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FIG. 6. Variation of fin efficiency with the fin profile 
geometry, nr, for different fin parameters, M. 

III gives rise to higher Iocal heat transfer coefficients at the 
tip, whereas at the base, the heat transfer coefficients are 
asymptotjcally converging to a finite value. Similarly for a 
given shape of the profile of the hn chosen, an increase in 
the magnitude of the fin pamlllekr, M, has resulted in a 
substantial increase in heat transfer coefficients. Equation 
( 15) is shown plotted in Fig. 5 to depict the variation of the 
average Nusselt number for different configurations and fin 
parameters. It is obvious from the results that a reduction of 
the material of the fin would lead to thinner films resulting 
in higher values for the average heat transfer coeficients. 
Equation (16) reveals the efficiency of the fin. The results in 
Fig. 6 reveal that for chosen values of r?r, the efficiency seems 
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to be strongly dependent on the fin parameter, M. and m has 
no perceptible influence for low values of M. However, in 
terms of the augmentation ratio defined as (It/h,,,) for any 
given location, the fin gives substantially higher heat transfer 
coefficients and the ratio is more than one. This aspect would 
be of utmost significance which affects the compactness of 
heat pipes employing fins either inside or outside of the heat 
pipe, In conclusion. this note gives salient results for a wide 
range of parameters related t.o the condensation phenomena 
on vertical extended surfaces of varying thickness, hitherto 
not solved. 
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Effect of waves on Nusselt condensation 
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INTRODUCTlON 

NUMEROUS analyses of steady laminar condensate films Aow- 
ing under the action of gravity down a vertical isothermal 
plane surface and adjacent to a saturated quiescent vapour 
have appeared in the heat transfer literature. Analyses pre- 
sented by Nusselt [i], Rahsenow [Z], and Sparrow and Gregg 
[3] are examples of earlier original work on the subject. 

Previous analyses of film condensation available in the 
literature have not focused attention on the effect of surface 
waves on the heat transfer through a condensate film and 
this subject is considered in the present study. The transient 
temperature field in a condensate film oscillating with an 
amplitude equal to the equilibrium wave amplitude predicted 
by the non-iinear stability theory is utilized to compute a 
transient heat transfer coefficient, The transient heat transfer 
coefficient is then averaged with respect to time and space. 
The predicted average heat transfer coefficient is compared 
with the experimental data of Ritani and Shekriladze [4]. 

t On leave from the Department of Mechanical Engin- 
eering, University of Gaziantep, 37310 Gaziantep, Turkey. 

DlSCUSSlON 

Previous results from the linear stability analysis of-lami- 
nar film condensation ]5] have shown that a laminar con- 
densate film adjacent to a quiescent vapour is stable up to a 
critical distance from the leading edge of an isothermal ver- 
tical plate and unstable thereafter. The non-linear stability 
analysis in ref. [6] has shown that the Iinearly stable part 
of the film is also stable with respect to finite amplitude 
disturbances. The linearly unstable part of the condensate 
him, on the other hand. was Sound to reach finite equilibrium 
amplitudes provided that the Reynolds number is small and 
within the validity region of the long-wave perturbation 
analysis. 

The analysis of the problem is outlined in the Appendix. 
Equations (4)-(h), (10) and (11) are simplified expressions 
valid for small F. It is noted that these formulas will apply 
to a wide range of situations since F is usually small in most 
practical applications. To the best knowledge of the author, 
an experimental study on the stability characteristics ofcon- 
densate films is not available in the Iiterature. Equations (4)- 
(6) are also valid for isothermal liquid films and comparisan 
of the most unstable wave number and equilibrium ampli- 
tude with experiments are presented in Figs. l--4 for the 
experimental data of Kapitzu [7]. 
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NOMENCLATURE 

h 
E;” 

R 

B 

k 
2 
L 
N 

R 

RC 
Re 

Re 

Re, 
f 

wave amplitude 
linear and non-linear wave amplification rates 
acceleration effect parameter, kAT/(Pvh,,) 
gravitational acceleration 
heat transfer coefficient 
enthalpy of phase change 
dimensionless heat transfer coefficient, 

(h/k) W/g) “3 
time averaged dimensionless heat transfer 
coefficient, J$(l/r) f0 Hdf 

time and space averaged heat transfer 
coefficient, (l/L) s$ Bdx 
liquid thermal conductivity 
length of plate 
dimensionless plate length, E/(2v*/g)“’ 
dimensionless surface tension parameter, 
2”30/p”4’3gV3 

local Reynolds number, grji/2v2 
critical value of R. [(15/4)(NF/3) ‘12]6”1 
local Reynolds number based on average 
velocity 
time averxed local Reynolds number 
value of Re at lower end of plate 
time 

F, F5, FW liquid, saturation. wall temperature 
AT FS,- TW 

Cf. B) axial and transverse physical coordinates 

.I dimensionless transverse coordinate, j/rj’0 
.fc critical distance 
X .f/L 

X, B/L = R,4!‘/2FL. 

Greek symbols 
Lx wave number. 2nrjo/I 

qo local film thickness 
0 dimensionless liquid temperature, 

f&+G(e,+o(U2) 
B time averaged dimensionless liquid 

temperature 
1 wavelength 
v liquid kinematic viscosity 

P liquid density 

Z 

surface tension 
dimensionless liquid stream function. 

Subscript 

Y partial differentiation with respect toy. 
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FIG. 1. Comparison of Kapitza’s water data on wave number FIG. 3. Comparison of Kapitza’s water data on wave ampli- 
with theory. tude with theory. 

The time averaged value of the liquid film thickness is curves presented in Figs. 14. An arbitrary value of R is used 
larger for a liquid film with finite amplitude waves than that to compute m from equation (5). This computed a and R are 
given by analyses based on the steady flow assumption. The substituted into equation (6) to estimate the wave amplitude. 
Reynolds number, Re, given by equation (8) and the time Next, b, and b, are computed from equations (10) and (11). 
averaged value of the dimensionless temperature gradient The wave amplitude together with 6, and 6, are used in 
given by equation (2) depend on the wave amplitude. The equation (8) to estimate the liquid Rxnolds number. It is 
following procedure was followed when plotting theoretical noted that the simpler relationship Re = 2R/3 is valid for 
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FIG. 2. Comparison of Kapitza’s alcohol data on wave num- FIG. 4. Comparison of Kapitza’s alcohol data on wave ampli- 
ber with theory. tude with theory. 
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FIG. 5. Comparison of experimental dimensionless average 
heat transfer coefficient with theory. 

waves of infinitesimal amplitude only and that equation (8) 
must be used for liquid films with finite amplitude waves. 

The dashed curve in Fig. 5 shows the time and space 
averaged dimensionless heat transfer coefficient estimated 
from equation (14). Also shown in this figure are exper- 
imental data from ref. [4]. The solid curve in this figure 
represents the theoretical result corresponding to a Nusselt 
type analysis given by equation (13). 

The author repeated the evaluation of equation (14) using 
the general form of the expressions for the most probable 
wave number, the equilibrium wave amplitude, and 
expressions for b, and b, given in ref. [6] rather than using 
the simplified expressions (5), (6), (10) and (1 I ) given in this 
study. The same theoretical dashed gurve shown in Fig. 5 
was obtained. The computation of H was further repeated 
for values of the acceleration effect parameter, F. ranging 
from 0.001 to 0.1 and values of the surface tension parameter, 
N, ranging from 100 to 10000. It was found that changing 
{from 0.001 to 0.1 has less than a I % effect on the value of 
H when Re, < 250. pecreasing N from 10 000 to 100 resulted 
in an increase of H from 0.1177 to 0.1207 (only a 2.5% 
change) when RecL = 248. The percentage change in H was 
lower at smaller values of Re,. It is therefore concluded that 
surface tension has a small effect on the heat transfer from a 
wavy condensate film when N i 10 000. If the surface tension 
parameter is increased to values larger than 10000, the criti- 
cal value of R. R,, and the critical distance Xc both increase. 
The theoretical dashed curve depicted in Fig. 5 then comes 
closer to the solid line. 

CONCLUSION 

It is seen that predictions from stability analyses for the 
wave number and the equilibrium wave amplitude are in fair 
agreement with the experimental data of Kapitza. Prediction 
of the dimensionless average heat transfer coefficient, R, 
based on the transient temperature field determined from 
stability analyses is in good agreement with experimental 
data which is a strong indication that the deviation of exper- 
imental data of ref. [4] from the Nusselt solution is a result 

waves on the condensate film 
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APPENDIX 

The transient temperature is directly adapted from the 
closed form solution given in ref. [6]. The dimensionless 
transient temperature in the film given in equation (13) of 
ref. [6] is used to evaluate the following space and time 
averaged dimensionless heat transfer coefficient. The 
nomenclature used is the same as that in ref. [6] 

fi= S’ ([r,,/(2R)‘~‘)dX+O(cc’) (1) 
0 

where 8,,, is obtained from equations (14) and (17) of ref. [6] 
as 

0,. = l+o’/2+(b,‘+b,~-3h,+3)a4/8+O(a6)+O(a2) 

(2) 
where 

a2 = -c,,/c,,. (3) 

The wave amplitude given by equation (3) is a function of 
the wave number. It is therefore necessary to select a proper 
wave number in order to predict a wave amplitude. The 
natural choice is the wave number having the largest ampli- 
fication rate. The following simplified form of the linear wave 
amplification rate will be used (from equation (34) of ref. [6] 
with k, = 0, k, = a, kz = m/2) 

t(c,, = (8a’R/15-~4NR~‘~‘/3)/(1 +25c(‘R’/144). (4) 

The wave number which maximizes this expression is given 

by 

c( = [-144/25R’+((144/25R’)‘+3456/375NR’;3)”’]”’. 

(5) 

Equation (43) of ref. [6] will be utilized to compute the 
equilibrium amplitude. An algebraic error was previously 
noted in that equation [8]. To correct this error, the integer 
131 in equation (43) of ref. [6] will be replaced by the integer 
47. The corrected form of the equation is as follows : 

uL = (8/15-r’N13R”‘)NR’~‘r4/(l +47NR’ ‘d/80 

+57~?R~/400-d’N’/72R’~~). (6) 

The film Reynolds number defined as the ratio of mass flow 
rate (per unit width) to dynamic viscosity is expressed as 

Re = R$. (7) 

The time average of equation (7) yields 

Re/R = i+a~+(bf+b,~+h,)aJ/4+O(ah)+O(cc’). (8) 

Variation of R with axial dimensionless distance X will be 
determined from equation (I 8) of ref. [6]. This equation. 
after simplification for F = 0, neglecting terms of order a2 
and using equation (27) of ref. [6] for SZ. becomes 

dR 
~ = ;FL(I +u’/2)Rm”‘+U(a’). 
dX 

(9) 

Real and imaginary components of b for small F are ex- 
pressed by 

h, = l/6-3R5!‘/10Na’ (10) 

b = _RZs3/N~?, (11) 

If all of the condensate film of length e is stable then equation 
(8) will read 

Re/R = 213 with R = (2FLX)“J. 

For a stable film, equation (1) can be expressed as 

2 = 4/34”&‘2, 

(12) 

(13) 
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For a film with a wavy section (X, < 1) equation (1) becomes L are specified. The integral in equation (14) was estimated 

k = 22”&/3FL + 
s 

’ (&,/(2R)“3)dX 
by determining X, and &, evaluating the wave number from 

(14) equation (5), estimating wave amplitude and b from equa- 
x, 

where I? may be estimated provided that values of F, N and 
tions (6), (10) and (1 1), numerically integrating equation (9) 
for X > X,, and using equation (2) in equation (14). 
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INTRODUCTION 

THERMALLY driven flow instabilities in vapor (gas)-liquid 
flow systems can give rise to major operational problems in 
various equipment and components of importance. Severe 
mechanical vibrations and thermal stresses may result from 
these instabilities. Onset of critical heat flux may also be 
hastened, leading to burnout of the heated section. 

Experimental studies of dynamic instabilities aimed at 
identifying the instability threshold condition in vapor- 
liquid flow systems have been numerous (e.g. refs. [l-6]). 
These studies indicate that the most common dynamic insta- 
bility is a low frequency (0.1-2 Hz, typically) flow oscillation 
of the limit cycle type termed density wave oscillations 
(DWO). Brimley et al. [4] made an interesting observation 
that the onset of instability was frequently not an abrupt 
phenomenon. Rather, the amplitude of flow oscillations (the 
test section inlet flow rate was usually the measured variable) 
increased gradually with increase in heat input. On the other 
hand, experiments such as ref. [5] reported reasonably clear 
boundaries across which the flow oscillation amplitude 
increased sharply. 

Our experimental study of a Refrigerant-l 13 boiling flow 
system was undertaken as one part of a research effort the 
goals of which encompassed both theoretical modeling and 
experiments. The main objective of the experiments was to 
generate our own data base for validating a dynamic insta- 
bility model developed in the course of the theoretical effort. 
One other set of experimental data had been reported earlier 
for a Refrigerant-l 13 system [5]. The main difference between 
our data and those of ref. [5] lies in the geometric con- 
figuration of the test section, this being annular with a rather 
large flow area in our case and tubular in ref. [5]. 

Our other objective was to visually inspect the subcooled 
boiling flow field during the inception of flow instability with 
particular emphasis on the region where significant net vapor 
generation began. The annular test section with a transparent 
outer section (pipe) allowed flow visualization as well as flash 
photography. 

EXPERIMENTAL APPARATUS 

A schematic diagram of the experimental rig is shown in 
Fig. 1. The annular test section was oriented vertically, the 
flow of fluid being upward through it. The outer section of the 
annulus was comprised of two long segments of transparent 
Pyrex glass pipe (38.1 mm i.d., 47.0 mm o.d.). A 304 stainless 
steel tube of 15.9 mm o.d. and 1.2 mm wall thickness con- 
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stituted the inner section of the annulus. The overall test 
section was 3.66 m long of which heat could be supplied to 
the upper 2.74 m by resistively heating the inner t&e by 
direct current (the maximum power input possible is 37 kW 
at present). 

Two locations are marked on Fig. 1, namely junctions 1 
and 2. These indicate the beginning and the end of our ‘test 
channel’, respectively. The annular test section is one part of 
this test channel, the others being the inlet and exit piping 
and components. The inlet part contains, in addition to the 
piping, a preheater (1 kW maximum input power), a turbine 
flow meter (Flow Technology) and a globe valve which pro- 
vides a variable inlet flow restriction. The preheater was 
not operated in these instability experiments since it was 
important that the entire energy input to the test channel 
fluid be provided in the test section itself. The exit part 
contains a ball valve in addition to the piping. This 

valve provides a variable flow restriction at the test section 
exit. A differential pressure transducer (Tavis) was used to 
measure, sequentially, the pressure drops across (i) the inlet 
piping and components and (ii) the exit ball valve and piping. 

A 316 stainless steel centrifugal pump (Ingersol Rand) 
circulated the fluid through the rig. The pump was capable 
of providing a flow rate of 570 1 min- ’ (approximately 150 
U.S. gpm) at 450 kPa (approximately 65 psi) total dynamic 
head. Typically, more than 95% of the total pump flow 
was diverted through a large bypass line (51 mm nominal 
diameter) installed parallel to the test section. 

The following uncertainties apply to the primary measure- 
ments made in the course of the instability experiments : 

input heating power : f 10 W 
flow rate at test section inlet: f 1 x 10e6 m3 s-’ 
temperature at test section inlet: _+O.l K 
system pressure : + 0.7 kPa. 

A dedicated system (DATA 6000, Analogic-Data Pre- 
cision) equipped with a floppy disk drive and a plotter 
(Hewlett-Packard) was used to acquire, store and analyze 
the time series data obtained from the turbine flow meter- 
monitor. 

EXPERIMENTAL PROCEDURE 

The variables that nominally described an instability test 
were: (i) the mean flow rate through the test section, (ii) 
system pressure and inlet temperature, (iii) inlet and exit flow 


