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• Film condensation on the inside wall of a horizontally rotating cylinder 
with a scraper is studied experimentally for both thin and thick films. For 
either case, four distinct hydrodynamic regimes are observed: an unsteady 
gravitational flow regime at low rotational Reynolds number with accumu- 
lation; a nonboundary layer regime with bore as rotational Reynolds 
number is increased; a filmlike regime with ripples as rotational Reynolds 
number is further increased; a rimming film regime without obvious waves 
as the rotational Reynolds number exceeds a certain value. It is noted that 
the heat transfer coefficient increases with increasing rotational Reynolds 
number in all three quasi-steady regimes for the thin film case. For the 
thick film case, the heat transfer coefficient increases in both the bore and 
the ripples regimes but decreases in the rimming regime with increasing 
rotational Reynolds number, with a maximum heat transfer coefficient 
obtained in the ripples regime. The transport mechanism is analyzed, and a 
comparison is made between the experimental results and the theory of 
solid film. © Elsevier Science Inc., 1997 
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I N T R O D U C T I O N  

The rotational cylinder condenser is widely used in paper 
mills as a paper drum. Steam is fed into a rotating 
cylinder, on the outer surface of  which moist paper is 
bound and is caused to move with the cylinder surface. 
Because the temperature of  the moist paper is lower than 
the saturation temperature of steam, the vapor condenses. 
As a result, a condensate film is formed. 

The condensate is usually removed by siphons [1], but 
here the condensate film is usually quite thick, which 
increases both the thermal resistance and the mechanical 
load for rotation. To overcome this difficulty, Futagami 
et ai. [2] first proposed to use a scraper to remove the 
condensate mechanically. Since then, a lot of  theoretical 
and experimental work has been performed to analyze the 
heat transfer characteristics in film condensation on the 
inside surface of  a rotating cylinder. 

The theoretical models developed may be broadly clas- 
sified in two categories: the gravity model and the cen- 
trifugal force model. In the gravity model, the condensate 
flow is taken to be dominated by gravity. The model 
neglects the pressure gradient. The balance of gravity and 
viscosity, together with energy conservation, determines 

the distributions of  velocity and film thickness, as well as 
the heat transfer coefficient. The so-called laminar model 
by Futagami et al. [2], the improved laminar model by 
Mizukami et al. [3], and the turbulent model by Peng and 
Mizukami [4] fall into this class. In the centrifugal force 
model, the condensate flow is taken to be dominated by 
centrifugal force. In contrast with the gravity model, the 
centrifugal force model neglects the effect of  gravity and 
considers that the centrifugal force produces a pressure 
gradient in the condensate film, which causes the conden- 
sate to flow. Recent  work by Peng and Mizukami [5] falls 
into this class. 

The experimental results reported in Mizukami et al. [3] 
and Peng and Mizukami [4] show the effect of  the residual 
film thickness on the heat transfer coefficient. However, 
to the present, no detailed experimental results have been 
reported on the effect of rotational Reynolds number on 
the heat transfer coefficient and on the evolution of wave 
shape and position. 

The purpose of  this paper is to present the experimen- 
tal results of  film condensation on the inside wall of a 
rotating paper drum with a scraper for both thin and thick 
films with particular attention paid to the effect of  the 
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rotational Reynolds number on the heat transfer and 
hydrodynamic characteristics of the condensate film. 

APPARATUS AND MEASUREMENT 

Apparatus 

The experimental apparatus is nearly the same as the one 
described in Futagami et al. [2], but here we allow a 
residual film thickness to exist at the scraper position, as 
shown in Fig. 1. 

The vapor of Rl13 generated in an evaporator is led 
into a rotating stainless steel cylinder that is 312 mm in 
inner diameter, 378 mm in length, and 3.83 mm in wall 
thickness. The cylinder is horizontally positioned and sup- 
ported from both ends by roller bearings. The whole 
cylinder is divided into three sections, the middle one of 
which is the test section, with a subsection at each end. 
The end plates are made of transparent acrylic resin, 
allowing observation of the flow states of the condensate 
in the cylinder. One end plate is coupled to a variable- 
speed motor. The subsections are separated from the test 
section by two 40 mm high by 3 mm wide strips that are 
positioned 65 mm from either end, the purpose of which is 
to diminish the end effect. Therefore, the test section is 
248 mm in length. The pressure in the cylinder is main- 
tained slightly higher than atmospheric pressure. The 
cylinder is cooled by environmental air. 

The scaper itself is made of rubber. It is separated from 
the inner surface of the cylinder by two ball pen tips. The 
ball pen tips are buried in bolts that are screwed to the 
scaper. The clearance between the scaper and the inner 
surface can be regulated by adjusting the bolts. 

The condensate is scraped at the top of cylinder. The 
scraped condensate flows down through two tubes, which 
also serve as support for the whole scraper, to the shaft. 
The shaft, about which the cylinder rotates, is fixed. The 
condensate finally flows through the shaft, by a flowmeter, 

to the reservoir. The condensate in the subsections is 
conducted directly into the reservoir. The small amount of 
vapor that may be carried by the condensate is caused to 
flow into the subreservoir first, where the vapor con- 
denses, and then into the absorber, which contains water. 
The vapor is conducted into and absorbed by the water. 
The remnant vapor is released into the atmosphere. The 
condensate in the reservoir is pumped into the evaporator 
(to be evaporated again). The condensate in the subreser- 
voir is removed manually and placed in the evaporator 
from time to time. 

Measurement 

Before the experiment, an initial residual film thickness 
must be set up. As stated above, the residual film thick- 
ness can be regulated by adjusting the bolts where the ball 
pen tips are affixed. After an initial residual film thickness 
has been set up, its exact value is measured by chink 
gauges. Every residual film thickness is measured at 40 
positions (five different circumferences along the axis and 
eight different positions along every circumference). An 
average of all these measurements is taken as the final 
value of residual film thickness. Other measurements are 
made only after the condensation and scraping becomes 
quasi-steady, which is marked by a steady temperature 
difference between vapor and wall. 

The flow rate is obtained by measuring the time that it 
takes the scraped condensate to fill up a certain volume in 
the flowmeter. The pressure is measured by a manometer. 

Tempeatures are measured by thermocouples. A K-type 
thermocouple [6] is affixed to a thin rod that extends into 
the vapor space in the cylinder. The temperature obtained 
is regarded as the vapor saturation temperature. Because 
the temperature difference between the vapor and the 
cylinder wall is small (about 0.058-0.79C°), the tempera- 
ture difference is measured directly by an E-type thermo- 
couple [6] of 0.1 mm in diameter. Thermocouples are 

Figure 1. Diagram of experimental appara- 
tus. 
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mounted at five different positions in the cylinder wall, 
with one end at a depth of 2 mm from the outer surface 
and the other end exposed to the vapor space in the 
cylinder at a distance of 40 mm from the inner surface. To 
increase the thermoelectric potential of the thermocouple, 
the five thermocouples are linked in series to form a 
thermopile. The two ends of the thermopile are mounted 
on slip rings with mercury contact. The temperature dif- 
ference can be obtained by measuring the difference 
between the thermoelectric potentials at the mercury con- 
tacts. 

The number of revolutions is measured by a CdS photo- 
electric detector. A small piece of matted tape is mounted 
on the outer surface of the cylinder. A pulse signal is 
obtained by using a photoelectric detector, from which the 
number of revolutions can be obtained. 

Waves on the condensate film can be observed through 
the transparent end plate of the cylinder. When the flow 
becomes steady waves are observed at relatively fixed 
positions. A scaled disk is used to read the positions of the 
waves. The wave shape and position are observed by the 
naked eye. Several photographs of waves are taken during 
the experiments. 

DATA REDUCTION 

The condensation rate is obtained by measuring the time, 
~', for the condensate to fill up a given volume, V, of the 
flowmeter: 

V 
m = pf-- ,  (1) 

T 

where pf is the density of the condensate. 
The heat flux is obtained from the condensation rate: 

rnh fg (2) 

q 2~RL ' 

where R is the inner radius of the cylinder, L is the 
length of test section, and  hfg is the latent heat of conden- 
sation. 

The temperature difference across the condensate film 
is obtained by the energy balance along the radial direc- 
tion under the assumption of one-dimensional heat trans- 
fer in the radial direction: 

qd 
t s - t w  = ( / s -  twin)-  A--~' (3) 

where d is the distance between the low-temperature 
junction buried in the wall and the inner surface A w is the 
thermal conductivity of the cylinder wall (SUS304 stainless 
steel), t~ is the vapor saturation temperature twm is the 
temperature in the middle of wall where the low-tempera- 
ture junctions of thermocouples are buried and t w is the 
temperature of the inner surface. 

The average heat transfer coefficient, k, and its dimen- 
sionless form, K, are defined as 

q kR 
k K = - - ,  (4) 

t s - t w ' Af 

respectively. Here Ay is the thermal conductivity of the 
condensate. All the thermal properties are taken to be 
constant. For Rl13, the values at saturation temperature 

are taken, but, for the cylinder, the values at the inside 
wall temperature are used. 

Uncertainties were estimated by the method suggested 
by Moffat [7]. They are +15.2% for the heat transfer 
coefficient. The main causes of the uncertainties in the 
heat transfer coefficient are the uncertainties in the tem- 
perature difference between the vapor and the inner 
surface. The uncertainties in the condensate rate, the area 
of test section, and the rotational Reynolds number were 
found to be negligible. 

The uncertainties from the one-dimensional heat trans- 
fer assumption in data reduction, the noncondensable 
gases, and the system vibration during rotation are ne- 
glected in the uncertainty analysis. The effect of the 
one-dimensional heat transfer assumption is expected to 
be very small for a film condensation problem [8]. The 
effect of the noncondensable gases is reduced by feeding 
vapor into the cylinder and maintaining a slightly positive 
pressure for a period of time before measurement to expel 
the air in the cylinder. This source of error tends to 
reduce the heat transfer coefficient. The system vibration 
may affect the heat transfer coefficient through affecting 
the distributions of the velocity and film thickness of the 
condensate. It is expected that the system vibration may 
slightly raise the heat transfer coefficient. 

Because the temperature of vapor is higher than that of 
the environment, it is expected that there is axial heat 
conduction along the shaft of cylinder. Therefore, the 
temperatures of the two slip rings may be different, even 
at the same radial distance where the two ends of ther- 
mopile are fixed. To compensate for the error incurred by 
the axial heat conduction, experiments were performed to 
obtain the error incurred by the cross wiring of the two 
slip rings and the two ends of the thermopile. The error is 
found to be a function of the temperature difference 
between vapor and environment: 

e = 0.95 × 10-7(t ts  --  la )3"9. ( 5 )  

Here  t a is the temperature of the environment. The 
maximum error due to this source is 0.2C °. 

Therefore, for the wiring in the experiments, the tem- 
perature difference across the condensate film can finally 
be obtained by modifying Eq. (3) to include the preceding 
e r r o r :  

qd e 
t s - t  w = (t s - t w m ) -  - -  + --. (6) 

A 2 

EXPERIMENTAL RESULTS AND DISCUSSION 

Four different flow modes were observed. When the rota- 
tional speed is very low, the condensate flows down on the 
inner surface of the horizontally rotating cylinder from 
both the upward and the downward sides (the flow rate of 
the upward side is less than that of the downward side), 
under the influence of gravity, to form an accumulation at 
the bottom of the rotating cylinder. When the rotational 
speed is increased, the accumulation is replaced by a bore 
at the upward side of horizontally rotating cylinder, with a 
thickness comparable to the film thickness. The bore 
moves upward as the rotational speed is continuously 
increased, with the thickness of the bore decreasing. As 
the rotational speed is further increased, the bore disap- 
pears. Instead, some small waves, so-called ripples, appear 
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on the upward top portion of the cylinder. In contrast with 
the bore thickness, the amplitude of the ripples is small 
compared with the film thickness• When the rotational 
speed exceeds a certain limiting value, the ripples disap- 
pear, and a rimming film forms• The positions at which the 
bore and ripples appear are shown in Fig. 2 for dimension- 
less residual film thickness A = 1.9 x 10 -3. 

Heat transfer measurements are made only for the 
three steady-flow modes--that  is, bore, ripples, and rim- 
ming regimes• 

The variations of the heat transfer coefficient with 
respect to the rotational Reynolds number are shown in 
Fig. 3 for one thin-residual-film case with the dimension- 
less residual thickness A equal to 1.2 x 10 -3, and in Fig. 
4for three thick-film cases with A equal to 1.7 x 10 -3, 
1.9 x 10 -3 and 2.4 x 10 -3, respectively. 

Note that the variations of heat transfer coefficient with 
respect to the rotational Reynolds number differ accord- 
ing to the residual film thickness• As shown in Figs. 3 and 
4, for the thin-film case, the heat transfer coefficient 
increases with increasing rotational Reynolds number in 
all three steady regimes; but, for the thick-film cases, the 
heat transfer coefficient increases in both the bore and 
the ripples regimes but decreases in the rimming regime 
with increasing rotational Reynolds number. The decrease 
in residual film thickness results in a significant increase 
in the heat transfer coefficient, because the heat transfer 
resistance is greatly reduced. 

In contrast with condensation on the outer surface of a 
rotating cylinder [9, 10], the Weber number not important 
in our problem, because the condensate cannot be thrown 
off and surface tension plays no role (provided the surface 
tension-induced flow of condensate is negligible). There- 
fore, the Froude number is the only important parameter 
for judging whether the flow is gravity dominated or 
centrifugal force dominated. For 0 < Fr < 1, the flow is 
dominated by gravity, and the gravity model is applicable. 
For Fr ~ 1, the effect of gravity can be neglected, and the 
flow is dominated by centrifugal force, making the cen- 
trifugal force model applicable• In the intermediate 
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Figure 3. Effect of Re on the heat transfer coefficient for the 
thin-film case (A = 1.2 x 10 3). 

regime, the gravity and centrifugal force are of equal 
importance, both of which should be included in the 
analysis. 

The gravity model may be applied even in the bore 
regime for thin-film cases in which the condition Fr < 1 is 
satisfied. However, the effect of centrifugal force has to be 
considered for ripples and rimming regimes. For thick-film 
cases, the transition from accumulation mode to bore 
mode takes place at a higher rotational Reynolds number, 
which makes the condition Fr < 1 < untenable. 

The heat transfer coefficient generally depends on the 
rotational Reynolds number, Re, the Prandtl number, Pr, 
the Froude number, Fr [11], the Stefan number, Ste, and 
the dimensionless residual thickness, A [5]. The film thick- 
ness generally decreases with an increase in rotational 
Reynolds number. When the film is very thin, turbulence 
does not develop due to the constraint effects of wall and 
surface tension, and so the heat transfer coefficient in- 
creases monotomically with the increase in the rotational 
Reynolds number. When the film is thick, the develop- 
ment of turbulence becomes possible. When the rota- 
tional Reynolds number is increased, though the film 
thickness decreased the condensate is forced to rotate 
more and more like a rigid body, and so the viscosity 
influence regime is greatly thinned [12], and the turbu- 
lence may be damped down by the centrifugal force, which 
in turn reduces the heat transfer coefficient. Therefore a 
maximum heat transfer coefficient was obtained for a 
thick film. 

Futagami et al.'s solid-film model [2] expresses the 
dimensionless heat transfer coefficient, K, as 

K 2¢r St~-~- 1 + Pr Re A ~ 1 . (7) 

The solid lines in Figs. 3 and 4 indicate the analytical 
results from the solid-film model. As shown in the figures, 
the predicted values are about one-half of those obtained 
by experiments. In experiments, the temperature differ- 
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film, the larger the rotational Reynolds and Froude num- 
bers at which the transitions from accumulation to bore, 
from bore to ripples, and from ripples to rimming take 
place. The transitions were observed for two cases by 
increasing and decreasing the rotational speed. Hysteresis 
was found for the transitions between bore and ripples 
and between ripples and rimming, and the critical rota- 
tional Reynolds numbers for the transitions from a higher 
speed mode to a lower speed mode are less than those for 
the transitions from a lower speed mode to a higher speed 
mode. When a ripples or rimming regime has been estab- 
lished, the cylinder speed may be decreased considerably 
below the critical speed at which the transition from bore 
to ripples or from ripples to rimming occurs. 

P R A C T I C A L  S I G N I F I C A N C E  

In a paper mill, most of the steam is consumed in the 
drying process. Therefore, any improvement in the paper 
drying drum will result in an appreciable energy saving. 

ence across the film changes from 0.45 K to 0.65 K, with a 
total average value of  0.5 K. The corresponding Stefan 
number is 3.402 x 10 -3. 

The typical aspects of bore and ripples are shown in 
Figs. 5 and 6, respectively. The 8.5cm x 12cm pho- 
tographs were taken by a camera located outside the 
cylinder and next to the transparent end plate, which is in 
clockwise rotation if seen from the camera's  position. A 
bore is something like a rolling wave in a falling film flow 
[13], but its position is fixed and the wall is moving. 
Ripples are small amplitude waves in the condensate film. 
An illustration of four flow regimes is given in Fig. 7. 

The transition characteristics of  flow regimes are ob- 
served in the experiment (Fig. 8). The thicker the residual Figure 5. Photograph of a bore. 
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Figure 6. Photograph of ripples. 

The present work advanced the investigation undertaken 
by Futagami et al. [2] to develop a paper drying drum of 
high efficiency. 

That a paper drying drum with a scraper and those with 
siphons have the same hydrodynamic characteristics but 
different heat transfer characteristics may be of interest to 
engineers in industry. The flow regimes observed in the 
present experiments are nearly the same as those reported 
by White [14], White and Higgins [15], and Appel and 
Hong [16] for a paper drying drum with siphons. However, 
the heat transfer coefficient changes with the rotational 
Reynolds number in a different fashion. According to 
Appel and Hong [15], for the siphon case, the heat trans- 

fer coefficient decreases with an increase in the rotational 
Reynolds number in every flow regime, with a maximum 
heat transfer coefficient obtained at the low-speed flow 
mode, which differs from our observation that a maximum 
heat transfer coefficient exists in the ripples or rimming 
regime, even for the thick-film case. We consider that this 
is because the scraper can effectively reduce the conden- 
sate film thickness (when the rotational speed is raised) 
and therefore improve heat transfer across the condensate 
film, which offsets the unfavorable effect of turbulence or 
convection damping due to high-speed rotation, causing 
the maximum heat transfer coefficient to be obtained at a 
relatively high speed flow mode. 

With a paper drum with siphons, it is usually very 
difficult to maintain a very thin condensate film, and a 
thin film is desirable for a good paper drier, especially at 
high-speed rotation. Rotational speed is an important 
parameter in a paper mill, because it determines the 
moving speed of paper and, therefore, the output per 
machine. A paper drying drum with good heat transfer 
performance in high-speed flow regimes may be very 
attractive to the paper industry. 

CONCLUSIONS 

Four distinct hydrodynamic and thermal regimes were 
observed: 

1. At low rotational speeds (0 < Fr < 1), the condensate 
is drained by gravity and forms an accumulation at the 
bottom of the paper drum, with the heat transfer being 
unsteady. 

(a) Accumulation (b) Bore 

(d) Rimming (c) Ripples Figure 7. Diagrams of flow regimes. 



Condensation Heat Transfer in a Rotating Cylinder 211 

n,, 

Raising Rotational Speed 
- - -  Lowering Rotstional Speed 

Rimming 

. . . . . . . . . . . . . . . .  . . . . . . . . . . . .  

Bore 

Accumulation 

A F i g u r e  8. Transitions of flow regimes. 

2. At moderate rotational speeds, a nonboundary layer 
bore forms on the upward side. 

3. With the rotational speeds further increased, the bore 
is replaced by ripples. 

4. At high rotational speeds, a rimming flow film forms. 

The heat transfer coefficient increases monotonically as 
the rotational speed is increased for the thin-film case; but 
the heat transfer coefficient first increases and then de- 
creases as the rotational speed is increased for the thick- 
film case, with a maximum heat transfer coefficient ob- 
tained at a certain intermediate rotational speed. 

The thicker the residual film, the larger the Reynolds 
and Froude numbers at which the transition from a lower 
rotational speed mode to a higher speed mode happens. 

A decrease in the residual film thickness results in a 
significant increase of the heat transfer coefficient. The 
heat transfer coefficient is about twice that estimated by 
the solid-film model. 

Detailed measurements of the velocity and turbulence 
strength distributions and their variation with rotational 
speed will be very important for understanding the trans- 
port process in the rotational condensate film. New theo- 
retical models for analyzing the effect of the waves and 
their interaction with the centrifugal force are also re- 
quired. Considerable research has been undertaken in the 
past decades on the wave dynamics of a falling film, but 
little research has been reported in the literature dealing 
with the wave movement in a rotational film. Experimen- 
tal research is also needed to examine the effects of fluid 
properties, surface characteristics of the cylinder, and the 
diameter of cylinder on the hydrodynamic and heat trans- 
fer characteristics of the mechanically scraping paper dry- 
ing them. 

Recent work by Mizukami et al. (17) shows possible 
unsteadiness in the lower-speed states, such as bore and 

ripple, though no unsteadiness was observed in the pre- 
sent experiment. Mizukami et al. reached their conclusion 
by comparing the outer convection heat transfer coeffi- 
cient with previous experimental results in studies of the 
convection heat transfer coefficient of the rotating cylin- 
der. Further experiments should be performed to confirm 
this observation. If the heat transfer is unsteady in a 
lower-speed state, it is expected that the wave positions 
(bore and perhaps ripple) may change with t ime- -no t  
appearing at the fixed position observed in this experi- 
ment (and reported by Futagami et al. [2] and Mizukami 
et al. [3]--if sufficiently long time observations are made. 

NOMENCLATURE 

Cp specific heat of condensate, J / (kg  K) 
d radial distance between the inner surface and the 

low-temperature junction, m 
Fr Froude number, = w2R/g ,  dimensionless 
g gravitational acceleration, m / s  2 

hfg latent heat of evaporation, J / k g  
k heat transfer coefficient, W / ( m  2 K) 
K heat transfer coefficient, k R / A f ,  dimensionless 
L length of test section, m 
m condensation rate, kg / s  
Pr Prandtl number of the condensate, v / a ,  

dimensionless 
q heat flux, W / m  2 

Re rotational Reynolds number, toR2/v ,  dimensionless 
R inner radius of paper drum, m 

Ste Stefan number, Cp( t  s - tw)/hfg , dimensionless 
t temperature, K 

V volume of condensate, m 3 
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Greek Symbols 
a the rmal  diffusivity o f  condensa te ,  m Z / s  

8b res idual  film thickness,  m 

e r ro r  due  to axial hea t  conduct ion ,  K 

A the rma l  conductivi ty,  W / ( m  K) 

A res idual  film thickness,  8 b / R ,  dimens ion less  

u k inemat ic  viscosity o f  condensa te ,  m 2 / s  

p density, k g / m  3 

t ime,  s 

to ro ta t iona l  angular  velocity,  r a d / s  

Subscripts 
a e n v i r o n m e n t  

f fluid 

s sa tura t ion  

w wall  

wm l o w - t e m p e r a t u r e  junc t ion  in the wall  
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