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THEORETICAL STUDY OF BOILING HEAT TRANSFER IN A THIN FILM
ON HORIZONTAL TUBE
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BSTRACT

Boiling heat transfer process in a thin film on horizontal tube
s ,theoretically, investigated . This subject is important for
esign of the horizontal tube evaporator- condenser (HTE) . which
3 apptied in distillation processes. The effect of the operating
arameters ( heat flux, mass flow rate and tube diameter ) is
nvestigated . To perform this study . a theoretical model is
iroposed. and a computer program 1s developed to solve this model
wmerically. This program is used to determine local and average
)0iling heat transfer coefficient for different operating
iarameters in laminar flow regime, The range of c’Reynolds number
.8 taken as 100-500 and wall superheat up to 35 C. The diameter
»f tested tube was 12, 19 and 38 mm.

- INTRODUCTION

Heat transfer through falling-film or spray—-film evaporation
1as been widely employed 1in heat exchange devices 1in the
shemical, refrigeration. petroleum refining, desalination and
food industries . Horizontal Tube Evaporator CHTEY is an
important thermal desalination device, where boiling takes place
in a thin film on horizontal tubes. Many investigators show that.
the world dependence on desalination increases greatly 1n the
last twenty years. Sea water desalination seams to be the Dbest
solution for the water shortage problem.

Many investigators studied the Dboiling heat transfer from
theoretical and experimental point of wview [1-9}1. Experimental
and theoretical work of H. M. Mostafa (11 for boiling heat
transfer in a thin film on horizontal tube heated by =a waste
steam. W. H. Parken et al [3] =studied the same problem using
electrically heated tubes . P. K. Tewari [5] studied the nucleate
boiling in a thin film on horizontal tube at atmospheric and
sub—atmospheric pregsures by using distilled and Sodium Chloride
solutions.
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Heat transfer ror saturated falling-film evaporation on a
horizontal tube has been analytically and experimentally.
studied by M. C. Chyu and A. E. Bergles [6] . The effect of film
flow rate. liguid feed neight and wall superheat are
investigated., Two modeis have been proposed. Dbotnh models based
upon three defined heat transfer regions. the Jet impingement

region. the thermal developing region and the fully developed
region. Both two models assumed heat is conducted across the film
and evaporation takes place at the free surface. The influence on
heat transfer coefficient is even smaller at low Renynelds num;er
and independent of Reynolds number at high heat flux (208 KW/m ).
Both models and experimental data demonstrate. that heat transfer
coefficient is independent on wall superheat.

Theoretical analysis was performed by D. Moalem and S. Sideman
{8} to study the overall heat transrer coefficient in a
horizontal esvaporator- condenser tube for law heat flux 1in
laminar {low regime. Local evaporation heat transfer coefficient
around the tube has a maximum value at angle equal to [[0/2 from
the top because the film thickness was a minimum at this angle.

v laminar flow regime the average overall heat transfer
coefficient decrease with increasing Revnelds number or
increasing tube radius.

2- GOVERNING EQUATIONS

Fig.(l-a) shows the system of ccordinate used to anaivze,.
mathematically., the present problem. According to the present
oraeposed model some assumptions are made. Hydrodynamic .as well
as., thermal flow field are assumed to be identicel along the tube
length. The radial velocity 1s assumed to be very small compare
to the tangential component. According to these assumption the

energy #guation in cylinderical coordinate is simplified to the
form; 2

JVooRT L K 9T 1 T, )

e [ pCP Gre r dr ’

with the boundary condition:

at r=Ro T=T
‘ (2)
‘at r=Ho +3 T =T
In eguation (1) . V is the averace tangential component of the

velocity which is determined according to the relation;:

V=>[/p éﬂ (3
Where ' is the rate of falling water per unit length of the tube
per one side ( '= m /2L ) and é“ is the film thickness at the
prsition $=0.0 and is approximateéed by
éo = Ab SO 2 L) (4)

The film thickness é at general position ¢ 15 estimated with the
aid of the eguation:
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s=a ERPI—H R 2 s T R ' 3

¥ D ri
Eguatien Iy i3 derived according to the mass balance or ope
2Vaporation pracess Irom the free surface ot the rilm CFigure
(i-Db1i.
To gun Elow describing szguaticns f1-3) 21n dimenzionl=ss farm. one
derfines the rfollowing dimensionlsss  1ndependern: and dependert
variables as follows:

R = r/R g o= /S o
o =3 o
4 =4 /R ; 8= T="T 14T — T4
-1 ' tof v
With thes aid of the foregoing dsefinitions of variables (=Juations

foli, the dimensionless form of energy edquation . can be written
as;

16l

- 2 s(a/RerPrIv( S ) ::Tf_ o= 25
With the boundary condition:
at R =1 E a =1
. (83
at R =1+ & i & =0.0

Where Re & Pr are Revnoids and Prandt! numbers . which have the
[ollowing definitions: _
Re=4 /i i PI’*F-ICP/K : =3

Solving eguations {7-9). the temperature distributisn  through
out the flow fisld can be svaluatad and., in turn. one calculates
the loczl neab fransfer cosfficient by using the  local
heat flux and wWall superheat ae follows;

h,p = o / (QTI.UP i LDy

The local heat Flux at the wall 1s calrculatad according to the
equation;

Q$_¢' - (AT)SHF’ {957,080/ B b
Where (d&/&ﬁ)) 15 the gradient of the dimensionless temberature

zt the tube wall. _
Thne average poiling heat transfer coeffiglent 12 calculacsd
through the following relation:

1 bid
h = WT— GJ h¢ dg 124

3= NUMERICAL PROCEDURE

The dimensionless anergy ecuation and ics Dbeundary conditlons
egquations (7-9) are soived .oumerically. wusing finive diviced
difterence method. As shown 1n Fig. (l-c) &R-F flow freid 15
covered with a mesh. their nod=ss are idenrified oy the ldsntirier
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Jirschions re=nagTivalyy . Tahxng noas :hF el number 9l Do
iroradial diyaction tnée STE0 =17 LR INIF Jdarectiah 18 derihe
L '
S« 2 ¢yn=1) R )
The derivatives o7 the wariabls & wiktf vespect fo FE&  J4n

sporoximated by the follgwing finite dividsd diiferences :s:

dH{dR = “.-h‘] - &u-t i 148 B
Al = e - 24 - = Y- P13
Ve LI | B X

ik = | B ;™ (=] i Vo AR
Substitizian of the Approwimats Jsiivatives In the limensionts
saergy squstisn lsads po the follawing 3et of  Linsar  sldasbra
SLUMATISNS

C - + 0 & - F a =4 = i Ly

i L@, 4 i el i &L, 4 2 Ll
dheye the: Ccoafifeldnee of Uhae IOr8golnd SouaAticns 41 A
dedilined ag;
L8 ... n

e =3 = SEIZ03H =2 Y8

D=2 e 2N oLt E o ad i 3ET ¢ o

F= =3 = S00E0i=1a=01310 i5)

P .

A= 5 ATAISESLIEY 0 2B i RSP ¢ o

BousTIgns  (l4) ars 2 Tne TrI—3Iagonad MALYIN TVEE . 0D

EXl—liapanal mATYIx Iguarions are =o,Yed by the weli  dlwsn bad
subsEt iLutioan taEghmigls. The sgalltian of  sauacions (190 E
regesrted: 1R ITEFARTIve JRANNeY  Lixl A proper wsiue of & o
Achisvzd . & Jomnitte) progral 1S dezigned and proposed e prada
rhe temparatupe prefile saersss Ffilm thickn=sss and  locar  hdad
slun. Rnd thuk loval and averages heac transi=

coestricisnr and Nusssa|:s nimber Tan De
Thn= sultabl= ctotal humber of podas dn
found Lo ba LOO

a—- PESHLLTS AND DISCUSSION

The dimensionless thickness for the awanarating

tubs crrcumference ig shown a0 Fig. 2.

dscraadss with tha angular posicien gsvscisily for

ot Hevnclas ndmber The develoging of ihe

beucked mare and @mors lingar with anguliar tesitlon and it ig very
clig=e 0o litear distribytion: Loy £=11/3 == shown in Fid.(3).
trpTil4 2 ap @uod agrsamwnt With The resuite ghuainsd by M. O

Ehv 304 AL E. Sergles (61, The 1owral heat

calaylated.
Lot R and § dilecrions and

fiim around Lhs

Tne film rchicknes:
ama;ler  vaiude
Temperatiure orofil

Tha:

flux dseorsagss  wicl
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= Ahgudrar LoFitEOM AS Fnawh o In fag. =) It 43 oci=AF HOAt T
ivtcal o=az Iranster <oefiicient and lacal Wisselt number navs Che

NigaesT vau2 at, ohe top 2 the tube and then d4zcraase papidiv
Titi thevy Tas an asvmprotis Valuas fatarting fram E= 000

-

Ihe =risch o mass flow rate |or Revnolds nuooer) on  Joeai
Muss=lt fnumber 13 snowa In Fia. 131, It 13 found -hat . Sevacilod
pumber haz a little effact >n tocal Nusselt number Zgacially at
DIgNer anguisr pasibivn.

The effsct of tubs diamecsr oo the heat transfar ceefficient s
studied ag shown 10 Fag. (6). From this figure 1t i1s ciliear thag
the heat LrapsSter coerfficlent 1ncredsgs with dacreasing  tubs
diameter in laminar f{low. '

In famlinar flow [Re<750) ths average Nus=elt number incrsasas
with incr=asing Reyvnelds pumber . as shown in Fig. 171. The
amount of liberaced vapor from bhe wWater fiim 13 zignificant far
Icw Zeynelds number (smaller f1lm thickness) and thus a 1tveiat.vs
rapid decrease in the f£ilm thickness with the angle ¢ 1=
expestad . This fauces an incrsasge in the lpcal begiilpg heas
transter cosffiszient and local Husselt number | specially  an
kigner degres of superheat

Filg. 18 shows = compariscn between the present rezulta  and
M., 2. Chyu =t al (di. A gond agresment Dbetwesn The Two models

praposed Ly M. 0. Ihyu et sl and presept wark s feound

A compari=cn  between The averags boiling reat tiansisr
coeffimrent oabtained from theorstical results  and  exDerimantal
results abtained by Mostcafa., #. M. [1] 15 shown in Fig. [2). The
difrerence patwsen the sxperimentzl and Cheorscicai  resuits  1s,
probably. due s the nonuniform spread of water along *he  Tubse
clreumferancs . Marsover in sxperimsntal werk . a4 rfraczion of  fhe
total ares 15 goverad by s relatively thrn film where as in ather
pErns the flow 15 terbulent and ov wavy, Alfe. the npen—anlitorm
rain-liks drops falliing oo the tube may anhance the transfer rats
v iniflating concentrls waves. Thase effacrs ars nNut  ACTountad
tn thedyatsosl owork For  these reasons  the  S¥parimenTal  Deat
irapstar zTerfiiclient i3 ¢greabter than the pheorscical Jns oD% abous
i7% at the same wWorking condinions.

S— CONCLUSTON

incthis =#tudy & modal Sescribing e Borilog heat  transcey
process wvear 4 hurisontal tube at constant wall  ramperastiuie s
propoged. To chsck che vaiidirty of this modsl. 2 comoarison
betwesn tne aptainsd Fesu:ts With thay af the Hrevidas WoreEs
orovad the vaiyd:zs of thls model. [L 15 found. ‘thar the (Bodiing
ezt trapsfer JyeiliCISnT  InOrsases WIT pass AR LT Lure
dldmecesr. Alse, pporeasing wail superneat. head flus and Ravnoids
numb=r catEe: an incorsass In bodling heat Lildnsfér sLsIriciant.
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NOMENCL ATURE 2
Ao Distributer orifice ar=2a m
D Ciamerer it
h  Average boiling heat transfer coefficient wWim. ¢
h,  Local! boiling heat transfer coefficient Wm 7O
hfg Latent heat orf evaporation Jfkg.OC
I Increment in nodes in r-direction -
J increment in nodes in ¢-direscticn —
K Thermai conductivity W/m. C
L Tube length m
m Number of nodes 1n p-dirsction _
m. _Jirculated mass flow rate kKg/s
n Humber of nodes in r—darecrion —
a" Heat [lux. W/m
v Radial coordinate m
R Uuter tube radius m
R Dimensionle=s tube radius —
n Temperaturs =
¥
pi Saruravticon temperacurs of waste steam _°C
aT Superheat temperature adifference (T -T ) 2
Bup w v
qa Veloeity of free falling film m/s
1 radial velocaty m/ s
Y Tangential velocity m/e
Z Axial coordinats of the tast tubs in
Greek synbols:
r Masa flow rats ger unit  lengtih per cone
3ide af the Ltube kgim.z
> rilm Episkness m
s Limensionless temperature difference=!(T-T )/ (T -T 1
2 Dynamic viscosity N.s/m°
v Kinematic wviscosity m /s
o Density kag/m
@D Angie of inclination Rad.
b Anguiar position

Subscripts:
B Condensate
L Liguid

CUrifics. ouker, anitiai
B ske=am

sur  Superheat
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~ Vaoor
v Wail

Dimensionless numbers:
Nu Nusselt Number (hD/K)
Fr Prandt! Number (Co. u/h}
Re Revnolds Number (4 /u)
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C1.2) Mass balance of
differential element

r/\"fube wall
'(;.rrié;aporation film

C1.b) Test tube co-ordinates system

¥

€1.) The used mesh in calculating procedire

Fig.01) Schematin deseription of Lhe rlow field
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