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Ah&a&--For combined gravity and shear forces between turbulent vapour and laminar condensate 
(co-current or counter-current flow) the local thickness of the fiim and its adiabatic mixing temperature 
were calculated. 

For the accurate calculation of the film thickness the condensate viscosity profile was taken into account, 
resulting in three different reference temperatures for the viscosity. 

Forthe calculation of the local adiabatic mixing temperature constant local condensate properties and a 
Linear condensate temperature protile was assumed. Then, when taking gravity u&shear forces into account 
the focal mixing temperature is no longer constant (for given local wall and !ilm surface temperatures) 
but a function of many variables. 

From the analytical (though iterative) solution approximating equations were derived for the local tilm 
resistance. faciiitating calculation “by hand”. 
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NOMENCLATURE 

dim~sionl~s group defined by (29) ; 
fixed numerical value, see (22) ; 
inside tube diameter ; 
variable defined by (19) ; 
Grashof number defined by (11) ; 
gravitational acceleration ; 
variable defined by (19) ; 
dimensionless adiabatic mixing tem- 
perature defined by (33); 
mass flow rate ; 
dimensionless group defined by (37) or 
(38 ; 
Nusselt number defined by (12); 
pressure ; 
d~me~sionl~s group defined by (35) ; 
Reynolds number ; 
temperature of the condensate : 
velocity ; 
co-ordinate in vapour ff ow direction ; 
co-ordinate in heat flux direction 
(normal to the wall) ; 

angle between vapour flow direction 
(x-co-ordinate) : and gravitational ac- 
celeration fvector g), see Fig. 1: 
thickness of the condensate film, see 
Fig 2; 
dimensionless pressure drop defined by 
(7); 
kinematic viscosity; 
dimension~e~ co-ordinate in heat flux 
@) direction (normal to the wall) defined 
by (2) ; 
density. 

Subscripts 
C, critical (lank-turbul~t) ; 

99 only gravitational effects (no shear forces 
of the vapour) ; 

L of the liquid or condensate ; 

S, at the condensate film surface; 
v, of the vapour (properties at its bulk 

temperature), or with Nu caused only 
2297 
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by vapour shear forces (no gravitational cross section, where the other properties are 
effects) ; considered constant. 
determined with vapour difference 
velocity and liquid kinematic viscosity ; 
at the wall ; 
for the determination of 3 ; 
as a function of s’ ; 
& $, 3 determined with the viscosities at 
these points. 

2. ‘I-HE BALANCE OF FORCES 

Consider a tube inclined at an angle p, 
compared with the direction of gravitational 
(or other) acceleration, as shown in Figs. 1 and 2. 

I 

i 

Y 

Superscripts and bars 

-1 mean value. 

1. INTRODUCTION 

FOR THE incremental calculation of isothermal 
and non-isothermal condensers one needs the 
local condensation heat transfer coefficient. 
The condensate is formed completely or partly 
at the cooled wall, frequently as a laminar film. 
In air-cooled condensers which are applied 
frequently nowadays, the vapour condenses 
inside tubes and in many cases the shear forces 
of the vapour cannot be neglected 

Nusselt [l] extended his own theory to 
include the vapour shear effect He and a few 
later authors [2,3] considered the laminar film 
condensation of a single vapour of a nearly 
constant wall temperature and developed an 
area average heat transfer coefficient. 

Carpenter and Colbum [4] and after them 
several others referred to by Narayana Murthy 
[S] consider film condensation inside tubes, but 
only in the range of turbulent film flow and 
neglecting gravity forces. 

The current paper covers the range of laminar 
film condensation. Equations are developed for 
the calculation of the local heat transfer resistance 
of the film and its local adiabatic mixing 
temperature, assuming a linear temperature 
profile in the film. This assumption provides a 
good approximation on the “safe” side with 
respect to heat transfer. Shear and gravity 
forces were taken into account. The condensate 
viscosity profile was incorporated in the cal- 
culation of the condensate film thickness in any 

FIG. I. Vapour carrying tube in the gravity field. 

Like Nusselt we make the following reasonable 
and simplifying assumptions : 

0) 

(ii) 
(iii) 

laminar waveless film flow along the tube 
wall only parallel to the tube axis, with 
uniform film thickness along any circum- 
ference 
that acceleration forces can be neglected 
a very thin film compared to the inside 
tube diameter (b Q 0). 

- 

Y 

film 

wall 

FIG. 2. Condensate lilm mslde the tube. 
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The fust two assumptions are on the “safe” 
side: if not fulfilled the actual heat-transfer 
resistance is lower than the calculated one. The 
same applies to assumption (iii) for the usual 
case of co-current vapour and condensate flow. 

Equilibrium of the forces over the length dx 
and after dividing by D. IL. dx (see also [6], (1)) 
gives : 

D dp l’.(& - p”)*g.cos/? - -*- 
4 dx 

d WL =- VL. PL.dy. (1) 

As in a previous paper [6] we introduce the 
dimensionless variable 

and the variable viscosity 

1 1 -=- +r* $-’ . 
( ) 

(3) 
VLq i’ vs VS 

Then, with the boundary condition : wL = 0 for 
t = 1, we obtain by integration of (1) the 
velocity as function of 5 : 

WL = 
a2 PL - Pv -----.g.cos~ i.(l - 92) 

+$-/$ _(‘;I 

[ 

Je.2 

X 

[ 

;(I _,+$&.$(l -?)I (4) 

with 5 = 0 we find the velocity of the condensate 
film surface 

s2 
WS=2.vL,(=f 

.y.g.cosj? 

D.6 dp 
- 4p,. VL,(; =+ * iii. (5) 

The subscript r = . , . means that the viscosity 
has to be determined according to (3) or, as 
shown in [6], at the reference temperature 
T,=t.T,+(l -&).T,, with the indicated 
value of 5. 

Integrating (4) from 5 = 0 to 1 gives the mean 
velocity related to the mass flow rate according 
to continuity : 

s2 PL-Pv D.6 dp 
WL- 
- - ---*------.g.cosj? - 

3. \‘L.t=* PL 8.p,.v,,~,*‘d-w 

1 

from integration 

eirt 

= D.n%pL (s) 
\ , -f 

continuity 

When the gravitational and shear forces work 
in the opposite direction, g. cm./3 becomes 
negative. Then the velocities wL, ws, EL and the 
condensate flow rate lirL can become negative 
and have the opposite direction as the vapour 
flow (x-axis). A negative EL and P+I, means 
countercurrent flow between vapour and con- 
densate; positive values are obtained in co- 
current flow, which is usually the case with 
condensation inside tubes. 

3. INTRODUCTION OF DIMENSIONLESS GROUPS 

We now assume, that the differential pressure 
drop can be estimated by 

dp = _ [ Pvev - Q2 
dx -” 20 

(7) 

where the dimensionless pressure drop is 
determined as for turbulent flow through a 
smooth tube according to Blasius (see e.g. 
[7-J, P. 219) 

II 
cv = 03164.Re;) (8) 

with 

Re (wv - w&D 
V= . 

vv 
(9) 

Further we introduce the local Reynolds numbet 
of the film according to ([ 71 p. 287,28 1) 

Re, = IkLl 

D.n.vi. p, (10) 
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the Grashof number according to [8] (12), 
defined however with the tube diameter as 
characteristic length because the tube length 
does not enter our derivation. 

Gr = D3.(PL - PV)*s.cosP 

PlA 
(11) 

and finally the Nusselt number (implying a 
linear temperature profile in the film) 

D 
Nu = -r. 

b 

Introducing (7)-(12) into (9 gives the dimen- 
sionless equation : 

The positive sign is for cocurrent flow of vapour 
and condensate, the negative sign for counter- 
current flow, which can occur if the Grashof 
number is negative. 

In the right-hand term of (13) the vapour 
viscosity has an overah effect of only v$. There- 
fore it appears reasonable to introduce a 
modified vapour Reynolds number, which is 
defined with the viscosity of the condensate 
(see also Re, of rSl> 

Re 
64 - w,).D 

v,L,:=3 = VL,f=) 

4rilily 

= D.x.p,.v,,;=, 

This Reynoids number can 
into two Reynolds numbers 

of the vapour can be determined only if the 
Nusselt number (film thickness) is known. Thus 
iterations are necessary. 

The Reynolds number according to (14) 
(and (15)) is now introduced in (13). Considering 
the case of cocurrent flow and disappearing 
gravity effect (Gr = 0, e.g. horizontal tube) we 
find from (13) the Nusselt number, caused only 
by the vapour shear stress : 

Nu, = 01406. 

We define 

(17) 

This Nusselt number becomes negative when 
the Grashof number becomes negative. (For the 
heat transfer in the limiting case of negligible 
vapour shear forces the absolute value of Nu, 
must be used, but in our further derivation the 
sign of Nu, is decisive.) 

With the two Nusseh numbers according to 
(19 and (17) the equation (13) can be simplified 
to : 

Where again the positive sign is for cocurrent 

w,.D 
flow of vapour and condensate and the negative 

--. (14) for countercurrent flow. 
VL. c=3 

be broken down 4. ANAI.,YTtCAL. SOLUTION FOR THE NM NUMBER 

the first of which In order to solve (18) for Nu we introduce the 
can be expressed by the vapour flow rate and the 
second can be determined by the following 
equation, derived from (5) and (7H12) : 

w,.D Grcc3 
yLG=m 

+ Oo3955 (Rev. L, :=+)” 
’ Nu -- 

&k. vy ( 1 * VL.<=+ 
.- (15) 

PL VL. ;=+ VL.i=+ 

variables : 

f=$. NU 
h=--.--- 

Nuv 
(19) 

V 

which changes (18) to : 

&II3 - h =f3. 

Equation (20) is shown in Fig 

(20) 

3 for cocurrent 

Equation (15) shows that the Reynolds number t +) and countercurrent (-) flow. 
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FIG. 3.fas a function of h according to (20). 

Iff > 0 shear and gravity forces work in the 
same direction and only cocurrent flow is 
possible. If f-z 0 both forces work in the 
opposite direction. Above the minimum of the 
cocurrent function both cocurrent (two solutions) 
and countercurrent flow is possible, below the 
minimum only counter current flow. 

If f= 0 only the shear forces of the vapour 
are decisive and if f= + co only gravity forces 
are important. 

We now consider the condensation along the 
vapour (and condensate) flow path with co- 
current flow. 

Equations (16), (17) and (19) show that 
f z Gr* Re,* . Rev. Li and thus Ijj increases in 
flow direction, because the condensate increases 
and the vapour decreases. If we go back to the 
point where condensation begins we find that 
there Nu = 00 (fihn thickness equals zero) and 
f=O (Re,= 0 and Re,,, # 0). This “con- 
densation point” has the co-ordinates h = 1 
and f= 0. From this point we move either to 
increasing values of f(Gr > 0) or to decreasing 
values of f(Gr < 0) down to the minimum. 
We never can reach the curve to the left of the 

minimum, drawn by a dotted line, and as this 
solution does not represent a physical reaIity in 
film condensation it has not to be taken into 
account. 

Now (20) can be solved for h as a function of 
_f in the known manner (see e.g. [9], p. 63), 
which leads to the following equations 

Countf?rcuVent $0 w 
f<O 

Ifl G Q 

h = 3 J3. cos (3 arc cos (f-3. &/3)} 

(21) 

(22) 

(23) 

andforf < - a cocurrent flow between vapour 
and condensate is impossible. 

Thus the local Nusselt number can be 
calculated for cocurrent and counter current 
flow taking into account the variation of 
condensate viscosity with temperature. 

First Nu, and Nu, have to be determined 
according to (16) and (17), respectively, using 
the dimensionless groups according to (lo), (1 l), 
(14) and (15) and an estimated value of Nu. 
Then f can be calculated according to (19) and 
h can be determined from f through (21), (22) 
or (23). Finally Nu can be calculated from h and 
Nu, according to (19). With this value of Nu 
the calculation can be repeated until the 
estimated and calculated Nu-number agree. 

The critical Reynolds number of the film up 
to which laminar film flow can be assumed, is 
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difficult to predict with combined gravity and estimated value near these temperatures. we 
shear effects. According to [4] and [7] it should find for cocurrent ( + ) and countercurrenf ( - ) 
be 60 < Re,, c d 350. The lower value (Cl41 is flow in the range of 
for the case of decisive shear effects, the higher 
value ([7-j) for negligible shear effects. 

A ,) 0.22 A ~-026 
cocurrent flow countercurrent flow 

5. SIMPLE APPROXIMATING EQUATIONS 

For hand calculations the presented method 
may be slightly inconveniem especially (21H23). 
Therefore simple approximating equations are 
derived which yield the Nusselt number directly 
as a function of the dimensionless groups 
&,, R+.L. Gr, pJpv and Q/W 

Instead of (21)-(23) the -following approxi- 
mating functions for h as function off can be 
used in the given range off when relative errors 
of h up to 0.5 per cent are tolerated. They cover 
only the range of f which is of practical 
importance. 

Cocurrent (+) and countercurrent ( -)flow 
f2 1.1 f <- 1.25 

cocurrent flow countercurrent flow 

1 

h=+f+jf 
Cocurrentjlow 

l-3 >f 3 05 

h = 0974 + 0346 .f 2 cm 

lfl s 0,5 

h = 0998 + 0505 .f 3. 09 

Substituting f in (24)-(26) according to (19), 
(17) and (19 and ignoring the different reference 
temperatures in (19 and (17) leads to the 
following practicable equations : 

With dimensionless group A(A =f/4.9306) 
for the determination of the validity range 

which could be evaluated to any reasonable 
reference temperature, e.g. Tw or Ts, or any 

+ 000951 

where all properties should reasonably be 
determined at the reference temperature 
TV = $ T, + d T, because Nu is close to / Nu, /. 
Further we find for cocurrentflo win the range of: 

026 > A 2 01 

Nu = @,37&.&k (“)+. (‘>+ + 1.183 
PL \‘L 

* 

(29) 

with the mean reference temperature (between 
$T,and$T,)T, = O-71. Tw + 0.29. T,, because 
both Nu, and Nu, contribute about equally. 

And in the range of 

iAt< 

Nu = ,,,.!$k (“>t. (21’ + 8.51 
PL VL 

Gr pL sL * 

’ Ret,, ‘z’ G 0 
(30) 

with the reference temperature TV = f Tw + 4. T, 
according to (19, because Nu is close to Nu,. 

Thus the Nusselt number can be calculated 
directly from the dimensionless groups according 
to (lo), (11) (14), (15) and the viscosity and 
density ratios. Rev,L can be determined 
iteratively or, especially in the range of (28) 
where gravity effects are decisive. it may be 
determined by introducing the simplification 
that Nu = x or W, = 0. 

Equations (28)-(30) (as well as the analytical 
solution of section 4) derived for local heat 
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transfer, can be used as an approximation for 
mean Nu numbers, provided that the dimension- 
less groups are now determined with mean values 
of temperature, condensate flow rate and vapour 
flow rate (e.g. arithmetic mean values). 

For the determination of the enthalpy 5ow of 
the condensate 5lm one needs its adiabatic 
mixing temperature, usually derived with the 
assumption of a constant heat capacity of the 
fluid. If for simplification we assume also a linear 
temperature profile in the 5lm then the dimen- 
sionless adiabatic mixing temperature M can be 
derived according to (28) and (30) of 163 by this 
integration : 

5=1 

M % - Tw = 
T, - T, = s $(l - Od<. (31) 

<=O 

Simplifying further we neglect the temperature 
dependence of the viscosity (and the other 
properties). Thus substituting in (31) wt accord- 
ing to (4) with vs = vw = vL and iii, according 
to (6) leaving out the indices 6 = 3 and t = f 
and integrating gives : 

(32) 

D dp 
Q = qp, - p,).g.cosg’Z (33) 

Introducing into (33) the dimensionless groups 
according to (7)-(g), (11) and (12) and substituting 
Q in (32) gives : 

M=5.1++@*N 
8 l+N w 

where 

N = O-0593. (35) 

Equations (34) and (35) should be used when 
employing the approximating equations (28), 
(29) or (30). 

The dimensionless groups in (35) should be 
determined all at the same reference temperature, 
prescribed by the Nu equation However, the 
liquid viscosities appearing in (35) cancel, and 
thus they could be determined at any common 
reference temperature. 

The dimensionless group N can be positive or 
negative according to the sign of Gr. If Gr + 0 
(horizontal tube) or Rev,, -+ 00 (very high 
vapour velocity) N +a and thus M--V& If 

Rf+,L 4 0 (no vapour shear) N + 0 and M --) & 
the known value shown in [6]. For Gr >, 0 
4 d M < s. For Gr < 0 any limiting values are 
difficult to predict with (34) and (35), but the 
problem is overcome with the following 
derivation : 

Comparing (35) with (19 and (17) gives, with 
(19): 

N Nu.Nu: h 
= NU; =p’ (36) 

Substituting f3 in (39 according to (20) and 
introducing N in (34) leads to the very simple 
equation : 

(37) 

where the positive sign is for cocurrent flow, the 
negative for countercurrent flow. 

With h + 0 A4 -+ f: co whichmeans physically 
that the condensate mass flow rate tiL -) 0. This 
is reasonable in the point f = 0, h = 0 because 
here is the transition between cocurrent and 
countercurrent flow or between positive and 
negative lir, respectively. At this point tiL = 0, 
however, the resulting enthalpy flow is not zero 
because the velocity and temperature profiles 
are not flat. Therefore the adiabatic mixing 
temperature must become infinite. Thus for 
countercurrent 5ow -coCMd& At the 
minimum of the cocurrent curve in Fig 3, where 
h = (&* the dimensionless adiabatic mixing 
temperature becomes M = $ Thus for co- 
current 5ow 2 > M 2 i. 

Equation (37) should be used when employ- 
ing the analytical solution according to section 4. 
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CONDENSATION EN FILM LAMINAIRE DANS DES TUBES; CALCUL DE LA 
RESISTANCE ET LA TEMPERATURE DE MELANGE ADIABATIQUE LOCALES 

RisaabL’tpaisseur et la temptrature de mClange adiabatique oat &t6 calcul6es localement par rapport A 
I’action combinb de la gravitation et des forces de cisaillement entre la vapeur en Coulemmt turbulent 
et le condensat en tcoulement laminaire (ii co-corn-ant ou a contrecourant). 

Afm d’obtenir un caicul p&is de l’@isseur du film, le profti de viscosite a et& pris en consideration. 
I1 en a n%ultC trois temperatures de rtference pour la viscositc. 

Pour le calcul de la temperature de m&nge adiabatique locale ont ete adoptbs des propriitb locales 
constantes du condensat ainsi qu’un protil liniaire de temperature. Compte term de l’action combinte de la 
gravitation et da forces de cisaillement, la temperature adiabatique locale n’est done plus une valeur 
constantc (pour des temperatures de paroi et de surface de. film don&es), mais la fonction de nombreuses 
variables. 

A partir de la solution analytique (iterative) ont ete d&iv&es des equations approximatives pour la 
&sistance locale du film, ainsi facilitant le calcul a main. 

LAMINARE FILMKONDENSATI~N IN ROHREN : BERECHNUNG DES ORTLICHEN 
FILMWIDERSTANDES urn DER ORTLICHEN ADIABATEN MISCI-~TEMPERATUR 

%samm&asamg--Die ortliche Dicke und adiabate Mischtemperatur des Kondensatfilms wurde fiir 
den Fall bereclmet, dass gleichzciug Schwer- und Schubtifte wirken zwischen turbulent stromendem 
Dampf und laminar stramendem Kondensat bei Gleich- oder Gegenstrom. 

Fk einc moglichst genaue Berechnung der Filmdicke wurde das Z%higkeitsprotil im Kondensat 
mitberiicksichtigt. Hierbei erg&en sich drei verschiedene Bezugstemperaturen fiir die ZUgkeit. 

Bei der Berecbnung der iirtlichen adiabaten Mischtemperatur wurden iirtlich konstante Stoffwerte 
und ein lineares Temperaturpmtil im Kondensat angenommen. Die brtliche adiabate Mischtempcratur ist 

nicht mehr konstant (bei festliegender Wand- und Filmoberfl~chentemperatur) sondem eine Funktion 
von vielen Veriinderlichen, wenn gleichzeitig wirkende Schub und Schwerknlfte bcriicksichtigt werden. 

Aus der analytischen Liisung (iterativ) wurdm Ngherungsgleichungen ftlr den ottlichen Filmwiderstand 
entwickelt, die ftlr Handrechnungen lxsser geeignet sind. 

JIAMMHAPHAR I’IJIEHOtIHAH KOHfiEIlCAHHR B TPYBAX. PAC’IE’I‘ 
JIOKAJIbHOI’O IIJIEHOZiHOI’O COIIPOTBBJIEHH~ II .IOKA~IbHO~ 

AfiBAB~THYECKO$% TEMIIEP.%TYPbl IIEPEMETIlMRAIlITfl 
~~oqrra-Paccsll,rLlIlanscL noKa.nbuafi .ro.lnmaa njIetiHn ri a~liaSarusecuafi ~t83111epaTypa 

~~pc3M~UIUBaH&lS3 I3 CJlyWle COBMeCTHOrO J@kTBMF3 CJIII THImtXTII II I‘JlBnra MWit;n.\' Typ@'uX!HT- 

Hbfhf ~OTOHOM napa a nawufapnbrM ITOTOHOM KoHneHcaTa(Cny~~blii If BcTpesHblil IIOTOKH). 

npS TOYHOM paCWTf3 TOJIIl@iHbl IIJIeHKK y%iTbtBaJICH tI~W@ilIb BHBKOCTLf KOH!IeHCaTa, B 

PeSynbTaTe gel-0 JQIFI BH3KOCTIl IIOJIy'ieHbi TPU pa3JIHqHbIe KCXOQHbIe TeMnepaTj-pb1. 

npa pacreTe norranbnott anuaBaTn9ecuoi revneparypbt cNletneHun nonanbubte cnorlcrsa 
uotinericara npuiisimanucb nocrofiuubruu, a er0 TPMIIepaT)'PHhIti ~pO@‘I.?b JIElHef&blM. Tor;la 
npn JWTf3 CN'I TRWXTH A CABHI% jIOKa,?bHaH TeMnepaTJ'p3 CMeIlleHMFI nepeCT3eT 6bITb 

~OCTORHHO~~ (npkI 3aaaHHOll JIOKaJILHOii i'f!YIIepaType CTeHKIl II nonepXHocT~1 nneaiilr) I1 

CTaHOBHTCR #IyHKIlllefi MHOIVX nepeMeKlltiX. 

Ha OcHoBe 3HamfTwtecKoro urepauuounoro pemenun nonyueebt npu6nn;tieaiii.te ypan- 
HeHYIH J&JIH nOK3nbHoro COnpoTElll IeHHH nJIeKKu, 0Anerwforqrre apj-IH0i-D Cqt'T. 


