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ABSTRACT

Results are reported here for an exper)mental investigation uf the local
heat transfer of water fluwing through verthlcal circualar tube of 15 mm’
ingide diameter and 370 om length, packed with o spherical stee) particles
of Jiometer 3.2 amddl .07 mm, The tube is heated electrically with 2
constant heat Flux on the wall. Curing this work Reyoolds number was
varied from 10 to JOODO and Prandt) wnumber was about 7. Results show
that, In the laminar flow reglon the ratio of thermal entronce length ta
inmer tube diameter {5 equal ta 7,whlle tn the burbulent flow reglon  this
ratio has a neyllgibly smal) valuw, which means that Lhe mean and local
heat transfer coefficients are equal in Lhe turbulent region uf packed bed
tubes. [n comparison with the avallabLle literaturg the present resuvits
show 3 pulte yvod ayreement,

INTRODUCTION

Forced conveclion In packed beds is known to be \mportanl in a wi-
variety of engineering applications such as , wmetallurgicat, che~
petroleum industries and energetic. sls  technigue iz use! .7
apparptus Jesigned for therma) processes of uispersed materin®
chemical reaclors, catalystic hieat generatars and uthers.

.’

f/
The subject of ligufd flow In packed bed columne
abundantly In the llterature, and apnpears even ~

cngiaeering peblicatlons, so no atteapt wil® -
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camprehensive bibliography A more comprebengive list of references cane be
found Trom [1].

Many experimental works concecning the heat transfer through the «all of
circular cylinders (illed with packed beds have been carried out. In
thiese experiments the bed materjal had a thermal conduckivity ( kﬁ)

rangingfrom0.B82te350 W/m? K, different shaps {such as irriguiar
shape,splisres, tablet,yrains and others) ,differeot diameters ranging from |

ma to 23 mm with the parameter (0/d) ranging from 2 tao 100. Apparaftus
diameter (0} was varied from 12 am to 300 mm and dength ( or height ) of
bed in the range 60 mm to 2000 mm. Many gases were wused with U PFr )

ranging from 0.4 to 0.8 and many Ilgquids having a Prandfl number ranglng
from & to 1300 and the experimenis were carried out under diflereat
temperatures fraom 90 K to 1000 K. Heat transfer results aof an
experimental investigatlon at very high temperature processes in disperse

systems was given In [23 ( avevrage mass temperalure extended from 2350 to
3450 K ).

The film bheat tranafer caoefficient in packed bLed has bLeen studied
extensively, and Balokrishnam and Pei [3] have made a critical review of
Lhe previaus Investigations. N methad and a procedure Lo evaluate the
tilm heat transfer coefficient any thermal cowluctivity in a3 packed Vved
ore described in [4), where these two trangport properties can be
determined from the moments of a response curve obtained by Introducing a
temperature pulse.

Dixon et al (3] predicted thearetically the thermal conductivities anu the
apgarent wall heat transfer coefficient for f)uid flow through packed beds
is derived from a Lwo-phase continuum model containing the essential
underlying and independently maasuroble heat transfer process.

From the review of literature, vne may ouserve that mpst studies of focced
convection through the wall of a circular cylinder filled willh packed bed
have Geen beat transfer measurements under var$able hieat flux (or under
constant temperature).

The method af deltermining the lacal heal Ltransfer coefficient from
experiments of forced cunvection through the wal)l of €ube filled with
packed bed unmder constant heat flux on the wa)), is many time easier ang
more sccurate than that with constant wall temperature used in the other
R - Therefore the maln oblecltive of the present wark (s to cover the
sbsence vf the experimental investigation in the available literature
about local and average forced convectlion heat transfer from the wall of a
circular cylinder Tilled Wwith spherica) particles where the wall js heated
electrically under a constant heat Flux.



Mansoura Enginearing Journal (MEJ),Vp). 16, No. 2, Dec. 1991 t.95e

EXPERIMENTAL EQUIPMENT AND PROCEDURES

The experimental works concerned wilhy tha determination of healt transfer
caefflcient la a tube filled with packed ULed. One smooth tube is used tu
standarize the experioental set-up and also to evaluate the increase in
tliie tube slde lieat trancfer coefficlant for tewo sgpherical particles packed
in a copper tube, relattve to the shoath gne.

A sehematlc dlagram of the experimenta) test rlg is Jemonstrated in Fig.
(1)- The test rlg was o closed loop in which water fram the maln tank
(6) ls circulated ta a ceustant hiead tank (5) by the ald of a centrifugal
pump (4), where the flow rate was requlated Ly a valve (B8). From the
canstant headtank the tiquid flows Ethroogh a standard rotameter (7),
stabilizing section (1) of Jength 1000 mm, test section (2), aixing

sectian (3) , and then returns to the main bank. The actual test section
(2) consists of a 370 mm tung copper tube of 19 mm inner diameter and .3
mm wall thickness. The Lest tube (9) is heated using an electric heater

made of nickel-chrome wire ()0) wounded, with constant pitch, around Lthe
ocuter surface of the tube anU insulated electrically from the tube surface
with a mica fllm (11} and thermally from the surroumding with a glass wall
ingulation (12) af 30 mm thickness.

The water temperoture at the test tube Inlet and outlet (after the alxing
section) was measured Ly thermocauples (13,14). The temperature of the
test lube taner surface was measured by thermocouples ()13) at eight points
distributed alomwg the length  af the section at disltances af
0,40,110,140,210,260,310 and 370 am from the inlet sectian with four
thermocouples distriuted around the tube ¢€v check the uniformity of
porosity ond flow velocity adiacent tog the inner surface of the tube. To
do that a rectangular groves ,] mm deep, was cut over on the suter surface
of the test tube aud one clrcular groove | mm deep was cut over on the
middie section of the tube,vwhere the thermocouples were Impeded inside the
groves tu thelr places and kept in contacl with the cylinder surface using
glue and then thoroughly potished. Ouwing to the thermal cosductivity of
the copper, the inside surface temperatures of the test tube were very
close Ekp that monitored with Lhe thermocouples.

Tlie voltage drap over the test section was measurvd Uy a voltmeter, the
current and the electrlc power were measured Ly dn ammeter and Hatt meter
respectively, which in tern provided Lthe heat flow rate Trom the uouter
surface of the test tule tu the liquld flowing thrauyh jt.

In case of heat transfer Letbween unifarm heat flux heated tube and flujd
flow inside it one can easily shows that, the mean temperature of the
Jiquid Is varied Jineary along the length of the tube, therefore the water
temperature was messured durimg the experiments al the inlet uf the test

tube and the mean temperature at the vutlet ol the Lube after Lhe mixing
sectian.
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N1l thermocouples uvsed were made of 0.15 mm diameter copper-constantan

wires and connected to a 12-points sel{ switching temperature recorder
. o

(19), having a Tul) scale of 200 C.

The Llest tube is packed with a spherical steel particles (14) of diameters
3.2 arW 1.07 mm and connected Lo the tust loup Ly teflon pieces (17} itn
order to avold the back conduction effect as shown in Fjg. (1).

The Ylow velocity of water in Lhe test tube was calculated ovua the basls of
the bare tule dlaaeter. The pltiyelcal properties of water were taken at
the megn flow stream temperature, which was calculated as the difference
betwgen the average surface ‘temperature of the tube section under
cansiderastion and the lpgarithmic mean temperature UJifference of this
section. The heat gain by the working fluid was calculated from the
change of enthalpy of water.

RESULTS AND DISCUSSION

1he first prouvp of results concerning the study of heat Etransfer
coelfficlent between water and Lube wall witliout packed bed. The
experimental results jn the Jaminar Flow reyioo ase plulted in Fig.(2) as
a relation between Nusselb number and x/d divided by fPeclet number { Mu =
f{1/Pe . x/D) ), for /D eyual to 4.0, 7.34, 10.467, 14.0, 17.34 and 20,467
and Reynulds nuaber vsnging from 600 ta 2000, 1t jis shown from the
figure that, nearly all the experimental dala Jaying in the entronce
reglon, where the heat transfer coefficient was varied with the tube

length, and the data are in yood agreement with equation (1) given Uy
Petukhov (4],

Nu = 1.31 CO/D)/Ped” Y [1a2te/1)) /Pel (1

In the range of high values of dimensiunless length [(x/D)/Pe) the values
of Nu differ In about 5-10 % from it's wvalug in the thermal eotrance
length. In the turbulent region the ratie x/D, as well as w/L , is very
small compared with it's value in the Jaminar flow region which means ihat
the heat transfer coefficient is nearly constant with tube length any
varying only with Reynolds number. ond the relation belween mean Nu and Re
Is shown in Fig.(3). The experimental data are in a goud agreement withk
equation (2) gliven by Petukhov (7).

Nu = (Re Pr §/B) / 11.07+12.7 /8 ¢ Pr2"2-1)) (2)

vwhere F is the friction factor given Ly Blasius [0) for turbulent flow as:

£ = 0.316 Re 7 (3)
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The second group of results concerns heat transfer coefficient in case of
water flow through cylindrical packed tube with spherleal steed particles
of Uiameters 3.2 and ) .07 mm .

Yhe parosity of the bed was determined experimentally by measuring both
the amount pf water which fills the pared volume Letween particles and e

wWwhole volumeg of the tube wibthout packed bed and the Tollowing relation
WETE USED:

U(
—_ (4)
£ = Ut

The relatlan Letween Nusselt number and the Jimensionless length (X3 in
the lamlnar flow region for bed particle of Jiamgter 3.2 mm are plotted in
Fig.(4) at Naynolds number values of 250, 340, 48O and B8GO. The figure
shows that, the thermal entraace length to tube dlameter ratio {(x/D) in
the laminar flow of water through packed tube Js small compared with that
of water fluw in tubes without packed Leds and nearly equal to 7.

In the turbulent ceglon the thermal entrance length is very small compared
with the laminar flow region, so one can conclude that the local heat

transfer cuefficient along the packed tube length is conslant and equal ta
the meon beat transfer coefficient.

The relation between the mean Nusselt number oand e for the twoe bLed
particle diometers s plotted in Fiy. (9). It le shuwn frum  the figure
that Nu jncreasea with feynolds number and the Jecrease of particle
diameter. F3g.(6) shows tlie relativn between the effective Nusse)t number

(Nuof) and the effective Reynolds number (Ne°($. The figure shows thoat

the pregent experimental data are in g quite goaod agreement wilbh the
wark of Irov [9) represented by the folluowing equation.
1/

Nu = 0.155 Me?7® pr (s)
ol of {

CONCLUSIONS

From the present esperjimental investiyatjan of packed bed heat transfer of
water flowing tlirough verkical circular tohe with ¢twa spherical steel
particles of diameters (.07 and 3.2 mm Lhe following conclusions are made:

l1-the thermal entrance length to tube dJiameter ratio (x/D) in packed bed
heat transfer in the laminar flow region ix smgll, compared with the
case uf moter fluw trough the samg tube without packing, anl
nearly Eto 7.

2-1n the turbulent region aof packed ULed In circular tuue the thermal
entrance length nearly equal zero amd the flow Js. thermally Afully

equal
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Jevelpoped.
J~the Nusgelt aymber increases with Reynolds number
witlh the decrease of particle dlameter.

, #thile it increases

NOMENCLATURE

D inside djiameter of the lest tube, (m]
¢ particle diameter, {ml
d effaective dismeter (4od/6(1l-¢1], [m)

of .
h canvective heat transfer coefficient, o .0
3 thermal conductivity, /m.°C)
L test tube length, L[ml
Nu Nusselt number bLased on the inside diameter vf the test tube, EhD/kr]
NuorNusselt number bLased on the effective diameter of the bed, th da{/kf]
Pe Peclet number, CRe.Pr]
Pr Prandtl nuaber, C p Cp/li

Me Reynolds number based on the inside diameter vf the test tube, [pvD /]
Re rneynolds number Dbased ™ on the effective diagmeter of the bed,
o

Lapvd/tbpti-c)]
temperature, [°CJ

valume, (o3 .

fluid velocity Uased on inner diameter of the test tube, [m/s)
vimensipnless thermal edatrance length,[x/D]

thermal entrance length, [m]

x > < < -

OREEY S$SYMDOLS

u abevlute viscoslity of fluid, [Pa s]
e density of fluid, (Kg/m'1

£ pnroslty,(mB/mBJ

SUBSCRII'TS

¥ fluld

5 particle
t tube

v wall
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Flg. (1) Experimental Test Rig.

i- stabilizing section, 2- test sectlon, 3- mlxing sectlen, 4- centrifugal
pump, 3- constant head tank, & main tank, 7- standard rotameter,0-valve,
9- test tube, 10- elpctric heater, ll- mica Tilm, 12- glass waal, 13,14
and 15~ thermocouples,lé- steal particles, 17- Leflon piece and 18- grid
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Flg.(2) Mu number variatlon in the laminar flow
of 1lquld through clircular smaooth (Gtube.
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Fig.{(3) Nu number variatlon In the turbulent flown
of liqulid through ¢lfcular smooth tube.
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Fig.(4) variatlon of Nusselt number wlth dimenslonless
thermal antrance length (X) in case of Liqui

Tlow through packed bed tubes st diffarent Re
mumber values (d = 3.2 mm).
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