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Abstract--This is a theoretical and experimental study of the time-optimisation of condensation on a vertical wall when the film 
is removed periodically by a mechanical device. The objective is to fine-tune the periodic process so that the production of 
condensate and the heat transfer rate are maximal. The first part of the paper develops the scales of the periodic condensation 
process, and predicts the existence of an optimal condensation time interval. The analysis also predicts that the augmentation 
of condensation increases as the mechanical cleaning time decreases. These design optimisation opportunities are confirmed in 
the second part of the paper, which reports measurements of steam condensation on a vertical surface scraped periodically, iii~{} }~[}~}}~ 
(C) Elsevier, Paris. © Elsevier, Paris. {~.~{ ~ 
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Resume - -  O p t i m i s a t i o n  d'un f i lm de condensa t  sur  une paroi  ne t toyee  p e r i o d i q u e m e n t .  On pr6sente une 6tude th ior ique :Tfi~ ~ ~ 
et exp6rimentale de I'optimisation du temps de condensation sur une paros verticale, Iorsque le film de condensat est enleve .... ~:~ ~ a ~  
p~riodiquement par un moyen m@anique. L'objectif est de caract6riser le processus p6riodique au travers de la production de , ....., = ~ . ~  ~.~, 
condensat et du flux de chaleur maximal. La premiere partie de ce travail d~finit l'echelle du processus p6riodique de condensation ~ 
et prevoSt I'existence d'un intervalle de temps optimal de condensation. L'analyse pr6voit aussi que la quantit6 de condensat ~ i . . . .  :!~i 
augmente avec la diminution du temps de nettoyage m6canique. Ce r6sultat th6orique est confirme dans la deuxi6me partie de 
ce travail, oh on pr6sente des resultats exp6rimentaux obtenus pour le cas de la condensation de vapeur d'eau sur une surface 
verticale nettoy~e periodicluement. © Elsevier, Paris. 
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( ) . . . . .  inaxii inl tn 

( )opt  o p t i m u m  

transfer, and concluded tha t  InechanicaI techniques are 
promising. Lustenader  et al. [5 i considered the con- 
jugate  confignration of fihn evaporat ion on the inner 
surface and fihn condensat ion on the outer  surface, with 
mechanical wiping on the evaporat ion side. 

1. INTRODUCTION 

It is well kilown that  fihn condensat ion is inferior to 
drop condensation from the point of view of achieving 
high heat  transfer and condensate product ion rates. 
In fact. tile fihn condensation rate  is roughly one 
order of magni tude smaller than the drop condensat ion 
rate on a wall of the same height and temperature .  
The reason for the great difference between the two 
condensat ion rates is also well known: in dropwise 
condensation, the movement of a large drop has the 
effect of cleaning a por t ion of the wall, gett ing it ready 
for an incipient condensation process tha t  is ruled by 
t ime-dependent  conduction and characterised by a high 
rate  of condensation.  

The idea investigated in this paper  is to do artificially 
during film condensation what  nature  does in drop 
condensation. Specifically. we consider the process of 
periodic fihn condensation on a wall that  is cleaned 
internfi t tent ly using, for example, a mechanical sweeper. 
Each cleaning stroke prepares the wall for a film 
condensat ion process in which tile fihn grows s tar t ing 
from zero thickness, in a manner  sinfilar to the early 
stages of drop formation. We show that  the periodic 
condensation and cleaning cycle can be optinfised for a 
Inaximunl time averaged rate of condensate production.  

This s tudy is par t  of a larger effort to identify fun- 
damenta l  op t ima [1] in the appl icat ion of heat transfer 
phenomena that  otherwise have been s tudied exten- 
sively (in isolation). Condensat ion is one process that  
has heen studied extensively, and. consequently, to doc- 
ument its fine details is not the object ive of the present 
work. To demonst ra te  the eziste~ce of an oppor tuni ty  
to optimise the process is the objective. This impor- 
tant  difference between t ranspor t  fundamentals  and 
fundamental  opt ima (the present objective) is further 
i l lustrated by the design of the exper imental  appara-  
tus (section 4) and the thermodynamic  considerations 
presented in section 5. 

A survey of the condensat ion l i terature  shows tha t  
al though augmentat ion techniques have received consid- 
erable at tent ion,  the process opt imisat ion oppor tuni ty  
described in this paper  has not been investigated. For 
example. Dent [2] s tudied the effect of condenser tube 
vibration,  and found a 15 percent increase in the con- 
densation heat  transfer coefficient. The same method 
was studied subsequently t)y Brodov et al. [3], who ob- 
tained a 20 percent increase in heat transfer coefficient. 
Uhl [41 reviewed the performance of several scraper agi- 
ta tors  and close-clearance devices for single-phase heat  

2. BASIC SCALES OF TRANSIENT FILM 
CONDENSATION ON A VERTICAL WALL 

The f lmdamentals  of t ime-dependent  fihn condensa- 
tion have received considerable a t tent ion in the litera- 
ture, beginning with the analyses of Sparrow and Siegel 
6] for the wall with step change in temperature ,  and 
Cheng and Chui [7] for the sa tura ted  porous medimn 
version of the same problem. The progress in this field 
was reviewed by Flik and Tien [81 who also developed a 
general analyt ical  t rea tment  for a broad class of conden- 
sation prohlenls. Although compact  analyt ical  solutions 
are available [6], in this section we derive briefly the 
main scales of t ime-dependent  film condensation: these 
scale-analysis results are accurate enough and their  
derivation will be relevant to the opt imisat ion of the 
on-and-off process described in the next section. 

Consider a vertical wall of height H in contact  with a 
reservoir of quiescent vapour  at sa tura t ion  tempera ture  
2F~. The wall is cooled to a lower t empera ture  
Tw. beginning at the t ime t = 0. By analogy with 
the t ime-dependent  development of a vertical natura l  
convection boundary  layer in a single-phase fluid [9]. 
immediate ly  after t = 0 the heat transfer between 
the wall and the fluid is by pure conduction in the 
direction perpendicular  to the wall. In the case of fihn 
condensation,  the t empera ture  difference A T  = T s a t - T w  
is bridged by a fihn of condensate of thickness 6 and 
constant  propert ies  (k, p, cp. ~, a,  Pr ) .  The heat transfer 
into the wall, k H A T / f , ,  is generated by condensat ion at 
the l iquid-vapour interface tha t  expands outward at the 
rate d~/dt: 

k H ~  ~ phf~ H~@~ ~ (1) 

Integrat ing this equation from cs(O) = O. we obtain 
~(t) ~ (hAT/ph f~) l , ' 2  P '/2. The corresponding mass of 
condensate produced during tile t ime t is: 

m l  ~ ht~ /] t 1"2 (2) 

This first regime is followed by tile well known regime 
of s teady film condensation (regime 2). I1: laminar  flow 
with P'r~h,, ~> 1. tile scales of this second regime are [9]: 

O~ T n 1 / ' 2  

~' ~ - ~  d a /~afi'lm (3) 

114 



Optimisation of film condensation with periodic wall cleaning 

where ~ is the vertical  velocity of the liquid: 

- p v ) H  hfg, Ja  -- cp A T  Ra~n~ = g (p 3 , (5) 
~, k A T  h' fg  

P r  
h~g = hfg + (r)cpAT, P r , , m  - J a  (6) 

(r) is a numerical constant of order 1, and pv is the 
vapour  density. 

T h e  t ime scale that  nlarks the t ransi t ion from regime 
1 to regime 2 is d ic ta ted  by the t itne required by tile 
liquid to sweep the wall height H :  

H H 2 n - 1/'2 
t12 . . . .  Ja  1/~'afiln, (7) 

u t~ 

The condensate flow-rate in the second reginle is pv  (5. 
and therefore tile liquid mass generated from the s tar t  
of this regime is p v $ ( t -  t l 'd .  hi conclusion, the total  
mass of condensate produced beginning with t = 0 is: 

. 1  / 2  m~ = a q )  + b ( t - h z )  (8) 

where (cf, equation (2)): 

a n d  

2 1 / 2 

a = hfg /] 

~' 11, 4 b = - - J a  R%~,~ (10) 
C p  

hi suinnlary, tile condensate inass is given by  
equation (2) or ~ l ~ l  ~ ( l t  1 / 2  when t < t12, and by 
equation (8) when t > t~ .  The complete t ime-dependent  
behavionr of the condensate mass re(t)  is i l lustrated in 
fig~tre 1. 

3. PERIODIC WALL CLEANING 

Figure  I shows tha t  the condensat ion rate din~dr  
decreases with time, and reaches its lowest vahle during 
the second regime. In pursuit  of a higher COlntensation 
rate. it nlakes sense to interrupt  tile fihn condensation 
process, clean tile wall. and res tar t  the process tr iggered 
at t = 0 in fig'~tre 1. Tile assnnlption that  the fihn 
thickness beconles zero after each wiping stroke is an 
approximation,  which depends on how finely the wiper 
can be adjnsted and how large a frictiou loss can be 
tolerated (see section 5). The periodic process obtained 
in this nlanner is i l lustrated in f igure 2. New in this 
figure is tile t ime scale t~:, which is tile cleaning time 
interval, or tile t ime scale of the nlechafical  cleaning 
process. The condensation rate averaged o w r  lnany 
condensat ion and cleaning cycles of period (t + t,:) is: 

r h -  m(t) (11) 
t + t c  

m(t) 

J 
J 

transient 
conduction 

m2(t ) 
steady 
convection 

t l 2  t 

Figure 1. The time-dependent evolution of the mass of liquid 
generated on a vertical wall with film condensation. 

mass o f  
condensate 
produced t.- 

o 

t ime 

0 I I 1 I I I ~, 

0 t t +  I c 

Figure 2. Cyclical process consisting of film condensation 
followed by wall cleaning. 

where t is the dura t ion of tile ~ltn condensat ion port ion 
of the cycle. The condensate collected during one cycle. 
re(t), is given either by equation (2) or equation (8). The 
condensat ion rate  rh is a flmction of the condensat ion 
t ime t. which is a degree of freedonl. The cleaning 
t ime G is assumed specified (constrained) t)y tile design 
of tile cleaning system. \ ~  distinguish the following 
possibilities according to the size of tile condensat ion 
interval. 

t < t t : .  Equat ion (11), in combinat ion with equation 
(2), yields a flmction ri~(t) tha t  has a inaxinn~n~ at: 

t,,pt ~ # ,  ~h ..... ~ - -  (12) 
2 t~,"2 
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topt 

t12 / 
I 

(t >> t 12) 

t12 a 1/2 t~2 - t~2 

Figure 3. The optimal film condensation time interval. 

These results are shown in figures 3 and 4, and a r t  valid 
when t~ is smaller than  tile t ransi t ion t ime tl~. When  
t~ is greater than  tl2, the largest rh value (a supremum. 
not an extremum) is registered at: 

kl/2 
t .  ~ t 12 ,  'rh. ~ ( 1 3 )  

t12 + t~ 

t > t i e .  When  the condensation interval is greater 
than  the convection development time tx~, equation (11) 
combined with equation (8) yields a monotonic function 
#~(t). Since the slope d/n/dt  is negative if 

a 1 / ' 2  
tc < ~ t12 --t12 (14) 

the largest m value corresponds to the snmllest t, namely 
the  t .  and rh. values seen al ready in equation (13). This 
conclusion has been added to both figures 3 and ~ on 
the assumption tha t  [(a/b)~12÷1/2 _ t12] > t12. 

If the  reverse of the inequali ty (14) is true, then ri~ 
increases monotonical ly approaching the plateau:  

#~ ..... ~ b (15) 

This t >> t~2 limit means tha t  the largest average con- 
densation rate is achieved when the film condensat ion 
par t  of the cycle operates  in the s teady state.  When  
[(a/b) ~1~'l/2 _ t12] is smaller than  t12, the nfiddle seg- 
ments disappear  from the curves drawn in figures 3 and 
4- It  is worth noting tha t  the quant i ty  (a/b)t11~ 2 - t12  
is always positive: use equation (8) and figure 1 to es- 
t imate  the positive cut made by m2(t) on the ordinate  
(t = 0) .  

To summarise  the optinfisation results plot ted in 
figures 3 and 4, there corresponds to each cleaning 
interval t~ an opt imal  condensation interval topt. The 
maxilnised average condensation rate (figure ~) increases 

m m a x  

I I b -  

t12 a 1/2 tc tL2 - 212 

Figure 4. The maximum average condensation rate. 

as the cleaning t ime decreases. This t rend is par t icular ly  
strong when b- and, consequently, ~opt become shorter  
than  the film convection development t ime t12. The 
opt imisat ion of the condensat ion and cleaning cycle is 
i l lustrated in the next section using an appara tus  whose 
cleaning t ime was shorter  than  the fihn development 
time. t~. < t12. 

4. EXPERIMENTAL DEMONSTRATION 

We constructed an appara tus  (figure 5) and con- 
ducted a large number of measurements  to demon- 
s t ra te  the existence of the opt imal  periodic conden- 
sation regime described in the preceding section. Tile 
object ive of this exper imental  phase was to optimise the 
design of the condensat ion cycle, tha t  is. to compare a 
large number of condensat ion regimes that  varied only 
slightly with respect to cycle period. Our object ive was 
not to document  the details of tile condensat ion process. 
because this aspect  is amply  doculnented in tile heat  
transfer l i terature.  

The appara tus  was designed with the design- 
opt imisat ion object ive in nfind. It combines accuracy 
and controllabil i ty on the cycle design side (figure 5. 
left) with simplicity and low cost ill the condenser 
(figure 5, right). 

Water  was boiled at atmospheric  pressure in a cylin- 
drical vessel with a dimneter  of 180 ram. and a ca- 
paci ty of 3 300 cm :~. The vessel was insulated with 
fibreglass. It was heated from betow by an annular 
heater  at constant  power (1 200 W at 120 V and nom- 
inal resistmme 12 gl). The vessel was placed under 
the suppor t ing  table shown in figure 5. An insulated 
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L mbber blade 

wiper 

orifice 

~ 2 0 3 2  ~ 184.15 ~ 
vapor outlet ~ 2,.,1 ~ [-] 

acr li:;Po:r ~ ~ 3 8  1T a~rylie lid T' ' ' 
Y J [ water 

solenoid - -11  I t 0rmistor  jac ot 
valve double acting cylinder m Lo~ ~ ~___ 

airinlet r--n , ,~ ~ ~ 27~a cond . . . .  " 

AC air c ~  regulator ~ . . . . .  i l  II 1 surface ~ - -  aluminu 

cmlresso r 1[ fo . . . . . .  ]atl°n 1 L  ~wipint 5g:~tr~e~ ~3~51 plate 

iT " \  / I 
,~0cV "on" ' . U U 

0 t' c (+%) time 

v- -'-1 
adjustable electronic square pulse generator condensate 

outlet side view 

Figure 5. The main features and dimensions of the experimental apparatus. 

hose collected the steam from the vessel and led it into 
the condensation compartinent  of the apparatus. That  
compartment  was insulated with foam and fitted with 
an acrylic lid with vent port. The condensed water was 
collected from the bot tom of the compartment  into a 
graded beaker. 

The condensing surface was a 0.4 m-tall and 0.64 cm- 
thick a luminium plate cooled from behind by a heat 
exchanger supplied with tap water. The aluminium 
surface was cleaned internfit tently by a rubber wiper, 
which was driven by a pneumatic double action cylinder. 
The air was supplied by a compressor. The motion inside 
the double action cylinder was controlled by a solenoid 
directional valve. As shown in the lower-left corner of 
figure. 5, the valve was driven by a step fimction with 
constant voltage from t = 0 to t + t,-, and zero voltage 
during the next interval of the same length. This resulted 
in a wiping stroke, either to the right or to the left, in 
which the cleaning time (t~.) is the time of' travel across 
the aluminium surface. We varied the cleaning time by 
using a pressure regulator to vary the driving pressure 
in the pneumatic circuit. 

We designed and built the adjustable electronics 
needed to assemble our own square wave to control 
the condensation (waiting) time t. The time interval 
(t -- t~) was controlled by a dual timer integrated circuit 
of a s tandard type (No. 556), which controlled a relay 
that  interrupted the power supply. The condensation 

time t could be adjusted. All the time interval settings 
were adjusted using a chronometer with a bias limit of 
± 0.01 s. 

Three high precision thermistors of type YSI 44004 
(resistance 2 250 f / a t  25 °C) were embedded to a depth 
of 1 mm into the condensation side of the ahnnin ium 
surface. Each thermistor had a s tandard Bead I with a 
2.4 mm diameter. A layer of heat sink silicone was placed 
between thermistors and ahnninium. Fig~,re 5 shows 
the therinistor locations on the aluminium surface. A 
fburth thermistor was suspended in the middle of tile 
condensation colnpartment.  Steady-state temperature 
readings were achieved between 50 or 60 s after the 
start of each run. The surface temperature readings were 
approximately 50 °C with a variation within 3 °C. which 
represents 7.5 percent of the temperature difference 
between the steam and the a luminium surface. The 
fourth thermistor measured a steam temperature of 
90 °C with variations of less than  1 °C, indicating the 
presence of air in the condensation compartment.  

The thermistor readings were taken with an ohmme- 
ter capable of measuring resistances as small as 10 -3 £'1 
in the temperature range of our experiments. We per- 
formed our own thermistor calibration to determine the 
bias limits. The thermistor was immersed in a constant 
tenlperature bath maintained by a bath circulator, and 
a total of 64 temperature measurements were made at 
20, 30~ ..., 120 °C. The largest s tandard deviation of 
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these measurements was 0.0005 °C, and therefore the 
bias liinit was set at + 0.001 °C for all thermistors. This 
bias limit is in agreement with the 4- 0.0003 °C bias 
lilnit of the same thernfistors in a natural  convection 
experiment [10] and with the 4- 0.0005 °C bias limit 
listed in an instrulnentat ion handbook [11]. 

The experimental runs were performed while the 
transparent  acrylic enclosure was insulated with foam. 
In order to observe visually the formation of the 
condensate fihn and its removal, we performed several 
prelinfinary runs without the insulation. The continuous 
film was very clear, especially when the interval between 
two sweeps was relatively long. For the measnrements 
reported in this section, the total mass of condensate 
collected at the end of each run was: 

rot: = pl ~ (16) 

where 1/) is the vohune of condensate collected in the 
beaker of figure 5. This volume was measured later in 
the graded cylinder (bias limit :L 0.1 mL). 

The electronic time control method rendered the 
precision limits negligible relative to the bias limit in 
the measurement of t and t~. Five runs were executed for 
each of the points plotted in figures 6 and 7. The tiine tf 
is the total (final) time of each run. Tile precision limit 
of the ~- measurements was taken as twice the standard 
deviation of each set of five ~,} values. The number of 
runs per point was limited to five because of the violence 
of the wiping stroke, and the need to keep the apparatus 
adjusted and leak-proof during all the runs performed 
at a certain cleaning time t~ and final time tf. In the 
computat ion of the uncertainty for m f ,  the precision 
and bias limits of density were found negligible with 
respect to the volume measurements precision and bias 
liinits. The uncertainty limits for ~rtf, t, t¢: and T were 
calculated with the following fornmlas: 

b%f = Pl(P~f + Bf'f) w2 (17) 

u~ = m (18) 

E ,  = Bt,: (19) 

U- T : ( p 2  4- B 2 ) 1 / 2  (20)  

These values are reported in table L In addition, Ut and 
U~¢ were equal to 0.01 s in all the measurements. 

A noteworthy feature of the apparatus construction 
was the use of a cleaning time t~ shorter dmn the fihn 
development time t12, so that  the optimisation of the 
condensation time t would be possible, cf. figures 3 and 
~{ and the discussion under equation (15). For exmnple, 
by using the experimental conditions (AT = 40 °C. 
H = 0.4 m) in equation (7), we find that  t~2 = 0.96 s. 
which is larger than  the cleaning times used in the 
experiments. Indeed, fig~Lr'e 6 shows that the production 
of condensate reaches a peak at a certain condensation 
time topt. This optinml time is comparable (in an order 
of magnitude sense) with re. 

The cleaning time (t,) and the total run time (if) 
were fixed for each of the runs summarised in figure 6. 

TABLE I 
The measured condensation cycle interval ( t ) ,  

c l e a n i n g  t i m e  ( to) ,  total  run t i m e  (t~.), 
and final mass of condensate (mf), 

and the respective uncertainties. 

tc--(}.l s t o - - 0 . 3  s 

3 6 lt) 6 

~,~f (g) u,, f (g) ,,~f (g) u,,~ f (~)] ,,~f (g) u,,,f (g) i '~,~ (g) u,~f (g) 

tf (rain) 

t(.-) 

0.4 
0.5 
0.7 
1.0 
1.2 
1.3 
1.4 
1.6 
1.9 
3.3 
5.0 
7.0 
12.1 
12.2 
12.7 

steady 

16.7 0.5 
18.2 1.1 
19.6 0.6 

19.9 1.1 
19.0 1.4 
16.3 1.4 
14.1 1.5 
12.0 1.8 

10.6 2.0 
7.6 0.5 

60.5 1.8 

66.2 1.6 

67.3 1.1 

66.1 2.4 

53.2 1.9 
48.9 2.6 

46.3 1.4 

38.1 2.0 

124.3 2.2 

130.5 3.2 

128.2 2.6 

108.8 1.8 
104.1 2.4 
1O0.0 2.6 

92.3 1.4 

57.2 1.2 

58.4 1.0 

6O.7 1.3 

59.2 1.6 

50.1 1.9 

42.7 1.7 
! 

38.1 2.0 
i 

The condensation time interval (t) was varied in the 
search for the maximum in the amount of condensate 
(mr) collected at the end of each run. The horizontal 
line (asymptote) plotted on the right side of each frame 
corresponds to the linfit t -~ oc~ i.e.. runs in which the 
wiper was not activated. The .m.f maximmn is clear: 
however, its relative amplitude varies with both tf and 
<. The first three frames (figures 6a-c) show that  tile 
maximum is relatively sharper when tile Experiments 
are run for times tf shorter than  approximately 10 rain. 
This trend is due to the fact that  the condensation 
compartment  needs about i0 rain to approach its steady 
state, by wetting its bot tom surfaces and purging most 
of the air. We investigated tile approach to steady state 
in the experiments reported in figure 7, which were 
run in the absence of wiper motion. In figur'es 6a c 
we used tf values comparable with the time constant 
of the apparatus (10 nfin) because of an important  
construction limitation: the vibrations caused by each 
wiper stroke had to be kept to a nJni lnuin,  because 
of potential misalignments in wiper motion, leaks, etc. 
This pushed the experimental demonstrat ion toward 
the smallest and still meaningflfl tf vahles. 

The ,#~ values reported in figure 7 were calculated 
fronl .riz = mf/ t f .  Tile corresponding uncertainty limits 
were calculated with the formula U.,~/rh = UTTer/mr, and 
are reported in fable II. Tile tf uncertainty is negligible 
relative to the mf uncertainty. A comparison with 
Nusselt 's theory for steady state fihn condensation is 
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Figure 6. Measurements showing the maximisation of condensate production by varying the condensation time interval t. 

TABLE II 
The measurements and uncertainties associated 

with the experiments reported in figure 7. 

t¢ mr(g) U (oq ~ U,~/rh m f  \e~/ 

3 7.6 0.5 2.5 0.066 
6 38.1 2.0 6.4 0.052 
10 92.3 1.4 9.2 0.015 
12 117.8 6.8 9.8 0.058 
14 141.2 6.7 10.1 0.048 
17 173.5 9.9 10.2 0.057 
20 209.4 I3.3 10.5 0.064 

not made, because in our experiments non-condensable 
Rases (air) were present in the gaseous mixture. It 
is well known that  the heat transfer coefficient and 
condensation rate are lower when non-condensable Rases 
are present. 

Figur(~ 6d can be compared directly with figure 6b 
to see the effect of changing the cleaning time tc. The 
relative condensation augmentat ion effect increases as 
the cleaning time becomes shorter. This trend coilfirlllS 
the expectations based on scale analysis, which were 
summarised at tile end of section 3. 

5. THERMODYNAMIC CONSIDERATIONS 

111 this paper we used scale analysis and direct 
measurelnents to denlonstrate the existence of all 
optimal tilne regime of periodic cleaning during film 
condensation on a vertical wall. The quest for the 
highest average condensation rate (and highest heat 
transfer rate) pushes the design toward tile shortest 
cleaning tilne possible. This trend runs eventually 
into mechanical difficulties: tile sweeper nmst run at 
progressively higher speeds and frictional power loss. 
The smallest practical t,: emerges as a trade-off between 
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Figure 7. The effect of the duration of the experiment on 
the time-averaged condensation rate in the absence of wiper 
motion. 

a higher condensation rate and a less reliable, or less 
efficient, sweeping device. 

This trade-off can be illustrated analytically by 
comparing the competing effects on tile same basis. 
The power destroyed by friction between tile sweeper 
and the wall is ~-~b v~, where r is the frictional shear 
stress, 6~ is the wiper blade thickness, and vb is tile 
wiper speed. If the sweeper slides on a very thin layer 
of condensate of thickness s, then ~- ~ # Vb/S, and the 
power loss is proportional to vb 2 or ~22. 

The power destroyed by the irreversibility of hea~ 
transfer through the film is q(AT)/Tw, where the total  
heat transfer rate q is proportional to the condensation 
rate rh ..... ~ a/2t~/2, ill which a = (pH2k,2_~T/hfg) 1/2. 
In a heat transfer augmentat ion application such as the 
condensation optimisation performed in this article~ tile 
practical objective is to minimise AT when the heat 
transfer rate is specified (Bejan [12], p. 99). This means 
that tile power lost due to heat transfer irreversibility 
qAT/Tw varies as AT. and, in turn.  AT varies as t~/2 
because rh (or q) is specified. 

In summary, tile time-averaged mechanical power 
destroyed by sweeper fl'iction and fihn heat transfer 
across a finite AT is: 

fr ic t ion heat t r ans fe r  

where cl and c2 are shorthand fl)r the constant 
factors described in tile preceding two paragraphs. 
Tile power loss is large when either effect dominates 
(tc ~ 0 or t~ --~ ac). It reaches a minimum value 
when tile two effects are relatively in balance, namely 

at to,opt = (4cl/c2) ~/5 when the ratio (friction)/(heat 
transfer) in equation (21) is exactly 1/4. 

The rhythnfic process optimised in this paper is 
conceptually analogous to the pulsating processes that  
occur in living systems, for example, breathing and 
heart beating. This analogy is a mos~ fascinating 
contribution of thernlodynanfic optimisation to the 
theory of organisation in natural  systems, animate and 
inanimate.  Tile reader is directed to reference [1] for a 
review of the current progress in this direction. 
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