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EXPERIMENTAL STUDY OF BOILING HEAT TRANSFER IN A THIN
FILM ON HORIZONTAL TUBE
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ABSTRACT
Boiling heat tranefer process in a thin film on horizontal
tubes is , experimentally. investigated . The effect of the

operating parameters on the boiling heat transfer coefficient isa
studied and accordingly the optimum operating conditions is
deduced. The operating parameters such as heat flux. mags flow
rata, feed water height and test tube configuration are
condidered.

To carry out this experimental work. a 3suitable test rig has
been constructed such that the effect of these operating
parameters can be investigated. The test tube is heated by a
heating steam flowing inside it in a stratified flow pattern. A
perforated distributer sprays a thin water film on a test tube
forming dripping flow.

The considered ranges Qf the investigated parameters are heat

flux from 20 to 300 kw/m , mass flow rate from 0.02 to 0.1

kg/m.s. height to diameter ratic from 0.1 to 1 . and tube
diameter from 12.2 to 38 mm . The effect of test tube
configuration in cage of ¢ircular . horizontal elongated oval

shape and vertical elongated oval shape ia studied. It is found
that . the heat transfer coefficient in case of circular cross
sectional tube 1is the best one .specially ,compared with
horizontal elongated oval shape.

1- INTRODUCTIOMN

Boiling in a thin film on horizontal tube is very different
from that of nucleate pool boiling. In a thin faliing fiim on
horizontal tube. bubble nucleation takes place with rapid bubble
growth and then sliding around the circumference after the bubble
detaches nucleation sites. The bubble diameter is greater than
the liquid film thickness. The liquid spray on the horizontel
tube increases the convective contribution and results in early
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remaovai of the adhering bubbles. This mechan:ism  enhances  tocal
rate of boilling heat transier according to the number and sice <L

the bubbles. Although boiling heat transrer process in a thin
film on horizontal tubes was sStudied theorertically and
2xperimentally by a number of works {1-10]. it 1is of needi fo

1nvastigate scome mMore parameters such as tubes configquraticen and
othar operating parameters on boiling heat transtfer coefrficient
.5pecially. from experimental point of wview.

Two methods of heating the tube surface are used. First one 1s bv
wet steam to satisfy the constant temperature as in [1] and the
second one by electrical heater to satisfy constant heat [lux as
in {31.

P.K.Tewari et al, {5] studied the nucleate boiling 1n a thin
tilm on a horizontal tube at atmospheric and sub—-atmospheric
pressures. Theé experiments are carried-out using distilled water
and Sodium Chloride Soluti?ns {35000 and 30000 p.p.m.} in a
pressure range 60-100 KN/m. Boil:ng occurs on the outer gurtace
of the 19 mm outer diameter stainless steel tube which 13 heated
by the dry saturated steam. The boiling heat transfer coefficient
increases with +the film flow rate for atmoespheric and
sub-atmospheric pressures in turbulent flow. The boiling heat
transfer coefficient decreases with decreasing the saturation
pressure, An improvement in boiling heat transfer 138 nnted 1in
case of norizontal tube—-falling film compared to nucleate pool
boiling.

Heat transfer feor saturated falling-film evaporaticn on &
horizontal tube has been analwtically and experimentally.
gtudied by M, C. ¢hvu and A. E. Bergles [&6] . The arfrfecvt of film
fiow rate. ligquid feed height and wall superheat are investigared

5. Sideman and A. Levin (8] performed an enhancement Iin Theat
transfer coefficient in the horizontal tube tiim type
avaporator—-condenser water desalination units bv utitizing
circumferentially grocved on the sxternal tube side. The analyzed
grooved shapes are square—edged . trianguiar and circular grocoved.
The square-edged gruoove. with a straight or modified bottom., was
the mest efticient shape 1n the flow of 300.Re« 000, Varicus
grooved surface shapes was seen to have the Dbest operational
advantages of rlow rate and heat transfer.

2~ EXPERIMENTAL TEST LOOP

An exparimental test rig has been designed and buiit. A layout
of the test rig used in this work 1s shown 1n Fig. (1). This
apparatus consgists of a circulating pumpo 21, preheater (3). main
heater (4). test chamber [(3) and condensers (8.9,10). The pump is
used to circulate the water through its lvop. Water 12 heated in
an electrically operating preheater and then in main heater. 1In
preheater water 13 just warmed up and then it 15 heared to
gaturation temmperature correspoending to chamber pressure. 10 main
heater. Thiz temperature is controiled by justifving tha amount
of heating steam in main hsater. Heating steam is condensed
inside a first secondary condenser(9) and then 18 accumuiated an
fzed water tank {1},
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Water 15 oasfed fo othe distriputsr 1n the fest champer fon D
driopea over the outsr surface of the test tube. Heating

wasged 1ns:ide  rthe ©est tube to abtain constant surface
temperacure during the experiments and a thin film of itiguid 13

marntained at saturation temperature Lo  1nsure bolling  of the
spraying water over this suriface. Heating steam 15 condenssd
1ns51de rne rtascad tube imparting 1ts latent heat to evapaorating
tiguzd fiim on the outer surface of the tube. Test chamber has
two racing pyrex-windows for wvisual observaticn of the boiiing
phenomenon and liguid raliing fiim along the tested tube . The
11quid fe=d hei1ght was adjusted by moving the distributer up and
down along slots on the side walls of the test chamber. Heating
3t2am leaves test chamber and enters the second secondary
condenser (10}. The mass flow rate of heating steam 13 measured
by collecting the condensate of second asecondary condenser
through a by-pass. Otherwise this condensate accumulated in feed
water tank. Liberated vapor from the outer surface of rthe test
tube is passed to the main condenser (8). City water 1s used for
condensation process. Pressure .temperature and mass flow rate of
a thin liguid fiim. liberated vapor .heating steam and caty
cooling water are measured in different reguired points 1n test
120D.

3- RESULTS AND DISCUSSION

Boiling curve for saline and distilled water <cor laminar and
urbulent flows 1is shown in Fig.(2). It i= c¢ilear thart,
1stiltled water and Sodium Chioride Solution with salinity 40000
L.p.m. tclose to the salinity of sea water on the Mediterranean
and Red seal has a little effsct on the bhoiling hear Lransrer
coefficient for laminar and turbulent flows, this 15 physicaliy
snopect2d anly for fresh evaporators. Tor this reason diskiiled
water 1s used as working fluid in the experimental work instead of
Fa.1ne water.

(T b it

Fig., {3} indicates thak an 1ncrease in heat fiux leads to an
incyaase 10 the average value of boilling heat transier coefficient
fror laminar and turbulent flows. A= phyaically expectad,
increasing heat flux causes a rapid bubble population f(on the
number and size of the bubbles) and a ranmid detachment frem ‘1=
nucleation sites. This bubble agitation causes a turbulent
perturbation in the water film,

It 15 clear that the heat flux reguired to obtain the same wail
auperneat i3 higher for turbulent flow than for laminar Tlow.
Accordingly., walues of the average boiling heat Lransrer
coefficient and average Nusselt number are higher for turbulent
flow than for iaminar flow. The average boiling heat rransrter
coefficient increaszes by about237% for 1am1q3r flow when the heart
flux is increased from 80 kW /m to 240 KW/m and increases by
about 20% 1n turbulent fiow Lor the same conditions._  Also. 1t is
observed that for high h2at fiux (more than 200 kW/m®) the sffect
zf Reynolds number is limited due to the rapid incraase 1n bubbie
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nsoulatlon and coalescence at the hube surfaca.

The effacrt of variation of feed water height on boi1ling curve
ig i1nvestigated for laminar and turbulent flow . as shown in Fij.
i3} .Nusselt number is plotted against dimensionlegs feerd water
height for a certain value for heat flux (100 ¥W/m 1. as shown in
Fig. (8). It 15 found that Revynolds number has a little effect on
Nusselt number. specially at H/DO-I.D . This means that for

H/DQ-I.O . low Reynolds number can be applied in the commercial

units., which reduces the pumplng power regquirements. It is found
that the boiling heat transfer coerfficilent has a maximum valus
for laminar and turbulent flows when the dimensionless feed
height is in the range 0.4-0.6.

Fig.(5) illustrates the effect of the tube diameter on the
boiling heat transfer coefficient for laminar and turbulent flow,
The average hoiling heat transfer coefficient for 19 mm tube
diameter is the highest one, when the falling film occurs from a
certain distance on the tube.

In the experimental work the circular tube shape 1is5 changed
to oval shape with different vertical to horizontal axis ratio,

which is called aspect ratio ,E . For aspect ratio less than
unity. the behaviour is near to a horizontal plate and 15 called
horizontal elongated oval shape . Alse. vertical elongatad oval

shape has aspect ratio greater than unity and its behaviour 1s
near to a vertical wall. For horizontally elongated owval shape
the condensate thickness i1ncreases sharply Ifrom the inrlection
point (at #=[1/2), while for a wvertically elongated one the
incremaent in the condensate film thickness is rather moderate for
most of the circumferential distance. This causes a reduction 1in

the boiling heat transfer coefficient for the horizontai
etongated oval shape than for the vertical elcongated owval shape
as shown in fig. (7). The boiling neat rtransfer coefficlent
decreases for aspect ratio higher than 3 . as shown in Fig. (7).

For higher aspect ratio the wvertical elongated oval shape 1is
cloge to wvertical flat piate. For wvertical flat plate the
evaporation heat rransfer coe2Ttficient Has=ad on constant wall
temperature is given by (12]:

1.3 178

h =i4/3) ( k7 gz »® ) (4ar . oy 7 (1)
Average boiling heat transfer ccoefficient obtained from the
sxperimental results is greater than that obtained from Equatiol
il by about 40% in laminar flow., which gives an advantage for
utilizing circular tube in practical desalination units,

ii3inQ circular tubes improve the bweiling heat transfer
coefficient than that of the herizontal elongated oval shape for
iaminar and turbulent flow, as shown in Tig. (8. The average
beiling heat transfer ccefficient for the horizental elcongated
wval shape decreases by about 25 % than for horizontal tube 1f
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“he asgpect ratio eJquai Lo L7 on laminar flow  and  decreazzs bv
about 23% 1n turbuient rlow. The thermal and hydraulic Lehaviour
2f this shape i3 c¢laoase te bthat of horizontal plate. Hence
utij:zatiron of the horizontai circular tube 15 recommended rather
FRan horizontal £14at place or horizontal elongated owval shaps.

Fig. 19) shows that the diiference in the boiling heat rransfer
zasfficient for circular and vertical elongated oval shape 13 not
exceed &% for laminar and turbulent flow. Al=o it 1s found that
tne cptimum value Lor aspect ratio 13 3 which give the Thighest
values for boi1ling heat transfer ccefficilent.

a
3

Aiso, a fair agreement is found hetween the present
experimentai results and that obtained by 5. Sideman et ai. [8]
as shown in Fig. (i0). The deviation betweea both them 1s about
14 % , where the present vaiuves are higher.

From the experimental data empirical corrstations is obtained
for average Nusselt number over a wide range of the studied
coperating parameters. The technique used for derivation of the
tollowing correlations 1g the dimensional analysis for the
diffzrent factors affecting the boi1ling heat transfer process:

1- Laminar flcw [ Re<7350 1
a-Far (H/0).0.5

Nu=048 Re-o,oa Prﬂ‘ as \H}D)o 15 }\.&:,IIIS EE—a'r

b-For (H/D).G.5
Nu=0.4 =me 7% pr® %% (mm™t :«":..‘5 =D

1i— Turbuient flow ( Re 830

a=Foyr (H/D1.0.5
Nu=1.6%*10 ° Re™ ' pro %7 H/DYO? x‘;‘f (3-a)

b-Far (H/DH 0.3
No=1.33%:0 "Re” Y pr® % (/O x:‘f 3I-b)

where K _.=(g’ et s

Fig. (ll} 2zhows a comparison bDertween the experimental HNusselt
numberr and the above derived Nusselt number. The maximum

dzviacion betwe2n the exgerimenrtal and derived Nusseltb number is
about 20%

CONCLUSTONS

Boiling heat transTer in a thin fa1lm on horizontail  smooth
tubes has b2en studied to obtain che opt lmum operating
conditions. The erfeci aof heat flux , r1im flow rate ., fasd water
rne1ght and test tube configuration on average boiling heat
rransier coefficilent have been 1nvestigated. Th: foliowing
conciusiong ars drawn;
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.- Distilied water and Scedium Thiorids  Selution haves  the saues
vaides of the boiling heat Lransfer co2Iflcient 10 :amipar  anrd
rTurouient [iow

i~ The average boiling heat transfer coefficient 1ncreases

with increasing hneat flux

3= It is round rthat the optumum racie Ifor heignt ¢ dianeter
rat1o Lies betwsen U.4 to .0, Also 1t 15 found. that Reyvno:ds
number has & l:ttle effect on Nusselt number at HsD =1.3 . which

reduces the reguired pumplng Dower,

4- Circular tubes improwve the boirling heat tranafer ccefficient
than the horizontal elongated oval shape .The vertical elongated
mval shape (at the <ptimum aspect ratio .Z2+3 } for laminar and
turpulent flows improve the boiling heat tranafer coefficient
Than circ¢ular tube by about 6%

S- Comparison between the present results with other previous
results shows a good agreement.

G- From the eXperimental results empirical correlations are

obtained for Nussgselt number in laminar and turbulent flow owver
a wide range of the operating parameters.
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NOMENCLATURE
D Diamecer m
E Aspsct ratio o
a Accelration due to gravity m/;zh
h Average boiling heat transfer coefricient, Wem . TC
defined as h=q"/ &7
aup
H Water fead height m
H/D~ feight to diam2cer ratio — .
K Thermal conduguivity Wim . C
L Tube length m
1 Heat 1npuf {rom heating steam W
q" Heat flux. dsfined as g"=Q/(2MR L} W/m”
Ho Duter tube radius m
T Temparature “C
ATeup Superhealt temperature difference iT;—TV} 2y

Gresk symbol=s:

r Masz rloew rates p2r unit  length per one
s1d2 <of tha tube Kagsm. s
& filin th:ckpass m
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- . 2
2 Dynamie viScosiiy ALsein
- 2
L B102mar 1o viscasity s
=] Density Kasm
£ Angie of Incilnacion Rad .
Subscripts: Oimensionless numbers:
= Jrifice. outar, initlail tu Nussait Number (nk/Kl
sup Superheat Pr Prandt]l Number (Cp.usbhi
v Vaogor Re Feynolds Mumber (40,41
v Wail
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