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LAMINAR FILM CONDENSATION IN TUBES;
CALCULATION OF LOCAL FILM RESISTANCE
AND LOCAL ADIABATIC MIXING TEMPERATURE
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Abstract—For combined gravity and shear forces between turbulent vapour and laminar condensate
{co-current or counter-current flow) the local thickness of the film 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.

For the calculation of the local adiabatic mixing temperature constant local condensate properties and a
linear condensate temperature profile was assumed. Then, when taking gravity andshear forces into account
the local mixing temperature is no longer constant (for given local wall and film surface temperatures)

but a function of many variables.

From the analytical (though iterative) solution approximating equations were derived for the iocal film
resistance. facilitating calculation “‘by hand™.

NOMENCLATURE

dimensionless 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;

dimensionless group defined by (35);
Reynolds number ;

temperature of the condensate :
velocity ;

co-ordinate in vapour flow direction;
co-ordinate in heat flux direction
{normal to the wall);

B, angle between vapour flow direction
{x-co-ordinate): and gravitational ac-
celeration (vector g), see Fig. 1:

6, thickness of the condensate film, see
Fig. 2;

{, dimensionless pressure drop defined by
(M;

v,  kinematic viscosity;

£, dimensioniess co-ordinate in heat flux
() direction (normal to the wall) defined
by (2);

p.  density.

Subscripts

C, critical (laminar—turbulent);

g,  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
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by vapour shear forces (no gravitational
effects) ;

V,L, determined with vapour difference
velocity and liquid kinematic viscosity ;
W, atthe wall;
v,  for the determination of v;
¢, asa function of ¢;
& 13 3 determined with the viscosities at

these points.

Superscripts and bars
—, 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 [1] 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 Colburn [4] and after them
several others referred to by Narayana Murthy
[5] consider film condensation inside tubes, but
only in the range of turbulemt 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
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cross section, where the other properties are
considered constant.

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

F1G. 1. Vapour carrying tube in the gravity field.

Like Nusselt we make the following reasonable
and simplifying assumptions:

(i) laminar waveless film flow along the tube
wall only parallel to the tube axis, with
uniform film thickness along any circum-
ference

(i) that acceleration forces can be neglected

(ili) a very thin film compared to the inside
tube diameter (6 < D).

F1G. 2. Condensate {ilm inside the tube.
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The first 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.=n.dx (see also [6], (1))
gives:

D dp
y-(pL Pv)-g-cosﬁ"za;
dw,
= —Vv,.p.—. (1
L-PL dy )

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

_Y
¢=% @

and the variable viscosity

1 1 1 1
-—=-+c-(___).

VL& Vs Yy Vs
Then, with the boundary condition: w, = 0 for

¢ =1, we obtain by integration of (1) the
velocity as function of ¢:

8 p, —
wy, =—2--u.g.cosﬁ[i-(1 - &%)
P Vs

3

L

2/1 1 D.§ dp
+i(—-=)a-& - 2222
3 (VW VS)( é )] 4'pL dx

1 1/1 1
x [".s(l - f)+'2'(;;—vs)(1 - 52)] 4

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

62 PL— Pv

wg = . .g.cos
5T Veees  Po g B
D.d dp
4pL.Vig=y dx 2
The subscript £ = ... means that the viscosity

has to be determined according to (3) or, as
shown in [6], at the reference temperature
T,=(. Ty + (1 —&.T;, with the indicated
value of £.
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Integrating (4) from ¢ = 0 to 1 gives the mean
velocity related to the mass flow rate according
to continuity:

8 pL—py D6 dp
Wy = ———— = g .cO§ f ———————
\L 3vie=2 PL g 8-pL'vL,§=§—di(
from integration
.
" D.rb.p, ©)
S ————
continuity

When the gravitational and shear forces work
in the opposite direction, g.cosf becomes
negative. Then the velocities w;, ws, W, and the
condensate flow rate ry, can become negative
and have the opposite direction as the vapour
flow (x-axis). A negative w; and ry, 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 . peiwy — wy?

where the dimensionless pressure drop is
determined as for turbulent flow through a
smooth tube according to Blasius (see e.g.

[7]. p. 219)

{y = 03164.Re; ? (8
with

Rey = ——;—-———- . (9)

Further we introduce the local Reynolds numbe:
of the film according to ([7] p. 287, 281)

(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.
3 ——
Gr =D pL PVZ~9'C°Sﬂ
PrL-YL
and finally the Nusselt number (implying a
linear temperature profile in the film)

Nu=P:.
0

(11)

(12)

Introducing (7)+12) into (6) gives the dimen-
sionless equation :

_ i Gr.y | 03164
" imy| 3.NuP.Rep .., 16

(R (w Ny
Nu® . Rep.;=3 \vpe=3) Po

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 overall 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 [5])

+1

(13)

(Wwy —wg).D
Rey | -3 = ‘vu:%
- 4y, _ wg.D (14)
D-”-PV-VL.:=§ VL.§=_§

This Reynolds number can be broken down
into two Reynolds numbers the first of which
can be expressed by the vapour flow rate and the
sccond can be determined by the following
equation, derived from (5) and (7)H12):

ws. D Griy (ReV.L@:&_)_%

+ 0-03955-
Ve =3 . uz Nu
xPv (LW *-——-——-VL'F*. (15
Pr \VLe=3) Vi:i=%

Equation (15) shows that the Reynolds number
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of the vapour can be determined only if the
Nusselt number (film thickness) is known. Thus
iterations are pecessary.

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:

(Rey | ;=3) (PVY
Nuy, = 01406 - ————=>——+| —
Y (R‘?L-::@L)é PL,

Vy ¥
x( ) . (16)
VL.g=4

Gr.. *
Nu, = [ z—%—) .
Mttq (3.ReL.:=%>

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 Nusselt numbers according to
(16) and (17) the equation (13) can be simplified

to:
Nu,\’ Nuy\*
+1={=? 4
- (Nu> + (Nn)

Where again the positive sign is for cocurrent
flow of vapour and condensate and the negative
for countercurrent flow.

We define

(17

(18)

4. ANALYTICAL SOLUTION FOR THE Ns NUMBER

In order to solve (18) for Nu we introduce the
variables:

_ Ny, _ Nu (19
- Nuy. N NUV )

which changes (18) to:
+h? —h=f3. 20)

Equation (20) is shown in Fig 3 for cocurrent
{+) and countercurrent (—) flow.
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4
Y
) \_cocurrent flow
0 ! i

@

countercurrent flow

F1G. 3. f as a function of h according to (20).

If f > O shear and gravity forces work in the
same direction and only cocurrent flow is
possible. If f< O 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= +oo 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~ Gr* Re,*.Rey.;’ and thus |f] 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 = oo (film thickness equals zero) and
f=0 (Re, =0 and Rey, ; # 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
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minimum, drawn by a dotted line, and as this
solution does not represent a physical reality in
film condensation, it has not to be taken into
account.

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

Countercurrent flow
f<0

[0 )
"'[(‘i*ﬁ) 3

NI} f_’f]?

K4+27 *3
4

f2‘1=§—iz0'7274

3 <f6 1\#]*
S

21

Cocurrent flow

h=4%/3.cos{}arccos(f3.3/3)} (23

and for f < — 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 (10), (11),
(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
shear effects. According to [4] and [7] it should
be 60 < Re; < 350. The lower value ([14]) is
for the case of decisive shear effects, the higher
value ([7]) for negligible shear effects.

S. SIMPLE APPROXIMATING EQUATIONS

For hand calculations the presented method
may besslightly inconvenient, especially (21)~23).
Therefore simple approximating equations are
derived which yield the Nusselt number directly
as a function of the dimensionless groups
Rey, Rey 1, Gr, p;/py and v /vy.

Instead of (21)+23) the following approxi-
mating functions for h as function of f can be
used in the given range of f 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

fz1ll f<-~125
cocurrent flow countercurrent flow

1
h=+ — 24
+f+ 3f (24)

Cocurrent flow

132205

h = 0974 + 0346 .17 (25)
Ifl<0,5

h = 0998 + 0-505.13. (26)

Substituting f in (24)-26) according to (19),
(17) and (16) and ignoring the different reference
temperatures in (16) and (17) leads to the
following practicable equations:

With dimensionless group A(4 = f/4.9306)
for the determination of the validity range

Gr*-"fi.(&,)*. (..)* @
Yy

i
Rej Pv

which could be evaluated to any reasomable
reference temperature, e.g. Ty or Tg or any
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estimated value near these temperatures. we
find for cocurrent (+) and countercurrent ( —)
flowin the range of

A>022
cocurrent flow

A <-026
countercurrent flow

Gr \*
(3. ReL> + 000951
Rei.,

py [(vw\*
evr Py (Vv P
* Gt Re} p, (\'L> (28)

where all properties shouid reasonably be
determined at the reference temperature
T, = 3Ty + i Ty, because Nu is close to |Nu,|.
Further we find for cocurrent flowin the range of:

0262 4> 01
S AN
Py () 4 1183
PL YL
) 6
Pv Vy

* Ref.Rey .
with the mean reference temperature (between
iTyand 4 Ty) T, = 071 Ty, + 0:29. T;, because
both Nu, and Nu, contribute about equally.

And in the range of

|4] < 01

Re{’:, L Pv)i "'V)ﬁ
Nu =0140- ——- (=) - {—
Ref (PL (VL

Gr Pr ("L)f
Pv v

8 Re%’.L

with the reference temperature T, = § Ty + $. T
according to (16), because Nu is close to Nuy.

Thus the Nusselt number can be calculated
directly from the dimensionless groups according
to (10), (11), (14), (15) and the viscosity and
density ratios. Re, ; 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 Wy = 0.

Equations (28)+30) (as well as the analytical
solution of section 4), derived for local heat

Nu= +

Reyg |

Nu =0137- Ret

+ 851

(30)
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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).

6. THE ADIABATIC MIXING TEMPERATURE OF THE
FILM

For the determination of the enthalpy flow of
the condensate film 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 film, then the dimen-
sionless adiabatic mixing temperature M can be
derived according to (28) and (30) of [6] by this
intcgration

j'ﬁ—-(l
w

Simplifying further we neglect the temperature
dependence of the viscosity (and the other
properties). Thus substituting in (31) w; accord-
ing to (4) with vg = vy = v, and W, according
to (6) leaving out the indices { =% and ¢ = 3
and integrating gives:

M_

-9di. @1

—Tw

_A-#0
M=T 1o 2
D dp (33)

" 3pL — pv)-g.cos B dx’

Introducing into (33) the dimensionless groups
according to (7)+9),(11) and (12) and substituting
Q in (32) gives:

S1+4§N
M=gT+n (39
where
N = 00so3. RebNu py (WY
Gr P \n)

Equations (34) and (35) should be used, when
employing the approximating equations (28),
(29) or (30).
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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 Rey ; — oo (very high
vapour velocity) N — oo and thus M — %. If
Rey ; — 0 (no vapour shear) N » 0 and M — 3,
the known value shown in [6]. For Gr >0
4 < M < 4. 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 (16) and (17) gives, with
(19):

Nu.Nuj h

NuZ ¥
Substituting f3 in (36) according to (20) and
introducing N in (34) leads to the very simple

equation :
5 1
EH

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

With h— 0 M — + oo which means physically
that the condensate mass flow rate s, — 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 my, respectively. At this point i, = 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 flow —oo < M <§ At the
minimum of the cocurrent curve in Fig. 3, where
h =(@{)* the dimensionless adiabatic mixing
temperature becomes M =3 Thus for co-
current flow 3 > M > 3.

Equation (37) should be used, when employ-
ing the analytical solution according to section 4.

=

(36)

(37
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CONDENSATION EN FILM LAMINAIRE DANS DES TUBES; CALCUL DE LA
RESISTANCE ET LA TEMPERATURE DE MELANGE ADIABATIQUE LOCALES

Résumé—L épaisseur et la température de mélange adiabatique ont été calculées jocalement par rapport 4
I'action combinée de la gravitation et des forces de cisaillement entre la vapeur en écoulement turbuient
et le condensat en écoulement laminaire (4 co-courant ou a contrecourant).

Afin d’obtenir un caicul précis de 1'épaisseur du film, le profil de viscosité a ét¢ pris en considération.
Il en a résulté trois températures de référence pour la viscosité.

Pour le calcul de la température de mélange adiabatique locale ont été adoptées des propriétés locales
constantes du condensat ainsi qu'un profil linéaire de température. Compte tenu de 'action combinée de la
gravitation et des forces de cisaillement, la température adiabatique locale n’est donc plus une valeur
constantc (pour des températures de paroi et de surface de film données), mais la fonction de nombreuses

variables.

A partir de la solution analytique (itérative) ont été dérivées des équations approximatives pour la
résistance locale du film, ainsi facilitant le calcul 2 main.

LAMINARE FILMKONDENSATION IN ROHREN: BERECHNUNG DES ORTLICHEN
FILMWIDERSTANDES UND DER ORTLICHEN ADIABATEN MISCHTEMPERATUR

Zusammenfassmmg —Dic Srtliche Dicke und adiabate Mischtemperatur des Kondensatfilms wurde fiir
den Fall berechnet, dass gleichzc:ug Schwer- und Schubkréfte wirken zwischen turbulent strémendem
Dampf und laminar strdmendem Kondensat bei Gleich- oder Gegenstrom.

Fiir eine moglichst genaue Berechnung der Filmdicke wurde das Zihigkeitsprofil im Kondensat
mitberiicksichtigt. Hierbei ergaben sich drei verschiedene Bezugstemperaturen fiir die Zahigkeit.

Bei der Berechnung der ortlichen adiabaten Mischtemperatur wurden ortlich konstante Stoffwerte
und ein lineares Temperaturprofil im Kondensat angenommen. Die drtliche adiabate Mischtemperatur ist
nicht mehr konstant (bei festliegender Wand- und Filmoberflichentemperatur) sondern eine Funktion
von vielen Verinderlichen, wenn gleichzeitig wirkende Schub- und Schwerkrifte beriicksichtigt werden.

Aus der analytischen L3sung (iterativ) wurden Naherungsgleichungen fiir den Srtlichen Filmwiderstand

entwickelt, die fiir Handrechnungen besser geeignet sind.

JTAMUHAPHAA INJEHOYHAA KOHAEINICAUMSA B TPYBAX. PACHET
JOKAJBHOIO NNIEHOYHOIO CONPOTUBJEHNA U IOKAJIBHON
AJIVABATUYECKON TEMHOEPATVPHI IIEPEMEIMNBATINA
AHHOTAMA—~PaccuiITLBanCL JOKAIbHEA TOJUMAA NIEHKY 1 aa1afaTHUYeCKaA TeMILepaTypa
NepeMemnBAHAA B CIy4ae COBMECTHOrO TeHCTBMA CIM TAMKECTH 1! CIBUTA MeMmAy TypOyieHT-

HBIM [TOTOKOM Napa U JaMWHADHHM MOTOKOM KOHZEHCATa (CI'YTHBII M BCTPEUHBLI HOTOKIH).

Iipu To4HOM pacueTe TOJMNMHH IVIEHKM YYNTHIBAJICH NpOYUIbL BABKOCTH KOHIEHCaTa, B
pesyabTaTe Wero AJIA BABKOCTA MOJYYeHH TPU pasiuuHbie UCXOJHEIE TEMIEPATYPHL.

Ilpn pacdere nOKaJbHOW ammabaTHYECKOH TeMIepaTYphHl CMEUIEHHWA JOKAJbHbE CBOUCTBA
KOHJIeHCATA IPHHUMAMNCH TIOCTOAHHBIMI, 4 ero TFMIepatypHst npodus JuxeiHsM. Torga
NpM yueTe CHI THMECTH H CHBATA JIOKAJBHAs TEMIEpATYPa CMENIEHHA MepecTaer OHHTH
[IOCTOAHHON (TpM 3aJaHHOM JIOKAJLHOI f:MIlepaType CTEHKHM il NMOBEPXHOCTH UJEHRI) I

CTAHOBHTCA d)ymﬂmeﬂ MHOT'HMX TIepeMeHULIX.

Ha ocHOBe aHaJMTHYECKOTO UTEPALMOHHOrO pDeMIeHMA HOJIy4eHH MpuliuskeHillle ypas-
HeHMA A JTOKATEHOTO COMPOTHE [eHMA MIeHK!, 0ferdaolne «pyIHOH» cHeT.



