1 A0

Vy N

von KARMAN INSTITUTE

FOR FLUID DYNAMICS

TECHNISCHE HOGESCROOL DELF

VUEGTUIGBOUW KUNDE TECHNICAL NOTE 80
Bi2LIOTHEEK

13 Junr 1972

INFLUENCE OF A LOCAL OBSTRUCTION

ON HEAT TRANSFER IN PACKED BEDS

BY

J«Je. GINOUX

Cy JOLY

—  —
===

— A==
;::Ziggisssi;
e /_>_-
V=

/
=\/=

RHODE-SAINT-GENESE, BELGIUM

MAY 1972







von Karman Institute for Fluid Dynamics

TN 80

INFLUENCE OF A LOCAL OBSTRUCTION

ON HEAT TRANSFER

IN PACKED BEDS

by

J.J., GINOUX

C. JOLY

May 1972




This work was conducted 4orn the "Gas Cooled Breeder Reactor
Association” and presented at the Thermohydraulics Specialist
Meeting at Windscale on May 1#-19, 1972, in connectdion with
the ENEA GCFR Programme,



TABLE OF CONTENTS

Table of Contents
Notations
Summary
Introduction

Test facility

Results

Conclusions

Acknowledgments

L4

Heat transfer distributions
Preliminary measurements
Average heat transfer
Heat transfer distribution

® e 0 o 00 0 00 0 o0

L]

Heat transfer measuring technique

Measurement of average values

ii

iii

10
10
11
1.2

12



NOTATIONS

A, B constant values depending upon type of

obstruction and Reynolds number range

Dp particle diameter m
n number of contact points between a
sphere and surrounding spheres
v kinematic viscosity m?/sec
Vo superficial velocity : fluid velocity m/sec .
upstream the packed bed
Ty surface temperature of a sphere °c
Tg coolant gas temperature 2¢
AT = Tg - T, driving temperature b 6
Cp specific heat at constant pressure kcal/kge.
Q heat flux Kcal/se
k thermal conductivity kcal/mse
h heat transfer coefficient kcal/m?s
. = : hD
Nu Nisselt number defined by Nu = E_B s
Re Reynolds number defined by Re = Vg gB —
. C
P Prandtl number defined by Pr = X
¥ n numbe efine y Pr EEB



SUMMARY

The purpose of this study is to find the influence of a
local Obstruction on heat transfer between one particle in a P

packed bed and the coolant gas which is forced through it.

A method is chosen and developed, giving average as well as
local heat transfer coefficients in the case of a packed bed

containing spherical particles of constant diameter.

The results show

- an important decrease of the average cooling of a sphere
near the obstruction. The measurements can be correlated by an
expression such as

B
Nu = A.Re
where Nu is the Nusselt number, Re the Reynolds number and A, B

constants depending upon the type and the amount of obstruction.

- important local variations of the heat transfer coefficient

over the surface of a sphere.






INTRODUCTION

In the gas cooled thermal reactor field, fuel development

has moved towards coated fuel particles, using packed systems,

This advanced technology leads to higher heat fluxes so

that for a given power more compact reactors seem to be feasible.

A great amount of research has already been carried out in

different laboratories but a few problems remain to be solved.

For example, retention of dust from the coolant gas by the
packed bed or fuel particle ruptures can produce local obstruce-

tion whose effect on heat transfer is still unknown,

If the cooling of the particles near an obstruction is lar-

gely decreased, the safety of the reactor may be compromised,

The purpose of our study is to find the influence of such an
obstruction on heat transfer between one element in a packed bed

and the coolant gas which is forced through it.

In the first section, the test facilities are described and

the geometrical characteristics are justified.

Then the principle of the heat transfer measuring technique
is explained. It is a steady state method with which average as

well as local heat transfer coefficients can be measured.

In the final section, the results are summaried and discussed,

show ing the importance of an obstruction on leest transfer in a

packed bed.



Some of the material presented here is discussed in more

details in reference (1).

NOTE

Le prix 1971 de la Société Royale Belge des Ingénieurs et

~

des Industriels a été attribué & ce travail.

(1) "Transfert de chaleur dans un empilement compact en présence
d'un blocage" - Etude bibliographique et Expérimentale par
Co dO1lYs
Université Libre de Bruxelles - Institut von Karman

Septembre 19T71.



2., TEST FACILITY

A schematic diagram of the test facility is shown in figure 1,

Air delivered by high pressure reservoirs passes through
a regulating valve which maintains a constant and adjustable
stagnation pressure upstream of the facility. The mass flow 1is

measured by a diaphragm.

The air enters a settling chamber, the purpose of which is

to produce a uniform flow at the entrance of the test section.

By using a 50 mm thick layer of packed particles of 5 mm
diameter, followed by a wool screen and an honeycomb, the maximum
velocity variations in a cross section were maintained smaller

than about 10 % of the mean velocity.

The square test section (563 mm x 563 mm) contains a packed
bed, of spherical elements of constant diameter, which simulates

the core of a nuclear reactor using coated fuel particles.,

The test section is followed by a channel of constant cross
sectional area to minimize upstream effects caused by discharging

the working air into the laboratory room,

The size of the test section and the diameter of the spherical

elements were selected from the following considerations.

In a practical configuration of a nuclear reactor cooled by
helium a typical Reynolds Number based on superficial velocity

(Vo) and particle diameter (DP) is of about 290,

The test set-up was then designed to cover .the range 50 to
2000, Using air as a working fluid, a range for the product VODp

is thus fixed.




A heat transfer measuring technique is adopted (described

in the next section) which enforces the use of one copper instru-
mented sphere which contains an electric resistance for power

dissipation and thermocouples for temperature measurements.

This determines a minimum value of the diameter DP which 1is
one order of magnitude larger than the diameter of the coated
fuel particles. The next problem is to select a sufficient number
of inert spheres of equal diameter Dp surrounding the active one,
so that a nuclear reactor core containing a large number of

small particles can be simulated.

This number, on the otherhand, is limited by cost and total

mass flow considerations.

Finally, the choice of table tennis balls was adopted for
the inert spheres, thus giving a value of about 37 mm for the
diameter Dp' A ratio of container width to sphere diameter of
15 was selected so that the square test section has dimensions
mentioned above and giving a total number of 3375 spheres.

They are laid in carefully one by one to form a "dense cubic"

(or "octaedric) packed bed characterized by a void fraction of
0.26., In this arrangement half-spheres are used at the walls of
the test section and one-quarter spheres in the corners, It is
expected that, under these conditions, wall effects are minimized

even in the presence of local obstructions.

Great care was taken to avoid the presence of a screen at

the entrance of the test section supporting the packed bed.
This is done by using metallic wires stretched from opposite
wvalls of the test section along which the spheres of the first

lower layer of the bed are strung like beads on a string.,.

Figure 2-a and b are photographs of the test section.

Figure 2-B is taken during the packing operation. The ins=-

trumentated sphere can be seen among the inert ones.



3. HEAT TRANSFER MEASURING TECHNIQUE

As seen in figure 1 air enters the test section at room tempe-
rature (Tg) and flows around inert spheres which are also at or

very near room temperature.

One of the spheres is made of copper and instrumented with
an internal electric resistance, which can dissipate a maximum

of about 30 watts, and thermocouples for temperature measurements.

In fact, the detailed design of the sphere is different as
shown below whether one is interested in average or detailed dis-

tribution of heat transfer rates.

A steady air flow being established through the test section,
a certain time (of the order of thirty minutes for average heat
transfer measurements, and of more than one hour for local heat
transfer measurements) is needed after switehing on the power (Q)
dissipated inside the instrumented sphere, to reach a steady

surface temperature Tg.

Then the heat dissipated is exactly convected away by the

coolant gas,

It should be noted that copper was pmrposely selected to
manufacture the working sphere. It ensures a uniform temperature
of its skin despite local surface variations of the heat transfer

rate,

3.1 Measurement of average values

Figure 3 shpws the sphere which was used for these measurements,
It was machined into two parts, instrumented with thermocoax

resistance and two thermocouples, and then assemblied.




Knowing the total heat flux Q from the measured power dissi-
pated inside the sphere and the driving temperature AT=T -Tg,
one can calculate an "average" heat transfer coefficient
h = Q/8;,.AT and Nusselt number Nu = hD,/kg, where Sp = w.Dg
is the total skin area of the sphere and kg the thermal conduc-
tivity of air. From the mass flow measured upstream of the settli
chamber, the superficial velocity V, is calculated thus giving

the Reynolds number Re = X%RR

where v is the kinematic viscosity of air.

The results of average values measurements are presented

in a dimensionless form Nu = f(Re)

3.2 Heat transfer distributions

The design of the sphere used for local measurements of the
heat rate is more complex as shown by figures L4-a and b.
A small cylindrical element is thermally isolated from the rest
of the sphere. Its outside looking base occupies only 1 % of the
total surface of sphere and, in that sense, provides "local"

values of the heat transfer rate.

As before, section 3=-1, the sphere is heated up by inner

power dissipation and its skin temperature stabilizes to a

measured value Ts'

In addition, heat is supplied directly to the cylindrical
element at a rate such that its outside looking face is also at

temperature T Everything being practically at uniform tempera-

g
ture and the cylindrical element being isolated from the rest of
the sphere, this amount of heat is a direct measure of the local
heat flux, which is then presented in the form : Nu = h Dp/kg
where h is now based on the power dissipated in the cylindrical
element and on the outside looking face of this element, Distri-
bution of Nu over the surface is obtained by rotating the sphere
to change the position of the copper element with respect to the

upstream flow.



To simplify the test set-up, it was decided to avoid remote
control of this rotation. Therefore one has to unpack the bed

each time,

It was verified that this procedure did not cause any errors

in the repeatability of the measurements,




4, PRELIMINARY MEASUREMENTS

A series of preliminary tests were made to determine a
suitable value for the driving temperature AT = Tg - Tg which
could be varied by adjusting the amount of power dissipated into

the instrumented sphere.

In addition, the relative importance of various heat transfe

mechanisms was examined.

A maximum temperature of about 100°C is fixed by the materis
of the table tennis balls and the coolant gas temperature is
about 20°C. The driving temperature is thus limited to a maximum
of 80°C, The preliminary tests showed that the heat transfer

coefficient was independent of AT up to this maximum value.

Therefore a suitable value of 40 to 50°C was selected for
AT. In addition to forced convection, one has to consider three
possible mechanisms for heat transfer from the instrumented spher

to 1ts surroundings,

l. Conduction through contact points between the heated

sphere and its neighbours
2, Natural convection at low Reynolds numbers

3. Conduction through surrounding non negligible air, when

at rest,

Tests were made to determine their relative importance.

The results are summarized in figure 5,

It gives the power dissipated in the sphere which is needed
to maintain a given AT of about 45°C when the number of contact
roints between the heated sphere and the neighbouring ones is

increagsed from zero to twelve in steps of four while Vg = o,



This was done in the presence of natural conwvection and
without simply by inserting cotton in the various gaps between
the spheres. Under normal operating conditions (12 contact points)
it is seen from figure 5 that the three above mentioned mechanisms

contribute for 0,082, 0,105 and 0,206 cal/sec respectively.

In the presentation of the results of the final tests, all the

measurements were corrected by 0,187 cal/sec which is the sum of
the two first effects.

Indeed these are specific aspects of the present technique

of heat transfer measurement and not of the actual problem of the
nuclear reactor core,




“ 10 =

5. RESULTS

5.1 Average heat transfer

The tests were first made without local obstruction.

The results agree remarkably well with previously published

data as shown in Figure 6,

This figure gives the measured Nusselt number versus

Reynolds number as defined in section 3.2,

Some of the results (for example, curves Z2, L4, L8) indi=-
cate lower Nusselt numbers than the others., One reason is that

in these cases, wall effects were present.

The effect of a local obstruction was then considered.
In the real situation of the nuclear reactor core, partial
obstruction of the packed bed is possible due to dust retention

or breakage of some of the fuel particles.

It did not appear possible to simulate simply such a situa=-
tion but rather to test a certain number of configurations in
which the interestices between the working sphere and the

neighbouring ones were progressively obstructed.

Examples of such obstructions by plexiglass plates are

shown in figure T.

The results are given in figure 8 for the various types of

obstructions identified by the same numbers as those used in

figure T.

It is seen that in each case two different laws are obtained
depending whether the Reynolds number is larger or smaller than

250,
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In addition, the exponent B (i.e. the slope of the curves

in figure B) is nearly independent of the type of obstruction.

It is also concluded that the effect of a local obstruction
may be very pronounced, inasmuch as it reduces the heat transfer

by a factor which can be as high as three.

5.2 Heat transfer distribution

As the time needed to obtain steady flow conditions was
large, the test program was limited to the three following

situations :

- heat transfer without obstruction
- heat transfer in the presence of type 5 and 6 obstruc-

tions (see figure T).

The measurements were made along a great circle of the
sphere, The results are shown in figure 10 where Nu is plotted
versus Re. As may be seen, large variations of local heat
transfer exist over the surface of the sphere in the ratios
1/3, 1/6, 1/8 respectively for the three conditions which were
tested.,




6., CONCLUSIONS

Average and local measurements show the important influence
of local obstructions on heat transfer between a sphere in the

packed bed and the coolant gas,

Consequently, a uniform heat transfer is impossible if

obstructions are present,

Under these conditions hot spots are expected which in turn
away may cause new ruptures and further obstructions leading to

unsafe operation in a practical configuration.
It thus seems necessary in & practical configuration to filte
the coolant gas upstream of the packed bed and decrease the proba-

bility of ruptures by a careful construction of the particles.,
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FIGURE 4-a

Test sphere for local measurements

Nomenclature
1 Test sphere; copper is used as material
2 Heating resistance ( thermocoax )
3  Air film
4 Araldite
5 Air film
f Hollow cylinder ( copper )
Heating gage and air film
Hollow cylinder ( copper )
Swall cylindrical element heated by 7
10 Araldite
11 7Tin welding
12 Thermocouple Cu-Ct

13

kxit for wires







( S9NJBA _muo_vmgmr_n_m 1s9] 4% J4N9I4







i







Ts/Tb varies

inheit 62 5 nier

3

300

und

1 bis 10000

Achsen logar geteilt von

5 6 78910

4
Beide

7 8910

6

P

¥ Nr 369

uw)

|
:

S e e












J4Nn9l4







1 0 3 4 5 s 7 8910 2 5 6 /1 89108 6 7 8910 2 Lo i [
| P | | i | ) ) ) |
3~ tagTrT BETE B0 1258 A E e ‘.‘:'.‘ R s + 1 - j 1 i { T 3 f
u- Pt a it r : i s L5 08 B At { ¥ : 1 E“
: R RREEE SEESS 1555 S EE S IR TP R S8 1 AP R S S SSse se: R T % } i
s e ; i
2= : : ; T |
Ol1-without any obstruction ! Pt I
Oz-obstriction 1 | test sphere % Lol i
04-obstruction 2 at the middle s I
Oh-obstruction 4 J above the obstruction ! B
02
1%‘_. O4-obstruction 5 test sphere 3
8— 0OB-obstruction » | at the middle,on the sane . 1 T8
— level as sphers of obstruction A 6
6 : . i S 1A
g 0O7-obstruction 6 test sphere in the orifice el -5
showm on figurc 7b-4 AL
4— 0O8-obstruction 7  sphere in obstruction, at the . N
niddie 1
3— . : -
‘ H
o—EEH Foot s HHES =
: NS S S I :
L. Bt ) / -
T e T - 0% G B> <ottt 197" DEDEE SUUN 155> i il B BN NSNS IS DEROS SN :
A e E | :;33?55»9 % do
e | f LA o'
10' et - 5 o 2P » e 1
9 . - $5= o - e ; 9
8 s B WESEN Spe - ot +-4 8
7 , 7
6 6
5 5
4 4
3 3
2 2
e
1 + i 1U‘
1 2 3 5 6 7 8910 2 5 6 7 8910 4 5 6 7 8910° ‘3 4 567891o‘t
i inhei Ed. Aerni-Leuch, Bern, Nr. 551
Logar.-’g?‘:'i:::,gn} 1-300 u. 1-10000 S':i‘:g't} 62,5 mm






Ceelant gas : Air - Prandtl number +0,7

CONSIDERED CASE

50 ¢ Re € 250

250 < Re ¢ 2000

Test sphere in the packed bed

Nu = 0,716 .

Re0,698

Isolated sphere

Nu

101 166

Nu = 1,968

Re

0,317

—1 | Sphere at the middle eof

(N S gy O e

-2 Sphere at the middle ef

e —— —— — —— — — — —

—3 Sphere at the middle eof
obstruction at the same
level as spheres of the
obstruction

—— — ——— —_— —

-4 Obstruction of 9
i interstices, sphere at

L5 Obstruction ef 16 inter-

-6 Obstruction 2 + Obstruc-
tion 3.

Sphere at the middle eof
obstruction 3, at the same
level as spheres of this
obstruction

OBSTRQCHON

L7 Obstruction 1 + Obstruc-
tion 3 + Obstruction 4.
Sphere at the middle of
obstruction 3, at the
same level as spheres ef
this ebstruction. .

obstruction, abeve er under

obstructien, abeve or under

Nu

stices, sphere at the middlgu

Nu

Nu = 1,568

b — —— — — —— —

bk — — — — —_— ——

b —— — — — ——

2z
<]

"

o
9y
o
(@)

Re

Jeneral foru
of equations

Nu = A. Re







1 T EReSEsas o T T 1T T T TT 1T 3T I THHFIT AT
H FEEdEE : i ga = : e A R S
:  ISsaee b L t ; % ams . H HHH T T man } T HHH
T T 5 + T+ I V.4
: ! '
0T 1 1 = 1 T T I T 1
! : : HiH H : HHf e e
¥ FH t 5 T P
I 3 i . T T 1
T N SENS | B 1 1 I XS » . me s am T 1 1 e 7
1 1 :( t a H ¥ » T T
4 -
I 3 + T
L 1 - sond 1 1 i i
= = e T : HH e + + ¢ i :
= H 1 T T H t
} T ;
seaa u T T 1 1 i3
i t ] T eaan g ST
T TN aas tas
I ¢ 1 ! H I T [P : ] 1 “
T 1 H xﬁ#ﬁ{ .:-_ f &
HHH 1 I T I T R wa T t | I o
: ! o ok ! H “ _ ,,
T 1 T
+ w T 8 T 18 T
HJI« W o “ w £ “M N, t I e b
" A ¢ 1 } I
: s TR o : : = esasasEagsseeRa e
T 3T T 1 I ¥ m t 4 I i 1 !
T - ™ T T ¥ 11 4 1 1
+ T 1T T 1 I
ks 11 1 T 1 1 T S 1
1 1 & T T T T f T i 1
ass! - ~ T + T I T T i T 17
I - -y 1 8 T T T T " + 13 TT ﬁ  :
: : : HHEH t : A ? ; ¥ PR A T
1 T 12 1 I ki 1 T i 1 B 1 1 Hii
t t ¥ n. t HH : T ] r ; |
1 T 1888 ANEET HH HHA 1 T |
.o 1 » 11 1T T T : !
— T ~ - + f uxulwx%x 1 . 7 HHH
: ahs: a5t i : SeserEte el
] s :
HH . 1 1 S 1T “ ¥ ___ 681 , T 1
1 ssus I 1 a8s o 1 1T aEESurns
saws H - e as: HH Jsssauan, v 1 T ! ¥
)3 D : T 1177 } w } %Hmw
- b " T + T T it I 1
T T T - T T vas T s 1 e pe
T I T sa e 1 2 T mEE
S : : 1 R HHT 1 SESEESEEE Ia, T LA 1822 e 1 gasessasssans 7)) H
+ + ¢ T + + - b — B 1 .
bt T 1 bR s i1 s 8 1t 8 B aumsssEan; H M T =8 BaEEeE i ~N
I N —HH T I 1 8 ; HEATT b THH M SESSES . L -
T t 1 NI T BEB S’ . i 3 1 188, - N g 0
T 1 . 28 3 x b S 88!
F i z =S
fesfacs H : H i 2 Q|3
s 5 1 H ! 1 SRsssapas: oeee
THET ~ S REhes ¥ - 3 } M
m a8y 8 1 ' I
1 = . s ~ugae: 1 THEEH M
nu bl T T
EEEECEE = ! i T _ ; : Q|
HHEHY - o . s8s: : 8 i H H THHEHH MIE:
"z » — : Be8e T HitHEH Sgaifssesiaincacass H 3ges T HHHHH 3
It © %) 111 e R H e H it 1 ks sasan U e
- I T TR T HETRTH j22ass we s SE3ERs T sgssesmsea. T :
! = e L+ N HRIHITAREIT HE 111 H Tt . 1 11 u,; . HH 1 S S T
L LN e @ ! ] b R i R e HH 1 th HHH R H Y i A
TEaT h s BB T bt s e Ips BEBE T H T " .. 73 e
pHHE 8 HHEHEHE HEUHE S3555 555 s5aiatehanssbbestontonanssiistianct aifissensssasass SR Y E
sl e g g » s i T N e ] HH Sicsis P [
= T HIT H T prz
Hin =) £ o C 1 xn%‘ e 1 SSaat Saasasants asnesseczenpan HH 3 98¢ B HIH ags, g PRpES -
1 1T M C ' -~ L. puss sue gass 98 86! s I 8 8 H
HhE = ? HH sbiceEnetzsatastsanet gsgiisdatinited §88 : H HH B H
+ + ¥ (o] ? 1 : ss 3851 jopis sagpaspsananens mase 1 senssuns T
~ $+4 4 ‘- o 4 — 4 44 o $ 4+ b4+ 41 44 4 + 444 I8
= +1w m m Ao U:\ ~ HHH §52s09psads 1 T M” s2asd e 8 e H 3
i e 1 3 H H Saesaeansssesanane H 11 H ; H ]
H ‘..“m e N ..r\ o S A i : urnﬂi, #: 1 - S5 t . . T 1 H ; L o
1 i aian T r H 131 Ssuash
i = H jsags S+ - HH+ 444 4
Ol S P o~ nonn lsaseaushons s 1 Wx Jﬂl e H HH e HHH Gl
T2 Vew ® | WEETEEHEERE : : i it T SRS SRCEE e et e L
e B = B s =2 HH sespusiashet HHE 1 ! s 14 i i (@) =t
T 1 TR T = :
i1 OO = A 1 i H pEseagRatia; 1 % 1 sasastss » a5 : L O i
i &0 Hi i : HH B T HEHE ! :
= =} Sensasss i1 o1 11 s Saspansens =pEpan T ! ! gass /—
HE] €y A OV w2 i it 11 sfuss i SE¢spans Suunsdanaafans | . 111
= RIS S = S O Sl 1 HHHH
Tzl won o m M T D it FHEREHTHH |
g o 888 11
i1 1 T 17
Pl i nn o i wn i THEG §
T i 11
j = n = i Hd
% O Q0o =z 0090 H t T H
I8 mmx & xx b k3shasen:
o o] S o~ i
A 92
Ml o qa O0do q o ! | i
[9p] (@R e] 1
!
1
i

£

FABRICATION SuUi



