Drop coalescence and deposition
in turbulent wet steam pipe flows

R. . Crane™

The numerical turbulent coalescence/deposition model of Crane and Williams has
been used to indicate likely trends in the development of drop size distribution
and entrained water flow rate in the cross-over pipes of a nuclear wet steam
turbine. Large increases in mean drop diameter have been shown to be possible,
the results being very sensitive to the width of the initial size distribution, the
entrained wetness fraction and the turbulence intensity. Deposition rate was also
found to be strongly dependent on turbulence intensity, but inertial deposition
onto and re-entrainment from the turning vanes of a bend did not significantly
influence subsequent coalescence and turbulent deposition rates in the single

example computed
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Problems caused by the two-phase (vapour/droplet)
nature of the flow in condensing steam turbines have
attracted considerable attention for many decades.
Much of the experimental and theoretical work direc-
ted towards a better understanding of erosion and
loss of efficiency has been reviewed in Ref 1. Wet
steam at subatmospheric pressure has been the main
area of interest, and substantial progress is now being
made in the development of prediction techniques
directly applicable in turbine design (see for example
Refs 2 and 3), but the widespread introduction of
water-cooled nuclear reactors has focused attention
on higher pressures. With saturated steam at pres-
sures up to about 70 bar supplied at the turbine stop
valve, condensation occurs in the high-pressure
cylinder, where the wet steam can no longer be
classified as a dilute two-phase mixture and the
vapour phase cannot be approximated as an ideal
gas. Prediction of condensation and its effects in
high-pressure turbines represents a more challeng-
ing problem than at low pressure (see for example
Ref 4).

Among the mechanical, rather than thermal,
aspects of wet steam behaviour at high pressures,
deposition of drops onto blade surfaces is important
in determining both the quantity of water which can
be extracted from the flow within the turbine and
the subsequent progress of condensation. Another
aspect, which is not thought to be significant in
low-pressure turbines, is drop coalescence in the
flow; average inter-drop spacings of order 10 drop
diameters, compared with values of order 100 at low
pressures with similar wetness fraction (liquid phase
mass fraction), ensure a much higher probability of
drop collisions, as a result of accelerations, turbu-
lence etc. The extent of coalescence will clearly affect
deposition rates and further condensation by reduc-
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ing the available liquid surface area. Calculations
by Hedbick® of drop size during spontaneous con-
densation in a nozzle at high pressure have shown
better agreement with experiment when account was
taken of coalescence, resulting from the drops’
differing inertial responses to the rapid streamwise
acceleration. Filippov and Daskal® have also carried
out one-dimensional calculations on the same coales-
cence mechanism, turbulence again being neglected,
for blade rows in a high-pressure turbine, and predict
significant changes in drop size distributions.

One region of a nuclear wet steam turbine set
is more amenable to a theoretical treatment of deposi-
tion and coalescence processes than the cylinders
themselves. This is the pipework connecting the
high-pressure cylinder exhausts to the external
moisture separators and reheaters. Very little experi-
mental information is available on the behaviour of
the moisture in this region. Crane’ has discussed
various aspects of the two-phase flow in such ‘cross-
over pipes’ and suggested that these processes could
make a considerable contribution to water separation
before the low reaches the purpose-built separators,
such as cyclone or chevron-plate types, which are
intended to improve the efficiency of the steam-to-
steam reheating and prevent excessive wetness frac-
tions in the low-pressure cylinders. Improved under-
standing of the flow in these pipes will allow an
assessment to be made of the extent to which mois-
ture separator performance depends on the cross-
over pipe layout, and could also lead to design
changes for enhancing the overall separation
efficiency.

Williams and Crane® solved the coagulation
equations, describing the change in drop number
concentration with time, for cross-over pipe steam
conditions using existing theories®'® for coalescence
due to turbulence. Although the regions of applica-
bility were extremely limited, the predicted changes
in drop size distribution were sufficiently large to
encourage the development of a more comprehensive
theory. In this paper, the recent turbulent co-
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alescence and deposition theory of Crane and
Williams'"'? is applied to cross-over pipe flows to
predict the changes in entrained liquid flow rate and
drop size distribution.

Turbulent coalescence and deposition theory

11 .
The coalescence model’” may be considered as a

combination of three components:

(1) An expression is derived for Cjs, the collision
coeflicient between drops of diameter d, and ds, such
that N;N,Cy5 is the number of collisions in unit time
per unit volume where N; and N, are the respective
number concentrations. This comes from an analysis
of the relative motion of two drops in a turbulent
vapour; it covers the whole range of drop size
and turbulence intensity between the earlier col-
lision theories of Saffman and Turner’, for small
drops in weak turbulence which have closely-
correlated velocities on approach to a collision, and
Abrahamson', for large drops in intense turbulence
which have completely independent approach
velocities. Cyz is mainly a function of 6, and 6, the
dimensionless relaxation times of the two drops; 6
is defined as «'7/L where 7 is the relaxation time, u’
the rms fluctuating velocity of the vapour (isotropic
turbulence being assumed), and L the longitudinal
integral length scale of the turbulence. The most
restrictive assumption is that the fluctuating part of
the relative motion between drops and vapour is in
the Stokes regime, which limits drop diameters to
the region below about 100 um in the present appli-
cation.

(2) A numerical method is used to solve the coagula-
tion equations, the set of coupled, non-linear
equations for the rate of change of N for each discrete
size class in the logarithmic classification system.
The scheme for assigning agglomerates to a size class
ensures strict conservation of mass. In this part of
the model, the chief assumption is that every col-
lision results in a single, stable drop. Experimental
work of the type which could determine the validity
of this assumption has not yet covered the appropri-
ate range of drop size and approach velocity.
Although the Weber numbers of the largest drops
expected in this context are sufficiently low to pre-
vent break-up after coalescence, based on such
experiments as those of Brazier-Smith et al'®, the

probability of bouncing, instead of coalescence,
cannot yet be estimated.

(3) The pipe is divided axially and radially into a
number of annular cells, the flow being assumed
axisymmetric. Within each cell, the coagulation
equations are solved over an interval equal to the
time taken to traverse the cell at the local axial mean
velocity, with no mean slip between vapour and drop
velocities in this direction. The local mean velocities
4, also ¢’ and L, are specified initially for every cell,
based on empirical data or measurements etc, and
the solution is obtained by marching along the pipe
in the streamwise direction. The calculated radial
concentration gradients are used to evaluate the
radial flux of drops between cells and an expression
for deposition probability within the viscous sub-
layer allows calculation of the deposition rate on the
wall'?, for the turbulent impaction mechanism only.
Sufficient drainage points in the pipe are assumed
so that the films or rivulets of deposited water never
develop sufficiently to cause significant re-entrain-
ment,

Results from the combined model must be
viewed with caution at the extreme ends of the drop
size spectra. Collisions between two small drops, of
order 1 wum, will be influenced by the small scales
of turbulent motion, not considered here, although
the evolution of a polydisperse spectrum will be
controlled largely by collisions between very
differently sized drops, for which the present theory
is valid. Also, the turbulent shear collision mechan-
ism®'' may become important at small sizes. Deposi-
tion rates will be underestimated for the smallest
drops (d <3 pm approximately, for the present appli-
cation) which fall in the so-called diffusion-impac-
tion regime of turbulent deposition'>. Where the
underestimate becomes significant, however, depo-
sition rates predicted by theories valid for that regime
are themselves smaller than those for drops in the
impaction regime (d >3 pm). It may be shown'* that
gravity, also neglected, will not strongly influence
the collision process for drops up to about 100 um
in diameter under cross-over pipe conditions, fortu-
nately coinciding with the approximate limit for
validity of Stokes” law for the fluctuating relative
motion. Gravitational effects on deposition in a
horizontal pipe section will of course modify the
results to be presented here.

Notation

d Drop diameter

D Pipe diameter

L Longitudinal integral length scale of
turbulence

m Mass flow rate

N Drop number concentration (number
per unit volume)

n Drop number density (number in a size
class + sizerange of that class, =dN/dd)

D Pressure

r Radial co-ordinate (from pipe axis)

uy, Bulk velocity

i Local mean velocity in x-direction

u' Local fluctuating velocity (such that
instantaneous velocity u =4 +u')

Uy Friction velocity
x Axial co-ordinate (from pipe entry)
y Entrained wetness fraction (mass of

drops per unit mass of wet steam)

Subscripts

0 atx =0

32 Sauter mean

0 for whole size distribution
fd in fully-developed flow

1 entrained liquid
Abbreviations

SMD Sauter mean diameter
uldf Upper limit distribution function
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While considerable confidence may be placed
in predictions made from the first or second parts of
the model in isolation, the performance of the com-
bined model is much more uncertain. An attempt at
verification of the complete model'**'*'® in the
absence of any suitable existing experimenta! data,
gave qualitative agreement; pending the develop-
ment of improved techniques to reduce the large
experimental uncertainties, applications of the
model should be regarded as giving an indication of
trends and orders of magnitude rather than precise
predictions.

Cases computed

As a datum case, a typical cross-over pipe of diameter
D =1000 mm has been taken, conveying steam with
wetness fraction y =10% and absolute pressure p =
10 bar at a bulk velocity u, of 50 m/s. Radial vari-
ation of the mean velocity @ and of the turbulence
parameters u’ and L was assumed to correspond to
fully-developed flow, as given by Lawn'®. ' rises
from 0.95u, on the centreline to 2.00u, at 2r/D =
0.9, where u,, is the friction velocity and r the radial
coordinate: L is close to 0.5D in the core flow and
falls to about 0.35D at 2r/D =0.9.

The initial size distribution of the entrained
drops was described by the upper-limit distribution
function, originally proposed by Mugele and
Evans'’ and discussed in the context of wet stream
by Ow and Crane'®. Setting both the skewness and
polydispersity parameters of the distribution to
unity'®, the number density n d is given by:

n =K(dw/[d*(dm—d)]) exp {-w?}

where K is a constant, d,, is the maximum diameter
(resulting from a break-up process governed by a
critical Weber number) and w=1n d/(dn—d) . The
mass median diameter of such a distribution is d.,/2.
This was considered to be a reasonable representa-
tion of spectrum shape for the so-called ‘coarse
water’, that part of the total steam-borne water which
has been re-entrained from blade surfaces in the
high-presure turbine; if critical Weber numbers
deduced from experiments in low-pressuree steam
are applicable here, then d,, would be order 10 um.
It is generally believed (eg Gyarmathy') that the
remainder of the drops, fog drops which since
nucleation have passed through all blade rows
without being deposited, fall within the same size
range, so that this upper-limit distribution might be
taken to include all the drops in the flow. In the
absence of sufficient data, further consideration of
this matter has been restricted to a computation in
which the input wupper-limit distribution was
modified by increasing the number of drops with
d =2 pm, representing fog drops, so that their mass
formed 50% of the total liquid mass. (In practice,
multimodal mass frequency distributions are likely,
on evidence such as the measurements in Ref 19.)
Values of d,, from 5 pm to 40 um were considered,
the data being supplied in the form of a ten-element
histogram which was converted by the computer
program to the required logarithmic histogram form
with up to 25 elements.
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The grid defining the annular cells was chosen
to give five concentric cells in the pipe cross-section,
each having the same cross-sectional area. The num-
ber of cells in the radial direction affects deposition
more than coalescence, and this choice was made to
provide a good prediction of deposition rate, based
on earlier experience ~, while minimizing computer
time. The sensitivity of both coalescence and deposi-
tion to axial cell length was small, bearing in mind
the variations caused by uncertainty in turbulence
parameters etc, and a value of D/15 was selected for
most computations.

The sensitivity of the solutions to pressure,
entrained wetness fraction and turbulence param-
eters was examined, and finally the influence of a
single bend in the pipe was investigated. A 90° mitre
bend with ten circular-arc turning vanes was con-
sidered, positioned eight pipe diameters from the
inlet. Calculation of inertial deposition on turning
vanes was made by a two-dimensional version of the
program described in Ref 20; deviations from Stokes’
drag law for the mean relative motion are important
in this situation, and were included in the calcula-
tion. The assumption of another upper-limit distri-
bution for water re-entrained from the vane trailing
edges, taken to be homogeneous over the pipe cross-
section, allowed a new combined size distribution
to be used as the starting point for coalescence/depo-
sition prediction downstream of the bend. The
maximum diameter of re-entrained drops was given
by a critical Weber number of 50, based on the
correlation of Stastny®'.

Results and discussion

Unless steam conditions etc. are specifically men-
tioned in this section or in the figure captions, the
results refer to the datum case, ie D = 1000 mm,
p =10bar, 4, =50m/s, yo=10%, fully-developed
profiles of @, u’' and L as described earlier.

The separate and combined effects of coales-
cence and deposition are illustrated in Fig 1, show-
ing the change in number density distribution over
a straight length of twenty pipe diameters. Coales-
cence is seen to be considerably more effective than
deposition in reducing the number of drops,
although its effect is slightly smaller when both pro-
cesses are included in the computation. This occurs
because the extent of coalesence depends heavily on
the numbers of very large drops, which quickly
absorb the small drops; deposition, by reducing the
number of large drops present, retards the coales-
cence process.

In Fig 2(a), the change in the distribution of
drop flow rate by size class is compared for initial
spectra having maximum diameters of 10 pm and
40 pm. The strong influence of the larger drops is
again evident. The corresponding cumulative mass
distributions, for an initial d., of 10 um, are shown
in Fig 2(b), which also includes the result of simulat-
ing an input distribution with 50% of the total mass
in 2 pm fog drops. (Conversion to logarithmic form
smears the input distribution so that the starting
distribution for the calculation has a mass median
diameter of 2.6 um, compared with 5pum for the
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unmodified uldf). By x/D = 20, the effect of the addi-
tional fog has been to reduce the maximum size quite
considerably, although the mass median diameter
has still increased by a factor of about five.

From Fig 3, it can be seen that evolution of
the size distribution, as measured by the Sauter mean
diameter (SMD) dg,, is negligible for an initial d,,
of 5um. A quadrupling of SMD occurs for d., =
10 pm; increases in initial d,, beyond 20 pm have
little additional effect, the largest drops being present
only in very small numbers. Also plotted is a result
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deposition on number density distribution

10
x/D=0 o]
r~
o
, 20 20
[ | T 1
re 4 r !
| .
J i J }
» | | r |
~ | |
g | L
- rJ -=
.E"’ : :
@ L
5 | I
3z . |
2 r !
H J |
é’ 0l r |
r'j L1 |
I |
| | |
o |
| | |
| : I
I"j | |
o0l 1 1Y T S I S SR
100 1000
a Drop diameter d, pm

Fig 2 Evolution of size distributions (cross-section
averages) over a pipe length of 20 diameters:
(a) Liquid mass flow rates in each size class for in-
itial d,,= 10 um (solid line) and 40 um (broken line)
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obtained by assuming that only half the collisions
produce a single combined drop (the other half being
bounces with no interchange of mass or else immedi-
ate fractures into two drops identical to those from
which the unstable agglomerate was formed.) In
practice, coalescence efficiency will be a function of
the drop sizes, as well as impact angle and velocity,
but this simplified example indicates the importance
of obtaining more experimental data. The radial vari-
ation of SMD (Fig 4) is small but not negligible.
Larger, circumferentially non-uniform variations
might be found in practice, caused by the effects of
gravity, re-entrainment, flow in bends etc.

The flow rate of entrained liquid, as a fraction
of its initial value, is plotted in Fig 5, showing that
the rates of deposition are broadly similar for all the
size distributions having d,, initially 10 wm or above.
This is consistent with most work on deposition in
the turbulent impaction regime'?, which implies a
rather flat curve of deposition rate versus particle
size over a range which covers 3 um <d <60 um in
the present application. Suppression of coalescence
has a relatively small effect, while the initial wetness
fraction affects the result only through its influence
on coalescence. To illustrate the underestimate of
deposition for small drop sizes, the points marked
by squares on Fig 5 have been calculated for a uldf
with d,, =5 pum using the equations recommended
by McCoy and Hanratty®®* and Wood™ for both the
diffusion-impaction and the impaction regimes,
assuming smooth pipe walls. Estimates using these
equations are also shown for d, =10 and 40 pm.
Satisfactory agreement is obtained except from
Wood’s equation for d,, =40 pum; for drops larger
than 11 wm, this equation, which is based on theory
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Fig 3 Effect of initial d., on increase in Sauter
mean diameter dsy (cross-section average). Numbers
on curves denote d, (vm) at x =0. Curve (a): coales-
cence efficiency = 50% (independent of drop sizes)

only, predicts a reduction in deposition rate with
increasing drop size, whereas the data correlation®
suggests a constant rate for all sizes in this uldf. It
should be mentioned here that the rates of turbulent
deposition in straight pipe sections which were
presented in Ref 7 are now believed to have been
over-estimated, in the light of more recent work on
the impaction regime. However, the total deposition
in a hypothetical pipe with four radiused bends (no
turning vanes) was found’ to be dominated by iner-
tial deposits on the bend outer walls for large drops
(40 um). The shift in size distribution predicted by
the coalescence model will enhance this effect, so
strengthening the broad conclusions’ that the bulk
of the moisture separation could occur prior to the
separator vessel.

Predictions of the influence of turbulence
intensity and scale are shown in Fig 6. Halving the
length scale has a noticeable effect on both coales-
cence and deposition, but the effects of changes in
intensity are much larger; fluctuating velocities twice
those in fully-developed flow cause the changes over
twenty pipe diameters in the datum case to occur in
only about eight diameters. Values of u’ less than in
fully-developed flow are unlikely in a cross-over
pipe, because of the effects of the moving blade rows
in the high-pressure turbine. In Fig 6 curves (a) corre-
spond to intensities u'/# of about 3% and 7% at
radii 2r/D =0 and 0.95 respectively, and curves (c)
to twice these values. Artificially increasing the
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at x = 0. Processes included in calculation are coales-
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is for deposition only. Curve (a): y=4% at x=0.
Estimates from correlations recommended in McCoy
and Hanratty® (solid symbols) and Wood® (open
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levels of turbulence might offer a means of enhanc-
ing the formation of large drops and so improving
moisture separation efficiency.
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The initial entrained wetness fraction, and
hence drop concentration, will clearly have a strong
effect on coalescence. It can be seen from Fig 7 that
very little increase in SMD occurs when the drops
represent only 4% of the total (liquid + vapour) mass.
Prediction of coalescence thus depends heavily on
a knowledge of the distribution of the liquid between
steam-borne drops and wall films etc at the starting
point of the computation. Lowering the pressure to
6 bar reduces the rate of coalescence, as expected, if
the mean velocities are unchanged; however, if the
bulk velocity is simultaneously raised to maintain
the same mass flow rate as at the higher pressure,
the effect of the reduced drop concentration is more
than counterbalanced by the increased fluctuating
velocity component, resulting in slightly increased
rates of coalescence. A further expected increase
(curve f) occurs when the lower turbine exhaust
pressure is coupled with a high wetness fraction, as
would occur in practice. If a smaller pipe is used to
convey the same flow, coalescence is again increased
as a result of higher fluctuating velocities, notwith-
standing the reduction in residence time caused by
the increased mean velocities. (uy, is the same for
curves (e) and (g).)

The results presented in Fig 8 illustrate the
effect of one particular type of bend at an arbitrarily
chosen location in the pipe. A more thorough study
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SMD ratio d32/d320

) 10 20
Axial distance x/0

Fig 7 Effect of flow conditions on increase in
Sauter mean diameter (cross-section average), for
initial d,, = 10 um (initial ds; =4.37 um). The datum
case is given by the broken line. Variations from
datum case: (a), (b), (c) initial y=12%, 8% and 4%
respectively with datum uy, (d) p =6 bar with datum
uy, (¢) p= 6 bar with datum m (f) p = 6 bar and initial
y = 13% with datum m (g) D= 785mm with datum
m

of bend effects is hardly warranted unless a specific
turbine set is under investigation. (However, an esti-
mate of deposition only in a hypothetical pipe with
four radiused bends has been given’.) Fig 8(a) shows
that over 80% of 10 wm drops pass through the turn-
ing vanes, but all drops larger than 100 um are cap-
tured. (As pressure is reduced, the extent to which
the capture efficiency of the bend will increase is
illustrated by comparison with Fig. 4 of Ref 7.)
Assuming that all captured water is re-entrained,
which will not necessarily apply to vanes having a
vertical span, the drop size distributions after com-
plete break-up of re-entrained water, assumed to
occur within a small distance from the bend, and at
x/D =20 are as shown in Fig 8(b). The maximum
size present is now 150 um, compared with 50 pm
upstream of the bend; at lower pressures, even larger
drops would be formed. The SMD, however, jumps
only from 6.9 to 7.3 wm, and between the bend
(x/D =8) and x/D = 20, with unchanged turbulence
parameters, the increase in SMD and reduction in
m; differ only marginally from those computed in
the absence of a bend; the number of very large
‘secondary drops” has not had sufficient time to build
up to a level where it can exert a significant influence
on the rate of coalescence. The effective length scale
of the turbulence will be reduced immediately
downstream of the bend, and this could enhance
subsequent coalescence and deposition.
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Wall roughness effects are not included in the
model. While roughness can produce very large
increases in deposition in the diffusion-impaction
regime®, there are insufficient data to test the
expressions which have been put forward for pre-
dicting deposition to rough surfaces. Calculations®
suggest that in the impaction regime, referred to by
Wood as the ‘particle inertia-moderated regime’, the
effect is less marked. Even so, use of his expressions
for the present datum case with initial d,, =10 um
and an equivalent sand grain roughness height of
25 uwm, leads to an entrained liquid flow rate at x/D =
20 of only 54% of that at x/D =0, compared with
75% for smooth walls. No information is available
regarding the effect of roughness on coalescence, but
as a first approximation the present model could be
used with appropriate increases in the specified
fluctuating velocities for the vapour phase, eg mak-
ing all ' proportional to u, and using well-estab-
lished relationships for the effect of roughness on u,.

Gravitational effects in horizontal pipe sec-
tions cannot be included in the axisymmetric model,
but may be put in context by noting that the terminal
velocity of drops up to about 30 um, in the datum
case, will be less than 10% of the turbulent deposi-
tion velocity (ie number of drops deposited on unit
area in unit time divided by mean concentration in
the bulk flow), and these two velocities will become
roughly equal for 90 um drops. (Effective terminal
velocities may be considerably reduced by the tur-
bulence?®*.) Asymmetry of the drop concentration
profile in a horizontal section of cross-over pipe was
discussed briefly elsewhere’.

A further coalescence mechanism which is
being investigated at present is that occurring in pipe
bends, caused by different centripetal acceleration
of differently sized drops. It should be possible to
combine the centrifugal and turbulent mechanisms
in the program, with the simplifying assumptions
that they may be superimposed and that axial sym-
metry of drop concentration is maintained.

Conclusions

Application of the numerical model to typical cross-
over pipe flows has shown that turbulent coalescence
can have very large effects on the drop size distribu-
tion of the wet steam. Increases in Sauter mean
diameter by factors as high as seven were predicted
over a length of twenty pipe diameters in fully-
developed flow, for initial distributions with
maximum diameter 20 um or more, while very little
coalescence occurred for an initial maximum of
5 um, The effects were very sensitive also to the
entrained wetness fraction, with a rather low coales-
cence rate for only 4% wetness, and to the fluctuating
velocity components. Doubling the turbulence
intensities from those in fully-developed pipe flow
roughly halved the length of pipe needed for a given
increase in mean diameter, but the results were much
less dependent on the length scale of the turbulence.

Computed turbulent deposition rates were, for
fully-developed flows, in generally satisfactory
agreement with predictions using the expressions of
McCoy and Hanratty®®, but were also found to
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depend strongly on turbulence intensity, a result not
obtainable from earlier deposition theories. Coales-
cence exerted a relatively weak influence on deposi-
tion, the drop sizes falling mostly in the range where
deposition rates do not depend strongly on size.
Deposition onto and re-entrainment from the turning
vanes of a bend altered the drop size distribution to
an extent that was not sufficient for significant
modification of the rates of coalescence and deposi-
tion downstream of the bend, although this is not
necessarily a typical result.
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Fig 8 Effect of a 90° bend at x/D =8 on the size
distribution, for initial d,= 10 um (a) Fraction of
drops deposited on tuming vanes as a function of
drop size (b) Liquid mass flow rates in each size class
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In addition to experimental work necessary
for improved verification of the theoretical model,
in particular determination of coalescence efficien-
cies, two major uncertainties should be resolved
before the model can be applied reliably to a par-
ticular wet steam pipe flow: the fraction of the liquid
phase which is initially contained in steam-borne
drops, and the turbulence intensities throughout the

pipe.
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Note added in proof: Calculations similar to those in this paper have been made for comparison with
measurements in the pipework of a European PWR turbine set. Results are confidential, but are probably
unrepresentative of present day practice because of the low steam pressure.
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