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measured and expected values of shear stress near the surface
is quite large. A "correction" that increases the vertical wire
sensitivity to that necessary to force a correct value for the u-
component was applied to both the vertical and yawed
wires.4 The correction (shown as the solid points on Fig. 3)
was an improvement in the agreement, but still not adequate.
It is not obvious that one could expect the sensitivity of the
yawed wire to be affected identically to that of the vertical
wire. For the case of the low speed boundary layer,3 where the
turbulence gradients were more important, this form of
correction was reasonable. As opposed to the present results,
the uncorrected low speed results gave too great a value of uv
near the wall.

Figure 3 also shows the split film probe measure of the
shear stress. The output was evaluated by assuming each film
can be treated similar to a yawed hot wire.5 Attempts to em-
ploy the difference or the ratio of the heat transfer from the
two films6 were abandoned, since these functions were found
to depend both on flow direction and velocity. The split film
results indicate an improvement in the evaluation of uv over
that of the .Y-wire. However, the gradient problem is still im-
portant near the surface. It is doubtful that the probe size can
be further reduced to completely overcome the gradient ef-
fects at high speeds.

Conclusions
It is demonstrated that major errors are encountered when

mean and turbulent velocity gradients exist along the length of
hot wire sensors. Although the problem is also present in low
speed measurements it is more pronounced at the high speeds.
For the present case evaluated the errors are too great to be
corrected accurately. Although the split film sensor results
showed a significant improvement over the Jf-wire sensor
results, further reduction in the space resolution of sensors by
approximately an order of magnitude would appear to be
necessary to reduce the error to acceptable values near the
wall.
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Introduction
FATURAL diamonds have been used by man since
antiquity as charms and ornamental objects. Its al-
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Fig. 1 Operation of UTIAS implosion chamber facility, a) Ignition
and outgoing detonation wave, b) Detonation of explosive liner and
detonation wave reflection, c) Strong imploding shock wave, d) Im-
ploding shock wave reflection and compression of graphite powder at
the origin.

Fig. 2 Scanning electron micrograph of unshocked graphite powder
(8400 x).

lotropic form of carbon was established by Tennant in 1797, l
and led to several attempts to produce it synthetically.
However, it was not until 1954 that synthetic diamonds, in the
100- to 1000-jn range, finally were produced at General Elec-
tric by Bundy et al.2 They applied a large hydraulic press
( > 50,000 atm) for about 5 min to a graphite cartridge that
was heated simultaneously to high temperatures ( > 2000° K)
by an electric current. Such physical conditions3 were not at-
tainable before in the laboratory, and this prevented the early
experimenters from synthesizing diamonds from carbon. In
1961, diamonds were produced by explosive shock com-
pression and heating of graphite powder in a cartridge.4 In
this case, the pressures of 200 to 300 kbar were applied only
for microseconds in order to produce diamond aggregates of
0.05 to 0.1 /x. The foregoing types of processes now are used
commercially for producing industrial diamonds suitable for
lapping and polishing.

Diamonds also have been produced by using multipoint
detonators to initiate a spherical shell of explosive, thereby
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Fig. 3 Scanning electron micrograph of shocked graphite powder
(8800 X).

Fig. 4 X-ray diffraction patterns of shocked graphite powder. No
diamond reflection line visible.

Fig. 5 X-ray diffraction patterns of shocked graphite powder. Only
diamond reflection line (111) visible (Cu/ni,15 mA/40 KV, 114.8-mm
camera, 2-hr exposure, sample rotated).

generating an implosion, which compressed a spherical piston
containing a cartridge of graphite.5 This method has not been
used commercially yet. Another technique utilized an im-
plosive shock wave in an exponentially tapered horn of har-
dened steel. The initial shock wave was produced by a
magnetic hammer. The converging shock hit a graphite car-
tridge, thereby producing diamonds.6 Further details can be
found in Ref. 7.

Experimental Method
The present method is unique in that it makes use of an ap-

paratus, the UTIAS Implosion Chamber, for the production
of micron-size diamonds which was used previously as a
driver for hypervelocity projectiles and shock waves.8"10 The
operation is as follows (Fig. 1). A stoichiometric mixture of
hydrogen-oxygen is introduced into a hemispherical chamber
(20 cm diam), at initial pressures of 27.2 atm, and is detonated
by an exploding wire (4 mil diamx 1.25 mm long) located at
the geometric center. The spherical detonation wave travels
toward the periphery of the chamber, which contains a
hemispherical shell of explosive (PETN, about 3 mm thick,
100 g). Ideally, the gaseous detonation instantly and
simultaneously detonates the PETN, which sends an im-
plosion toward the geometric center (origin), where a car-
tridge of graphite is located. The implosion converges on and

reflects from the origin, thereby shock-compressing and
heating the graphite to produce diamonds. In practice, the
initiation and convergence is not always ideal, and the im-
plosion is then off-center, resulting in a dissipation of the im-
plosion energy and therefore a reduced yield of diamonds.
Although the calculated pressure, density, and temperature
profiles at the origin, as the implosion converges and reflects,
are very high, neither they nor those existing in the graphite
have been measured. However, the fact that diamonds were
produced shows that they meet the requirements of the phase
diagram for diamond synthesis.

Results
A number of tests have to be applied in order to confirm

that diamonds indeed have been produced. The simplest test is
to see if the diamonds will scratch a piece of polished sap-
phire, which has a hardness of 9 on a Mohs scale compared to
diamond. This was achieved readily in this case. Next, the
graphite was examined before and after shock compression
and heating using a scanning electron microscope. Figure 2
shows a micrograph of unshocked graphite powder at a
magnification of 8400-fold. The loose and flaky appearance is
quite evident. Figure 3 shows a micrograph of shocked
graphite powder at a magnification of 8800-fold. The ap-
pearance of spherical globules of about 1 \i diam, many of
which are diamond crystals, are seen readily. (The crystal
structure of graphite is hexagonal, whereas that of diamond is
cubic.) Finally, in order to verify that diamonds actually are
present, samples have to be subjected to x-ray diffraction
tests. Figure 4 shows a diffraction pattern of not-fully-
compressed graphite, where the implosion was off-center, and
diamonds therefore were not produced. Figure 5 shows a dif-
fraction record where the diamond reflection line from the
(111) face is visible. It is estimated that the yield from the
present experiments consisted of about 5% diamonds in the
micron-diameter range. Additional details can be found in
Ref. 7.

Conclusions
Industrial diamonds have been produced from graphite in a

unique manner by using explosive-driven implosions that were
used previously to generate hyper velocities of projectiles and
shock waves. Although the yield is relatively low, there are
possibilities of improvement by perhaps an order of
magnitude through further development. The use of the
UTIAS Implosion Chamber for the production of synthetic
diamonds has important advantages of a safe, controlled, and
reusable facility.
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Nomenclature
A = constant in the given boundary heat flux
a = constant in the given boundary temperature
/ = temperature profile
HBI = heat-balance integral
k = thermal conductivity
n = exponent
Q = dimensionless heat flux at x = 0, Eq. (10)
q = heat flux
T = temperature
t — time
x = space coordinate
a. = thermal dif fusivity
13 = a profile parameter
F = Gamma function
d = modified thermal penetration depth
© = dimensionless boundary temperature, Eq. (17)
6 = T-T00

Subscripts

oo = condition at x = oo or initial condition
0 = condition at x = Q

Introduction
'T'HE purpose of this Note is to present a simple, yet
i accurate, method for solving a variety of transient heat-

conduction problems. The method represents a further
development of the basic ideas used previously in the ap-
proximate calculation of skin friction1'2 and heat transfer3

associated with boundary-layer flows. It is an integral ap-
proach, and its distinguishing feature lies in the use of an in-
tegral expression for the boundary flux. In the application to
heat-conduction calculations, the method may be considered
as a refinement of the heat-balance integral (HBI) method due
to Goodman.4

In the present Note, the application of the method is
illustrated by solving a class of transient heat-conduction
problems in which the surface condition (temperature or heat
flux) varies as a power of time. The approximate solutions are
compared with corresponding exact solutions as well as the
solutions by the HBI method. The accuracy and relative
merits of the present method are thus made evident. We note
that the method is equally applicable to nonlinear problems of
heat conduction, e.g., problems involving phase transitions.
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Method of Solution
Consider the standard equation of one-dimensional tran-

sient heat conduction in a semi-infinite solid,

de d2B
—— = 0i —— T- , t>0, 0<X«X>
dt

Tdx2 (1)

where, for simplicity, the thermal properties of the solid are
assumed constant. An integration of Eq. (1) over the entire
region of interest yields the heat-balance integral as

Jo dt dX

which, after assuming (dO/dx) & = 0, reduces to

dO f00 de
-a( —— ) = I ——

dx o Jo dt

(2)

(3)

In the usual HBI approach,4 Eq. (3) is the sole equation for
the problem once an approximate temperature profile, 6 =
f(x,t) containing one profile parameter, is substituted into Eq.
(3). However, in the present treatment, Eq. (3) is used as an
expression for the boundary heat flux, (30/dx) 0, and a second
equation is to be generated for the determination of the
profile parameter.

In the present Note, we choose to generate the second
equation by an integration of a moment-like equation. Thus,
multiplying Eq. (1) by 6 and integrating over the entire
domain of interest, we get

r°°d02

Jo ~dtr(bc=c
de de r°° de 2

' — — ) -a(2e—— ) -2oi\ ( —— ) dx
dx oo dx o Jo dx

(4)

With the usual boundary conditions of eoo = (de/dx) ^=
Eq. (4) reduces to

r°° de2

Jo dt
dx=-2ae0( dx ) -2a\ (

de 2
) dx (5)

Equations (3) and (5) form the basis of the solution process
when a temperature profile, /, is substituted for Q. For
problems where 00 is given, the two equations combine to
determine the unknowns (de/dx) 0 and the profile parameter.
If the surface heat flux is given, a profile containing two
parameters will generally be used, and Eqs. (3) and (5) are
used to determine the two parameters.

Applications
Power-Law Boundary Temperature

We first consider the case where e0 = atn/2(n>0) with e^
= 0. An exponential profile will be assumed for the tem-
perature, i.e.,

f=atn/2e-x/8 (6)
which satisfies the essential boundary conditions of 60 = atn/2

and #00=0. The profile parameter, d ( t ) , plays the role of
thermal penetration depth but with a slightly modified
definition.

Substitution of Eq. (6) into Eqs. (3) and (5) gives the
following pair of equations:

and

dd d a.
3 —— + n~ =2 —

dt t d

de
~bx

„
=atn/2(

dd
~d7

(7)

(8)


