Int. J. Heat Mass Transfer.
Printed in Great Britain

Vol. 35, No. 6, pp. 1495~1506, 1992

Heat transfer during impact
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Abstract—The amount of heat transferred by conduction during the impact of a spherical particle with a
surface depends on the thermophysical and mechanical properties of the two colliding media. Other factors,
such as the surface properties (e.g. roughness, contamination, stress state, radius of curvature) and the
velocity and direction of the impact, also influence the heat transfer. The available theoretical treatment
of the heat transfer is based on the Hertzian theory of elastic contact, where the two colliding media are
treated as two elastic half-spaces. In this study experiments are performed to measure the amount of heat
transfer during impact of metallic spherical particles with small metallic collectors embedded in low thermal
conductivity substrates. Convective heat transfer has been eliminated by performing the experiment in a
vacuum chamber. However, radiative heat transfer is present and an effort has been made to minimize it
by using highly reflective surfaces. The experimental results show that the measured heat transferred per
impact is higher than that predicted by the Hertzian theory of elastic impact. The plastic deformation
induced in the collector due to the relatively high velocity of impact causes an increase in the contact area
and the impact duration. We analyze the heat transfer during plastic impact and discuss the role of other
non-ideal conditions such as the flexibility of the support and the obliqueness of the impact.
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1. INTRODUCTION

SuUSPENDED particles in a fluidized bed exchange heat
by conduction when they collide with a surface. This
heat transfer occurs through the common interface of
the particle and the surface (during the collision time)
and contributes to the total heat transfer between the
bed and the surface. A theoretical analysis by Sun and
Chen [1] gives an estimate of the heat transfer during
the impact of two elastic particles. The analysis is
based on the assumptions that the impact is perfectly
elastic, colinear with no spin, the surfaces are smooth
and make perfect thermal contact, and that the impact
is quasi-static such that the Hertzian theory of elastic
impact is valid. In practice the velocities of impact are
usually large enough to produce normal stresses larger
than the yield stress of the softer material. The impact
will then be plastic during the engagement period (con-
tact area increasing with time) and elastic during the
rebound period (contact area decreasing with time).
As will be discussed, our experiments show that the
measured heat transferred is larger than that predicted
by the simple theory of elastic impact. This difference
is principally attributable to the plastic deformation.
The problem of the elasto-plastic indentation of a
half-space by a hard ball has been investigated by
various authors [2-5]. These studies are mainly con-
cerned with the size of the permanent plastic inden-
tation, and are generally numerical so that no general
solution is available. Tabor [6] performed experiments
on the plastic indentation of metals under both
dynamic and static loading. Oblique impact of par-
ticles has been examined [7, 8], where the erosion of
the surface and crater formation was investigated for
relatively high velocities of impact. Good agreement

was found between the experiments and the predic-
tions. This is because in the experiments the high
velocities of impact cause the impact to be fully plastic
and the contact pressure is nearly constant throughout
the impact duration and equal to the hardness of
the softer material. Maw et al. [9, 10] developed a
numerical solution for the obligue impact of two elas-
tic spheres of similar materials. They showed that the
trajectory of the sphere depends on only two dimen-
sionless parameters. Tsai [11] studied the elasto-
dynamic contact stress between an axisymmetric pro-
jectile and an elastic half-space. In his solution, wave-
effect integral terms were added to the Hertzian con-
tact stresses. The problem of adhesive contact has
been investigated by Barber [12], who provided an
analytical solution for that phase of complete
adhesion during the oblique impact of elastic spheres
of similar materials.

2. EXPERIMENT

2.1. Apparatus

An apparatus has been constructed (Fig. 1) for
the purpose of measuring the total amount of heat
transferred during the impact of a spherical particle
with a surface. Stainiess steel (AISI 440C) spherical
particles of diameter 4.76 mm (3/16 in.) are heated in
the heat exchanger. A conveyer driven by an electric
motor carries the particles through the heater and
drops them at a controllable frequency (ranging from
0 to 2 Hz). The spin of the particles is minimized by
forcing them to a complete stop before their free fall.
Due to gravitational acceleration, they acquire a cer-
tain velocity before the collision. The particles collide
against a flat, circular metallic collector which is at a
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P normal contact force [N]

p contact pressure [N m ]

0 heat transferred [J]

0 rate of heat transfer [W]

g heat flux [Wm™7]

R radius of curvature,
i=12m]

RA  Rockwell hardness number, scale A
RF  Rockwell hardness number, scale F
T, temperature, i = 1,2 ["C]

t time [s]

¥, velocity of impact [ms ']

Vs rebound velocity [ms ™)

Vy  minimum particle velocity to cause yield
in the collector [ms™']

Y tensile or compressive yield stress
[Nm 7.

NOMENCLATURE
A arca of contact, na® [m’] Greek symbols
a radius of area of contact [m] % thermal diffusivity, / = 1,2 [m’s ']
B ViV, I8 material constant, {p,c,k)' 7 i= 1.2
o heat capacity, i = 1,2 [ JK kg '] [kgs 2K 1
E, Young’s modulus, i = 1,2 [Nm 7] 7 calibration constant [W K |
Fo Fourier number J approach or compression {m]
¥ bombardment rate [Hz) £, total hemispherical emissivity, i = 1,2
k; thermal conductivity, i = 1,2 ¢ strain
Wm™ 'K 1] ¥ Preyipacs
. mass, i = 1,2 [kg] i coefficient of dry friction

w* conductivity ratio, & /k,
; Poisson’s ratio, i = 1,2
D density, i = 1,2 [kgm ")

I radius of curvature of residual
indentation [m]

o stress [Nm™7]

¢ local angle of incidence.

Subscripts

0 elastic impact

c collector

d dynamic value

¢ clastic rebound

i i = 1 for particle, i = 2 for collector
p plastic engagement

re reference collector

R radiation.

lower temperature. During the impact the particle and
the collector exchange heat by conduction through
their common interface and by radiation. Due to the
rather small amount of heat transferred per impact

Evacuated Chamber
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Shield
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F1G. 1. Experimental apparatus used for the measurement
of the conductive heat transfer during impact of spherical
particles with a collector.

(of the order of 2x 107* J), several hundreds of col-
lisions are needed in order to produce a measurable
change in the collector temperature. The temperature
at various locations in the chamber is measured by
chromel-constantin  thermocouples. These tempera-
tures are recorded at prescribed time intervals. In
order to eliminate all convective heat transfer, the
experiment is conducted in an evacuated chamber in
which the pressure is kept below 0.02 atm. The
radiative heat exchange between the collector and its
surroundings is minimized by gold plating the
surroundings.

Through a data acquisition and control system the
temperatures and the pressure in the chamber are
recorded and the temperature of the heat exchanger
is controlled. An infrared cell is mounted on the tube
through which the particles pass. The cell gives an
electric signal every time a particle passes. A counter
registers the frequency of these signals (the bom-
bardment rate) f. Each particle collides against the
collector and returns to the conveyor for the recovery
of the enthalpy loss, and the process is repeated. Thus,
several hundred impacts can be obtained by recycling
a moderate number of particles.

The collector has a flat surface (initially polished to
a surface roughness of 0.05 ym) and has a very small
mass (4 x 107* kg), which allows for the detection of
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a small amount of heat addition (through the tem-
perature rise). In order to minimize the conductive
heat losses, the collector is mounted on a very low
thermal conductivity substrate (k ~ 0.3 Wm~' K1)
made of phenol-formaldehyde (phenolic). Con-
ductive heat losses can be minimized by using a small
area of contact between the collector and the sub-
strate. However, the contact area must be large enough
to give adequate rigidity to the collector support (for
reasons to be discussed in Section 4.2.1). A reference
collector is also positioned next to the collector. By
observing the temporal temperature variation in the
reference collector, we can detect the parasitic heat
transfer (e.g. change in the room temperature, the
radiation heat transfer).

When the power to the electric heater is turned on,
the temperature of the entire chamber increases (by
conduction and radiation). After several hours the
chamber reaches an equilibrium state, although sig-
nificant temperature variations exist within it. The
flow of the heated particles disturbs the equilibrium
and the temperatures of various parts of the chamber
will increase. Before starting the actual bombardment
of the collector, a deflector (Fig. 1) is placed above it
in order to avoid impact. The role of the deflector is
to allow the different parts of the system to attain new
equilibrium states while the heated spheres are flowing
(without any impact with the collector). After this
new equilibrium is reached, the deflector is removed
and the particles are allowed to strike the collector.
This procedure ensures that the increase of the col-
lector temperature is solely due to the conductive and
radiative heat transfer during impacts.

2.2. Measurement of heat transfer during impact

2.2.1. Calibration. If the bombardment rate, £, and
the heat transferred per impact, , are constant and
there are no heat losses, the temperature of the col-
lector during the bombardment will vary linearly with
time, being given by

Ty(t) = T,(0)+ ( /0 ):. m

LF15]

However, in experiments the collector temperature
does not follow equation (1). This is due to the pres-
ence of heat losses by conduction (through the contact
area between the base of the collector and the phenolic
support) and also heat transfer by radiation. The
result is an initial non-linear rise in the collector tem-
perature followed by a constant temperature asymp-
tote (Fig. 2(a)). When the asymptotic behavior is
approached, the impact heat transfer to the collector
is balanced by the outgoing conductive and radiative
heat transfer. Because of the difficulty in estimating
the thermal contact resistance between the collector
and the phenolic support and due to the uncertainties
in the estimations of the surface emissivities, the analy-
sis of this transient heat transfer problem is not
addressed here. Instead, the system is calibrated by
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F1G. 2. (a) The temperature of the collector and the reference

collector versus time during bombardment. (b) A typical

curve obtained during the calibration experiment. (c) A typi-

cal calibration curve giving O as a function of the increase
in the collector temperature A7

heating the collector at a constant and known rate ¢
using a helium-neon laser.

The rate Q can be controlled by placing a com-
bination of filters between the laser source and the
collector. The transparency of the filters has been
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determined experimentally with an accuracy of 1%.
The calibration is performed at the same temperature
and pressure in the chamber as those occurring in
the bombardment experiment. To make sure that the
collector is absorbing all the incident radiation, a very
thin layer of black oxide or black enamel (¢, = 0.96-
0.98) is deposited on the surface (for calibration only).
The collector temperature rises with time and then
reaches an asymptote (Fig. 2(b)) and these rises in the
collector temperature AT and the heating rate Q arc
recorded. In order to have an accurate measurement
of the heating rate input, two different radiometers
are used and the deviations are used to estimate the
uncertainty in the measured Q. A calibration curve is
obtained by finding the best linear fit to the exper-
imental data of AT versus Q (Fig. 2(c)), i.c.

QO = yAT. (2)

2.2.2. Measurement of heat transfer per impact. The
amount of heat being transferred per impact Q is
determined by measuring A7. Then, from the mea-
sured bombardment rate f and by using equation (2).
the heat transferred per impact is found from

Q="=r. (3)

Note that @ is due to both conduction through the
contact area and radiation (during approach, contact
and departure of particles).

2.2.3. Radiative heat transfer. To minimize the radi-
ative heat transfer, highly polished surfaces are used
(roughness =x0.05 um). It is also important to note
that the peak energy emitted is in the infrared where
the emissivities are expected to be very low. However,
depending on the radiative properties of the surfaces,
the amount of energy exchange between the surface
of the particle and the collector can become impor-
tant. The view factor F,_, between a coaxial sphere
and a disk is given in Siegel and Howell [13]. We
need to consider three different phases of the impact.
namely the free fall phase of the ball, the phase when
the ball is in contact with the collector, and the
rebound phase.

To estimate Qg . we need to know the total, hemi-
spherical emissivities. Since the emissivities of most
materials are strongly dependent on the properties of
the surface (rugosity, contamination, etc.), they werc
measured experimentally. This was done by irra-
diating the surfaces with a helium—neon laser, and
measuring the incident and reflected powers. Wave-
length and temperature corrections were then made
as described in ref. [13]. For the highly polished AISI
440C and 304 stainless steels this gives ¢ = 0.15, and
for pure copper ¢ =~ 0.05. We have made a parametric
examination of the ratio of Q. to the heat transfer
during elastic impact, i.e. Qr /Q, as a function of the
emissivities. From Fig. 3(a) we note that the radiative
heat transfer is strongly dependent on the emissivity
of the collector (¢,).
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F1G. 3. (a) The ratio Qg ./Q, as a function of the emissivities.

(b) Change of the view factors F, , and F, ; with time; 1, is

the total time during which the collector sees the ball. (c)

The ratio Qg,./Qr. as a function of the emissivities. The

collector and the reference collector are made of the same
material.

The radiative heat transfer between the balls and
the reference collector Qg . was also determined. The
view factor F,_; between the particle and the reference
collector is given by Feingold and Gupta [14]. The
variations of F, , and F, ; with time (during the free
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fall and rebound) are plotted in Fig. 3(b). The ratio
of Qre to Qg is plotted in Fig. 3(c). Knowing Qg .
and the emissivities ¢, and &,, we can estimate the
radiative heat transfer between the ball and the col-
lector (Qg.). For the measured emissivities we have
Or.o/Or. = 0.827 for the copper collector and AISI
440C particles, and Qp /Or, = 0.757 for the AISI
316 steel collector and AISI 440C particles. Therefore,
the radiative heat transfer Qg . is approximately 1.2—
1.3 Qg . From Fig. 3(a) we have Qy ./Q, = 0.13-0.14
for e, = 0.15.

3. EXPERIMENTAL RESULTS

Several experiments were performed where we
measured the heat transfer during the impact of 440C
stainless steel balls with a pure copper collector; an
AISI 304 stainless steel collector ; an AISI 316 stainless
steel collector ; an AISI O1 tool steel (annealed) ; and
an AISI O1 oil hardened tool steel collector. Both the
collector and the reference collector were polished to
a surface roughness of 0.05 um. All samples were
cleaned in acetone and thoroughly washed with ethyl
alcohol, and the collector was immediately placed in
the evacuated chamber.

3.1. Copper collectors

The original design for the collector support was
relatively flexible, permitting some transfer of kinetic
energy to the collector and hence reducing the total
change in momentum of the ball during the impact.
A more rigid modified design was then developed for
which we anticipate that the contact conditions will
be closer to those where the collector is considered as
a half-space.

The results are compared in Fig. 4. We note that
the more flexible support gives somewhat less heat
exchange than the modified design, as we should
expect, since the contact time and the maximum area
of contact are related to the impulse transmitted to
the ball.

However, both sets of results indicate Q/Q, is sub-
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F1G. 4. The normalized measured heat transfer during impact
@ versus the bombardment rate f for the copper collector.
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stantially larger than unity, i.e. more heat is exchanged
during impact than is predicted by the elastic theory.
This difference is attributed to the plastic deformation
induced in the collector by the hard steel balls and
indicated by plastic indentations observable in the
collector surface at the end of the experiment. These
indentations were removed by polishing before the
next experiment.

3.2. Steel collectors

In order to reduce the plastic deformation, it is
necessary to increase the hardness of the collector
material. Collectors of AISI 304 and AISI 316 stain-
less steels were prepared in the same manner as the
copper collector, but plastic indentations were again
observed after impact. A yet harder collector was
therefore machined from AISI Ol tool steel and then
hardened to RA 82 by quenching from 800°C in warm
thin oil. The Rockwell hardness of the tool steel col-
lector before quenching was RA 54 and those of the
AISI 304, AISI 316 and copper collector were RA 44,
RA 43 and RF 63, respectively. To obtain information
on the effect of hardness, heat transfer experiments
were performed with all these collector materials,
including the tool steel collector in both annealed and
quenched states. The results of these experiments are
described in Section 5.1,

After experiments with the quenched tool steel col-
lector, no permanent indentations could be detected
in the collector surface, suggesting that all the impacts
are elastic or nearly elastic. With this collector, we
also find that the total heat exchange per impact is
close to the value predicted by the elastic theory (see
Fig. 8).

4. THEORETICAL PREDICTIONS

4.1. Heat exchange during elastic impact

The analysis of the heat transfer during elastic
impact [1] is based on the following principal assump-
tions. (a) The impact is quasi-static so the Hertzian
theory of elastic impact is valid; (b) the impact is
perfectly elastic; {c) during the impact, heat is trans-
ferred by conduction in the normal direction only;
(d) the impact is normal with no spin ; (e) the particles
make perfect thermal contact; and (f) the surfaces
are perfectly smooth.

Under these assumptions, the conductive heat
transfer per impact is given by

Qo = 0.87B[T,(0) — T, (0)] 4,1, @

where A, = na? is the maximum contact area, whose
radius is @, = (15mV 2 RHY3(16E) ', 1, = 2.943a3/
(RV) 1is the duration of the impact, 8= 8,8,/
(B:+B2) is an equivalent thermal property (see No-
menclature), m = mm,/(m,+m,) is the equivalent
mass, R™'= R7y'+R;' is the relative curvature,
V is the relative velocity of impact, and E = [(1—v?)/
E,+(1—v3)/E,]"! is the equivalent Young’s mod-
ulus. Note that in our case, m, = o and R, = oo

L]
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Table 1. Thermophysical properties of selected materials

k vy

E p ¢
Material (Nm=2x 10" v kgm?x10) (JK'kgh) (Wm'KY Hardness (msH
SS 440C 20.0 0.30 7.6 460 242 RA 82 0.95
SS 316 19.3 0.30 8.00 500 16.2 RA 42 031x10°°
SS 304 19.3 0.30 8.00 502 16.2 RA 44 0.40x10 -
Ol (Hardened) 20.6 0.30 7.85 460 24.2 RA 82 0.95
Ol (Annealed) 20.6 0.30 7.85 460 24.2 RA 54 0.15x 107!
Copper 11.7 0.35 8.93 385 401 RA 63 031 x107°
Glass 6.9 0.17 2.50 800 1.4 -
0.17 -

Phenolics 6.9 1.40

since the collector is assumed to be an infinite elastic
half-space. The amount of heat transferred per impact
is very small (1-3 x 10~ J, based on properties from
Table 1), and the internal energy of the collector will
change only slightly during the experiments. In fact
calibration experiments show that the increase in the
collector temperature 7, is less than 1.5°C. Initially
[T,(0) — T,(0)] = 100°C, thus [T,(0) — T,(0)] can be
taken constant in equation (4) with an error of less
than 1.5%.

Sun and Chen used a correction factor C, to account
for the heat conduction in the radial direction, i.e. to
relax assumption (c) above. The total conductive heat
transfer Q is then given by

0= CQo. &)

The correction factor C, is a constant larger than
unity, depending on the Fourier number Fo = azy/a;
(based on the material with lower f) and on the ratios
A* and p*. For AISI 440C steel balls striking a steel
elastic half-space Fo ~ 2 x 1072, the ratios A* and p*
are close to unity and C, ~ 1. The radial heat con-
duction might be important for larger values of A*
and lower values of u*, especially if Fo is greater than
about 0.1.

4.2. Analysis for non-ideal conditions

Since many of the assumptions on which Sun and
Chen have based their analysis are not satisfied in
practical situations, we examine a more realistic model
that considers the effect of some of the non-ideal con-
ditions listed in Section 4.1.

4.2.1. Effect of flexibility of support. If the duration
of impact is very small, elasto-dynamic effects must
be taken into account. Tsai solved this problem by
adding wave-effect integrals to the Hertzian contact
stresses (which are derived for a quasi-static contact).
For the impact to be considered quasi-static, the time
constant 7 of the system must be short compared to the
period ¢, of the force impulse applied to the system.
Hunter (see Johnson {15]) used an approach where he
regarded the half-space as an elastic spring in parallel
with a dashpot (also known as the Kelvin—Voigt
model). The dashpot accounts for the energy dis-
sipated through the half-space by the wave motion.
Since the duration of the impact is short, the energy

0.30

dissipated by the dashpot will be small and the
dynamic response will be mainly dominated by the
spring. In our experiments, for the case of the impact
of a hard steel ball with a steel collector, we have
7/t = 2% 107°, and hence the impact can be con-
sidered quasi-static. For more flexible collector sup-
ports multiple impacts can occur, but estimates show
that the stiffness of the collector support will not
have any influence on the heat transfer during elastic
impact if it is larger than 1.3 x 10> N m™', which is
the case in this experiment.

4.2.2. Heat transfer during elasto-plastic impact.
For the impact to be purely elastic, the velocity of the
particles must be less than [15]

R3 ANI2
V, =10.342 (’n{ﬁ;> ) (6)

For the impact of a spherical, rigid particle with a
half-space, equation (6) reduces to

Y 52/ A\l 2
V, = 5.053 (-m“») () (7N
E 14

7

where Y, is the tensile or compressive dynamic yield
stress of the half-space, whose value is close to the
static yield stress which in turn is closely related to the
hardness. For copper, the maximum velocity for the
impact to be completely elasticis 3 x 10" ms ™', while
for steels it ranges from 3 x 10 *ms ' for an annealed
steel of hardness RA 43 to I m's ' for a hardened steel
of RA 82. These values are lower than the velocities
occurring in the experiment (about 2.3 ms™'). Typical
particle properties in fluidized beds are presented in
Table 2 [16].

To estimate the heat transferred during elasto-plas-
tic impact, we consider the impact to be quasi-static
and assume that during the engagement phase the
material of the collector strain-hardens according to
a uniaxial true stress (¢)—true strain {¢) relation of the

type
o = be" )
where b and » are constants of the collector material.

The Tabor empirical equations for the true stress and
true strain are
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Table 2. Typical particle properties in fluidized beds

Minimum
Mean fluidization Terminal
diameter Density Pressure velocity velocity
Material d,, (mm) p, (kgm™?) (atm) Ve s V,(ms™)
Soda lime glass 0.650 2480 1 0.31 4.60
5 0.21 2.78
10 0.16 1.97
Crown barium glass 2.600 2920 1 1.34 13.47
5 0.63 6.02
10 0.45 4.25
Silica sand 2.700 2630 1 1.33 13.3
Pa _a ! dx
o="", €=3p 9 f(n =J; Aoy (16)
where p, is the mean contact pressure and ¢ is. 3 Note that for 0 <n < 1
constant close to 3. The value of n describes the strain-
hardening ability of the material. In general 1
. . < < =z~ 1.571.
0 < n < 0.5. A perfectly plastic material would have L47T1 < f(m) < 2 1571 a”n

avaluen = 0.

During the plastic engagement phase, if the edges of
the impression neither pile-up nor sink-in, the contact
radius a and the compression J are related by the
equation

a2

(10)
Using equations (8)—(10) the contact force P is given
by

P = o+ (11)

where

n2"bc

= SRRy (12)

The equivalent radius R = R, during the engagement
phase. This will not be the case during the elastic
recovery phase, since the half-space acquires a per-
manent concave curvature, defined by a negative value
of R, = —p.

The impact problem is investigated by writing the
momentum equation for the ball. Using equation (11),
we get the following equation for the compression 6 :

2
m, d—f +yét D2 = 0, (13)
dt
Solving this equation, we find the maximum com-
pression J,,, the duration of the engagement z,, the
maximum contact radius a,,,, and the maximum force
P, are given by

+4 V2 2/(n+4) (S
5, = [L)T_L_l] b= 7"1 f),

4
Qmax = (2R16p) 12 (14)
Prnax = 716}(3"+2)/2 (15)

where

The rebound is then taken to be elastic, and the con-
tact radius @ and the compression ¢ are related by the
equation

R'=Ry'—p " (18)
The initial radius of the contact area is taken equal to

the contact radius a,,,, occurring at the end of the
plastic indentation, i.e.

Qmax = (2R15p)l/2 = (Rae)l/z (19)

where &, is the elastic recovery. For the elastic rebound
the compressive force P is given by the Hertzian
relation

P =4ERV§Y2, 0)

The momentum equation for the motion of the ball
during elastic deformation can be written as

2

d2s
my 57 +3ERS = 0. @D

Using equations (15), (19) and (20) we can find the
elastic recovery 6,

n 6(n+ /2

. = 0.53 2z

(22)

Multiplying equation (21) by dé/d¢ and integrating
by parts we then find the rebound velocity V', and the
rebound duration ¢, to be

16ER Y2552\ )
Vy=|—i— = =
) 5. ) L L= 1ATIZ (2

We find that the contact radius a can be approximated
by the expressions

A1) = Ay [sinT(H/28,)]V?, 0<1<t, (24)
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1:2
a(t) = ay,, |:cosn <12[,[P):| L i<+t (25)
for the engagement and the rebound phases respec-
tively (see Fig. 5). These approximations permit a
simplified expression to be obtained for the total heat
transfer Q with a maximum error of about 1%.

The total heat transfer per unit contact area is a
function of the local duration of contact 7. (which
is a function of «). Then the total amount of heat
transferred per impact Q is given by

Uovax | 14
Q= J { gdt2rnada
0 (

) JO

(26)

where ¢ is the instaniancous, one-dimensional, con-
ductive heat flux at the interface, and is given by [17]
_ A7)~ T,(0)]

As defined, 7.(@) is the time during which the bodies
are in contact over an area of radius >« and is given
by (see Fig. 5)

ta) =1, +1. (28)
Using equations (24) and (25) we find
2 T o a ’ .
t(a) =~ (t,+1.) 5 —sin —- . (29)
T[ - ama\x
Then, from (26), (27) and (29), we obtain
0 = 8"BIT,(0) — T (0)]am (1, + 1)
t T 1,2
XJ‘ < —sin ! x> dx. (30)
o \2

The last integral is a dimensionless constant, which
can be evaluated to give

Q = 0.880B[T,(0) — T>(0)] Aty +2) "7 (31)

where A, = naz,, is the maximum contact area.
The above results can be normalized with respect
to the corresponding elastic values, with the result

Lf—— [cos ﬂ(t—t,)/Zt_]V'
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Fi1G. 5. Change of the contact radius @ with time.
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(35)

where

D~ = 2E/(3bc) (36)

are dimensionless parameters.

For the particular case where the collector material
does not work-harden (such as lead), the engagement
phase 1s fully plastic and the mean contact pressure is
constant (py, = 3Y), we have

n=0, ~Y, c¢=x3. (37)

Substituting these values into equations (32)—(34) we
obtain

> .1
0= 03778, P =0.201B" (38)
Do ly
(5(7 3710 lc .20
== 24408 . =0.5378B - (39)
(\)U [()
Vs 14 Ymax 1o
e=---=2275B s - =(.868B" (40)
v, ay
where
¥,
B = — (41)
V,

The total heat transfer per impact is then

S, N\’ o
€ 2% () 203058701 0.11487 )
QH (’)“ iy Ly

(42)

During plastic impact, additional heat i1s generated
due to the internal, mechanical energy dissipation.
Experiments were performed where the collector was
bombarded with balls at the same temperature as the
collector. No significant temperature changes were
observed in the collector, indicating that this effect
can be neglected.

4.2.3. Oblique impact and particle spin. In our
experiments, the collector is tilted at an angle of 5" to
the horizontal. This is necessary to ensure that the
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particles do not strike the collector after rebound. The
friction at the interface can be important if the local
angle of incidence ¢ is large. ¢ is measured between
the direction of the velocity of the contact point and
the normal to the surface of the collector. As long as
some part of the contact area is in a state of adhesion,
the slip displacements at other points will be small
and frictional heating will be negligible. However, if
the whole contact area slips, frictional heating might
be significant. This state is known as gross slip. Maw
er al. defined two dimensionless parameters @, and y,

2(1—v) . _g:-v)(1+l/K2)
1=ﬂ(2~v)smd>, T T—

where K = [I/(m,R%)]"? is the radius of gyration of
the particle and 7 is the moment of inertia of the
particle about its center of mass. They showed that
the whole impact will take place in gross slip if

(43)

D, = 4y—1 (44)
while for @, « | there is only a very short period of
gross slip at the end of the rebound phase. For the
case of a homogeneous steel sphere (v = 0.3),y = 1.44
and these conditions correspond to

sing > 5.78u, sin¢ < 1.25u (45)

respectively.

Taking the coefficient of friction p ~ 0.1 we find
that gross slip will be insignificant if ¢ < 7° which will
be the case if the balls fall vertically without rotation.
If rotation occurs as a result of contact with the side
of the release tube, the local angle of incidence will
contain an additional term. However, this term will
generally be small since no increase in rotational speed
can occur during the free fall phase. We therefore
conclude that frictional heating will be insignificant in
the present experiments.

5. RESULTS AND DISCUSSION

The measured and predicted amounts of heat trans-
fer during the clasto-plastic impact of steel balls with
a copper collector are shown in Fig. 4. The results
show that the heat transferred per impact is six to
seven times larger than that predicted by the Hertzian
theory of elastic impact. This is attributed to the large
plastic deformations occurring in the collector during
the impact. The shaded area defines the values pre-
dicted by the analysis of Section 4.2.2 for ¥ = 10000~
14000 psi. Since the predicted heat transferred is
strongly dependent on the value of the yield stress ¥,
the uncertainties in the measured Y should be reduced
as much as possible. The yield stress was therefore
estimated from hardness measurements on the col-
lector surface. We note that equation (42) is for fully
plastic impact and this ideal behavior is not present
in our experiments. Therefore, it is not expected that
equation (42) will predict our experimental results
accurately. Also note that the particles do not collide
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FiG. 6. The measured rate of heat transfer during impact ¢
versus the bombardment rate f for the AISI 304 collector.

with the same area in every impact. There is a stat-
istical distribution to the collision centers (which
depends on the apparatus). In principle, this uncer-
tainty in the collision location can be combined with
a superposition of indentations to result in an estimate
of the multiple-plastic impacts. However, this is
beyond the scope of the present work.

Figure 6 shows the effect of impact frequency, f,
with the AISI 304 stainless steel collector. The mea-
sured total rate of heat transfer () varies linearly with
[ (Fig. 6) as predicted by equation (3). Experiments
were also performed with different ball temperatures
T,(0) to verify the expected linear dependence of heat
transfer rate upon [7,(0}—T7,(0)]. The results are
given in Fig. 7 for the AISI 316 steel collector.

5.1. Effect of yield stress

The experimental results show that the heat transfer
during impact is strongly dependent on the hardness
of the collector which is closely related to the yield
stress Y. This behavior is evident from Fig. 8 where
the ratio of measured heat transfer (Q) to the pre-
dicted heat transfer during elastic impact (Q,) is plot-
ted against the parameter B. This parameter can be
interpreted as a measure of the severity of the impact,

LI e e e  —
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E 0.9 =
- b
0.7 - 1
OFExperiment

{Steel Collector) 4

0.5 Loty v cr o]
60 80 100 120 140

fr,©@ - T, ()} °c

F1G. 7. The measured rate of heat transfer during impact ¢
versus the initial temperature difference [T, (0)— T,(0)).
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F1G. 9. The normalized measured heat transfer during impact
Q for the AISI 304 stainless steel collector compared with
the prediction of equation (35).

since it is the ratio between the actual velocity of
impact (¥,) and the minimum velocity required to
produce plastic deformations (Vy), defined by equa-
tion (7).

The results with all five collector materials are given
in Fig. 8 and they show a progressive increase in the
ratio Q/Q, as B is increased. The elastic analysis gives
a good prediction of the heat transfer only for the
hardest collector.

The solid line in Fig. 8 is obtained from equation
(42) and hence corresponds to the case of perfect
plasticity without work hardening (i.e. n=0). It is
clear from the figure that this simplification gives a
good estimate of Q/Q, for B> 10, i.e. for large vel-
ocities of impact or soft collector materials, where the
impact can reasonably be assumed fully plastic.

However, equation (42) does not tend to the
expected limit of elastic impact as B — 1, since the
stress—strain law (8) reduces to a step function and
contains no elastic or quasi-elastic range when n = 0.

Better theoretical predictions can be obtained by
using the work-hardening theory summarized by
equation (35), i.e. by relaxing the assumption n = 0.
Figure 9 compares experimental results and theor-

F. BEN-AMMAR e! al.

etical predictions for the AISI 304 stainless steel col-
lector, based on the values ¢ = 3.16, b = 60 kg mm ~*
and n = 0.4-0.45. The lower limit of the shaded area
is obtained for n =04 and the upper lmit for
n = 0.45. The fully plastic prediction (n = 0) is also
provided for comparison.

5.2, Effect of radiative heat exchange

During the laser heating calibration experiments,
the observed temporal variation in the temperature of
the reference collector is similar to that for the collec-
tor, both reaching asymptotic values after an initial
transient period during which the temperature rises
(Fig. 2(b)). The temperature rise of the reference col-
lector is due to heat conduction from the collector
through the support. During the bombardment, radi-
ative heat transfer occurs from the balls to both the
collector and the reference collector. In our exper-
iments, for the case of a copper collector, the measured
heat transfer per impact is six to seven times larger
than that predicted by the elastic impact theory. For
the measured emissivities (¢, = 0.15, &, = 0.05) and
using the results given in Fig. 3(a) the radiative heat
transfer represents less than 2% of the total heat trans-
ferred per impact. For the case of a steel collector
(2, = 0.15), it is less than 7%. Therefore, the radiative
heat transter during impact can generally be neglected
in the present experiments.

6. CONCLUSIONS

We measured the heat transfer during impact of
heated, spherical particles with small, planar collec-
tors. In the experiments, the effect of convection is
eliminated by conducting the experiments in an evacu-
ated chamber. The heat losses due to radiation are
minimized by using highly reflective surfaces. Radi-
ative heat transfer between the ball and the collector
is negligible compared to the heat transfer due to
conduction, and can thus be neglected. Highly pol-
ished surfaces are used in order to minimize the con-
tact resistance between the ball and the collector. Con-
ductive heat loss from the collector is minimized by
using a low thermal conductivity support. The mea-
sured heat transfer is larger than that predicted by the
Hertzian theory of elastic impact. This is due 1o the
plastic deformation induced in the surface of the col-
lector. A close relationship cxists between the hard-
ness of the collector and the measured heat transfer
during impact, i.e. the harder the collector material
the less is the deviation (copper, stainless steel. and
hardened steel collectors are used) from the elastic
impact. Our analysis of plastic impact leads to pre-
dictions which are in good agreement with the exper-
imental results. Equation (42) allows for a quick esti-
mate of the heat transferred once the hardness, and
hence the yield stress of the collector, is known. This
conclusion is important because the hardness test is
easily performed. We note that accurate measure-
ments of the work-hardening parameters {(n, ¢, b) are
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needed in order to have better estimates of the heat
transfer using equation (35). Without these accurate
estimates the predictions can be unrealistic. These par-
ameters can be determined from a tensile test per-
formed at a constant strain-rate. For the case of hard
steel collectors bombarded with hard steel balls, all
impacts appear to be elastic and, within the exper-
imental uncertainties, the measured heat transfer is in
good agreement with the predictions from equation

).
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ECHANGE DE CHALEUR DURANT CHOC

Résumé—La quantité de chaleur échangeé durant le choc d’une particule sphérique avec une surface, depend
des propriétés thermophysiques et mécaniques des deux milieus en choc (e.g. rugosité, contamination, état
de contrainte, rayon de courbure), la vitesse et la direction du choc, de méme, influencent I’échange de
chaleur. L’éxistante solution théorique du probléme d’échange de chaleur est fondeé sur la theory élastique
de Hertz, ou les deux milieus en choc sont considérés comme deux demi-espaces élastiques. Dans la présente
étude, des expériences ont éteés conduites dans le but de mesurer la quantité de chaleur échangeé durant
le choc de particules sphériques métalligues avec des collecteurs incrustés dans des substrats ayant de trés
petit coefficients de conduction thermique. Le transfer de chaleur par convection a été éliminé en menant
les expériences dans une chambre & vide. Cependant, le transfer de chaleur par radiation thermique est
présent, et un effort a été deployé pour le minimiser en utilisant des surfaces hautement réflectrices. Les
résultats experimentaux indiquent que la quantité de chaleur échangeé par choc est plus grande que celle
prédite par la theory des chocs élastiques de Hertz. Les déformations plastiques induites dans le collecteur
dues aux relativement grandes vitesses de choc, resultent en de plus longues dureés de contact et de plus
grandes surfaces de contact. On analyse I’échange de chaleur pendant choc plastique et on discute le rdle
d’autres facteurs non-ideaux, tels que la flexibilité du support du collecteur et I’obliquité du choc.

WARMETRANSPORT WAHREND EINES STOSSES

Zusammenfassung—Die Wirmemenge, die durch Leitung withrend des ZusammenstoBes eines kugel-
formigen Teilchens mit einer Oberfliche transportiert wird, héngt von den thermophysikalischen und
mechanischen Eigenschaften der beiden kollidierenden Medien ab. Es gibt weitere EinfluBgr6Ben, wie z.B.
die Oberflicheneigenschaften (Rauhigkeit, Verunreinigung, Spannungszustand, Kriimmung) sowie
Geschwindigkeit und Richtung des Stofies. Die verfiigbaren theoretischen Untersuchungen des Wirme-
transports stiitzen sich auf die Hertz’sche Theorie des elastischen Kontakts, bei dem die beiden zu-
sammenstoBenden Medien wie zwei elastische Halbrdume behandelt werden. In der vorliegenden Unter-
suchung werden nun Experimente vorgestellt, bei denen der Wirmeiibergang wihrend des StoBes zwischen
metallischen Kugeln und kleinen metallischen Kollektoren, die in einer schlecht leitenden Fliche ein-
gebettet sind, gemessen wird. Konvektion wird dadurch ausgeschlossen, daB das Experiment im Vakuum
ablduft. Dennoch gibt es die Strahlungswéirmeiibertragung, die durch Verwendung stark reflektierender
Oberflichen so klein wie méglich gehalten wird. Die Versuchsergebnisse zeigen, daB der bei einem StoB
gemessene Wirmeilbergang groBer ist also derjenige, den die Hertz’sche Theorie des elastischen StoBes
vorhersagt. Die plastische Deformation, die im Kollektor aufgrund der relativ hohen StoBgeschwindigkeit
auftritt, fiihrt zu einer VergroBerung der Kontaktfliche und der StoBdauer. Der zusitzliche Wir-
meiibergang bei der plastischen Verformung wird analysiert. AbschlieBend wird die Rolle anderer nicht-
idealer Bedingungen diskutiert.
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TEIUIONNEPEHOC NP COYJAPEHHUHU

Asnoramus—KonHMYecTBO TeNAa, TEPeHOCHMOTO TEIUIONPOBOAHOCTRIO 1IPH COyZapeHus chepHYecKon
YaCTHIBI C MOBEPXHOCTHIO, 38BUCHT OT TemIodM3NIecKuX H MEXaHH4YecKux cBoficrs ofenx coyaapsio-
wuxca cpea. Ha remwronepeHoc Biaustor B Takne GakTOPHL, Kak CBOHCTB2 MOBEPXHOCTH (T.¢. LIEPOXOBA-
TOCTh, 3aTPA3HEHHOCTH, HAJIMYHE HATPAXKEHNA, PAJHYC KPHBH3HBI), a TAKKE CKOPOCTL M HAlpaBiieHHe
coynapeHns. OGbIMHO TEOPETHYECKOE HCCIENOBAaHHE TEIUIONEpeHoca GasHpyeTcs Ha TEOPHH YIPYroro
xoutakta Fepua, paccmarpHBaiolieii coyaapsiolAecs cpelbl Kak ABa YHPYTHX IONyImpocTpancTsa. B
HacTosiliell pabore IKCHEPUMEHTANBHO ONPENENNETCA TEIUIONEPEHOC NPH COYRAPEHNH MeTaUIHYeCKHX
cdepUUeCKEX YaCTHH ¢ METAIUIHYECKHMH KOJUICKTOpaMM MaibiX Pa3MepOB HpPH HOTPYXKEHHH B MOX-
JIOKKH € HH3KOH TerionpoBoaHocTsio. KOHBEKTHBHBIN TEIUIOHEPEHOC YCTPAHAICH M3-32 MPOBENCHHSH
IKCNECPUMEHTA B BaKyYMHOM Kamepe. OnHako NPHCYTCTBOBAJ paAalHOHHBI TEMIONEPEHOC, CBOIMMBIH
K MHHEMYMY TOCPEACTBOM HCIIOJIb30BAHMA MOBEPXHOCTEH ¢ BHICOKOH OTpaXaTelbHOH CHOCOOHOCTBID,
DKCNepUMEHTAIbHbIE JAHHRIE NOKA3bIBAIOT, YTO KOJHYECTBO TENJIA, IEPEHOCHMOE B TIpoLiecce coyaape-
HHMA, IPEBBIACT 3HAYECHHE, PACCUMTAHHOE N0 TEOPHH YIPYroro coyaapenus cped. Ilnactuveckas nedop-
MAIHsl, BOIHHKAOLIAA B KOJUIEKTOPE 32 CYET OTHOCHTENILHO BBICOKOH CKOPOCTH COYIAPEHHS, BHI3bIBACT
YBEAMYCHHE TJIOMAAK KOHTAKTA M JJIMTENLHOCTH COYAAPEHHsS. AHANU3UPYETCs TEIUIONEPEHOC B Npo-
Hecce TUIACTHYECKOrO COYIAPEHHA 0 00CYKIaeTCs pOib APYrHX HEMASATIBHBIX yCJj0BHH, Takux Kak rub-
KOCTH ONOpPH! ¥ HENPAMOeE COYIapenue.



