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A laboratory thermal shock test besed on the use
of a fluidised bed

_by-

J. E. Northwood and S. W, K. Shaw

SUMMARY

A laboratory test for studying the thermal shock behaviour and
assessing the thermal shock resistence of gas turbine blade materials has
been developed using a fluidised bed as the cooling medium, The heat
transfer characteristics of fluidised solids have been measured, using
diff'erent bed imaterials. The moat important factors governing the heat
transfer to a fluidised bed appear to be the gas flow rate, the particle
size and the thermal properties of the fluidising gas. Heat transfer
coefficients of a similar order to those calculated for current ges
turbine blading are obtainsble, Preliminary thermel shock tests from
900°C to 1000°C have been made on a number of ceramic and cermet compos-
itions and a creep resistant alloy using a symmetrically tapered dise

test-piece.
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1.0 Introduction

- In uncooled gas turbine dea¥gns for aircraft, the current tirend'is
towards the use of higher blade temperatures in order to obtain greater
engine thrusts, Blade materials that have adequate resistance to steady and
fluctuating stresses at higher operating temperatures than is possible with
existing metallic materials, are being considered, However, with increase
in blade temperature, the transient stresses arising from temperature
gradients generated by rapid heating (e.g. during starting and acoeleration),
and by rapid cooling (e,g, during shut-down or in the event of an socidental
fuel cut) become more severe, The subjection of the material to these
transient thermal stresses is termed thermal shock, The effect on the blade
materisl will depend on the megnitude and number of repetitions of the
transient thermal stresses and the temperature at which these are developed.
If the value of the maximum thermal stress exceeds the maximum breaking
stress of the material, then failure will occur, In ductile materials,

o.g. metals, the capacity for relieving the stress by plastio deformation
is all important, and therefore repeated cycles of heating and cooling are
usually necessery to cause failure by cracking or to make replacement of
the blades necessary due to an unacceptable degree of distortion.

The use of ceramica has been snugges‘l;ed.‘l for turbine blading because
of their attractive high strength properties at temperatures for which
current blading alloys are inapplicable, However the major deterrent to
the application of most ceremics is their relatively poor thermal shock
resistance, In order to provide some degree of ductility and therefore to
improve thermal shock resistance, the introduction of a metal phase to the
ceremic giving a ceramic/metal mixture or cermet has been considered, .

It was therefore essential to develop a method of studying the thermel
shock behaviour i,e, the factors inveolved and the effects produced by thermel
shock, and of asseasing the thermal shock performance of such materials, and
also of both existing and potentially useful metallic materials, This
Memorandum is concerned with the development of a laboratory thermal shook
test and of the results of preliminary tests on ceramic and cermet composi-
tions,

2,0 Methods of studying thermal shock behaviour

Both theoreticel end experimental approaches have been made to the
study of the thermal shock behaviour of materials,

2,1 Theoretical methods

The magnitude of the thermal stresses produced by thermal shock in
elestic materials is dependent on the tramsient thermal strains developed
and the Young's Modulus of the material, The transient thermal strains are
dependent on the temperature differences produced in the material, and the
thermal coefficient of expansion, The temperature difference is governed
by the geometry of the shape (e,g. thin sections will cool more rapidly than
massive sections), the rate of heating or cooling, and the thermal oonduc~
tivity of the material, A thermal shock resistance index:=

ks’O‘
E «a

[See Appendix I for List of Symbola]

e N
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has been suggested by several investigators1»203 as a means of assessing the
approximate relative thermal shock resistance of elastic materials of similar
shape and size, and heated or cooled rapidly under the sames conditions.
However, thermal conductivity (ks) of the material is of less importance at
high values of the non~dimensional parameter ak.g h (i.e, for large sized
specimens of half thickness a, and high heat transfer coefficient, h) and
therefore the index:- '

is often also used, Indices of the above types are applicable only to
brittle i.e, non-ductile materials,

Theoreticel investigations are being made to determine the temperature
and stress distributions in turbine blade shapes during rapid heating and
- cooling and, if possible, to derive formulae for the correlation of thermal
shock behaviour with material properties, dimensional factors and heat
transfer rates, TFor such complex shapes it was considered that mathematical
solutions were more likely to be cbtained in successive stages, commencing
with a simple shape such as a circular cylinder, The theoretical investigae
tions have been initially confined to brittle materials where failure occurs
in one cycle, Preliminary experiments have establishedl the velidity of the
theory for the calculation of these transient thermal stresses developed in
rapidly cooled alumina cylinders. The theoretical approach has limitations
to its usefulness for ductile materials owing to the complex nature of the
problem and the number of variables involved, '

2,2  Experimental methods

For the experimental study of thermel shock phenomena it is necessery
%o heat and cool specimens under controlled conditions of heat trangfer,
preferably similar to those at the blades of a gas turbine, Manson” has
pointed out the impnrrtance of heat transfer rate by showing that with air
cooling (i.e, low rate of heat transfer), beryllia had superior thermel
sheck resistance to alumina, but on water quenching (i.e., high rate of heat
transfer) the order of merit wes reversed, the thermal shock resistances
being expressed as the minimum temperature differential to cause failure,
Although the local heat transfer coefficient (h) may vary over the swface
of an aircraft gas turbine blade by a factor approaching 8, the mean values
of heat transfer coefficient at a turbine blade for applications representing
the extremes of engine sige and operating conditions may lie between 0,02 and
0,10 e, hou, /£t? s 90O, A useful laboratory thermal shock test should there—
fore be capable of attaining mean heat transfer coefficients within this
range, preferably by forced convection, in order to simulate engine con-
ditions,

It is generally accepted that for most brittle materials, the thermal
shock arising from rapid cooling is more detrimental than that arising from
rapid heating, mainly because, in the former case, the surface airesses are
tensile, The tensile sire.;ths of ceramic and cermet materials are ge.erally
oonsiderably lower than the compressive strengths, It was therefore desirable
to conoentrate on methods of rapidly cooling specimens, with a view to selec-
ting the preferrved method for a laboratory thermal shock test,
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In the choice of a suitable test, consideration must be given to the
mode of heat transfer, Liquid metel baths are unsuitable, since, while they
may give heat transfer coefficients of the right order, the mode of heat
transfer is initially by conduction, due to the high conductivity of the
liquid metals relative to air, As shown in the diagrasms in Figure 1, this
results in a different temperature gradient and consequently a different
stresa pattern in the materiel from tkat produced by forced convective
cooling, Where repeated heating and cooling cycles are to be carried out,
liquid metal adhering to the test-piece would be difficult to remove and
possibly involve corrosion problems on reheating the test-piece af'ter the
quenching cycle, Quenching into eil or water has the disadvantage that at
a certain specimen temperature, dependent on the temperature and degree of
agitation of the liquid during quenching, the heat transfer is appreciably
inoreased due to the breakdown of the vapour phase around the specimen and
subsequent direct cooling by the liquid, Figure 2 shows typical cooling
curves for water at room temperature and near boiling point with both
stationary and rotating test-pieces, The change in slope of the curves is
readily apparent in the tests on a atationary specimen in cold water while
for the corresponding test-piece rotated in a circle at a peripheral speed
of 1 ft/s, a very high heat transfer is obtained soon after the test-piece
has sterted to cool, Water spray cooling has the disadventage that the test-
piece is alternately cooled by water and air as each water droplet hits the
surface and is evaporated, causing a succession of locel thermal shocks.
Such nen-uniform heat transfer rates were considered undesirable,

Thermal shock tests can be carried out by heating local areas of the
test-pilece such that the urheated portion restrains the thermal expansion
of the heated zone, followed by rapid cooling (e.g. by an air blast).
Alternatively, continuous cooling of the unheated portion of the test-piece
can be effected while a zoneé or edge of the test-piece is intermittently
heated,

Rapid heating in high velocity, high temperatures gases, followed by
repid cooling in high velocity air at controlled rates and pressure could
be used, as for rig tests on a cascade of blade shapes, Such rigs involve
the use of large quantities of air and fuel, are costly to install and
operate and are therefore undesirable for a laboratory test, Heat transfer
conditions similar to those occurring in an engine would be possible by
rotating a test-piece in hot or cold gases preferably at high pressure

6.8, 10 to 20 atmospheres), so that relatively low rotational speeds

i,e, 3,000 rev/min) ocould be used, The design of such apperatus presents
practical difficulties, particularly for repeated teats using both heating
and cooling shock cycles,

From the work of previous investigatwss’“ it was evident that
fluidised beds had heat transfer properties of the same order as that
required for a laboratory thermal shock test, Fluldisation of a bed of
powdered solids is achieved by supporting the material on a porous plate
through which gas is blown, At a critical mass flow rate (Gy) of the
fluidising ges, the perticles disperse and ave supported by the gas, such
that the bed of powder has a similar appearance to a liquid, The mechanism
of heat transfer in a fluidised bed is not fully understood, The most con-
vincing explenation is that heat is transferred from the surface of a
relatively hot object placed in the fluidised bed, through the surface gas
£ilm and the particle ges film, to the particle surface; the heat is then
mainly osxrried awey by the particles and transferred to the walls of the
ocontainer, The fluldising gas should therefore have a high thermal oonduoc-
tivity, high apecific heat and low viscosity in order to promote high rates
of heat transfer to the particles, Bed materials of high specific heat,
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high density and small particle size would be expeoted to give high heat
transfer coefficients, on account of their high thermal cepecity and high
surface area per unit volume, Materials of high bulk density should give
high heat transfer rates by virtue of the greater gas flow required to
fluidise them,

Using a small air mass flow relative to a ri; test a fluidised bed
can be readily used as a medium for rapidly cooling heated specimens,
Flexibility of operation and control of the heat transfer coefficient (h)
is possible, and the design of thermal shock test-piece is subject to few
limitations, A atudy of the separate and combined effects of cycles of
rapid heating and cooling is important, For the heating cycle a hot
fluidised bed is being developed.

3.0 The heat transfer characteristics of experimentel fluidised beds

While it was undesirable for the development of the laboratory thermal
shock test to make a complete investigation of the factors governing heat
trarsfer rates in fluidised beds, it was evident that there was only
sufficient agreement amongst previous investigators to give qualitative
guidance on the reletive importence of those factors which would promote
the maximum heat transfer rates and also uniform fluidisation, A range of
netal and refractory powders viz, chromium, wolfram, stainless steel, silica
and silicon carbide were chosen as bed materials for this work, several
closely sized fractions of powder being used for the last three of these
materials, Values of the heat transfer coefficient (h) were obtained for
each closely sized fraction of bed material at air flow rates ranging from
that required to just fluidise the bed (Gp) to the point where part of the
bed material was entrained in the air stream, In a few experiments, a 90
per cent nitrogen 10 per cent hydrogen gas mixture was used as the fluidi-
sing gas. Further details of this work are given in Appendix II,

The work on heat transfer in fluidised beds agrees with most previous
workers that small sized bed materials give higher heat transfer coefficients
than large sized material, although there appears to be a lower limit to the
particle size that will give the meximum (h) value, The effects of
individuel physical properties of the powder on the heat tranafer to a
fluidised bed have not been established, although such effects appear to be
small, Heat transfer to the bed is influenced predominantly by the mass
flow of air passing through the bed material,

The results indicate that reproducible heat tranafer coefficients
within the range 0,02 to 0,04 c,h,u./ft* s °C can be obtained by using a
nunber of different bed materials, some of which viz, 150 to 170 and 170 to
200 mesh silicon carbide, 240 to 300 mesh stainless steel and 150 to 170
mesh Chelford silica sand will give (h) values over the whole range by suit-
able control of the air mass flow (G) through the bed.

4,0  The deaign of thermal shock test

k1 Apperatus

The experimental work confirmed that heat transfexr coefficients of
the same order as those occurring under engine conditions oould be obtained
uaing a fluidised bed for the rapid cooling of heated specimens, The con=
struction of a thermal shock test apperatus based on a fluidised bed was
therefore completed, the apperatus being shown schematically in Figure 3,
This consists of a fluidised bed A sumounted by a vertical electric resis-
tance tube furnace B with a "Kanthal A,1" element, capeble of reaching
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temperatures up to 1,300°C., The bed, 6 in, diameter, and 6 in, deep rests
on a sintered bronze filter (grade C Porosint) having a mean pore size of
12,54, This part of the oontainer is water-cooled, the flow rate of water
being maintained constant, Another water jacket surrounds the top of the
containsr which is surmounted by the furnace., Between the filter and the
ajir inlet, a diffusion chamber is interposed so that the air reaching the
filter is at a uniform flow rate and pressure over the cross-section of the
container, The main air stream from the fluidised bed passes through an
exit duct, G. A door, H, is provided in the container to permit attachment
and removal of test pieces, These are held in a carrier, C, mounted on the
end of a rod, which, at its upper end, is attached to a ram, D. This is’
held vertically in a ateel framework which also supports the furnace and
fluidised bed. The rod passes through an aperture at the top of the furnace,
the anmilus being kept as small as possible to reduce any upward flew ef air
from the fluidised bed through the furnace, A water jacket, E, surrounds
this opening, with a sighting window, F, at one side of the jacket, The
ram is pneumatically operated to ensure that the time taken to transfer a
test~piece from the furnace to the bed is kept to a minimum i,e, less than
1 second, Electro-megnetically operated air valves, I, are used to operate
the ram, in conjunction with a suitable timer, J, This is adjusted to keep
the ram in the "up" position during the heating period, and in the "down"
position during the cooling period. A counter K is fixed to the framework
and records the movement of the ram and hence the number of thermal shogk
cycles,

Ancillaxy equipment for the thermal shock test comprises a.rotameter
for measuring the air flow rate through the fluidised bed, air valves and
Pressure gauges, an air drier and an air filter, Air is supplied at a
pressure of 80 1b/in® from a stabilised compressor,

be2 Test-piece design

-The tost-piece normally used is a symmetrically tapered disc the
shepe and dimensions being as shown in Figure 4, This shape was preferred
to that of a plain cylinder or disc, because it was considered that the
thickness should very, as in an aerofoil section. The maximum stress is
developed at the periphery of the disc and will vary with the edge radius,
The edge radius is similar to that of the trailing edge radius of owrrent
turbine rotor blading i,e, 0,010 to 0,020 in, Being of small size, the
ceramic and cermet specimens were easily menufactured in the form of plain
discs, and subsequent machining, using either carbide or diamond grinding,
presented no difficulty.

5,0  Experimental procedure

All test-pieces were checked for surface defeots before thermal shock
teating, Three test-pisces were fixed in the carrier shown in Figurs 5,
They were mounted on a horigzontal rod passing through the central hole of
each test-pisce and held loosely between wires inserted through holes in
the rod, Inspection of testw-piecas was carried out initially after every
cycle, but for tests of long duration, this was reduced to an examination
after every ten cycles,

5.1 Test conditions

The test~pleces were slowly heated in the furnace for eight minuteg
(mean heat transfer co-efficient of 0,005 coh.u./ft* s °C) and then immersed
in the fluidised bed for two minutes, For a given bed material the required
hoat tranafer coefficient was obtained by ocontrol of the air mass flow through

»
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the bed, The bed material used for these tests was 150 to 170 mesh silicon
carbide, The amount of air reguired to obtain heat transfer coefficients
between 0,02 to 0,04 c.h.u,/ft¥ 8 OC ranged from 6 to 320 lb/hr £t°,

5,2 Criterion of failure

In the abaence of fracture, the criterion of failure was taken as
the appearance under examination with a binocular microscope at x 60 magnif-
ication of a crack in the test-piece surface, As an aid to the examination
for oracks, two technigues have been used, The first consists of immersing
the teast-piece in a solution of coloured wax in benzens, The solution
penetrates the cracks and after the test-piece has been cleaned with benzene,
the cracks ere made more readily visible by the presence of the coloured wax,
Another method was to paint the test-piece with a red penetrant dye, wash in
water and allow the dye remaining in the crack to seep out and outline the
crack, This latter method has proved very successful in revealing fine
“crazing" cracks on ceramic and cermet test-pieces,

6,0 Preliminary thermal shock test results

Approximately sixty thermal shock tests have been completed using the
-l' in, diameter tapered disc test-piece shown in Figure L and the fluidised
bed as the ogoling medium, These tests were intended to asseas the relative
thermal shgck resistances of materials which included metal/oxide mixtures,
. metal bondgd carbides, a silicon carbide composition, molybdenum disilicide,
and Nimonic 95 as a reference material, The nominal compositions and sup-
pliers of these materials are given in Table I.

The results of the multi-cycle thermal shock tests carried out
initially from 1,000°C and 900°C (and later from 1,020°C) into a fluidised
bed at 20°C, are given in Teble II,

The criterion of failure (i.e, examination {or cracks with a bino-
cular microscope at x 60 magnification) has obvious limitations when
examining oxidised i.e, scaled surfaces, It has been found that when a crack
is visible in a ceramic or cermet giecimen, the crack usually extends radially
from the edge of the specimen to at least three-quarters of the way up the
tapered section, Experience has shown that within the frequency of examina=-
tion a crack is either not visible or is of considerable length, On the
other hand, with metallic specimens, relatively small cracks, which are
reveaeled af'ter a greater number of cycles and propagate slowly, are usually
fourd,

It will be recelled that a metal phase is added to a ceramic (forming
a cermet) to introduce some ductility and increase the thermal shock resise
tance, It is thought that until sufficient metal is added to form a con=-
tinuous metallic network (approximately 40 per cent chromium in the
chromium=alumina compositions prepared by Flessey Co, Ltd,) little change
in thermal shock resistance will be obtained, Further increase in metal
content would be expected to produce corresponding increase in thermal shock
resistance. Contrary to expectations, the thermal shock properties of the
Flessey 70 per oent chromium-alumina gomposition are no better than tle
20 per oent chromiumealumina material, Pive 0,020 in, edge radius test-
pieces in the 70 per cent chromium-alumine material failed af{ter one cycle
from 1020°C (AT = 1,000°C) with a mean (h) value of 0,04 c,h,u,/ft* s °C,
The Haynes-3tellite 79 per cent chromium-alumina test-piece with 0,020 in,
odge radius withstood without failuxre 430 cycles with a temperature
difference of 1,000°C and similar (h) value, while under similar testing
oonditions with an 0,010 in, edge radius, three test-pieces failed after
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70, 130 and 730 cycles reapectively, It is readily apparent that this
chromiun-alumina material is considerably superior in thermal shock resis-

tance to the other chromium-alumina cermets, This difference may possibly !
be due to the different methods of memufacture and to differences in struc-

ture, The Haynes-Stellite composition is made by direct mixing of chromium

and alumina followed by cold pressing and sintering, and has a ccarse-

greined structure, The Flessey materials are prepared by mixing chromio

oxide, carbon and alumina, followed by reduction of the chromic oxide by

the carbon prior to pressing and sintering, and have a much finer grained
structwure,

The two metal-bonded titanium carbide types of cermet appear to have
similar thermel shock resistances, the 4O N (Hard Metal Tools Ltd.) com-
position being slightly superior. Both materiasls are somewhat inferior te
the Haynes-Stellite 79 per cent chromium~elumina, Two ceramics, molybdenum’
disilicide and silicon carbide, have been tested., The former ap.ears to
have a slightly greater thermal shock resistance than the Tlessey chromiume
alumina materials, Tests on the "Niafrax" silicon carbide were carried out
with a temperature difference of 1,000°C and a mean (h) value of
0.04 c.h,u./ft® s °C on test-pieces with 0,010 in, edge radius, Failure of
three test-pieces ocourred after 45, 120 and 180 cycles respectively, These
results indicate that this meterial has thermal shock properties intermediate
between those of the Haynes-Stellite material and the titanium carbide base
cermets,

A few tests at different edge radii have been completed on the
reference alloy Nimonic 95. A test-piece of edge thickness approximately
0,001 in, failed in 70 cycles, and an 0,005 in, edge radius test-piece in
140 cycles, the test conditions being a temperature difference of 1,000°C
and an (h) value of 0.04 c,h.u,/ft* s °C. Under similar test conditions '
three 0,010 in, edge radius test-pieces failed by cracking after 490, 690
and 750 cycles respectively, As expected, Nimonic 95 is generally superior
in thermel shock resistance to the ceramics and cermets, but by comparison,
one test-piece of the 79 per cent chromium-alumina (tested simltaneously
with Nimonic 95) showed a surprisingly high endurance. In those tests on
Nimonic 95 where endurances of the order of 400 cycles and above were obtained,
it is probable that excessive oxidation (aggravated by aspalling of the oxide
during successive heating and cooling cycles) contributed to the failure of
the apecimens.

Typlocal thermal shock failures of the disc test-piece are shown in
Pigure 6, together with a microsection showing intercrystalline thermal shock
crecks in one of the Nimonic 95 test-pieces.

Insufficient thermal shock tests have been made to indicate whether
any close relationship exists between the thermal shock indices for the
experimental materials (see Table III) and the test results, Also, insufficient
data is available to compile an index for 20 per cent and 40 per cent chromium-
alumina, "Niafrax" silicon carbide, "Carbometal" and molybde:ium disilicide,
From the & indices for the 30 per cent chromium-alumina (which has not been
teated in thermal shock but should be intermediate in performance to the 20 per
cent and 4O per cent chromium~alumina and 79 per cent chromium-alumina, similar

k
performance could be expected, Comparing the -a.-’::’- indices, the superiority of

the 79 per cent chromium-alumina is evident and is borne out by the teat results. °
However, for cermets the thermal shock index is not a true indication of thermal
shook resistance since the slight duotility introduced by the metal phase has &
considerable effect on thermal shock resistance, a factor which is not included

in the index,
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7.0 Appraisal of thermal shook test

The interim results obtained with this test serve to show that the
testing method based on the use of a fluidised bed for rapid cooling determ~
ines the relative thermal shock resistances of brittle and ductile materials,
In its present form, the thermel shock test is not a rapid test, mainly due
to the fact that the heating rates are slow and that the entire specimen
(not just the region at the edge) is heated to the desired temperature prior
to the coeling cycle, High frequency heating of the specimen is being eon-
sidered but a method which more closely simulates engine conditions e,g,
using & hot fluidised bed is considered preferable and is being investigated.,
If' successful, a two minute or even a 90 second heating and cooling cyole
respectively is possible, using the same shape and size of specimen, The
merits of the present test are that controlled, reproducible and uniform
heat transfer rates can be readily employed and can be maintained or varied
over a limited range of values, which are of the same order as those esti-
mated for engine conditions. The test can therefore be used to study the
effect of variation in the cooling conditions (i,e, varying heat transfer
coefficient and temperature differential) and of specimen size, shape, com~
position and structure on thermal shock phenomena, Although it may not
define exactly how a new meterial will behave in an actual engine, it makes
possible comparison ef the thermal shock resistances of new aigh temperature
materials under controlled cooling conditions,

8.0 Conclusions

8.1 A laboratory thermal shock test based on the use of a fluidised
bed for the cooling cycle has been developed.

8.2 Experiments on heat transfer in fluidised beds have shown that
for a given bed material, the most important factor controlling the heat
transfer to a fluidised bed is the rate of gas flow through the bed,
Although, in general, fine particles give higher heat transfer coefficients,
there appears to be a lower limit to the particle size for maximum heat
transfer ceefficient, .

8.3 Controlled and reproducible heat transfer rates of a similar
order to those estimated for current gas turbine blading, and capable of
being varied over a small range of values (i.e, heat transfer coefficients
of 0,02 to 0,04 c.h.u./ft* s °C) have been obtained.,

8.4 Preliminary thermel shock tests indicate that the 20 and 40
per cent chromium-alumine compositions and molybdemum disilicide have poor
thermal shock resistance. One oxide cermet (79 per cent chromiume-slumina),
silicon carbide and the carbide cermets tested have reasonably good thermal
shock resistance, although none are as good as the reference alloy, Nimonic
95.
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TABLE IV

Memcrandum No, M. 257

Physicael properties of experimental bed materials

Nelting

Specifin

Mean specific Mean thermal

heat oconduoctivity
Naterial POl grevity 0/100°%¢ i  0/100%

4 oabau/Ib°C | cJheou./ft 8°C
Chromiun 1,920 7,00 0.0k | 0,011
Wolfram . 3,382 | 18.80 0,034 0.0255
Stainless Steel | 1,426/

(18/8 type) P1,399 1 7.90 0.12 0,0025
81liosn cerbide | deorm— | o

peses | ,

2,200 3,22 0165 0.0029
Silica sand 1,710 2.65 . 0,20 - -
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APPENDIX T
List of symbols

Surface area of sphere
Helf thickness of test-plece

Specific heat of solid

Young's modulus of elaeticity‘
Mess flow rate |
Minimum fluidising mass flow rate
ﬂeat transfer coefficient
Maximum heat transfer coefficient

Thermal conductivity of solid

Radius of sphere -

Temperature difference

Cooling rate

Volume of sphere
Weight of sphere
Coefficient of linear expension
Density of solid

Teneile strength

Memorandum No. M.257 N

£t

't

! euhou. /16°C
| cal/gm’C

Kg/cnt

1b/s £t

1b/s £t?
cehou./ft 8°C
c.hou./ft 8°C

.

{Coh'ut/ft BOC
c.g.8., units

¢
oc

o¢/s

1b
in/in/°C
/et

 ke/ect
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APPENDIX I1
Heat tranafer cheracteristics of fluidised solids

Experimental work was carried out to determine the important factors
governing heat transfer in fluidised solids, rarticulerly to establish the
conditions which geve the maximum possible heat transfer rates from heated
shapes quenched into fluidised beds. Bed materiels possessing high melting
points (in order to avoid locel fusion or sintering to shapes quenched in the
beds) and high density or high specific heat were selected (see Teble IV).
Closely-sized fractions of each material were prepared in order to determine
the effect of particle size. Throughout the tests, the bed diemeter (6 in.),
depth (6 in,) and bed filter (Grade C 'Porosint', mean pore size 12.5u) were
maintained constant, the container being water-cooled. Air was used as the
fluidising gas, with the exception of a few tests with a 90 per cent nitrogen,
10 per cent hydrogen mixture,

The heat transfer characteristics of the experimental fluidised beds
were derived from the cooligg rates of 20 mm diemeter 30 per cent chromium-
iron spheres heated to 1200 C and quenched in the beds., The following relation,
based on Newton's Lew of cooling, was used:-

i
Wecs 4aT :
= 4 — essesbtesncsascassocsnasssecsssssesvell %
R WY (1) |
i.e,
h - EEP__CE.'E .E__s._c_:_a_.iqi .....o.o.....-.........(z)

r
54T at = 3 AT at

The cooling rates were measured using a platinum/13 per cent rhodium-platinum
thermocouple, with its junction located at the geometric centre of the sphere,
and connected to a Tinsley amplifier and high speed recording galvanometer
(responss 0,2 sec). From the recorded millivolts (temperature)/time curve,
the average heat transfer coefficient over the temperature range 1040°C to
640°C wes obtained using Equation 2. The mean velue of specific heat

(0,157 aal/gm®C) over this range was determined experimentally. Due to
sudden lerge changes in specific heat below 640°C (i.e. at the Curie Pt,) for
30 per cent chromium-iron,mean (h) values below this temperature were not
employed, :

The results of the heat transfer tests are given in Table V. It was
found that uniform and reproducible (h) values were obtainable over the renge
of temperatures studied. For each bed materisl there is a minimum air mass
flow rate (Gy) below which fluidisation will not occur. It was found that,
with increasing air mess flow rate (G), the heat transfer coefficient increased
t0 a maximum value, and thereafter remained virtually constant. The genera-
lised curves in Figure 7 show that finely divided bed materials give higher
(h) velues than coarse material, and that the maximum (h) value is attained
at higher G/Gp ratios. Very fine powders, e.g. the 10/20u silicon carbide
tended to agglomerate and therefore behaved essentially eas a coarse powler,
Thus there was an optimm sige range which varied with the material. With
the exoeption of wolfrem, no pronounced differences in (h) value were obtained
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with different materials of similar particle size e.g. 150/200 mesh. The
individual importenoe of bulk density end material density, and specific
heat could not be derived from the results, although it is probsble that
the effects of these properties on the (h) velue are inter-related to one
another and to the particle size. Using a 90 per cent nitrogen/10 per
cent hydrogen mixture instead of eir, a definite increase in heat transfer
coefficient resulted. This is probably due to the favoursble physical
properties of hydrogen (see Table VI). It wes estimated that the use of
100 per cent hydrogen would result in an (n) value approximately 50 per cent
greater than the maximum velue obtained with air as the fluidising gas.
Difficulties in the use of hydrogen due to explosion risks and provisions
for burning the gas are, however, a serious deterrent to its use.
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