Be? from observation of the short range
alpha-particles in the Li?(pv)Be?® reaction. The emission of alpha-
particles of energy 1.38+£0.08 Mev at 104° with the incident proton
beam of energy 0.44 Mev requires an energy release in the break-up
of Be® of 3.0:£0.2 Mev. The energy of the excited state is 2.94:0.2
Mev instead of 2.6+0.2 Mev as previously given.



