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INTRODUCTION

e e et e i e, e e b

Two-phaze +low iz Fhe post compon (low of fluid in nature. Blood flow,
preumaric  canvevance  of  granalar z=olid=, hailing of liguids and
condensabion of capor are anly o faw exanples ot two-phase systens.
funong kb four Eypes of the twuo-phase-flow, gas-liquid one component
Flow 15 Khee post dwportant clhe deccgne ol Fhe peacenl sheam generabtors,
refrigeration eguipmepls, waler cooled nuclear reactors,and  ather
major  ihemz ot chenical and prwer planks 1 depenrdent upon the
Fnamlodoes od dhes hieal beane b processes an Lhe  Cwo-phase ane
component Flows zoch oas consechiove oo ling or condensation. lhis  Lype
af  flow cambines the characteristics of a deformable interface, the
conpressibility  of pne ot Lhe phases and interfacial phase changes
which complicate (he processes of this (low type. The  phenomenon of
two-phase flow = highls sapivical one, and any design problem is B0
be solved =2ither with the 2id of experimental dats from saimilar system
or hy some corcelabions cosapobation mekhads that are based on relevant
measur2menl.s. .

o literatrgmes P, 4,670, goead correlabions are published for  the
determination and prediction of the heat transfer coefficient for Lhe
different regimes of boiling heat transfer for various heating swur face
geonetries and diflferent liquids specially for poel boiling (Z,81. 4
lot of these acorrelations are developed for =ingle heated ftubes.
Although  there are goaod research activikies for rod-bundles, still
there iz 2 lack for salisfactory information about the process of heat
transfer from rod-bundles in two-phase flow,

Lonsidering a vertical btobe heated aniformly over its lengkh wikth =
low heat fluy and fed with subcooled liquid ak its base. Fig. (1) shows
the eupected idesxli-2d form of bhe Flow pattern and Lhe variation of
aurface and liguid kemperaluwa2s in the various regions L[2).  The
published correlations far predicbtion of Line heat transter coefficient
cover bath  the pucleste bailing region and  the bkwn—phaze  forced
ronvertion pegiong ofbiers Dol b ool =meE e astamisd boo ocenr epeen Thae
enlire vamge  of Lhe correlation unl that the contributions  of  haokh
mechanysms are superpost Fioned. e two—phase heak transfer
cosfficient 13 then given s Lol Lo

1 = + ki
TF [T 2] o
mihers h is  the local healt btransfaer  coefficient, h i the
TF Mef
contribuakion due Lo nue lbeake bailing and b iw the

contribution due Lo forced roneoae baion,

The convective component cauld e grven by the Dittus-Boelter equation
based on the kwo-phasze Feynolds  and Prandtl numbers. The nucleate
bniling componant 18 expressed by Fhe Forster and  Zuber  correlation
corrected with a =zuppreszion {arlor saggested by Chen CJ213.

Surface oconditions’ sfleact s process of nucleation (2,615, [t is
reported that Lhe emonlh min (oo pequuees higher supecheasl to branster
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Eftecl ol Fhe rlowr direckion has bessn shwddied by Bartoaliong (eb.al £71
in single tobe, and (b wasn found that bhe heat transfer regimes  vas

similar bto Ehzi in pool boilling.

EXFPERIMENTAL TEST LDOF

To - investigate—experimental ly—- two phase heat transfer and pressure
drop through vertical heated rod-bundle, an experimental test loop has
been desiqned and built. Schematic layout of the experimental loop is
shown in figure (2Y. This loop consists mainly of tesl section  (4),
water condenser {(4) ., preboater (2) and pump (L), Distilled water
enters fto the test section through a one way walve. A mixture of
saturatend wvapor amd maburated water leaves the kest section to  the
water cooled condenser . Cily water is wused for  condensation.  The
condensate iz woraned by preheater and return agaimn to the test
sectian. Teel section 1s heated electrically by direct current
zupplied from a welding rectifier unit. The direct current passes +to
the test section through cable terminal (12, The inner surface
temperatuwres are measured on different levels along the length of one
tube o©f the test bundle by.means of movable thermocouple. The inner
surface ftemperature is then corrected to obtain the outer surface
temperaturea,

From the theoretical evaluation of the experimental error, it is
sstimated that the total euperimental error in measuring the heat
transfer coefficient may rise ko about 5%

RESULTS AND DISCUSSIDN

it e o i e

The obtained euperimental  resgits concerning  the two-phase haat
Lransfer ceoefficienk along khe considered three-rod bundle which
simulates nuclear foel element= in Jight water reacior are presented
and evalualted 1n thiz section.

The effect of various parameters, such as, inlet pressure, inlet
csubceoling . heat flux and mass flow rabte, on bthe surface temperature,
heat  transfer costficient is discussed in this section., Finally, a
comparison 15 made batween experimenibal results and previously
obtained data.

All experiments of this work are narrvied oub in the nucleate boiling .
low heat flux, and low qualibty region. The experiments are carriasd out
in  the following operabting condifions whyoch are atlowed by the test
facilitky:




M. 45  Mansoura Engineering Journal (MEJ) Vol. 14, No. 2, Dec. 1989.

H H Fuperimenhal range 1
\ L e e ot e :
E ; Mirimum | Mast i mum E
| Hwst Elasy Wen® 4.4% 5.6
E Inlet pressure .155Mfm2 ! i.52 ; P ;
: Mass flaw rate, kg hr ; 500 : Qi ;
' ' . '
i Inlet temperature,'c E T2 E 106 ;
g Inlet =ubcooling, > ; 7.5 ; 26 i
; Dutlet dryness fraction, % % Q.0 % 1.5 ;
E Total pressure drop. N/m? {18000 : 18750 ;
! i : ;

3

The above allowed operating conditions cover the Jfollowing heat
transfer regimes:

i-single-phase forred convection 2- subcooled pucleate boiling
I~ saturated low gquality nucleate bailing .

The vt ar surface Lenperabure and  heat Lransfer coetficient
distribolicon  aloong the hundie bubes are shown in Figures (3) bo i)
for ditferent operalong condibyons.,

Figure <2 illustrates the behavior aof out%r , Surface
temperature and- heat transfer coséficient (at P = L96x10° Nfm 1 =103

in in

'Coand W= 700 Fgshr) along the test section for different heat fluxes.
It iz remartable thakt Lhe ouker surface temperature and heat
transfer cosfficienk increases with the increase of heat flux. It is
clear that Lthe owvter surface btemperature increases slowly with
increasing heat fluwe which 13 physically accepted. This ecan be
explained by increasing bubble formation with heating. For the allowed
operating conditions kthe local heat transfer coefficient , given
by

ha "o AT
sat
increases by a factor of .15 when the heat flox is raised by a factor
of 1.35. '
Also, 1k i3 to notice that the outer surface temperature increases
with increasing {(z/L) up ko the end of one phase length, as z measured
from the Jlows  end of the boandle tube. In bthe saturated npucleats
boiling region 1t becomes nearly constant. The high temperature: at the
end of test sechkion., shown an Fig. (3), can be explained as due to the
end aeffects. Copper bus-bars abt flow inlel works as cold sink and some
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conduc b ivae i Low Llycogh Ehe ol heat g Lolees to the relabtively colder
zink inm upposite direction ko the flow, This lead to an  increase  in

the heal Lransfer cnatficient  and  decreaze  an outer zurface
temperalure 10 hhe flow  direction al the test section inlef. Thea

last thermocouple  =ab Lhe ootlet of ithe tesk section registers hi ggher
readirg than that preceding ong in most runs, This 13 because near the
gutlet of the tesk zection soms of the vapor bubbles foram a thin film
between the working fluid and heabting kube. The resistance tao heat
flow becomes greaber causing a rise in the outer surfacs temperature
at the teek sectimn outlek., Referring to Fig.{t}), it is concluded that
the behavicor of the wall tempsrature 1n the considered rod bundle has
the same Lrend as for single tube.

The curve in figure (4) andhiecates  thalt the ooter surface  temperatbture
increases with the increase of inlet pressure as  expected because
higher pressures  require  higher saburation and  higher surfane
temperaluras than Lhal gt low pressures. Consequently  heat Lransfer
coefficient and  steam quality increases with the decrease of vnlet
pressure. Tt is clear from above Lable Lhat the range of the allowed
operating prescure is small, which gives no olear pictuwe for  the
effact of the inlel preszure,.

Figurea (9) shows [ hab Lles ouker aorface hemperalbure increases wibh the
decrease of inlel subconling o wikh Lhe tncrease of 1ntet temperature
at constant inlet paramchers, A@lso 1E 18 to notice that heat transfer
coefficient is improved wibth decreasing inlekb subcoeoling. This 1s
becauvuse the rakte of increase of bulk temperature is higher than the
rate of incresse . of oulber  surface  Lemperature. Consequently the
temperatine i dierence  dencreaszes  and healb  transfer coefficient
increases for the @ame caluse of beakb Flus.

The resulbs shiay that Fhe oplr @ face Lemperakure decreasse with e
decrease of mass tlow rabte. (k15 also clear- as shown in Fig. (&) -
that thae heat transfer cosffriraent and =kean qualiity incresases  with
decreasing mass flaow ralte,

Figura (7a)illustrakes tor cwpation of the surface superheating  For
different masz {low rates. This figure 1llustrates the wvariation of

surface superheating § 4 T with the operabting
=at
surface heat flux (" . Vicoording o the figure, 1t is clezar thal for

the =ame heatbt flup: as the mazs flow rate lncreases to one and half of
ite initial wvalue thers 13 a zmall incre2ase in surface superheating,
This meanz  that kLhe heal branzfer coefficient increases by a small
value wibth decreasing maczs flow rate, for the same value of heat
Flux.

The behavior of Lhe heat rtransfer costflicient for two-phese flow  as
obtained euperimenially 15 presented in Figs. (3) o (§). [k is olaar
that the heal Lransf=r coefircienl rises very slowly along the beouvling

-
-t

tength of the " test  section and haz zan swverage walue of 2.0 %10

W/a2.C .

Talkahashi el al LTY poer fornend 2o snpen amental tegl for the pool

boiling heat lLranafer froun 3 hori-ontal plane heater wibth  distilled
water  ag bhe test fload, The oblbained resolbs are compared with  kEhe
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data preconbed in thig worl as shown an Figure (R, which indicates
the samn trend with a zmall deviation, l'he cguter swface temperature
distributions along the heating tube for different boiling types
tpool, flow and natural circulabing boiling! are illustrated in Fig.

(F). The mater swrface Looperalore for pool boiling decrease as  z/L)
increase, In contrast to the situation of poeol boiling the outer

surface Lemperature remains nearly constanmt in natural circulating and
flow heiling. This can bhe explained as due to the fluid temperature.
In pool boiling the sntire fluid acquires the saturation temperature,
where in the flow boiling the fluid temperature is constant only in
the region of nucleate boiling,

The heal transfer correlalions for prediction of the heat ftransfer
coefficient in nuctleate bailing are often complicated [2,4,61 . Hany
dimensionless relationshipz have been published which attempt to find
a relationship in the follawming form [(2,61:-
Hu o= [ (Re, Fr #

by analngy wikh Lhe relations applicable for single phase flows.

From the obtained experimental data plotted in Fig. (10}, fhe
following simple ceorrelation which satisfiss the above form is found :

2.8 0.33
Mu=n_ 053 Re Fr
. TR f
Because nf the narrow range of variation ain  the Reynold®s number
allowed by the test facility, validation of the above relalbionship
requires more experimental sxzamination. It can be used for pradiction
at  the heat Lransfer coefficienl 1o the low quality nucleate hoiling
region.

CONCLUS LINS

From the previous discussion, the following conclusions can be drawn:

i) The outer surface hemper ature of the healing hubes increases 1n the
direction of flow in cne—-phase flow region and remains nearly constant
in the two-phase Flow region uhere the fluid boils.

i} The local heab transfer coefficient in  one-phase flow region
increases alt inkerance length, but it decreases in the flow direction
until the boiling hegins then it remains nearly constant.

iii)  The local heabk transfer coefiicient increases about 13 % of its
original values when the vperating heat flunr is raised by a factor of
(.33 at mass flow rate of 700 Kg/hr and inlet pressure of 1.36 x 105 N /m%

iv) Variation of fhe mass f)low rake has a negligible =ffect on  the
measured heak transfer coefticient., [+t was found that increasing the
mass  flow rate from 500 to 700 Fa/hre deads o abouk & Y decrement in
the heat bransier ¢ abe ab inlel presso e of |86 xlosnjm"and heal
of 6.738 Wicm®,

v) According o the data obtained forr the operating conditions allowed
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by the ! Facitity Lthe rale of healb {caasfer s improved with
decreasing inlet suboooling .

/17 The aserasge bog Y heal bransfer coefficirenk along the two-phase
flow Tenghhs s Aommed Loy b W0 3 10 vheml P8 -
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NOMENCLATURE

Fj\_f.r;;;i_w o ’_.l_j.'e_’fin ihion

;h—n*;pecifi;h;;ggk:rucnn=tanf 3 o e e, (baskg.q)
Dp Cyuivalent diametar . Gin}

=

] Mass wvelocity, (kygsm?. g}
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q Gravikbional accelerabion.
i Heat branster coefficignt,
[ Thermal conduchivibys,
L. Tezl secbtion length.
F “dheolute pressure,
aq" Heat flux.
T Temperature
& T Temperature difference.
T Liguid bulk temperatuwre
b
Lt Velocity.
v Specific volume,
W Mass flow rate.
X Steam gqualiby.
= Distance measzurad from test section bottom,
=/ Length of Ltesl section rabtio.

Greek letters

Steam void fraction.
Vaolumetric quality.
Density.

Wn SR

L Dynamic wviscosilbky.
k

=1

Interfacial btension.

Dimensionless Numbers

Muszelt number, ¢ h

f T

Frandbtl mumber, ¢ L g/
¥ &

Re = (One-phase Reynolds number,

Re
T

b
-
n

]

Subscripts

e e e s e et i

¥ Laguid.

] Vapor.

zat  Saturation.
Two-~phase.
0] Ball

by liguid bulk

Q./ K

k.

Average density of hoeomagen=ons flurd,

Mean viscosity of homogeneovs L d.

)
£

H

.F
(G N/ po)

Effective two-phase Revnolds number. (G %’H y{{1-%X} F
F

(m/sd )
(Ew/m2 %)
(W/m%e)
tm)

(SR TIPS
t/cm2)
)

o

o

(mss)

(3710

(kg/hr)

(4

tm)
tdimensionless)

(dimensionless)
(dimegsionla-si
ikg/m™}

tkgxm?i
(N.ifmz)
(N.s/m™}

(M/m)

1,29

H
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