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ABSTRACT't

Sy oy By S — —

The influence of both tube spacing (or pitch to diameter
ratio) and length on surface temperature and heat transfer
coefficient for a vertical bundle of heated tubes has heen
datermined experimentaglly.

A stainless steel rod bundle was manufactured specielly,
to simulate the fuel cell in the reasctor. This bundle had a
7-rods, each of them had a 21 cm. length, 1Omm outer dlameter
and dom inside dismeter. The bundle was inserted inside a
stalnless steel pool, and the bundle was connected in geries
and heated by conducting high electric D.C. current through 1it.

Although no analyticel studies are presented, the exper—
igental results sre qualitatively explained from heat transfer
principles, The paremeterss mean heat transfer coefficient,
mean temperature ditference and pitch to dlameter ratio are
correlated with each other by using the least square method
and a relation for calculation of heat transfer coefficient
was obtained. The tube spacing (pitch to diameter ratio) was
found to have a strong influsuce on the heat transfer coeff-
icient, and the maximum rate of heat tramsfer occured at a
pitch to diemeter ratio equal to 1.3, '
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1. INTRODUCTION:

In boiling water reactors, steam is genergted in the
core where direct contact of the coolant with the reactor
fuel elements occurs. These reactors are designed to oper-
ate in pucleate boiling region. The high heat transfer
coefficient in this region provides an excellent means,

(as compared with pressurized water reactors), to dissipate
the tfemendoua heat generated per unit volume of the fuel
elements with relatively small temperature difference bet-
ween the clad surface and coolant. The heat flux must be
limited to the upper limit of this nucleate boiling regime
in order to avold what is called burnout or boiling crisis.

A thorough understanding of the process of heat transfer

in pool boiling requires the investigation of the bubble
formation (nucleation) process and the subsequent growth and
motion of these bubbles. These processes were investigated
by W.M. Rohsenow [16] , Mcadams {[11], Nukiyema[l3] , Jhon G.
Colliev{7], L.S.Tong[15}, Forater and EuberE},#,sj, cryder
and Gilliland[6], Jackob and Linke{8], Insinger and Blise[197,
K.K. Fung{20], Kruzhilin G.N.f9], saini, Gupta and Lal{13,14)
and Cumo, Farello, Fezzilli and Pinchere{1l(0] bdbut the invest-
igators did not teke into account the effect of pitch to
dismeter ratio on heat transfer coefficient of the tube bundle
in pool boiling. Therefore the present work investigates the
effect of different parameters speciaglly the pitch to dlameter
ratio on heat traunsfer coefficient in pool boliling heat trans-
fer,

2. EXPERIMENTAL aPPARATUSH

In nuclear reactors, larke heat transfer areas in the
core are required. This ia acbeived by arransing thin fusl
rods in assembled bundles. Each burndle so-called g fuel cell,
has the fuel rods laid out such that they permit the coolent
to absorb certaln beat transfer rates. For this reason we
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suggested the test apparatus which 1s shown schematically in
Fig.(l). The experimental loop was constructed manufactured
and mounted to investipgate the effect of the heat transfer
coefficient distribution. The test section (8), is fixed in
the middle of the pool boiling tank (ll). The level glass
(3) indicates the saturated water level in the boiling tank.
The steom 18 generated when the electric power supply is
connected to the tube bundle. The condenser (1) is designed
for the removal of the latent heat of the steam formed. The
condenged vapour is collected in a reservoir (7), then retu-
rns back to the pool boiling tank. The compensating tank (2)
is used to feed the saturated water to the closed loop by
gravity across the compensating value (9). Feed tank heater
(10) 138 used to keep the compensating water at saturation
temperature. Fig.(2) shows the test gsection tube bundle and
also, indicates the test section tube arrsngement.

2. EXPERIMENTAL mEASUREMENTS AND ERROR ANALYSIS:

Twenty thermocouples previously calibrated were distribu-l
ted on both periphey snd middle rods. Fifteen thermocouples
were located along the periphery rod while the other five
thermocouples were located along the middle rod at X/L = 12%,3'ﬂu
50%, ©69%, and Bo%.

The electric power is supplied by a welding rectifier
unit, type WCRA 900, of maximum power 53 Kw, maximum currunt
900 amps, and meximum voltage 65 volts. The bundle is conne-
cted to the rectifier by copper bus-bar. In order to avoid
the voltage drop across the copper bus-bar snd to know the
exact voltage drop across the bundle, sepsrate voltmeters are
connected directly in psrallel with the test section rods of
the bundle.

The electric power is calculated by the forumula.

I Vp watt. (for periphery rod).

I Vm watt. (for middle rod).
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1-Condenser.
2-Compensating Tonk.
3-level Glass.
k-Condensing Tank.
S5-woter Separotor.
6-Feed Valve.
7-Condensate Reservoir.
'| 8Test Section Rods.
9-Compensating Volve.
10-Feed Tank Heater
]11-Bolting  Tank.
112-Feed Tank Bose.
13- Manometer.
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From the above - mentioned formula hest transfer coeff-
jcient is calculated as shown in the following relations.

qp = Pp (watt) & q = Eh (watt).

q
Efp = -—-i— (w/cma.) & gm = -&1- (w/cma.)-
b, = a‘p /@, (w/ca®, °C).
ho= 3 /(Q (w/ca®. °G).

The maximum percentage relastive error in calculating the
heat tranafer coefficient is about 5%.

4, EXPERIMENTAL RESULTS AND DISCUSSION:

The number of the pool boiling heat transfer asnalytical

- gtudies are limited. Most of the pool boiling heat transfer
correlations are of imperical nature. These correlations
depend msinly on the experimental results. Thus the effact
of the tube spacing (pitch), and longitudinal position (X/L),
in the nucleste boiling region, on the surface temperature
and the heat transfer coefficient is presented experimentslly,
and the experimental results are gualitatively explained from
the heat traunsfer principles.

The experimental results are registered at s/d = 1.5,
1.8, 2+2 and 2.50

Pigure (3) illustrates the surface temperature distribu-
tion along the test section for the middle and periphery rods
at I = 775 ampers. 1t is clear that the temperature increases
with the increase of X/L, as X measured from the apper end.
This means that the heat transfer coefficient value is higher
at the upper end of the test section than that at the lower
end. This is due to the bubble nucleation, growth and its
detachement results in current streams of bubbles with high
velocity at the upper end of the test gection more than those
at the lower end. This current streems increase tbe turbulence
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and agitation. Consequantly the heat transfer coefficient
increases.

The frgure indicates that the surface temperature along
the middle rod is higher than the corresponding of the peri-
phery rod. This is due to the large number of bubble current
streams created from the periphery rods and et the same time
from the middle one. The bubble current streams result in
unstgble nucleate boiling and unstable film boliling on the
middle rod. This means that there i1s a semi-transition boil=~
ing region that occurs before the actual transition boiling oxe.

The surface tempergtures 1ncreases with the decreases of
pitch to diameter ratio. This 1a due to the rods effect on
each other. But the surface temperature along the middle rod
is still higher than its corresponding on the periphery rod
at (I = 775 amp.) as ehown in Fig. (4).

Figure (5) i1llustratee the variation of surface tempera-
ture with heat flux for the middleand periphery rods. It is
noticed that at a certain location, the heat flux of the middle
rod 1s higher than its corresponding for periphery rod. Also,
the illuatration shows that the surface temperature of the
nmiddle rod is higher than that for the periphery rod. But
this increase in beat flux and surface temperature is relat-
ively small.

FMgure (6) shows the boilling curves for periphery roda
at d&ifferent locationsg. The illustrations indicate that the
surface temperature varies with the variation of (X/L), i.s.
increases with increase of (X/L) as (X) measured from the
upper end of the test section. But the surface temperature of
the middle rod at a certein position is still higher than its
corresponding value for the peripbery rod. Also, it is noticed
that this phenomena is acceptable for different pitch-diesmeter
ratio (a/d) values.

Fgure (7) shows that the heat transfer coefficleunt decr-~
easesd with increase of (X/L) at a certain value of pitch to
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diameter ratio and constant current (I = 775 amp.). This
phenomena is due to the ilancresse ol surface temperature gt
the lower end than at the upper end.

It is observed that the heat transfer coefficient along
the middle rod has a lower value than those for the periphery
rod. This phenomeng is valid for all values of (s/d). This

ig due to the higher surface temperature glong the middle rod.

Also, Fig. (7) shows that at constant current (I = 775
amp.) the heat traunsfer coefficient in the case of pitch to
diameter ratio (s/d) equals (1.8) is higher than its vglue in
the ceses of 1.5, 2.2 and 2.5 respectively. It is observed
that the values of the heagt transfer coefficient are approx-
imately equal for pitch to diameter ratios 1.5, 2.2 and 2.5
regpectively.

Flgure (8) illustrates the variastion of teat transfer
coefficient with pitch to diameter ratio at (I = 775 amp.).
It is c¢lear from the figure that the hegt transfer coefficient
increases with the decrease of (s8/d) until & certain value of
(8/d = 1.8) where it reaches its maximum value, then it starts
to decrease. This phenomena occurs at a certain value of(X/L).

The illustration indicates that the heat transfer coeff-
icient values along the periphery red are higher than their
corresponding values along the middlie red. This is due to the
lower surface temperature on the periphery rod as mentlioned
before.

It is interesting to notice that st (X/L = 0.88) i.e.
near the lower end of the test section, the heat transfer
coefficient values along the periphery rod and the middle rod
are the same., This is due To the stggnant region existing at
the lower end i.e. the stream current velocity tends to zero,
as shown in Flg. (8). Also, it is obvious, that at a certain
current value (I = 775 emp.) and different values of (X/L),
the heat transfer coefficient increases with the decrease of
(X/L)., But the values of the heat traunsfer coefficient along
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the periphery rod are still higher than those for the middle
rod.

Figures (9) to (13) show the heat transfer coefficient
variation with temperature difference for pitch to dlameter
ratios s/d = 1.5, 1.8, 2.2 and 2.5 respectively. The curves
show that the neat transfer coefficient increases rapidly with
relatively amall increase in surface temperature. This means
that there is good cooling resulting from bubble streams. At
maximum current, (I = 775 amp.) it is clear that the heat
transfer coefficient value on periphery rod ie higher than
those on the middle rod at different locations.

Mgures (10) and (13) show the heat transfer coefficient
on the periphery rod and middlerod {(at s/d - 1l.8) respectively
at different locations (X/L). These illustrations indicate,
that the heat transfer coefficient decreases with the increase
of (X/L) for both periphery and middle rods. However, the
heat transfer coefficient on the periphery rod is still higher
than its corresponding on the middle rod. Also, it is clear

that increasing (X/L) incresses the surface temperature as
mentioned before.

Mgure (14) shows that at maximum current (I = 775 amp.)
the heat tranafer coefficient for tha‘value of pitch to dia-
meter ratio (s/d = 1l.8) is higher than all the values of other
pitches for the periphery and middle rods respectively. In
case of large pitches (2.2 and 2.5) the effect of rod tuv rod
spacing decreases. bBut in case of small pitch (1.5), the
effect of rod to rod spacing increases, i.e. the surface tempe~
rature highly increases and consequently the heat transfer
cecrogses.

Frow the experiwental results, the meen heat transfer

coaefference (Uh) are calculated at every run nsing the follo-
wing formulast
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Also, the parameters '&, Qm and s8/d are correlated with
sach other by using the least square method as shown in the
following relation:

T

¢ (o))" (s/)"
where
¢ = 6.79 x 10710 watt/en®., (oc)Ptd
m = 8.524
n= (4,99 —» 4,11)
For s/d= (1.8 —p» 2.5 )

Figure (15) shows a comparison between the experimental
valuesa of (k) and (Qh) with their values determined by the
above mentioned relation. The maximum error of the mean heat
tranafer ooefficient is determined aa the following.

=

Ben, = Bact,

h

Sh

act.
> B max.

ﬁ act.

0.125

5. CONCLUSIONS:

v g g e S . v

From the previous results we conclude that:

1- The heat trausfer coefficient elong the periphery rod
1s higher than that along thue middle one,

2- The surface temperature along the middle rod is bigher
than those along the periphery rods.

3- The heat transfer coefficlent is high in the regyion near
the upper end of the test section. Thus, large length
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of the tube bundle gives large of high heat transfer
coefflcient.

4- The optimum pitch to diameter ratic is (a/d = 1.8) at
atmospheric pressure.

5- It is expected that the boiling crisis occurs at the
‘middls rod before the periphery rod.

Therefore outhous suggested that, releasing the middle
rod and added 1ts surface gre at the surface srea of the
periphery rods, increase the heat transfer coefficient.

NOTAEEQN:
Symbol Doscription.
A heat transfer surface area
d test section diameter.
h heat transfer coefficient
h moan heat transfer coefficlent
ﬁact actusl mean heat transfer coefficient
hth theoretical mean heat transfer coefficient
I current in the beater tube
L heater tube length
P absoclute pressure
Pp electric power Input (For periphery veod).
B electric power Input (For middle rod).
] heat input to test section
qé heat flux
ti.p. inlet temperature
tc.p. center pool temperature
t, wall temperature
Yo outer wall surface temperature
tsat saturation temperature

pitch - dismeter ratio

voltage drop across the heater pipe
distance measured from the test section top
temperature difference

mean temperature difference.

< o
E'DOH g
[=H



Mansoura Bulletin, Decamber 1977. 45

RE
1.

2e

De

&

B

7e

Be

10.

1]l.

FRRENCES s
Ponilla, C.F. and Perry, C.W%., Transactions of American
Institute of chemical kngineering, 37, 685,(1941).

Boorts, R.M.W.L. Baolger and S.J. Meisonburg, "Temperaturq
Drop and Liquid-Film coefficlents in vertical
Tubes", Ind. Eﬂg. Cbemo' 912 (Msust, 1937)0

Forster, K., and R.Grief, "Heat Transfer to a Boiling Liquidi
tiechanism and correlations"., Rogress Report No.7?
Dept. of Eng. U.C.L.A. los Angeles (1953).

Forster, H.K., and Zuber, N,, conference on Nuclear Engineer-
ing University of California, los Anaeles (1955).

Forster, He.K. and Luber, N;
Journal applied physics, 25, 474 (1954).

Gilliland, E.R., and Cryder, D.S., Industrlial Engineering
chemistry, 24, 153, (1932).

John G.Collier, "Convective Boiling and condensation®.
Edited bys idc Graw-lill Book company (Lik) Limited.
(1972).

Jacob, M;, "Heat Iranafer" Vol. 1., John Wiley & Sons Inc.
P. 641 (1949).

Kruzhilin G.H., "structure of Flow in Natural-circulgtion
BEvaporations". Trans. USSR Acad scisen.,
Eng- DiV., Bo. 7 (194’&)-

M.Cumo, G.E. Farrello, M. Pezzilli, G.C. Pipnohera ''Bubble
Dynamics in Nucleate Boiling"™. Calloque Euromech
n°?7, Grenoble, April 23 rd - 26 th (1964).

McAdams, W.H., "Heat Transmission", Edited by: MeGraw
New York, Hill (1954).



M.46.

12.

13,

14,

15.

16.

17.
18,

19.

Hilal, Darwish, Awad & Shalabl.

Nukiyema, S., "kaximum and minimum Values of Heat Trans-
mitted from wetael to Boiling under Atmosphtic
pressure”. Journal Society of Mechanical Eng.
Japan, 37, No. 206 (367 = 374), (1934).

Saini J.5., CoPuGupts and S.Lel, "Evaluation of Miorolayer
contribution to Bubble Growth in Nucleat FPool
Boiling a New Bubble Growth Model". International
Journal of Heat and Mass Transfer, Vol. lu,
No. 3. P. 469, March (1975).

8aini J.S., Gupta C.P., and Lal.S. "“"Effect of Jakob Number
on Forces controlling Bubble Departure in Nucleate
pool Boiling "International Journal of Heat and
wass Transfer, Vol. 1o, No. 5. P.472. March (1975).

Tong, Losy "Boiling Hegt Transfer and Two-Phase Flow".
ew York, Hohon Wiley & Sons, Inc. (1965).

W.M., Rohsenow, "A Method of correlsting Heat Transfer Data
for surface Boiling of liquids".
AeS.M.B. Trans. No. i, Jully, (1952).

Ya.B.seldovich and A.D. Myskis, "Elements of Applised
Mathematics" Kir publishers Moscow (1976).

Zuber, N; "Hydrodynsmic aspects of Boiling Heaet Transfer",
Mm.0. Digsertation, U.C.L.A., Los Anyetes June(l959),

Inpinger, T.n., and Bliss, H., "Trausactions of American
Institute of chemical Engineering, 3.7, &35,(1941).

D.C. Groeneveld and K.K. Fung. "Forced convective Transit-~
ion Boiling Review of literature and comparison of
Prediction xkethods". University of Toronto,
Advance Engineering Branch, chalk River Nuclear
laboratories AECL - 5543, June (1976).



