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Abstract--In the present study the heat transfer of pure steam flowing downward in a vertical condenser 
pipe is determined and the thickness of the wavy film is measured using a laser absorption method. The 
measured data are compared to numerical predictions based on the solution of the conservation equations 
for mass, momentum and energy for the vapor and liquid phases. The k-c turbulence model of Jones and 
Launder is used for both phases. It will be shown that the transition from laminar to turbulent film flow 
can be predicted reasonably well if the turbulent kinetic energy in the film is conserved to a minimum 

value. 

1. INTRODUCTION 

THE HEAT transfer in condenser pipes is normally 
dominated by the heat transfer resistance of the liquid 
film. Therefore, the film thickness is one of the most 
important properties to predict the local heat flux. 
For laminar films the well known Nusselt theory [l] 
provides a relation between Nusselt number and a 
dimensionless film thickness. This relation is valid for 
smooth films at low vapor velocities : 

Nup = l/S* (1) 

where the dimensionless film thickness 6* is defined 
by 6* = b/L with L = (vi/g)“’ and the film Nusselt 
number by Nur = h,L/i,. 

With increasing film thickness, which corresponds 
to an increasing film Reynolds number defined by 

Re, = P~WVI~ = hWrlF, (2) 

waves appear. Above a critical Reynolds number, 
which depends on the Prandtl number and the shear 
stress at the interface, the film becomes turbulent. In 
that flow regime the film surface is very rough, result- 
ing in a three-dimensional, highly unsteady film flow 
for which an exact solution of the conservation equa- 
tions is impossible. A first numerical approach has 
been published by Wasden and Dukler [2], who cal- 
culated a two-dimensional wavy film surface based on 
a measured film thickness. 

In the present paper measurements of heat transfer 
and film thickness are described. These results are 
compared to predictions based on a numerical solu- 
tion of the two-dimensional turbulent conservation 
equations of both phases. 

‘/‘Dedicated to Professor Dr.-Ing. Dr.-1ng.e.h. Ulrich 
Grigull. 

2. EXPERIMENTAL SET-UP 

2.1. Condenser pipe 
The experimental set-up is presented in Fig. 1. The 

test section consists of two concentric pipes. The steam 
flows downward inside the inner pipe, whereas in the 
annulus cooling water is flowing upward. The tem- 
peratures of the inner wall and of the cooling water 
are measured along the pipe by 11 thermocouples, 
each with an outer diameter of 0.5 mm (see Fig. 1 (a)). 
To check the symmetry of the flows each temperature 
is measured at two different positions. The mass flow 
rates and the inlet and outlet temperatures of the 
vapor, condensate, and the cooling water are 
measured. From these data the heat fluxes and hence 
the heat transfer coefficients can be evaluated along 
the tube. 

2.2. Measurement of film thickness 
At the end of the condenser tube the copper pipe 

is replaced by a quartz glass section where the film 
thickness is measured using an optical method (see 
Fig. 2). The measuring system is an improved version 
of the system proposed by Sattelmayer et al. [3]. An 
infrared laser beam (1 = 1523 nm) enters the con- 
denser pipe through a quartz glass cylinder and is 
focussed onto the surface of the film at the opposite 
wall. The beam traverses the film and is caught by a 
set of lenses and sent to the photomultipliers by a 
fiber to measure the beam intensity. To monitor the 
intensity of the incoming beam a chopper is used to 
send the laser beam directly to the detectors period- 
ically. Reflection and diffraction effects are corrected 
by simultaneously using a second laser beam with a 
wavelength of 1 = 632.8 nm. This red laser light is not 
absorbed by the liquid but undergoes reflection and 
diffraction like the infrared laser beam. 

The film thickness can be determined by 
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NOMENCLATURE 

constant of the turbulence model 
pipe diameter 
constant of the turbulence model 
correction factor of the red laser 
beam 
correction factor of the infrared laser 
btXl1 

gravitational acceleration 

heat transfer coefficient 
total enthalpy 

intensity of the red laser beam 
intensity of the infrared laser beam 
reference intensity of the red laser 
beam 
reference intensity of the infrared 
laser beam 
rcferencc intensity of the red Iasct 
beam without film 
rcfcrencc intensity of the infrared 

laser beam without film 
kinetic energy of turbulence 
absorption coefficient 
characteristic length 

mass flow of condensate 
mass flow of vapor at the inlet 
film Nussclt number 
pressure 
Prandtl number 

6 = (k’) ’ ln [(IKIIKO)I(IK.OIIK) * (.Mfk)l. (3) 

The correction factors for the infrared and the red 
beam ,fiK and ,fil are taken from a measurement with- 
out film 

fk = I,,,,,~,,:I,,,,,.,~,, and fi = I,,,,,=,,!I,,,,,,,=,,. 

(4) 

The absorption coefficient of water has been taken as 
k’ = 1.67 mm ‘. 

The film thickness at the measuring location can be 
varied by changing the mass flow rate of the cooling 
water and keeping the steam velocity constant. 

3. NUMERICAL APPROACH 

The flow of the steam and the condensate film can 
be described by a set of conservation equations for 
mass, momentum and energy. For the turbulent flow 
regimes the low-Reynolds k.c-model of Jones and 
Launder [4,5] is used for both the vapor and the film 
flow. 

All conservation equations can be written in the 
form of a general conservation equation 

Greek symbols 

turbulent Prandtl numbct 
radial coordinate 

film Reynolds number 
vapor Reynolds number at pipe 
inlet 
local vapor Reynolds number 
source terms 

velocity in .\--direction 
film velocity in .\--direction 
vapor velocity at the inlet 
velocity in r-direction 
axial coordinate. 

film thickness 
dimensionless film thickness 
dissipation of kinetic energy ot 
turbulence 
dynamic viscosity 

effective dynamic viscosity 
turbulent viscosity 
heat conductivity 
kinematic viscosity 
density 
density of the film 
general Prandtl number 
general turbulent Prandtl number 
general variable. 

with Q, = U, h. k, c (Table I). 

The measured wall temperatures are used as thcr- 
mal boundary conditions. At the pipe axis the con- 
dition of symmetry is applied. 

The numerical solution of the coupled partial 
differential equations is based on the differentiation 
scheme of Patankar and Spalding [6]. This method 
has been used previously in predicting condensation 
phenomena [7--91. 

In the inlet region of the pipe the condensate film 
is laminar and becomes turbulent when a certain 
film thickness is exceeded. This critical tilm thickness 
expressed by a critical film Reynolds number depends 
on the interaction between vapor and film flow. 
especially on the shear stress at the interface. Details 
are given in refs. [lo] and [ll]. In the present inves- 
tigation the k, c-turbulence model is used in both flow 
regimes of the film. In the laminar regime the tur- 
bulence is damped and the well known theoretical 
results for laminar films arc found. A minimum tur- 
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FIG. 1. Test condenser. 

bulence level within the film has to be conserved to 
enable the turbulence model to predict the onset of 
film turbulence and the transition to the fully tur- 
bulent film flow 

with 

)?F.t,min = o.5qF. (7) 

4. RESULTS 

4.1. Heat transfer 
The heat transfer coefficients along the tube are 

presented in Figs. 3 and 4 for vapor velocities at the 
pipe inlet of 23 and 96 m s- ‘, respectively. In addition 
to the measurements and the numerical predictions 
the empirical results of Butterworth [12] are shown 
for comparison. It can be seen that in both cases the 

heat transfer is predicted quite satisfactorily. In Fig. 
3 the film is laminar all along the pipe with a maximum 
film Reynolds number at the tube exit of Re, = 160. 

The numerical results agree reasonably well with the 
predictions of Butterworth. Compared to the exper- 
imental data the predicted heat transfer coefficients 
are slightly too low at the beginning of the pipe and 
too high at its end. This might be caused by inac- 
curately measured wall temperatures at the beginning 

of the condensation section where a slightly asym- 
metric wall temperature distribution was found. There 
is an excellent agreement between predicted and mea- 
sured tube lengths for a complete condensation of the 
vapor. 

At high vapor inlet velocities (see Fig. 4), the agree- 
ment between experiment and numerical prediction is 
even better. In this case the average heat transfer 
coefficients are higher by a factor of 34. A sharp 
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FIG. 4. Heat transfer during condensation of pure stream with high vapor velocity. 

increase of the heat transfer coefficient is predicted at 
a tube length of 0.2 m which is due to the onset of the 
turbulence at a film Reynolds number of Re, = 250. 

42.1. GeneraI remarks. At the end of the pipe an 
average film thickness of between 0.1 and 0.5 mm was 
measured (see Figs. 5-S). With an acquisition of 
50000 data per second the time resolution is quite 
high. However, frequent variations of the laser inten- 
sities were observed which had to be compensated by 
a numerical filtration procedure. Furthermore, slight 
changes of the correction factors ffR and fR were 
Found. Because these factors can only be. determined 
without a condensate film in the pipe a check during 
a measuring period of about two hours was not 
possible. A number of experiments with large changes 
of those factors determined before and after a measur- 
ing period had to be discarded. 

4.2.2. Surface structure. Measurements of the film 
thicknesss are taken for several local vapor and film 
Reynolds numbers which are determined from the 
heat transfer measurement. 

In Fig. 5 the film thickness is presented for a time 
period of 0.3 s. These data are measured for an inlet 
vapor velocity of 66 m sP ‘. For the given operational 
conditions, 99% of the vapor mass flow is already 
condensed at the measuring section of the film thick- 

0,o 
0,oo 0.10 0,20 S 0,30 

Time 

FIG. 5. Film thickness profile during condensation of pure 
steam. 
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FIG. 6. Film thickness profile during condensation of pure 
steam. 

ness, resulting in a very low vapor Reynolds number. 
Amplitudes of up to 1.6 mm are found with average 
values of 0.2 mm. With increasing vapor velocities the 
film becomes thinner and the film waves show smaller 
amplitudes with higher frequencies (see Fig. 6). 

4.2.3. Time-averaged jlm thickness. In Fig. 7 mea- 
sured and nume~calIy predicted values of the time- 
averaged dimensionless film thickness are plotted as 
a function of the Iocal film Reynolds number. As 
convection effects have nearly no influence in the pre- 
sented experiments the film thickness can be described 
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FIG. 7. Dimensionless averaged film thickness during con- 
densation of pure steam for different vapor Reynolds 

numbers. 
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Table 2. Numerically predicted constants of equation (9) 

&,, 0 1sooo 30 000 70 000 

t, 0.57 0.55 0.57 0.75 
(’ 0.67 0.42 0.28 0.053 

by local properties only. The result of the Nusselt 
theory for the laminar film with stagnant vapor and 
a wavy free interface. equation (8), is shown for com- 
parison : 

6% = l.44Re0-“. I. (8) 

Due to the strong coupling conditions between vapor 
and film the predictions based on the solution of the 
complete system of conservation equations differ 
greatly from that predicted by Nusselt’s theory. 

However, the numerical predictions can be approxi- 
mated by simple power laws of Nussett type 

&* z (. R<$ (9) 

with the constants (I and c depending on the local 
vapor Reynolds number according to Table 2. 

As the experimental data show a large scatter, an 
enormous number of measurements are needed to 
evaluate an average value. The agreement between 
prediction and experiment is rather poor. 

Finally, in Fig. 8 measurements of film thickness 
within a stagnant vapor are shown for the laminar 
film region. Each experimental value represented in 
the figure is an average of 3-5 measurements con- 
sisting of 4000 up to 16000 measurement values for 
the film thickness. The scatter of the results is again 
quite important. In spite of the large scatter a 
regression analysis of the measured data leads to an 
equation 

,j* = 1.55 &‘j il I (If.3 

which is in close agreement with Nusselt’s equation, 

equation (8). 

5. SUMMARY 

In the present paper the heat transfer and the film 
thickness in a condenser pipe are examined by exper- 
imental and theoretical means. 

Nusselt theory 

a- .I 
50 100 150 2w 250 300 

Film Reynolds number 

FIG. 8. Dimensionless film thickness inside a pipe with stag- 
nant steam. 

The condensation is predicted on the basis of the 
conservation equations for mass. momentum and 
energy in combination with the k,e-turbulence model 
for low turbulence Reynolds numbers by Jones and 
Launder for both the vapor and the film flow. To 
predict the transition from laminar to turbulent film 
flow a limiting value for the kinetic energy of tur- 

bulence is suggested in order to avoid a complete 
damping of turbulence and to simulate the effects of 
tilm waves. 

The heat transfer coefficients along the con- 
densation tube are evaluated from heat balances at 
different test sections. Additionally. the time-depcn- 
dent film thickness is measured with high local rcs- 

olution by a new optical absorption method. A com- 
parison between predicted and measured heat transfer 
coefficients and film thicknesses shows a reasonably 
good agreement, even for high vapor velocities. 
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TRANSFERT THERMIQUE ET EPAISSEUR DE FILM PENDANT LA CONDENSATION 
DE VAPEUR D’EAU S’ECOULANT A GRANDE VITESSE DANS UN TUBE 

VERTICAL 

R&un&Le transfert thermique pour une vapeur d’eau pure s’ecoulant vers le bas dans un tube vertical 
de condenseur est determine et l’tpaisseur du film onduli est mesur&e en utilisant une methode d’absorption 
laser. Les donnees mesurees sont comparees aux predictions numeriques bashes sur la solution des equations 
de conservation de la masse, de la quantite de mouvement et de l’bnergie pour la vapeur et la phase liquide. 
On utilise pour les deux phases le modile k-e de Jones et Launder. On montre que la transition entre 
Ccoulement du film laminaire et turbulent peut dtre predite raisonablement bien si l’energie cinetique 

turbulente dans le film est conservee a une valeur minimale. 

WARMEUBERTRAGUNG UND FILMDICKE BE1 DER KONDENSATION EINES 
SCHNELL STRijMENDEN DAMPFES IN EINEM SENKRECHTEN ROHR 

Zusammenfassung-In einem senkrechten Rohr wurde der Wlrmeiibergang bei der Kondensation 
schnell striimenden reinen Dampfes untersucht. Die sich einstellenden Kondensatfilmdicken konnten 
mit einer Laser-Absorptions-MeBtechnik mit zeitlich und iirtlich hoher Aufliisung erfal3t werden. Die 
Versuchsergebnisse werden mit Rechenergebnissen auf der Grundlage einer numerischen Losung der 
Erhaltungsgleichungen fur den Impuls und die Energie der Dampf- und der Fliissigkeitsphase verglichen. 
Die Ubereinstimmung ist sowohl im laminaren als such im turbulenten Bereich gut. Der Umschlagpunkt 
laminar/turbulent des Films 123t sich theoretisch voraussagen, wenn ein Mindestwert fur die Filmturbulenz 

festgelegt wird. 

TEI-IJIOTIEPEHOC PI TOJIIBHHA HJIEHKkl B YCJIOBH5IX KOHAEHCAHHII BOWHOI-0 
I-IAPA I-IPkI TErIEHklki C BOJIbBJO~ CKOPOCTbIG B BEPTklKAJIbHOft TPYEE 

~~no~o~~~eTo~na3ep~oiia6cop6~onpe~ense~cnTennonepeHocnp~H~cxo~e~ 

TeqeHHB YHCTO~O no~lp~oro napa IIO ~ep~mc~tiofi ~py6e KoweIicaTopa H iis~epsercn Tonnwia non- 

H006pa3HOiilIJ’leHtCE. 3KcnepaMeHT~HareAaAHbIeCPBB~~TCXCPaCneABbIMHpe3ynbTaTaMB,nOlIy- 

qeHWIMHHaOCHoBePe~e~RYPaBHeHHiicoxp~e~MaccbI,HMnyJIbca~sHepwInnanapoo6pa3Hoii 

R at~mroir +a% m 06e~x @a3 HcnoJndyeTcn k-E MoAenb TyP6ynemwcm, paapat%amiasr &UOHCOM H 
JIa)nyrepord.fIorsuaao,~TO nepexonOTJIaMEHapHOrO TeseHHg Kyp6y~e~HoMynneHo~HoMyMo~o 

JVXTaTO'IHO TO'IHO OIIpeAeJIETb UpE yCJlOBEH MEIiEME3atuiH Typ6yJIeHTHOi KEHeTH'teCKOfi !Xiepl-HH B 

MeHKe. 


