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Abstract-Film condensation heat flux measurements have been made on a vertical surface at film Reynolds 
numbers below the critical values for ripple formation. These measurements have been made on air-steam 
mixtures with air mass fractions of 1 x 10m4-1 x 10m2 and on pure steam at saturated vapor temperatures 
of 150, 115 and 80°F. The average heat flux values for air-steam mixtures have been divided by those 
computed from the Nusselt theory for pure vapor at the same difference between vapor and surface 
temperature. The ratios so obtained are found to be about 20 per cent above the theoretical predictions of 

Minkowycz and Sparrow. 

NOMENCLATURE 

CP? specific heat [Btu/lb OF] ; 
k heat transfer coefficient [Btu/h ft’ OF] ; 

L, length of test surface [ft] ; 

4, heat flux [Btu/h ft’] ; 

IT: temperature [“F] ; 

w*, volumetric free-stream mass fraction 
of air; 

W3 measured free-stream mass fraction of 
air. 

Greek symbols 
r, mass flow rate of condensate [lb/ft h] ; 

A latent heat of vaporization [Btu/lb] ; 

PL, viscosity [lb/h ft]. 

Subscripts 
t4 saturated vapor ; 

YiL, 
wall ; 
predicted by Nusselt equation. 

INTRODUCTION 

THE EFFECT of noncondensable gas on the film 
condensation of a pure substance has a consider- 
able analytical history, culminating in the solu- 

tion of Minkowycz and Sparrow [l] which, for 
the two-dimensional case, includes all the 
important aspects of the problem except that 
of ripples at the condensate-vapor interface. The 
numerical calculations of this solution have been 
made for air and steam and are presented for 
vapor pressures at atmospheric and below. As 
the pressure is reduced, there is a decrease in the 
condensation rate produced by a given tempera- 
ture difference for a given concentration of air 
in the vapor. 

There have been a number of experiments to 
examine this effect of the presence of a non- 
condensable gas in the vapor, but the interpreta- 
tion of these results is always impeded by the 
fact that in these experiments the heat transfer 
coefficients as determined with pure vapor 
are usually higher than the values indicated 
by the Nusselt solution. Hampson [2] presents 
results for the film condensation of steam 
at atmospheric pressure in which the experi- 
mental average heat transfer coefficients are 
20 per cent above those indicated by the 
Nusselt solution In those experiments the final 
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film Reynolds number 4f/l was about 200. 
When nitrogen was added to the steam the 
resulting reduction in heat transfer coefficient 
was approximated as h/h,, = 1.2 (1 - 16.7 IV,), 
for weight fractions of nitrogen up to 0.02. 
Meisenburg [3] found h/h, = 1.17 x 

(100 w,)- “11 for air in steam condensing on 
the outside of a vertical tube. To illustrate the 
difference between these frequently referenced 
older prediction methods [4] and the Minko- 
wycz theory, a tabulation of heat transfer results 
at atmospheric pressure appears in Table 1. 

Table 1. 

h/h,, 
- 

W, 0005 0.01 0.02 0.04 
1.2 (1 - 16.7 W,) 1.10 1.00 0.80 - 
1.17 (100 wm)-O’ll 1.26 1.17 1.085 1005 
Minkowycz (T, - T, = 15°F) 0.45 0.37 0.29 0.23 

_ 

The values in the first two rows of Table 1 
indicate far less reduction in heat transfer than 
shown by the theory. Minkowycz, however, 
showed that a few of the values obtained by 
Othmer on a horizontal tube agree more 
closely with the theory in terms of average heat 
flux. More recently, similar results have been 
obtained by Henderson [5] and an analogous 
empirical impression for the horizontal tube 
was proposed. This expression, as well as the 
ones in Table 1, suffer from over simplification 
since they are restricted to atmospheric pressure 
and do not include a dependence on T, - T, 

To provide additional experimental results 
for the appraisal of the effect of air on the 
condensation of steam experiments were per- 
formed by Slegers [6] on condensation on a 
vertical surface with saturated mixtures of air 
and steam at sub-atmospheric pressure corres- 
ponding to temperatures of 150, 115 and 80°F 
and varying T, - T, 

APPARATUS 

The apparatus used for the present experi- 
ments was essentially that which has been 

described by Mills [7] where the condensing 
surface was contained in a 24-in. high, 18-in dia. 
glass bell-jar mounted on a base plate. The 
condensing surface was a 2-in. wide, 5-in. high 
vertical face of high purity, oxygen free copper 
block, 4.5 in. thick, the back surface of which 
was cooled by a refrigerated coolant. Condensa- 
tion was restricted to the front surface of the 
block through its installation in an inner 
chamber with only the front surface exposed to 
the vapor. A thermally insulating Teflon plate 
completed the enclosure of the inner chamber 
with the lateral sides of the block, enabling 
evacuation of the chamber to insure thermal 
insulation at the sides of the block. The tempera- 
ture instrumentation described in [7] had been 
modified to columns of six thermocouples at 
1 in. and 2 in. from the surface installed at 
0.25% depth in one side of the block. In addition 
to these twelve, one more thermocouple was 
installed in the opposite side to verify at one 
point the existence of spanwise symmetry in the 
isothermal surfaces in the block. The average 
heat flux was calculated assuming unidimen- 
sional conduction by averaging the indicated 
temperatures in each column and using a 
thermal conductivity of 220 Btuh ft “F. An 
average surface temperature was obtained by 
linear forward extrapolation of the measured 
temperatures to the test surface. 

The apparatus was further modified by elimi- 
nation of the condensate metering system and 
the addition of a baffle and steam distributor 
over the 5-in. dia. opening of the boiler in the 
bell-jar base. This baffIe had the double function 
of suppressing vapor velocities near the test 
surface and to induce vapor mixing by directing 
the vapor generated in the boiler uniformly in 
all directions along the base plate. The entire 
bell-jar was enclosed in a Plexiglass cover with 
the air space between the bell-jar and the cover 
heated to reduce heat loss due to condensation 
on the glass. 

The desired quantities of air were metered 
into the apparatus from an external cylinder of 
known volume. From a pressure and tempera- 



LAMINAR FILM CONDENSATION OF STEAM 1943 

ture measurement on the cylinder, and the 
known volume of the apparatus, the resulting 
average air concentration in the apparatus 
could be computed for any vapor pressure. As 
a verification, a local air concentration near the 
surface was measured by withdrawing a sample 
for analysis in a modified McLeod gauge as 
described in [6]. This measurement was made 
at 80°F vapor temperature only. 

System operation was started with 1.5 1 dis- 
tilled water in the boiler with the system vented 
to an aspirating pump such that about 25 per 
cent of the generated vapor was continuously 
withdrawn. After about 4 h of running, all the 
air was removed from the apparatus as evidenced 
by the agreement in heat flux with previous pure 
vapor results. Then access to the aspirator was 
closed, and the absence of air leaks was verified 
by the maintenance of pure vapor heat flux 
under these conditions. Air was then metered 
into the apparatus with simultaneous adjust- 
ments to heat input to achieve the desired 
operating conditions. The maximum heat flux 
capability of the apparatus was about 30000 
Btu/h ft’. 

Each data point indicates a constant operating 
condition corresponding to a particular heater 
setting. A new operating condition followed a 
O-75 hour transient after heat input had been 
adjusted. At lower vapor pressures the available 
nucleation sites in the boiler did not suffice to 
insure stable boiling, and bumping occurred. 
Even stainless steel wire gauze would not 
stabilize boiling at the vapor pressure corres- 
ponding to 80°F. Teflon chips placed in the 
boiler stabilized the boiling but several days of 
running with pure vapor were required to 
remove all traces of noncondensable gas that 
resulted from outgasing of the Teflon. Such 
preliminary running periods were required each 
time the Teflon had been exposed to the atmos- 
phere. 

RESULTS FOR PURE STEAM 

Condensation measurements of pure steam 
were made at 150, 115 and 80°F at saturated 

conditions as verified by a pressure measure- 
ment. The air-steam mixture data was also 
taken at these temperatures. The measured 
average heat flux for pure steam is shown in 
Fig 1 as a function of the temperature difference 
T, - T, and is shown to be about 15 per cent 
above the prediction of the Nusselt solution 
with properties evaluated at T* = T, + 0.31 
(T, - T,), and the latent heat of vaporization 
corrected as A’ = 2 + 0.68C, (T, - T,). Film 
instability or ripples could cause this increase 
in heat flux, but no ripples were observed, and 
the film Reynolds number 4r/p = 4qL/pJ never 
exceeded 39, or well below the values generally 
quoted for which ripples begin to occur. 

1 I I I I 1 I I 
0 2 4 6 6 IO 12 14 & 115OF 

1 I I I I 1 1 I 
0 2 4 6 6 K) 12 I4 ,&BO’F 

FIG. 1. Average Nusselt heat flux measurements on conden- 
sing pure steam at constant vapor temperature, __ qNu, 

--- 1’15q,“. 

This data discrepancy was not in evidence in 
the results of Mills obtained on this system, but 
the range of scatter in his data corresponds to 
the present departure from theory. It is suspected 
that this discrepancy is caused by an error in the 
experimental determination of heat flux due to 
spanwise nonuniformity or edge effect in the 
film thickness. Near both edges of the test 
surface the flhn surface assumes a curvature 
which meets with the sharp corners of the block 
leaving the corner essentially dry. Even though 
this edge effect is localized in a very narrow 
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strip (about 0.05 in) along both edges, in- 
creased heat flux is indicated at the location of 
the temperature instrumentation. Evidence in 
this regard was obtained by a numerical solution 
for the temperature field in the block, on a two- 
dimensional basis which therefore did not 
account for edge effect, using as boundary 
conditions the observed temperatures from the 
column of thermocouples farthest from the 
surface, and the saturated temperature of the 
vapor temperature in conjunction with a de- 
veloping Nusselt liquid film on the surface. The 
computed temperatures departed from the 
thermocouple measurements in the forward 
column in a manner to cause the measured heat 
flux to be about 8 per cent too high. Incorrect 
average surface temperature determination 
caused the Nusselt heat flux to be computed too 
low by a similar fraction thus explaining the 
discrepancy in the data Further support for this 
interpretation was obtained from previous ex- 
periments on film condensation of n-butyl 
alcohol [8] where measured heat fluxes did 
agree with the Nusselt solution. For this case, 
the predicted temperatures for the forward 
column of thermocouples did agree with the 
measured values. Apparently the thicker alcohol 
fihn and greater wettability of this liquid reduced 
or eliminated the film imperfection that caused 
this discrepancy in the steam data. 

On the basis of these findings, all heat flux 
measurements of air-steam mixtures have been 
reduced by 8 per cent. The error in determining 
T, has been neglected since with air-steam 
mixtures the value of TL, - T, is much larger than 
for pure vapor, and according to the theory the 
quantity q/qNu is only weakly dependent on 
T, - T, 

RESULTS FOR AIR-STEAM MIXTURES 

The measured average heat fluxes for air- 
steam mixtures reduced by the 8 per cent 
correction are compared with the pure vapor 
heat flux for the same value of T, - T,. Figures 
2-4 give the results as q/qNu (which is equal to 
h/h,3 as a function of 172 - T, parametrically 

rn terms of weight concentration of air W,, at the 
three different vapor temperatures. The quantity 
qNU was compared from the Nusselt equation 
based on T. - T, with property values evaluated 

: 
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FIG. 2. Average heat flux measurements on condensing 
air-steam mixtures at constant vapor temperature. 
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FIG. 3. Average heat flux measurements on condensing 
air-steam mixtures at constant vapor temperature. 
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at the reference temperature since in most cases 
qNu was not within the heat flux capability of the 
apparatus. 

Measurements were made at T, = 80°F for 
air concentrations below the range for which 
analytical results have been presented in [l]. 
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FIG. 4. Average heat flux measurements on condensing 
air-steam mixtures at constant vapor temperature. 

To provide a theoretical prediction at values of 
W, < 0.001 an integral solution method was 
employed as described in [6]. This method of 
solution was essentially similar to one derived 
by Rose [9] except that modified KarmLr~- 
Pohlhausen expressions were used for the 
velocity and temperature profiles. The integral 
solution is entered as dashed lines on Fig. 4 and 
shows reasonable to good agreement with the 
exact solution of Minkowycz at W, = OGOl. 
The solution method of Rose also underpredicts 
the exact solution but in contrast to the present 
integral method, shows better agreement at 
small than at larger values of q, - Tw This 
difference in the approximate solutions is 
probably due to the vapor properties evaluation. 

Both approximations are quite satisfactory but 
their applicability to very low air concentrations 
is more questionable since neither analysis 
adequately accounts for the strong suction at 
the liquid-vapor interface. 

The theoretical trend of decreasing q/qm for 
increasing T, - T, is confirmed by the experi- 
ments for all values of Wm. The data is scattered 
in a range of slightly below to 30 per cent above 
the theory with a tendency toward higher 
scatter at lower concentrations. On the average, 
the experimental results in each of the Figs. 2-4 
are about 20 per cent above the theory. 

When it is considered that perfect film con- 
ditions were at all times visually verified, two 
possible departures from ideal mode to cause 
the data discrepancy are: 

1. Forced flow in the vapor. 
2. Nonuniform air concentration the ball-jar. 

It was noticed in the early phases of the experi- 
mentation that measured heat flux on air- 
steam mixtures greatly increased under con- 
ditions of forced flow, The present data was 
taken when the incoming steam was directed 
away from the test surface by installing a baffle 
over the boiler, but perfect stagnant conditions 
may still not have been achieved causing the 
data to be high. The second effect may be 
visualized as imperfect mixture conditions in 
the vapor as caused by the increased air con- 
centration layer flowing down the test surface 
and collecting near the bottom of the bell-jar. 
Such local air enrichment in the base of the 
apparatus would cause W, near the test surface 
to decrease below the average computed value. 
To verify this condition a separate determination 
of local air concentration was made at 4 in. 
distance and 3 in. from the top of the test 
surface for the 80°F vapor temperature data. 
These measurements are summarized in Table 2 
where the average concentration W, computed 
over the bell-jar volume is compared with W, 
measured locally. 

The values of W, confirm or even exceed the 
volumetric average, indicating a trend opposite 



1946 L. SLEGERS and R. A. SEBAN 

Table 2. results if stagnant vapor conditions had been 

W_ 0~0050 00010 o%K)50 o%JO1o 
more nearly achieved. 
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CONCLUDING REMARKS 2 

The results tend to be on the average 20 per 
cent above the prediction of Minkowycz and 
the difference is ascribed to forced flow in the 
vapor since it is assumed that,, for the low film 
Reynolds numbers at which these experiments 
were performed, the theoretical predictions are 
essentially correct. The atmospheric pressure 
data of Hampson indicates for less reduction in 
heat transfer, but his experiments were per- 
formed with substantial magnitudes of forced 
flow as judged from the apparatus. It is thus 
concluded that the effect of air in condensing 
stagnant vapor is far greater than previously 
reported, and is properly predicted for stagnant 
vapor at stable film conditions by the Minkowycz 
theory as shown by the present experiments to 
within 20 per cent. Better agreement with the 
theory might have been obtained in the present 

3. 

4. 

5. 

6. 

I. 

8. 
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FILM LAMINAIRE DE CONDENSATION DUNE VAPEUR CONTENANT DE L’EAU 
EN FAIBLE CONCENTRATION 

R&run& Des mesures de flux thennique dans un film de condensation sont faitcs sur une surface verticale 
pour des nombres de Reynolds inferieurs am. valeurs critiques de formation de rides. Les mesures sont 
faites sur des melanges avec des concentrations massiques d’air variant de 1 1O-4 a 1 lo-* et sur de la 
vapeur pure a des temperatures de saturation de vapeur de 150, 115 et 90°F. Les valeurs moyennes de flux 
thermique pour les melanges air-vapeur sont divisees par celles calculees a partir de la thtorie de Nussclt 
pour de la vapeur pure a la meme difference de temperature. entre la vapeur et la surface. Les rapports 
ainsi obtenus ont une valeur superieure d’a peu prb 20 pour cent B celles predites ,thtoriquement par 

Minkowycz et Sparrow. 

LAMINARE FILM-KONDENSATION VON DAMPF MIT GERINGEM LUFTGEHALT 

Zusammenfassung-WLrmeabergangsmessungen bei Filmkondensation an einer senkrechten Obcr- 
fllche wurden durchgefG.hrt Die Reynoldszahlen des Films lagen unter den kritischen Werten ftir den 
Beginn der Wellenbildung. Die Messungen wurden mit 10e4 bis lo-* Massenanteilen Luft im Dampf 
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und mit reinem Dampf bei Slttigungstemperaturen von 66°C 46°C und 32°C durchgefiihrt. Die mittleren 
Wtirmestromdichten fiir die Dampf-Luft-Gem&he wurden dividiert durch die nach der Nusseltschen 
Theorie errechneten Werte fiir reinen Wasserdanpf bei gleichen Temperaturdifferenzen zwischen Dampf 
und Kondensationswand. Die erhaltencn Quotienten liegen ungcfihr 20 Prozent iiber den theoretischen 

Voraussagen von Minkowycz undsparrow. 

JIAMBHAPHAH IIJIEHOYHAR KOHAEHCALJBR BOAHHOrO HAPA 
IIPH HEBOJIbUIOM COAEPIKAHkiII BO3AYXA 

_kHOT&&qWI-npOBt?fieHbI H3MepeHMH TeIIJIOBOI’O nOTOK IIpkf IIJIeHOYHOfi KOHReHCZI~HM Ha 

BE!pTHKaJlbHOt IlOBepXHOCTA IlpH IIJleHO~HblX WICJElX P&HOJlbACa HMme KPHTHWCKHX 

(06pa30BaHne p~6a). kI3Mt?pt?HHR IIpOBOfiHJlHCb CO CMWRMIl BO3aJ’X-BOaJIHOi Ilap HP&l 

BeCOBbIX KOH~eHTpa~WHX BO3AJ’Xa OT 1 X 10-4 A0 1 X lo- 2, a TaKxe c W~T~IM napoM npn 
TehfnepaType Hacbnqemoro napa 150,115 ki gOoF. Cpegme 3Haqemin TemoBoro noToKa gnfi 
IIapO-BO3AytLtHbIX CMW& OTHWt?HbI K 3Ha~eHLZHM, PaCCWTaHHblM II0 TeOpllM HyCCt?nbTa 

,lJJIfl YHCTOrO IIapZi IIpll OJVfHaKOBOltt p33HOCTW TeMIIt?paTJ’p Itap3 I4 IIOBepXHOCTH. HaineHo, 
VT0 nonysewme TaKmf 06pasom 0mouIema Ha Zoo% npesnmamT TeopeTIiYecKne pacseTbI 

MPIHKOBHW EI Cnappoy. 


