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Table 1

Test description
flux shape—spacer grid type

CHF scaling
constant &

u sin u-—simple support grid 1.52
u sin u—mixing grid A 1.52
cos u—mixing grid B 1.66

K were found to be independent of pressure. The calculated values
of the CHF scaling constant are presented in Table 1.

The measured CHF in water was then compared with the pre-
dicted CHF based on the values of ¢; from R-11 and the scaling
constant from Table 1. These comparisons are presented in Figs. 1
and 2.

Discussion

Since K (Table 1) was not a unique constant—1.52 for the u sine
u test section and 1.86 for the cos u test section—it is recognized
that we still do not have a generalized model for different axial
flux shapes in the subcooled boiling regime. While we still need
both water and refrigerant data, there are a number of reasons why
refrigerant tests are valuable. First, in some instances due to power
limitations, only low inlet subcooling CHF data can be taken. In
this case, the refrigerant data is used to predict CHF with highly
subcooled inlet conditions. Second, refrigerant tests are considera-
bly cheaper due to power savings and reduced test section mainte-
nance costs.

The refrigerant tests can also be used to predict changes in CHF
as a result of changes in grids. For example, referring to Fig. 1, re-
frigerant tests scaled the water results using the same scaling con-
stant (K) for simple support grids and mixing grids. This indicates
that changing grid types has the same effect in Freon as in water
and that a designer may be able to optimize the rod bundle ther-
mal hydraulics with refrigerant tests and then verify the end result
with water.
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Thermal Stresses in a Sphere
Due to Local Heating Followed
by Complete Cooling
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Introduction
The present study was carried out to examine the response of
rocks and related brittle solids to high energy surface heating fol-
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lowed by cooling and to evaluate the feasibility of its application to
crushing hard rocks. This concept of weakening and breaking of
rocks is known [1, 2],4 but the supporting theoretical or experimen-
tal studies are not available in the literature.

Recent advances in high temperature technology provide high
energy heaters such as the oxygen-fuel oil supersonic burners, high
energy carbon arc and induction-type plasma heaters, lasers, and
electron beam guns for industrial heating applications. These high
energy heating tools are also suitable for localized rapid heating of
rocks. Cooling can generally be achieved by quenching heated
rocks .

The specific objectives of this brief are to extend the analysis of
[3] to a cooling period that follows an initial heating period and to
determine and interpret certain experimental results.

Analysis

Consider a homogeneous, isotropic, and elastic sphere of radius
ro, which is initially (¢ < 0) at zero reference temperature. During
the time period 0 < ¢t < tp, part of its spherical surface is subjected
to axisymmetric heating with a prescribed surface heat flux F(9),
where the angle 8 is measured from the axis of thermal symmetry.
The unheated surface of the sphere is assumed to be insulated. For
time ¢ = ty, the entire surface of the sphere is cooled in a fluid en-
vironment having heat transfer coefficient & and temperature T .
The temperature solution at time ¢t = ¢y is derived in [3] and is
denoted by T'(r,u, tg), where ¢ = cosf and r is the radial coordi-
nate.

The temperature solution for the cooling period can be carried
out in a manner similar to that for the heating period described in
[3]. This gives

T("s s I*) - T.

_ i i 21 + Dyt

et et~ nle + 1) + BB,

- 1)] n+1/2( nm)

Y am?
1 1 Jn+1/2(;m )

"{fI f“ [T0r, s ly) — T ,),Oz,ﬁ‘%—Pn(u)rzdrdu}

Y nm
(ﬂ._ 2 %

2
Jnet/2 T Y t /r
: _LT‘Q—,A =P {u)e™mm © T
where t* =t — ty,  is thermal diffusivity, P, is Legendre polyno-
mial of degree n of the first kind, /, is Bessel function of the first
kind of fractional order v, Ynm are the positive roots of

7/nmJn-1/2(7/nm) = [(12 + 1) - Bi]Jml/Z(‘)’nm) (2)
and
hr
By = = (3)

is the Biot number.

The linear thermoelastic equilibrium equations and the stress
displacement equations can be solved in conjunction with the trac-
tion-free condition o, = 6, = 0 at r = ro. The details of the solu-
tion method and the results for the case of heating are given in [3]
and are, therefore, omitted here.

The expressions for the dimensionless radial stress Ggr and tan-
gential stress dgy during the subsequent cooling process are found
to be

~ 5 2 it
Ogrr = 2 EEDntn[ —= ‘/2( )

n=0 m=1 Yn R Rl 2
i+ D+ Z)J+g/z(*/nm ) T
VamR2 * RY/ 12tuyerm ™

4+ Numbers in brackets designate References at end of paper.
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where 7 = 0;;/[G(1 + v)qoroa/K(1 — »)] with G, », a, and K de-
noting, respectively, shear modulus, Poisson’s ratio, coefficient of

thermal expansion, and thermal conductivity, R = r/ro, ™ =
xt*/ro?, Pp' = dPp/dy, Py = d2Pn/du?,
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Results

To illustrate the results, Fig. 1 shows the computed tangential
stress distributions ¢gg for a 10 em dia Sioux quartzite sphere heat-
ed under qo = 0.95 cal/cm2s over its hemispherical surface (fy = 90
deg) for 30 s and then cooled over its entire surface for 30 s. The
properties of the Sioux quartzite used in the calculations are G =
8.79 X 10° N/em? K = 1.3 X 1072 cal/em-s-°C, o = 1.25 X 1075
°C~L k= 2.5 X 1072 ¢cm?/s, and » = 0.24. An inspection of the fig-
ure reveals that tensile and compressive tangential stresses are in-
duced, respectively, in the inner and outer region of the sphere
during heating. The maximum tensile tangential stress is seen to
have a magnitude of about 3000 N/ecm? and to occur within about
2.7 cm from the spherical surface. The tensile strength of Sioux
quartzite is about 2000 N/em?, The prescribed heating conditions
will, therefore, provide the stress potential for fragmenting the
rock specimen. In the subsequent cooling period, a stress reversal
takes place in the outer layer of the sphere, giving tensile tangen-
tial stresses that are maximum at the surface and that progressive-
ly decrease in the interior of the sphere.

In the experiments, rock spheres of Sioux quartzite and Dresser
basalt that are 10 cm in dia were insulated over the hemispherical
surface and inserted in a radiative heat system controlled to trans-
fer uniform heat flux into the spherical surface. The specimens
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Fig. 1 Distribution of tangential stresses during partial heating and cooling
of sioux quartzite

were heated over the exposed hemispherical surface at various
constant fluxes until cracks were observed on the surfaces; the
time periods for the crack occurrence were recorded. From these
time periods, the corresponding maximum tensile tangential
stresses were calculated. The results are presented in Fig. 2 with
circles, and the analytically predicted maximum tensile tangential
stresses versus time are illustrated with lines. It can be seen from
the figure that the predicted tangential stresses in all cases exceed
the tensile strength of the rock specimens and that the agreement
between analysis and theory is very good. The locations of maxi-
mum tensile tangential stresses are the locations for crack initia-
tion through the application of the tensile stress fracture criterion.
The experimentally observed and analytically predicted locations
of fracture initiation are shown in Fig. 3. The thickness of the bro-
ken pieces of rocks was found to be within 2-2.5 cm.

To examine the effect of cooling on fragmentation, spherical
rock specimens that were insulated over the hemispherical surface
were heated for short periods of time over the exposed surface such
that complete fragmentation of the spheres did not take place dur-
ing heating, and then were quenched with water. The results
showed that cooling propagated fractures that were induced dur-
ing heating in the interior of the sphere, but did not create new
fractures at the specimen surface.

Concluding Remarks

The present analysis indicates that tensile stresses are induced
in the interior of a sphere during heating and that subsequent
cooling generates tensile tragential stresses at and close to the
spherical surface. The internal tensile stress concentrations in-
duced during heating create a potential for initiating fracture and

Journal of Heat Transfer

fragmentation. From the experiments, it was found that fracture
and fragmentation are confined to the surface area exposed to
heating.

Rocks are weak in tension. Fragmentation of rocks by tensile
stresses represents an efficient approach to breaking rocks. 1t is
concluded from the present study that tensile stresses exceeding
the strength of rocks can be induced in the interior of rocks by lo-
calized surface heating that produces fracture and fragmentation.
Cooling of heated rocks augments fracture propagation and frag-
mentation but does not significantly vary the fragmentation char-
acteristics induced by heating. The tensile stress concentrations in

15 T T T T
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"o 7 Ngo71.92
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Fig. 2 Variation of maximum tensile tangential stress with heating time at
0= 2°
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Fig. 3 Varialion of location of maximum tensile tangential stress with
heating time at § = 2°
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rock material flaws and microstructural cracks will play a domi-
nant role in inducing fracture and fragmentation by heating and
cooling.
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Heating Time and Heating
Temperature Dependence of
Thermal Conductivity of As-
Received Aluminum Alloy 2024-
T351

S. Al-Araji' and J. V. Beck?

I TIntroduction

When as-received aluminum alloy 2024-T351 is heated to 350°F
(450°K), changes in the microstructure take place. These changes
are further enhanced by heating to higher temperatures and/or for
longer times. This heating results in increases in the room-tem-
perature values of the thermal conductivity (k) of the alloy. These
changes are functions of the heating temperature and also of the
heating time because the microstructure changes with time. No
data are known to be extant showing heating time as well as heat-
ing temperature variations of k for aluminum alloy 2024-T351.
However, there are data in the literature concerning time at tem-
perature effects on the properties of some materials [1, 2].3

This work is important for several reasons. First, the data for
this particular alloy are needed for such applications as nuclear re-
actors, where this material, if used, might be exposed to a sudden
heating condition. Next, the experimental procedure and the dem-
onstration of a successful application of it is significant. Finally,
there are many other materials which change during heating.
These include biological products which dry and otherwise change
during slow heating. The techniques mentioned in this study
might also be applicable to such cases.

A simplified method proposed by Beck and Al- Ara}l [3] was used
to determine the transient values of k.

2 Experiment

The specimen is made of aluminum alloy 2024-T351, which is
composed of aluminum, 3.8-4.9 percent copper, 0.50 percent sili-
con, 0.50 percent iron, 0.3-0.9 percent manganese, 1.2-1.8 percent
magnesium, 0.10 percent chromium, 0.25 percent zinc, and 0.15
percent others. It is solution heat-treated and stress-relieved.

" 1Instructor {now with the Consumers Power Co.; Jackson, Mich.) De-
partment of Mechanical Engineering, Michigan State University, E. Lan-
sing, Mich.

2 Professor, Department of Mechanical Engineering and Division of Engi-
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Because of the particular structure of the alloy, the experimen-
tal strategy was developed [4] to be as follows: (1) testing the speci-
men at room temperature, {2) heating the specimen to and holding
it at the desired temperature, then performing the tests, and (3)
cooling the specimen down to room temperature and testing it at
that temperature. That is, the specimen is tested first at room
temperature conditions to determine its thermal conductivity in
the as-received state, then heated to the desired temperature and
held at that temperature until it is over-aged. During this period
the thermal conductivity of the specimen is determined at differ-
ent intervals of time. The time intervals between tests are deter-
mined by the temperature level at which the specimen is held. The
higher the temperature at which the specimen is maintained, the
more rapidly the specimen reaches its over-aged condition.

3 Experimental Results

Twelve specimens were tested in the temperature range 875-
425°F (464-491°K) to find the k values in that temperature range.

The thermal conductivity values obtained using this method of
testing are compared with those compiled by the Thermophysical
Properties Research Center (TPRC) [5] in Fig. 1.

It should be noted that the values given by TPRC are for alumi-
num alloy 2024-T4, the same alloy but with a different initial heat
treatment designated by “T'4,” which indicates that the alloy had
been solution heat-treated and naturally aged to a substantially
stable condition. This difference in initial heat treatments might.
account for the difference between the TPRC values and the pres-
ent results.

The lower dashed line in Fig. 1 depicts the initial values (zero-
time) of k in the present study; zero-time values are given from
room temperature (about 540°R or 300°K) to about 885°R or
491°K. The final values of k (over-aged values) found in the pres-
ent study are depicted by the upper dashed line for the same tem-
perature range. Note that Fig. 1 shows that the & value at room
temperature for the over-aged condition is much higher than that
in the as-received condition, while that for the temperature at
491°K is not.

Details of the time variation of the thermal conductivity k sug-
gested by Fig. 1 are interesting. Just below 350°F (450°K) it takes
several days for changes in the properties to occur. Below 300°F
(422°K) it may take weeks or months; we did not investigate this
range. The average k values for all specimens tested in the temper-
ature range 375-425°F (464-491°K) are shown in Fig. 2. These
values seem to exhibit a certain pattern. This pattern begins with
the k value of the specimen when it is first brought to its nominal
temperature; then k increases to some maximum value while the
specimen is maintained at the nominal temperature. The rate of
increase of the thermal conductivity depends on the temperature
level, with the higher temperatures causing more rapid changes in
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Thermal conductivity of aluminum alloy 2024-T4 given by TPRC [5]
and of aluminum alloy 2024-T351 of present study

Transactions of the ASME

€20z 8unr £z uo Jasn ABojouyoa | % 8ousIog Jo Ausiaaiun LUNossiy Aq 3pd L TSy L/66EYY2S/ST L/L/26/ipd-8]onle /1 sueeay/BI0 swse  uonoa||0oe)bipawse//:djy woly papeojumoq



	Thermal Stresses In A Sphere Due To Local Heating Followed By Complete Cooling
	Recommended Citation

	tmp.1688006639.pdf.tWzmJ

