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A Comparison Between Theoretical Calculations and Experimental
Measurements of Droplet Sizes in Nucleating Steam Flows

Notation
f — friction factor, q — condensation coefficient,
g — number of molecules in a droplet of To — nozzle inlet temperature,
radius r, W — nozzle width,
P — pressure, x — axial distance,
P, — nogzzle inlet pressure, o, — flatfilm value of surface tension,
P,, — rate of expansion at the Wilson point, o, — surface tension of a droplet of radius r.
Introduction

Experimental studies of nucleation in flowing steam have mainly consisted of obtaining
the axial pressure distribution in converging-diverging nozzles. Although extremely valu-
able, these results are insufficient to resolve all the uncertainties in nucleation theory and the
measurements of droplet size becoming available provide welcome additional evidence.
This paper offers some comparisons between these measurements and theoretical predic-
tions of the same flows.

The theoretical treatment, already described in [1], uses the standard one-dimensional
equations of gas dynamics together with classical nucleation theory including the refine-
ments of Kantrowitz [2] and Courtney [3]. Recently Plummer and Hale [4] have
published results on the properties of prenucleation water clusters, which suggest that the
surface free energy of a small cluster is substantially that obtained from liquid drop theory
using the flat film value of surface tension. Consequently the calculations have been carried
out with and without the Benson and Shuttleworth surface tension correction
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as well as using values of unity and 0.036 for the condensation coefficient of water.
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The experimental results studied are those by Gyarmathy and Lesch [5], Petr [6],
Moore, Walters, Crane and Davidson [7], Krol [8] and Deych, Kurshakov,
Saltanov and Yatcheni [9].

1. Method of application

In recent years a tendency has developed to experiment with nozzles having a constant
expansion rate in order to facilitate comparisons between different investigations and to
provide a quick means of estimating limiting supersaturation ratios and droplet sizes.
Furthermore, to avoid two-dimensional problems, investigators tend to give superheated
axial pressure traverses of the nozzles instead of their actual shapes. The present authors
would like to emphasize that they have no criticism whatsoever of the various methods
selected by different investigators to present their results. They do suggest, however,
that in addition it would be valuable to have the actual shape of the duct and the inlet
conditions of the experiments, as without this information it is impossible to know with
any certainty the extent of frictional reheat in the nozzle.
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Fig. 1. Two-dimensional and frictional effects in Binnie and Green’s nozzle

It has already been shown [10] that the presence of friction affects the results quite mar-
kedly and the position may be further clarified by reference to Fig. 1 on which are drawn the
superheated curve for Binnie and Green’s nozzle [11]. The two-dimensional effects move
the location of the sonic point on the axis into the diverging section and for the first centi-
metre there is good agreement between the two-dimensional isentropic line and the experi-
mental curve. The representation of the flow by an equivalent isentropic area in this region
would be completely justified. Beyond this point the one and two-dimensional isentropic
results become closer and the difference between these and the experiment is due to fric-
tion, which is best included when making a detailed analysis.

In the present analysis, when the actual areas are unavailable, effective areas have
been calculated using the superheated curve and allowing for a small friction factor of
0.015 beyond a short distance downstream of the throat.
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2. Comparison between theoretical and experimental results

Experiments of Gyarmathy and Lesch [5]

The results analysed are those plotted as Figs. 12.3 and 12.4 of [5]. The equivalent
nozzle shape was calculated from the superheated traverse given in [12], but beyond a dis-
tance of 2.5 cms downstream of the throat a friction factor of 0.015 has been used. The
resulting shape is given in Appendix 1 and a comparison between the present calculations
and the results in Fig. 12.3 of [5] is shown in Fig. 2. The axial pressure traverse for the
condensing test has not been given in the original, but the location of the zone of rapid
condensation has been marked on this diagram. It will be seen from the two curves without
correction for surface tension that, although the influence of the condensation coefficient
on the limiting supersaturation ratio is small, it has a much greater influence on the droplet
size. Because of the correction due to Kantrowitz the effect is very marked at small values
of the condensation coefficient, the change in droplet size resulting from an increase of
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Fig. 2. Comparison with experiments of Gyarmathy and Lesch
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g from 0.1 to 1.0 being marginal. In terms of agreement with the measured droplet sizes,
best correlation is achieved by using a large condensation coefficient and taking the sur-
face tension of small droplets to be the same as that for a flat surface.

Measurements of Petr [6]

The above measurements are quite extensive and have been performed on nozzles
designed for a constant rate of expansion, but a superheated traverse for only the slowest
nozzle has been given. Using this curve, scaling off the drawing given in Fig. 10.3 of the
original paper for the throat dimensions and adopting a friction factor of 0.015 beyond
the first 1.3 cms downstream of the throat has resulted in a duct shape given in Appendix 1.
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Fig. 3a. Comparison with pressure traverse of Petr

The nozzles with higher rates of expansion have been scaled from this one keeping the throat
area the same. One further difficulty has been that of estimating the inlet conditions, as
the data provided give the details for only one test. As the start of the rapid condensation

/in Fig. 10.4 of the original paper occurs at a value of P/P,=0.36, the inlet pressures of other
tests have been calculated from this ratio and the known value of the Wilson point pressure
in Fig. 10.5 of [6]. Finally the inlet temperature has been adjusted to ensure that rapid
condensation started at this value of pressure.
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The only possible comparison between theoretical and experimental pressure distribu-
tion curves is for the test plotted as Fig. 10.4 in [6] and given in Fig. 3a. To avoid confusion
the comparisons with the droplet sizes are given in Fig. 3b for each nozzle separately.
The agreement between the theory and these experiments is similar to that observed with
Gyarmathy and Lesch. It must be emphasized, however, that the conditions used in the
theoretical calculations have been somewhat assumed.

Results of Moore, Walters, Crane und Davidson [7]

These experiments have the advantage that the nozzle dimensions are large in compa-
rison with the boundary layer thickness. It is, therefore, safe to assume the central parts
of the flow to be frictionless. The present calculations have been carried out for curve
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Fig. 4. Comparison with measurements of Moore, Walters, Crane and Davidson

(b) in Fig. 37.7 of [7], for which the dimensions of the duct as supplied by Crane [13]
are given in Appendix 1. The droplet sizes have been measured at a location 37 cms. from
the throat, while the zone of rapid condensation is 12 cms. from the throat. A compari-
son between the theoretical and experimental results is given in Fig. 4 from which it will
be seen that even with the flat film value of surface tension and a condensation coefficient
of unity the droplet size is understimated by a factor of 1.7.

Measurements by Krél [8]

‘These are extensive experiments conducted on three nozzles. Complete information
about the experiments has been given and the calculations have been carried out for the
exact test conditions on nozzles 1 and 2, employing a friction factor of 0.015. A compari-
son between the theoretical and experimental results for nozzles 1 and 2 is given in Figs.
5 and 6 respectively.

It will be seen that test B in both nozzles gives satisfactory agreement when the flat
film value of surface tension and a large condensation coefficient is used. This is consistent
with the results previously cited. Test A, however, underestimates the experimental results
by a factor of 2 in both cases. It is interesting to consider the rates of expansion at the
Wilson points as calculated from the superheated traverse and marked in the diagrams.
(The Wilson point pressures are almost identical for the four tests.) In nozzle 1, whereas
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Fig. 5. Comparison with Krél’s results in nozzle 1

the experiments show an increase in droplet size with rate of expansion, the theory predic-
ts the opposite. The same trend is in evidence in nozzle 2. Further reference will be made
to this point in the discussion.

Experiments by Deych and co-workers [9]

The particular results analysed are from an American reproduction of the original.
Although the shape of the duct has been given in this publication, the actual drawing is
small scale and may have been reproduced from a printed diagram more than once. The
above authors, however, state that the duct has been designed for an exit Mach no. of 2
using the method of characteristics and this procedure has been used to obtain the shape
used in the calculations. This is given in Appendix 1. A comparison between the theore-
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tical and experimental results is given in Fig. 7. A friction factor of 0.015 has been employed
after the first 12.5 mm downstream of the throat. The rate of expansion in this expansion
has been 19001 per second and it will be seen that even the results using the flat film value
of the surface tension underestimate the measurements by an order of magnitude. This
tendency is the same as that shown in Tests A of Krdl’s nozzle 1, the larger rate of expansion

in the present test giving the greater discrepancy.

3. Discussion

Excepting the tests by Deych and Krdl at high rates of expansion and irrespective of the
arguments at individual steps of the nucleation theory, the measurements of droplet size

reported in the literature are mutually consistent.
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In drawing comparisons between theory and experiment at the moderate and lower
rates of expansion, best all round agreement is obtained by using the surface tension of
bulk water and a large condensation coefficient but this can only be a tentative conclusion.
The droplet populations used in the above calculations are based on using average values.
It is known that with the fall in the supersaturation in the rapid condensation zone, the sma-
ller droplets evaporate. Taking the experiment of Gyarmathy and Lesch as an example,
a comparison between theoretical solutions with and without allowance for this effect
is shown in Fig. 8. It will be seen that, at this rate of expansion, although the refinement
of treating the droplets individually does not affect the resulting droplet sizes very greatly,
nevertheless it causes further disagreements between the pressure distribution curves.
Even so, the overall agreement is still adequate.

The greatest disagreements between calculated and observed droplet sizes occur with
experiments of Deych ef al. and test A nozzle 1 of Krol where the rates of expansion are
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large. It may be argued that at the large degrees of supercooling associated with these
conditions, the critical clusters will be very small and their treatment as spherical droplets
with average properties of water is no longer justified. In addition the neglect of the time
lag in nucleation may be no longer valid. It is also possible that the evaporation of the small-
er clusters in the rapid condensation zone has a more pronounced effect in these experi-
ments. Preliminary calculations show that this last effect could account for most of the
discrepancy but full detailed solutions treating the droplets individually for these tests
have not yet been carried out at the time of writing. Thus the final verdict on this aspect
of the problem must await further work on the subject.
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Therefore, although it is hoped that with further progress, the agreement between theory
and experiment can be improved, in the mean time, particularly as in the majority
of practical cases of nucleation in flowing steam, the rates of expansion are low and within
the range of the majority of results, the error caused by averaging the droplets seems to
balance the effect of the unknowns.
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Appendix 1

The width of each nozzle, W [mm], has been expressed in terms of a polynomial in the axial distance,
x [mm]. Usually this required two equations in which case the value of x in the first is measured from
the throat and that in the second from the change over point.

Gyarmathy and Lesch

f=0 for the first 25 mm and 0.015 subsequently.
0<x<254, W=31.79+1.463-10"*x>~2.527-10""x°

254<x<635. W=37.09+0.03366x

Nozzle depth=44.0 mm.

Petr

f=0 for the first 12.5 mm and 0.015 subsequently.
1) P=2000/s

0<x<75.6, W=29.0+4.256-10"*x"—1.659-10"°x"
75.6<x<180,  W=30.72+0.03618x+1.941-10">x*—1.519- 10~ °x°
Nozzle depth =30.0 mm.

2) P=5000/s
0<x<3048, W=29.0+1.047-10"°x"
30.48 < x, W=29.97+0.06382x+7.280- 10~ *x*—1.938- 10~ °x°

Nozzle depth=30.0 mm.
3) P=38000/s

0<x<19.05, W=29.0+2.886-10"°x"
19.05<x, - W=30.05+0.11x+9.842- 10 *x*
Nozzle depth=30.0 mm.

Moore, Walters, Crane and Davidson
=0
0<x<10.16, W=100.29—1.370- 10 *x*>+2.944-10" *x*
10.16 < x <381, W=100.58+0.08839x
Nozzle depth=152 mm.

Nozzle 1
=0 for first 15 mm and 0.015 subsequently

0<x<1.27, W=29.60+6.299-10 *x>
127 <x <305, W=30.62+0.16x

Nozzle depth=25 mm.



270 J. B. Young, F. Bakhtar

2) Nozzle 2
f=0 for first 10 mm and 0.015 subsequently

0<x<15.24, W=29.60+2.578 10" 3x>
15.24<x <254, W=130.20+0.07857x
Nozzle depth=25 mm.

Deych

f=0 for first 12.5 mm and 0.015 subsequently
0<x<18.12, W=32.98+0.03338x—4.108-10"*x*+6.321-10"*x>
18.12<x<40.6, W=36.00-+0.50712x —1.212- 10™ *x*— 1.047- 10~ *x°

Assumed nozzle depth=25 mm.

References

[11 B. A. Campbell, F. Bakhtar, Condensation phenomena in high speed flow of steam. Proc. Inst.
Mech. Engrs. 185, 25/71, London 1970, p. 199.
[2] A. Kantrowitz, Nucleation in very rapid vapour expansion. J. Chem. Phys., 19 (9), 1951, p. 1097.
[3]1 W. G. Courtney, Remarks on homogeneous nucleation. J. Chem. Phys. 35, 1961, p. 2249.
[4] P. L. M. Plummer, B. N. Hale, Molecular model for prenucleation water clusters. J. Chem. Phys.
56, 9, 1972, p. 4329.
[5]1 G. Gyarmathy, F. Lesch, Fog droplet observations in Laval nozzles and in an experimental turbine.
Proc. Inst. Mech. Engrs. 184 Pt 3G, London 1970.
[6] V. Petr, Measurement of an average size and number of droplets during spontaneous condensation
of supersaturated steam. Proc. Inst. Mech Engrs. 184 Pt 3G, London 1970.
[71 M. J. Moore, P. T. Walters, R. I. Crane, B. J. Davidson, Predicting the fog-drop size in wet
steam turbines. Proc. Inst. Mech. Engrs. Thermod. & Fluid Mech. Group Conference, 1973.
[8] T. Krol, Results of optical measurements of diameters of drops formed due to condensation of steam
in a de Laval nozzle (in Polish). Prace IMP, No. 57, 1971.
[9]1 M. Ye. Deych, A. V. Kurshakov, G. A. Sultanov, I. A. Yatcheni, 4 study of the structure
of two-phase flow behind a condensation shock in supersonic nozzles. Heat Transfer — Soviet Research
1 5,51959;
[10] B. A. Campbell, F. Bakhtar, Condensation phenomena in high speed flow of steam — Experimental
apparatus. Proc. Inst. Mech. Engrs. 187, 13/73, London 1973, p. 199.
[11] A. M. Binnie, J. R. Green, An electrical detector of condensation in high velocity steam. Proc.
Roy. Soc. A. 181, London 1943, p. 134.
[12] G. Gyarmathy, H. Meyer, Versuche iiber den Einfluss der Entspannungsschnelligkeit auf die
Nebelbildung in iibersdttigtem Wasserdampf. Forsch Hft. V.D.I. Pt IT 508, 1965.
[13] R. I. Crane, Private communication.

Porownanie obliczen teoretycznych z wynikami badan do$wiadczalnych wielkosci kropel
w_przeplywie pary wodnej z zarodkami kondensacji

Streszczenie

W artykule porownuje si¢ pomierzone wielkosci kropel powstalych na drodze tworzenia sie za-
rodkow kondensacji w przeplywie pary wodnej z teoretycznymi przewidywaniami dla takich samych
przeplywow.
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Skorzystano z wynikéw do§wiadczalnych, ktore podali Gyarmathy, Petr, Krol, Moore, Walters
i in. oraz Deych i in. W analizie teoretycznej postuzono si¢ jednowymiarowymi réwnaniami przeplywu
oraz klasyczna teoria powstawania zarodk6w kondensacji z poprawkami wyprowadzonymi przez Kantro-
witza i Courtneya. Najlepsza zgodno$¢ teorii z do§wiadczeniem uzyskano postugujac sie naprezeniem
powierzchniowym wody w duzej objetosci oraz przyjmujac duzy wspoOtczynnik kondensacji.

CpaBHenue Pe3yJbTATOB TEOPETHYECKHX PACYETOB C Pe3yJabTATAMH IKCHEPHMEHTATbHBIX
HCCJIe/IORAHMIT Pa3sMepOB Kamedh B NOTOKe BJIAKHOIO TNapa, B KOTOPOM 00pasyloTcs
3apoabIliN KOHIeHCAnN

Pesrome

B cTaThe CPABHMBAIOTCS DE3yJIBTATHI MCCIENOBAHMS DAa3MEPOB Kameyb, BOSHUKIIAX BBHAY obpaso-
sanus 3apO/BIIeH KOHIEHCALMHA B IOTOKE BOASHOTO Tapa, ¢ TEOPSTHYECKUMY NIPEABAACHIAMH 715 TAKHX
®E CaMBIX TCYCHHM.

VICHONB30BAHb] 3KCIIEPEMEHTANIBHBIE DE3YNbTATH, Oy4eHHbIe [ bapMaTH, TlerpoMm, Kponem, My-
pom, VouTepcoMm | Ip., a Taroke Jleitdem u ap. TeopeTH4eCKui aHaIN3 OCHOBAH HA OTHOMEPHBIX ypaBHE-
=MSX TeYeHWsS W HA KJIACCHYECKONM TEOpHM BO3HMKHOBEHWS 3ApOBINICH KOHACHCAIWM, C IOMpaBKaMH,
ssenenmsiva KanTposmueM u KypTaeeM. B GOIBIIMHCTBE CIyYa€B HAMILYYIIEH CXOMMMOCTH PE3YIIBTATOB
BCCTEOBAHMIE OCTATIIH HONE3YACH MOBEPXHOCTHBIM HATSKEHHEM BOJBI B GOJIBIIOM 00BeME H NPHHAMAL
Sompmme SHAYCHHSA ko3 duIenTa KOHOCHCALNH.



