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LAMINAR FILM CONDENSATION OUTSIDE AN INCLINED TUBE
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ABSTRACT

The heat transfer in laminar +ilm condensation of pure saturated

astagnant vapour outside an inclined tube is analyzed by applying

the principles of the laminar—boundary-layer theory. The analysis
results in a partial differential equation Ffor the local Film

thickness, which in the vertical case, yields the result found

Nusselt. However, for the horizontal case, this equation reduces
to an ordinary differential equation which veritigs that the Film

thickness at the top peoint of a horizontal tube is not zero

assumed by Nusselt, and certain wvalue has been determinaed. This

value is of order of the critical thickness of the stable Film;
defined by another author studied the characteristic of transient,

and steady condensate film. Consequently, a modified MNusselt
formula has been determined for calculating the average heat
transfer coefficient, in which the constant coefficient is 0.63

instead of 0. 728 in the Nusselt solution. This modification may
in the right direction in view of some authors proposed such

modification for better agreement with measured data. Then, the main
partial differential equation has numerically been solved for the
inclined tube, and results obtained for inclination angles with the

horizontal; fram 0° to 90°. The exact solution of the wvertical,

and that of the horizontal tube are used to test the numerical
solution. The results indicate that small inclination angle with the

. - =0 i : : %
horizontal (£ 137) results in an increase in the heat transfer
coefficient over the horizontal value. While for a overtical tube,
amall inclinations from the vertical position, (£5 ) results  in

significant increase in the hsat transfer coefficient above the
vertical value. Comparison of opresent results with available

correlations has been made.
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1. INTRODUCTION

Condensation of vapour is an important phiendamenon which OCCurs 1n
numerous engineering applications. The heat transfer 1n candenser
pipes is normally dominated by the heat transfer resistance of the
liguid film. therefore, the film thickness 1s one of the most
important properties to predict the local heat heat flux. Nusselt
£11 found farmula for calculating the average heat transfer
coefficient of laminar film condensation of pure saturated stagnant
vapaur on a horizontal tube surface., which is:

Nu = 0.728 (R, jqarto (1.1)

where MNusselt number, Nu = havak. Jacob number,Ja=CP{T5—Tv)KK '

fg
Rayleigh pumber, R =gi{g—-p2 JDBPrfpyz; and Prandtl pumber,Fr= Cgu/k.
=Y W

o

2
{(properties notions without subscripts are of liquid Ffilm). Since
then, studies have been made on the laminar +film, and wvarious
modifications faor Nusselt solution have been proposed. Koh et al.
[4] carried out a similarity solution +for the complete boundary
layer equations of laminar +ilm of a stagnant saturated vapour. Thay
found that interfacial shear and convection in the liguid Film have
a negligible effect compared to Nusselt's results except for low
Prandtl'number fluids. Rohsenow (31 proposed a corrected latent
fheat: A, =Ax_ + .468C (T =T ) to account for subcocoling in film.
fg (o Il a -

Because of the small vertical dimension of a horizontal tube:; the
film path length is short as comparsd with a vertical surface case,
therefore, 1t 1s rarely turbulence in the Film 113, Selin [&]
condensed several alcohols on three different-diameters porizaontal
copper tubes. He found that better predictions by Nusselt solution
can be made if the constant value of 0.728 15 changed to Q.61, while
he alwo recommended a modification 1in the opposite direction in
Nusselt solution of a vertical plate, as previously proposed by
Mcadams (71. In recent studies, Nusselt solution of -=a vertical
surface has been extended to account for the effects of wvapour
velocity and film flow turbulence [81.

Wilson {(?] applied the method of characteristic to . treat the
prablem of transient film condensatian af stagnant saturated vapour
on horizontal cylinders. He found that the film becomes stable when
its thickness atop a horizontal cylinder reaches a certain value
estimated by {21 :

174

5p=0 = 1,11 D (RCL fJal ) p (1.2

_This weakens Nusselt . assumption -of- .zero Film - thickness —at —the
top point of the horizontal tube.

Hassan and Jakob [10] analvytically treated the film condensation
on a single inclined tube applying the Nusselt assumpticn. They
found that the average heat transfer coefficient cguld be carrelated
by Nusselt value (Eg. 1.1) multiplied by (cos oyt ? v where a 1s the
inclination angle with the horizontal. With this modification Selin
(6] could correlated data within * 15% for 0°% o< 40°. Kréger [12]
investigated vapour condensation inside an inclined tube, and
observed that the heat transfer coefficient reaches a mamximum value
at inclipation angles ranged from 10-20 deg.

In the present work, a physical model iz developed for laminar

film of pure saturated stagnant wvapour ctondensing outside an
inclined tube. Analytical solution will be obtained +or the
vertical, and for the horizontal tube. Then, a numerical scheme 1S

developed for the solution of the inclined tube.
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2. Physical Model

The present analysis considers an inclimed tube with an outer
diameter D, and a length L, in an infinite medium of stagnant pure
saturated vapour. The oputer surface temperature Tu. is assumed

uniform and sufficiently small (T < T ) to create a condensate
o ]

+ilm, which will be driven by gravity in the axial direction as
well in the tangential direction along the tube periphery
Frovided that the film thickness 1s small compared to the tube
diameter so that the curvaturs effect is neglected, and then the
condensate Film may be analyzed using cartesian instead of
cylindrical coordinates. A schematic diagram of the physical model
and coordinate system is illustrated in Fig. 1.

Y
7
|

g cos &

Saturared
WALHOF

Section A-A

Fig.1l The physical model and cpordinate system.

Assuming steady laminar condensate film Fflow with smooth
liguid-vapour intertace, pure vapour, negligible dissipation, and
constant physical properties, and ignoring the effects of change
in momentum and energy of the film, the principles of laminar,
single-phase boundary layer theory may be applied to analvze the
condensate +ilm. It is further assumed that the static pressure
in both the vapour and the liquid +ilm is identical.
Justification for ignoring various terms in the conservation
eguations of the film due to the above assumptions, as well as
discussion of their proper approximate modeling: if it is Found
necessary and appropriate to be introduced in the solution,
will be given through the analysis. In the text, all notions
without subscript belongs to liguid Ffilm.

In this situation, the simplified governing equations +or the
laminar condensate layer may he given as follows :
(a) Continuity sguation

o 9y,

b SN 1)
[+ BY Ay &z
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here u. v and w are the velocity components ip x-, y- and =zZ-
iir 2nLio s. respectively.

x~Component of momentum equation
a2
L —':—4- gip - 2 Y cos a sin y = 0 (@]
~
3y

wherein the x-component of the pressure gradlent in the 1iquid
i im has been substituted by: dpradu = gp, coS o sin oy, whnich i=

e mame static pressure gradient of the vapour. Also, the
w-component of gravity acting tangentially to the tube surface is
o co=s a =in W

(c? zZ-Component of momentum equatian

2
37w

éyz

w + elp —p 2 =in o = 0 <3
~

in which the =z-compecnent of the pressure gradient in the 1liguid
film has been inzserted by : dprdz = go sin .
e

<{d>» Enerzy equation

4T a0 <43

It is noted that the above equations do not include neither the

acceleration terms in the momentum equations <22 and {3 no the
convection terms in the energy eguatloen <42, Koh et al. 043
obtalined a similarity solution for the complete boundary 1 ayer
equations including Lthese terms . Thelr results showed that the

inclusion of the acceleraticen terms has little effect on the
condensatlion heat tranzster for Prandtl number greater than 0.1;

i.e., all Prandtl numbers above the liguid-metal range. However,
fonr smaller Prandt 1 number CPr « 0.13, the effect of the
acceleration Lterms can be signiflcant. They al=soc found that thea

executed temperature distributions within the condensate film are
almost linear for values of Jacob number, Ja = (T -T >/
- P & W

4 g’
near 1. Since Ja « .1 for most of condensation applications with
fluids such as water, -refrigerants and hydrocarbons, therefore,
neglecting --the effects of convection terms in the energy

equation Seems to be also reasonable approximation.
Now, to complete the model formulation, the following boundary
condiltions are introduced

at y = 0 = v = w = 0, T=T <52
W

u
du b IR '
at bty S i 0’
y = & 3 5T = T=T, <6

The heat balance at the liquid-vapour interface yields

moox, = -k [g'r]
< ) Y‘/=é
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where kr is the latent heat of condensation, and m; i=s the mass
g

filux of condenzation through the liguid-vapour interface, which 1=
calculated from the mass balance at the liquid-vapour interface by

m =pvV y=& : 8>
Integrating of the continuity equation (12 across the liquld film
under boundary condition (3>, vyields

a & 5 &
vy : udy - 7= i wdy ‘ <105

v = -

y=94

Integzration of Eq. (42> with boundary conditions (393 and (63 gives
the linear temperature distribution

T =T + (T =~ T 3(yr562 <11D
= W

w

Combining equations (7> to (11) gives the following relation

& &

& éa kaT

. gl 2 = U=

% J udy F S owdy on 5 12>
o} o g

Integration of Eq. (22 acress the fllm thickness with boundaxy
conditlions (52 and (42> yields the x-component velcclty profile as

gCop > cos a sin g .
= v F Yy . 1 Y.z
u = & [(é 2(6) ] 13>

Iy,

Similariy, integration of Eg. (3> with respect to v, toget r -ith
boundary conditions (8> and (62 gives the =z-cemponent velocity
profile by

glo -pv) sin «

w@ = - &2 [(%P - %(%)z] 14>

By inserting u and w from Egs. <133 and (14>, respectively,
inte Eq. (12>, one obtains the local film thickness equation as

4

35 1 st

D 2 % Lk ATD

= —_— _ & ——

4sin A Ecos a sin g T §cos a COS @ = £plop O™ fg(tlS)

A
Introducing the dimensionless quantities,
1./4
& é/[ L ] = 2.(rR 3a>*’* ., and 2" = 2D €16)
gp{p—pv)xfg D a

into Egq. €(185)>, one obtains the following dimensionless form for
Eg. <153
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+ 4 + &
sin a 22 4 2cos o sin @ - N g cos a cos p &1 = 4 17>
az" dy
Egq. (17> 1= linear, nonhomogonous , partial differential equation
of the first-order, which can be solved only numerically. At
flrst, this equation will be solved for the case of being the tube
in vertical position, and then for the horizontal case; and

exact analytic solutions will be obtalned. Finally, this equation
will numerically be solved for a tube with an inclination angle
a in the range @ 0 £ o 2z ns2. This will next be presented in
sequence .

2.1 Exact. Selution for a Vertical Tube

For a vertical tube, one obtains an equation for the local film
thickness by setting a= 7.2 In Eq. €17>. This vields

- &
45 o 4 18>
daz"

Sglutioen of Eq. (18> with 2zero thickne=s at the film start peoint
of z° = 0, is

&7 = ¢az > 2¥ 19>

Using Eq. <192, dimensionless local hea. transfer coefficient s
found as

h' o= 4z > 927 €192

wherein, it isg introduced

-] O, 25
. gp(p—pv)k xf .
W = h| ———2 9 C19L)

u AT D

The dimensionless average heat transfer coefficient iz obtained
using Eq. (i9ad by

h' = 0.904 ¢cL"> @ %7 C19cd

whareln

- gp(p'ﬁv)kglr 0.25

n" =h| — * "9 and L™ = LD ¢19b>
» AT D

Equation (1%¢? is Jugt Nusselt solution for a vertical tube.
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2.2 Exact Solution for a Horizontal Tube

Equation {172 with a = 0, ytelds an equatien for the loca
£ilm thickness along the periphery of a horizontal tube, as

-
sln 99_‘2 +

dw

% cos » &4 = 2 C20a

Setting ¢ = 0 in the above equation gives

6;_° = 323" = 1.1 <20b

which is the thickness of the condensate film at the top point o
the horizontal tube. It i= different from the zero value whic.
was assumed by Nusselt. Wilson [9] studlied the characteristic o-
transient, and steady fillm condensation on a horizontal tube. H.
found that the transient film becomes stable If the thickness a
the top polnt of the herizontal tube (p=0> reaches a certai-
value, called the critical thickness of the stable film, which Ii:
found by Eq. €1.2> in sec. 1. It ils clear that the film thicknes:
atop a horizontal tube, found by Eg. {20k> from the presen
analysis, Is the same result obtained by Wilson from another typ:
of study. This conflirms the present result.

Equation C20al iz linear, nenhomogonous, ordinanr
differential eguation of first order, which can be =olve:
analytically. Thls solution is found as

@ o ?
-j s{p>dy j si(pddp
&7 - s + e ° Gepd & ° d <21a
@ p=0 ? v .
=]

wherein

s{p) = 2 caot ¢ and Gl 2 . €21b.

K] sin ¢ ’

The values of the integral terms, invelved in Eq. {(21a), are
calculated a=z follows

2]
-f s<p> dp
L]

F 9
=3 - m ogin ap and -3 - =~ s.in5 w© (21

_By. inserting -Edg=..<¢21b> and. -(21¢c>- into ---Eg. {21ad, and ther
performing the invelved integration, one obtains for the
dimensionless local film thickness

- 1.4 -
6¢=0 (1.5 + £<{p>) {(22a:

in which

4
fepd - 2 sin’ p J sin® & de. <2253
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Using Eq. <2Zad. the dimen=ionless lecal heat transtepr coefficient
iz determined by
- k = . -1 4 -
h o — = (1.5 + ') 220
I =2
1y which {6 is introduced
a L%
: golome Xk A, .
ho =h - - ¥ C22d >
i’ # g AT D
However, =olution of Eg. {2ta) withh the boundary ocondition of
zero Film thickness at the top point of the horizontal tube (3 =, .
at =) vields
.- - i -
S = (£Cp2 <2280
¥
and
- . -1 - 3 N
n = {Fep) L2250
IA
which Is Lhe =ame result Found by Nusselt.

The function ) involved in both tLhe NussellL  =and  prsssot
solution. has been calculated numerically by wsing the ZDimpson's
method., as well by applving the trapezoldal fTormula. Both methods
give the some results,. Figures 2 and 3 display  the present,  and
Nus=eit solution for the peripheral distributicon o thae
dimenzionless Local £idim thickness. and haat transter
coef ficient . respectively [t is cleapr that the two =olutiunz  ars
similar in their gensral appearance, except at o = 0 the pressnt
fy is finlre amd has a value of 80.99. while that of Nussein

;J
roes Lo infinite value: due to Nusselt assumption of zers  Film
Lhickness At p=0. The diftfesrence between Lhe two Solotions
decreases wlth increasing v Lo be Zero at o= Hence . e
avaprare  heat. Lransternr coefficient AN be caleculated Iy
intezrating ho oover the GLube periphery as
+
- ! . .
h T — 1y > L2210
s b
5]
in vhich 1t is intproduaced
. a. (R S
- R - gr-_;,(*l_—_'mr-_-\lf 13N " Y
h = h - - - L2200
2T D
By inserting Ej. <2Z2eo3 into Eg. (22h2, and caloafiating oumesreiczd by
"Lhe integraticn, oo obbaios forr Lhe prosenl soiulion
n = .03 25>
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Howaver, integrating Eq. (22a) using Eq. (22f)> vyields

h; = 0.728 c24d

which is the result obtained by Nusselt. It is c¢lear that the
present solution yvields heat transfer coefficient values lower
than that of Nusselt solution. This is due to HNusselt assumption
of zero film thickness at the top of tLhe tube, while this
thickness is found of a dimensionless value = 1.1 (ecf., Eq.
{20bl)>. The experimental study of Selin (6] showed that better
prediction can be made by Nusselt solution if the constant
coefficient is changed from 0.728 to 0.61. This confirms t.he
‘present result. Notice: The calculation has been made for both
the present, and Nusselt results. In fact Nusselt got a wvalue of
0.724 as he did his calculation by hand (11].

2.3 Numerical Solution for the Inclined Tube

In this part of the present study, an attempt is made to
predict numerically the leocal, and average values of the heat
transfer coefficient of the laminar film condensation on the outer
surface of a tube with an inclination angle a ranging from 0% to

90°, which is measured with the horizontal. For this purpose, the
local film thickness & will numerically be calculated by
solving the partial differential equation (172, The numerical

procedure applied, is described in the following steps

1- With ¢ = 0 in Eq. (173, one obtains for the local film
thickness ép_oalong the tube, the differential equatlion

+ 4
Cain a 4 - EL cos o & = 4 (=]
dz’ 3 p=0

which with the conditions

d6+4 _ B
- l = 4 at =0, z=0 C(ef., eq.<i82D Ca7ad
az a=n-z
&** ! = 32 at p=0 Cef.. Eq. <20bd C27bd
Ll PPN

can analytically be solved by

8
- ———2 ceot.o
+ 4

) = 1.87cos a - 1.8 tLana e 28)
P=0,2

2-The film thickness wvalues along the inclined tube at the
peints of ¢ = 0O ,are calculated Eq. (28). Then the local filmn
thickness & (p,z D distribution along the tube periphery from

p= O Lto 0, at the axial location of Z =0 , is calculated from
the backward finite differences form of Eq. C17>., by applying
one of the known numerical methods such as Euler method or
Runge-Kutta procedure. Both techniques are found to glve
approximately very clase results,

3-Step 2 i{s repeated at the next axial locations z = J Az’; j=1.2,
.» M. The computation process will preoceed in z-direction
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until z7 =L". Grid with 8z° = ap is used. The number of grid
points in peripheral direction was 690,

4~Then., the local peripherally-averaged heat transfer coefflcient
at any axial lecation, z; = JAz, is calculated by

bid
RTC2®y = —% . ..‘L_[ii dp o)
) &Cz 3 " 8 Cp.z")
El o 1

S-Fimally, overall average heat Lransfer coefflficlent is calculated
for total length L” by

) L
he . L J rTcz'y dzt C30)
L” !
o

The above integrations are numerically calculated by employing
Elmpson’s formula, The accuracy of the numerical resulis has been
checked up by comparison the numerical resulbls of Lhe horizontal,
and Lhat of the wvertical tube with the corresponding known exact
solution.

2.3.1 Resultzs and Discussion

Figure 4 displays the value of the dimenslonless film thickness
abt the top point (p=0.2 =03 of a tube; calculated from Eq. 28
with =z'= 0, versus the tube inclination angle a with the
horizontal. It is ¢lear that for Lthe horizontal case Ca = 03, tLhe
film thickness at the top point, 1is of a dimensionless wvalue =
1.1, while is of zero value for the verlical case Ca = n/2). IL I=
alzo evident that with increasing o, the film thicknass
continuously decreases to fall Lo zero when o = r/2.

1.4 ; — —
12 _ _
1.0

0.8

=0

0.6

,
P00,z

0.4

0.2 E

0.0 !

L 1 1

1
0 30 50 90
Inclination angle, « {deq.)

Fig. 4 Thickness of the condensate film
2t the top poial of a tube as
function the inclination angle
with the horizontal; 0%z o 2 9o0°.
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Figures S5 and & v L L L L
show the peripheral
variation of the o = 60°C ]
local film thickness
& Cp,2"s, and the heat -
Lganst‘?r coefficient
hCe,z 3, z
respectively: at three ‘ A“-_““\__‘
different axd al H L T
locations. A= it can rm—
be seen from the e
curves, near the film v,
start; at z° = 2, the ) \\"\
film is thin. However, '.cg- \\\10 -
at higher axial i AN
location, the film is SO
thick, and becomes G.d b
thicker in Lhe : 30NN
peripheral direction A\
to be of ma i mum - A
thickness at o= mn.
This results in local | o |

1 i L 1
heat ) transf?r 0. S 35 56 35 T80
coefficient hle, =z I
decreases in boLh the © (deg)
axial, and the
peripheral direction.
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Fig. 5 Variation of the local heat transfer
coefficient arcund the periphery.o{'
an inclined tube at  wvarious axial
locations.

Figures 7 shows
the axdal variation of
the local
peripherally— averaged O | L A L L B LY
heat transfer —y L °
coefficient h'cz"s, 30+ a = 6GC -
calculatedg f'rom Eq. L -
<aan, for different 2.8 +
inclination angles. It B -
is «clear from the 25 + L -
results that for - r < = 30}, 7
small in%lina;t.ign , 2.4 C ) 7
angle a = 15, hdz > 52 // ]
exceads the wvalue of it /! i
the horizontal case 20 - /10 ._
over Lhe ent}r‘e tube L E
length of = = &0. *q% 1 B + -]
However, for o > h

16°, K¢z is below Jik;
the horizental wvalue
over the tube lengih, 1.
except for a short
length at the upper

v O N B O L O

; | e el I It
\ ]
| I L

part of the inclined i = -
tube, and an increase ' - 1
in o results in a N S R R R S S N T N T A
decrease in the heat kbl 1 45 20 135 120
transfer coefficient. © (dea.)

This decreass in

ncz"D is more

Filg. 6 The peripheral Variation of
the local film thickness at,
different axial locations.

pronounced for change
in a from 85° to 90°.



Mansoura Engineering Journal

This means that for a

vertical tube, an
inclination angle of
about  5° from the
vertical pesition,

results in an increase
in the heat transfer
coefficlent of about

59%. This behavior of
h<z > is atiributed
to tLhe inversely

behavior of the local
peripherally- averaged
film thickness &'cz™
displayed in Fig. 8,
which may be
attributed to the
effect of change in
the gravity force
components; in Lthe
peripheral., and in the
axial direction, due
to change in the tube
inclination angle.
Since the laminar film
of condensing stagnant

vapour is mainly
driven on the tube
surface by the

gradational force.

Figures 9 shows
variation of the
overall average heat
Lfaqgfer coefficient
h CL 3, numerically
calculated wusing Eq.
{303, versus the t.ube
inclination angle, for
two different values
of Lhe tube dimensions
ratio L7, Tt can be
sgen that for a = O ,
the numerical solution
gives the exact wvalue
of Lhe horizontal tube
Cef., Eq. C(23)), while
for o = 90° yvields the

exact valus of the
vertical tube 15 o i
Eq. C189edD, It 1is
also clear that for an
increase in a from
zero up Lo a cartain

value dependent on the
magni tude of L+, the
overall heat transfer
coefficient exceeds

t.he horizontal tube
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value , then it
decreases with
increasing a to fall
te the wvalue of tLhe

vertical tube when o &.8
= 90°. It can also be : ' 1 i r T
f the
?2:3(1:?: o that correlation (10) 7
the inclination of a 07 I A
vertical tube by 5 : =
from its vertical
position results in
an increase in r"

Cabove the vertical
tube wvalue) by about
20% for L'=10 , and

bx more than 50% for

L

= B60.

Using Nusselt.
formula ¢ Eq. 240
multiplied by

Ceos o0° %%, Selin (6] i
could correlated own
experimental data, 03 -
obtained for 0O = o
60°, within # 15%. As L

neither another

correlation nor O_2c) A I ! [ g
experimental data are 30 60
available to us from o

literatures, modified

Nusselt formula Fi .

proposed by Selin has g- 9 Variation of overall heat
been used to be transfer coefficient s
compared with the function of the tube
numerical present lgcllﬁaglon angle ranged from
results. As it can be Cto 90°.

seen y reasonable

agreement is found,

except for a = ns2,

this correlation

yields infinite value.

3. CONCLUSIONS

An analysis has been carried out for the purpose of predicting
the heat tLransfer coefficient of the laminar film for pure
saturated stagnant wvapour condensing outside a tube of an
inclination angle with the horizontal; in the range from Q° to (=Toh

As special solutions, exact analytic solution has been obtained
fer the vertical tube as well for the horizontal tube. The film
Lthickness value atop a horizontal tube has been determined, which
is found different from zero value assumed by Nusselt, but it is
in order of the critical thickness of the stable film, which is
estimated by other authors from studying the stability
characteristic of the laminar film of saturated stagnant vapour
condensing on a horizontal tube. Consequently, a modification in
Nusselt solution has been resulted; the lead constant is changed
from O.788; as found by Nusselt assuming zero film thickness atop
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the tube, to 0.6% in the present solution. Such a modification was
also proposed by other authors to achieve better agreement with
experimental data. This confirms the present theoretical
modification.

Mumerical solution has been performed for the inclined tube to
predict local, and average values of the heat transfer
coefficient. Results have been obtained for ineclination angles
from 0°to 90°. No assumption are made for tLhe film thickness
values at the top points (of =0 , cf. Fig. 12> along the inclined
tube, but they are exactly determined by Egq. (28). The exact
solution of the harizontal, and that of the vertical tube are
used to check up Lhe accuracy as well validity of the numerical
solution.

Present results show that small inclination angle from the
horizontal, yields improved heat transfer coefficient with respect
to the horizontal value. While inclination of a vertical tube by
about 5° from the vertical position, results in an increase Iin the
heat transfer coefficient more than 60% (above the vertical wvalued
for a tube dimensions ratie, L-D 2z 60, and the magnitude of this
increase is lower for smaller LAD ratio.

HOMENCLATURE
Cp specific heat at constant pressure
D} tube diameter
g acceleration of gravity
R dimensionless average heat transfer coefficient
R dimensionless local heat transfer coefficient

in the peripheral direction of the tube
L tube length
L’ dimensionless tube lengih ratio, LD
ncz"o dimensionless local periphery—-averaged heat transfer

coeflficient in the axial direction of the tube
Ja Jacob or phase change number, C (T -T DX

| a w fg
k thermal conductivity
S number of the grid points in the axdal-direction
; condensation mass flux through liquid-vapour interface
Pr Prandtl number, C -k
P
Ro Raleigh number., gCp-p JPng/pvz
h's
Tu wall temperature
T .
a vapour saturation temperature
AT temperature difference, T —Tv
a3

U, v, w veloclty components in x, ¥ and =z directions,

respectively
b tangential coordinate
Y radial cocordinate
z axial coordinate
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dimensionless axial leocation, z.D

grid size in z-direction

Greek symbols

o tube inclination angle with the horizontal

57 dimensionless film thickness

v kinematic viscosity

u dynamic viscosity

fal liquid density

© peripheral angle

kf? latent heat of condensation

Subscripts

v vapour

c condensation

Superscripts

- dimensionless

J index of grid points number in z-direction

o} present

N Nusselt

* madi 1 ed
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