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Liquid DropletImpingement Studies at University of Michigan

S YNOPSIS
is described.

Work at the University of Michigan relating to the turbine droplet impingement program
While this includes the development of a low-pressure wet-steam tunnel for studies of

droplet formation and also experiments upon material resistance and droplet impingement, it primarily

concerns numerical studies of droplet impingement upon target surfaces.
Pressures are compared with a '"'slab' collision

velocities within the drop and upon target surfaces.

Results include pressures and

model ("'corrected water hammer pressure') and with '"'simple water hammer', not involving correction

for actual shock wave velocity in the compressed liquid.

Maximum pressures for three-dimensional

drops are well less than the ''slab' model, but are essentially independent of impact velocity if normalized

to this pressure.
m/s and larger.

INTRCDUCTION

1. 1.iquid droplet impingement erosion is a
serious and limiting phenomenon today in various
important technological fields such as large steam
(or other vapor) turbines, high-speed fixed-wing
aircraft and helicopter rotors, to name three of the
most prominent. Also, cavitation applications,
such as high-speed ships, should be included be-
cause of the well-recognized similarities between
these different forms of erosive attack,

2. In all cases the overall problem involves
several phases, e.g.,

a' Dynamics-of liquid phase (and droplets) during
their nucleation and traverse to the eroded region,
Droplet size and shape, and impact velocity and
angle, are thus determined.

b) Interaction between droplet and eroded material
during single impact.

c) Material failure after one of more impacts, thus
creating erosion.

Our laboratory is actively researching all of these
three phases. However, of the three, we have in
the past concerned ourselves primarily with b), in-
teraction between droplet and material during single
impact, and c) material failure after one ormore
impacts. The present paper will discuss the re-
sults, so far obtained and in progress, particularly
the analytical work which has been done under sub-
ject by,

3. Qur total program has included experiment- |

al studies of material resistance and impact using

a "water gun'' device capable of projecting liquid
droplets (i.e., elongated slugs) at velocities up to
600 m/s and at repetition rates of ~30/min,, as
well ag numecrous cavitation damage studies. These
are covered elsewhere (1-5', In addition, we have
" recently commenced the development of a low pres-
sure steam tunnel for the study of wet steam flows,

They exceed '"simple water hammer pressure'' only for velocities of the order of 750

particularly related to problems of moisture film
build-up and droplet separation.

4. The present paper discussed numerical
studies of pressures, velocities, stresses, and
deformations occurring during droplet impact.

This work has been primarily based on the doctoral
dissertation of one of the authors (6, 7). 1t has in-
cluded water Mach numbers up to 0.5 (~750 m/s),
spherical and cylindrical droplets, as well as a
combined shape which ig perhaps more realistic of
real impacts. For given fluid physical parameters
and for a completely rigid surface (which was as-
sumed in our initial study) we have shown that only
the parameters of liquid Mach number and droplet
shape are important, Cur study is continuing to
include the effects of surface deformation. (8) and
finite material elasticity. These latter are partic-
ularly important for elastomeric coating materials,
not normally involved for steam turbine blading,
but important in numerous other applications.

5. The paper will present a summary of the
results from this continuing study obtained up to the
time of writing,

TURBINE-RELATED DROPLET IMPACT WOREK AT
UNIVERSITY OF MICHIGAN

A. Numerical Studies of Droplet Impact

1. Solution Method
6. Since our work has been predominently con-
cerned with numerical studies of impact, these will
be described and summarized first. To our know-
ledge, ihis work represents the first relatively com-
prehensive treatment of the impact problem in the
velocity range pertinent to the steam turbine prob.
lem and also to aircraft raindrop erosion, i.e.,
perhaps 200 to 800 m/s. In this velocity range it
is not possible to neglect either fluid compressibility
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(as might be possible in a very low velocity case)or
target material strength (as is sometimes done for
hypersonic impact analyses). As is shown by our
analysis, for a fully rigid flat surface and for given
liquid properties, the only important parameters

of the collision in the droplet size (perhaps 1-3mm
dia.) and velocity range considered are liquid im-

pact Mach number, droplet shape, and impact angle.

Hence the investigation has included the liquid Mach
numbers of 0.2 and 0.5 (A300 and ~750 m/s for
cold water). Three droplet shapes have been in-
cluded, i.e., spherical, cylindrical, and a com-
posite spherical-cylindrical droplet (cylindrical
droplet with . rounded corners), which it is felt may
be the most realistic of the three shapes for most
impact cases.

7. The analysis is described in detail else-
where (6, 7), but for convenience a brief summary
will be made here. For most of the numerical
studies so far made, a completely rigid flat target
surface was assumed, While compressibility of
the liquid must be included to obtain realistic re-
sults in the velocity range of interest, surface
tension and viscosity can be safely ignored compar-
ed to pressure and inertia effects for the droplet
size range of interest, Under these conditions the
equations of continuity and momentum for the liquid
drop become;

2
dg ., dlguh 1 dlrgw)
ot * dz * r or 0 M
[ (L\ ? (Quz) l 3 (rovu ..o @
ot vz r dr dz
? (gv) | D (pvw +_l_ ? (rqu\ i} _é_. 3
ot dz r dr or

and a suitable equation of state for water is that of
Tait (9):

ptB (..Q..)'A (4)
Pt B %

Values of the conatants B and A were chosen to be
appropriate for 20°C water, i.e., B = 3047 bars
and A.= 7.15.
8, Marker particles are imbedded in the de-
forming liquid boundary to give its location at all
times. The marker particles follow the equation
of motion for a free body as described by kinematic
relations in a Lagrangian formulation (6,7). The
equations are then normalized by the characteristic
parameters of the problem to give the following
equation set,

a + A —3—3‘ =+ A, lr
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dt 2 dz
z_ = afua (12)
m 1
R = A S-V dt (13)
m 2
9. Characteristic density ¢ is that of the un-
disturbed liquid at 1 atm. and® 20°C. Character-
istic velocity is the impact velocity V . Character-

istic pressure is the "simple" water Rammer pres-
sure (i.e., C V). z andr are the mathematic-
al cell dimensions“in the axial%nd radial directions,
respectively, For convenience, these are chosen
to be equal., Characteristic time t is z /C, where
C is the (corrected) shock wave velocity defined by
Eq. (10) below. We developed this semi-empirical
second-power relation to give shock wave velocities
corrected for local density change for the purpose
of this analyeis (10), providing improved accuracy
over relations already available (11, e.g.).

10. The initial conditions over the domain of
calculation are p = p, u=u and v = vy u and
v_are the initial 1mpact velocxtxes in the axial and
radial directions respectively, so that v =0 and
u_ =V for perpendicular impact, the or?ly case
which We have so far studied. The appropriate .
boundary conditions are then:

i) along the axis of symmetry (z), r = 0 and

symmetry requires

du _ ., 2,
vEOL S s 0 g 70

ii) along the impacted rigid surfaces, z = 0, a =0

u =0, EE =0, for the full-slip wall c?ngktmn
here use% We have reported already sim-
ilar results for a non-slip wall boundary condi-
tion,

iii) along the free surface, the first order terms
of the continuity equation yields

du dv
= —-n - - t -
PPy 3% T Bx.
r n t

where u_and v,_ are the moving velocity com-
ponents of the iiquid-air interface in the normal
x_and tangential x_directions of the surface
respectively,

iv) along the sides of the finite computational do-
main, permeable boundary conditions are im-
posed, in such a way that the normal space der-
ivative of the variable vanishes at the boundary,

du dv dp _
az~0, 32 =0, 3 = Oatz—H1
u v, 3 . -
31 =0, 37 =0, 5 ¢ Oatr—H‘2

where H, and H_ are sizes of computational
domain in the z- and r- direction respectively,

11 All the above equations are then approximated
by finite difference expressions. The problem is
solved by advancing the configuration through a set
of finite time steps, or computational cycles, Each
numerical computational cycle consists of the fol-
lowing steps,

1) Marker particles on the fluid boundary
are moved to appropriate new positions.
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2) The continuity and momentum equations
are used to advance the densities and velocities
through the time change of one cycle by an explicit
technique.

3) The pressures are calculated as a func-
tion of densities according to the equation of state,
assuming a quasi-steady process for each time
increment.

4) Boundary condition valuee and time
counters are adjusted to prepare the next computa-
tional cycle.

12, Cur numerical scheme (ComCAM)” was
developed from a combination of the Particle-in-
Cell (PIC) method (13), the Marker-and-Cell (MAC)
method (14), and the Lax-Wendroff two-step nine -
point Eulerian scheme (15), It overcomes some of
the difficulties of each, while maintaining most of
the advantages at least for the present problem,
such as the compressibility of a continuous fluid
and the history of a free surface.

13, The program was first used to solve the
two-dimensional axisyminetrical droplet impact
problem, which is that leading to the classical
one-dimensional water-hammer result when a
rigid-tube non-permeable shell boundary is impos-
ed. Good agreement with the exact solution for
thisidealized problem was found (6, 7) and numeric-
al oscillations with our ConCAM method were found
to be suitably small.

2. Numerical Results of ConCAM
a. General scope of results

4, The numerical results of the studies so far
performed are very numerous and cannot be fully
reported here, Full details are available else-
where (6,7,8,10, e.g.). However, the general
scope of the results can be given, and some of
those which are considered of primary importance.

15, In general, all but one preliminary numeric-
al study (8) have utilized a fully.rigid flat target
surface, upon which both full-slip and non-slip
boundary conditions were studied. Ref. 8 involves
a non-rigid surface, such as very soft elastomeric
coating, for which material reaction exists only in
terms of inertia. However, only tentative prelim-
imary results have been obtained to the time of

this paper.

16, Only perpendicular impacts have so far been
studied, and these have been limited to the impact
Mach numbers (referred to the sonic velocity of
the undisturbed liquid) of 0.2 and 0.5 (300 and 750
m/s). Cylindrical, spherical, and a composite
cylindrical-spherical droplet shape have been
investigated. Their initial profiles and later pres-
sure contours are shown in Fig, 1,2.3. The com-
posite shape is believed most typical of actual im-
pacting drops such as encountered in the turbine
application,

17. The independent variables of the problem
are normalized axial and radial coordinates and
time. In termsa of these, for the other restrict-
ing conditions discussed above, the problem is
fully described in terms of geometry (droplet shape
*Compressible-Cell-and-Marker method,

and impact angle) and impact liquid Mach number.
Hence, the results are general in terms. of scale,
To assist physical interpretation of the results,
the units of the non-dimensional time are micro-
seconds if droplet diameter is 2 mm, a typical
diameter for damaging droplets in turbine flows
or aircraft rain erosion. For such collisions,
pressures exerted upon the target surface are of
the order of the water hammer pressure {rather
than of the normal stagnation pressure) only dur-
ing the initial small fraction of a microsecond.
They approach quite closely the ordinary stagnation
pressure after 2-3 us,

18. Computed quantities include pressure and
velocity throughout the impacting droplet {including
the interface with target surface), as well as the
coordinates of the droplet boundary, as a function
of normalized time. Both pressures and velocities
along the interface are of vital importance for the
prediction of damage, and pressures within the drop
may also be of considerable interest in that they
become strongly negative at times during the im-
pact, thus giving rise to the possibility of cavitation
during impact (16), which may then add to the
damage.

b. Specific results
19. Table 1 lists the most important numerical
results, i.e., maximum pressures and radial
velocities along the target surface for all the cases
studied, The pressures are presented as multiples
of both the '"'simple water-hammer pressure'' and
the '"corrected water-hammer pressure'. For the
former case, the water-hammer pressure is cal-
culated using the density and sonic velocity for the
undisturbed fluld; for the latter, the sonic velocity
is corrected according to Eq. (10}, The effect of
the correction is substantial even at the lower
Mach number (about 1,4 for M = 0, 2), and much
more so for the higher ( about 2,0 at M = 0, 5),
Table I shows that the target surface pressure
is nearly independent of Mach number if normalized
to the corrected water-hammer pressure (hence,
the results in this form can be considered valid over
a much larger range of Mach number), and is in all
cases substantially less than unity, This fact is
ascribed to the additional degrees of freedom for
the flow in these two-dimensional problems as com-
pared to the impacting slab one-dimensional case,
where the "corrected" water-hammer pressure
would indeed be obtained.

20. The target surface pressure exceeds the
"simple'' (conventional) water-hammer pressure

at the lower Mach number only for the cylindrical
shape (which is the most unrealistic of those studied
due to its sharp corners), and is substantially less
in the other cases, However, for 0.5 Mach it ex-
ceeds the simple water hammer pressure in all
cases (but only by 7% for the spherical drop).

21, Fig. 4,5,and 6 show the interface pressures
at various times during the impact in more detail
than do the pressure profiles of Fig, 1,2 ,and 3,

22, As is well known (17, e.g.), the radial
velocity during impact {s usually several times the
impact velocity. This result, previously based
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primarily upon photographic evidence, is confirm-
by the present calculations, Table ]l shows that

its maxima range between 2 and 3 times impact
velocity (depending upon droplet shape) for the
lower Mach number, and between 1,6 and 2.3 for
the higher Mach number. The effect of this ex-
tremely high liquid velocity upon the target surface
through shear and also direct impact upon surface
asperities may be very instrumental in the damage
process in some cases.

23, A final result of the numerical studies of
considerable importance is the discovery of regions
of stropgly negative pressure within the impacting
drops due both to the reflectionof pressure waves
as tensile waves from the droplet free surfaces,
and to the inertia of the outwardly accelerating
radial flow along the surface, The pressure pro-
files of Fig. 7 are illustrative of this situation,
which is discussed in more detail elsewhere {6, 7,
16), These results confirm recent photographic
evidence showing vapor cavities within impacting
drops by Brunton and Camus (18){‘inc1uded here
for convenience as Fig. 8. Cavitation within the
impacting drop could of course contribute to dam-
age and cauld help explain observed rapid erosion
in pure impact tests at relatively low impact
velocity (rapid erosion of stainless steels at 100
m/s is common - (19, e.g.).

B. Additional University of Michigan Turbine
Droplet Research

24, Additional portions of our research effort

upon the turbine droplet erosion problem include

both a newly commenced study of droplet formation

in wet steam flow, and actual impact erosion tests,

These efforts are described very briefly below,

1. Wet-Steam Tunnel Facility
25, The construction of a low-pressure, wet-
steam tunnel is underway in our laboratory at the
time of this writing. It is designed to model vel-
ocity, moisture, and pressure conditions pertin-
ent to the low-pressure stages of large steam
turbines. Moisture film build-up upon submerged
surfaces and the subsequent formation and break-
off of liquid droplets will be studied photograph-
ically. No results are as yet available,

2. Liquid Impact Experiments
26, We have developed and extensively utilized
an automated water-gun device (patterned after
that of Kenyon (20) producing up to 30 elongated
liquid slugs per.minute at velocities up to 600
m/s. Liquid slug diameter is about 1 mm (although
different diameters can be easily obtained), and
their length is the order of 50 dia. The striking
edge is approximately hemispherical. As is gen-
erally agreed (20, e.g.) and confirmed by our
numerical studies already discussed in this paper,
generally damagingly high surface pressures and
velocities occur only during the very initial portion
of impact {fraction of 1 ps), so that only the nose
of the liquid slug is important, Thus, while spher-
ical droplets would be preferable for damage stud-
ies, the elongated slugs are adequate for the pur-
pose. The shape of slug produced by the gun de-
vice is very similar to that obtained by Bowden

and Brunten (21), using their single-shot momentum
exchange device (also used in our laboratory for
more exacting studies of single-drop imp‘act).
However, the automated device is far more suitable
for experiments involving material resistance to
repeated impact. Results of some of this work

will be published in the near future. Fig. 9 shows
a typical liquid slug from the automated device.

CONCLUDING REMARKS

21, Work from our laboratory related to the
turbine droplet impingement problem has been
described, while the development of a low-pres-
sure wet-steam tunnel for the study of droplet for-
mation and also experiments upon material resis-
tance to droplet impingement utilizing an automated
water gun device are included . The program
concerns primarily numerical studies of the actual
impingement upon a surface cf liquid droplets

of various shapes. We believe these to be the first
relatively comprehensive numerical studies of this
phenomenon. They have produced several relative-
ly important and basic results:

28.1, The maximum pressures generated upon the
target surface at least over an appreciable portion
of a microsecond, are in general considerably less
than the water-hammer pressure, if this is cor-
rected for the increase of shock wave velocity in
the compressed liquid, While this pressyre would
be obtained exactly for a "slab' collision , the
additional degrees of freedom inherent in actual
droplet shapes are responsible for the reduced
pressure. Cf course, the pressures will be further
reduced if target surface elasticity (or plasticity)
is considered. For impact velocities of the order
of 300 m/s, the pressures are also less than the
conventional water hammer pressure (shock-wave
velocity assumed that of ambient liquid), though
they are greater than this value for impact veloci-
ties of the order of 750 m/s, The increase over
conventional water hammer pressure increases
with impact velocity.

29. These results are roughly confirmed by the
only applicable experimental measurements of
which we are aware, those reported by Brunton

(2% and summarized by Hays (23) in 1961, He
measured the maximum impact pressure for a jet

of 720 m/s velocity about equivalent to our Mach
0.5 condition), and found that it was 0.875 x "'simple
water hammer pressure'', Since the shape of the
droplet is perhaps most similar to our composite
shape, his pressure value is less than that which

we predict by 1.30/0.875 = 1,50 (see Table ). The
discrepancy may be partly due to inadequate respon-.
se rate of his transducer,

30. His measurements confirm our estimates
of the duration of the high pressure portion of the
impact, which he states to be ''less than 3 pus,

for a drop of about 3 mm, diameter. Duration is

of course approximately proportional to diameter, .

31.2. If normalized to '"corrected "water hammer"
pressure'' the maximum target surface pressures
are nearly independent of impact velocity.

%1, e,, the classical one-dimensional case.
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32, 3. Radial velocities arising from impact are
the order of 2-3 times impact velocity., The mul.
tiplying factor decreases with impact velocity
over the range studied.

33. 4. Strongly negative pressures arise within
the droplet during impact which may give rise to
cavitation as already observed photographically
(17). Thus the potential for damage may be in-

creased by this phenomenon.

34, 5. Damaging pressure occur only during the
initial fraction of a microsecond during a collision
for a drop of 2mm dia. The pressure duration is
less for smaller drops.
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Symbol

T o B g

Notation

Exponent in Tait's equ-
ation of state

Constant in Tait's equ-
ation of state

Dimensionless coeffic-.
ients

Shock wave velocity
Soric velocity

Dimensions of Computa - -
tion Domain in z-~ and r-
direction, respectively

Pressure

Location of marker m in
r- coordinate

Radial coordinate
Time

Marker velocity compon-
ent in z-direction

Velocity component in z-
direction

Marker velocity compon-
ent in r. direction

Velocity component in
r- direction

Velocity component in
tangential direction

Vertical coordinate
Density

Subscripts

Marker index
Normal direction
Initial value

Tangential direction



TABLE I

Summary of Prinecipal'Numerical Results

M=0.2 M=0.5
(V"= 300 m/s) (V_ =750 m/s)
Pmax Pmax Vmax Pmax Pmax Vmax
§.C V Q.CV \'s CV ¢ CV \4
o 0o o o o o oo Yo o o
Free Slip Wall Boundary
pey 1.17 0.84 2.00 1. 61 0.82 1. 65
& 0.69 0.495 2.65 1.07 0.52 2.15
FN 0.90 0.65 2.80 1.30 0.66 2.25
Non-Slip Wall Boundary,
dh 1. 20 0.87 2.10 1.675 0.85 1. 70
» 0.80 0.59 2.85 1. 229 0.625 2.30
pCV =9 v /M = 4450 bars 11,100 bars
o o0 o o o

3428
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Fig. 1 Shape-Time History of an Initially Cylindrical
Droplet with L/D = 1, at Mach Number = 0.2,
for Free-Slip Boundary Condition.
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Shape-Time History of an Initially Spherical
Droplet at Mach Number = 0.2, for Free-Slip
Boundary Condition.
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Fig. 4'. Pressure-Time History at Liquid-Solid Interface
(z = 0) of an Initially Cylindrical Droplet
with L/D = 1, for Impact Mach Number of 0.2
and for Free-Slip Boundary Condition.
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Fig. 5 Pressure-Time History at Liquid-Solid Interface
(z = 0) of an Initially Spherical Droplet for
Impact Mach Number of 0.2 and for Free-Slip
Boundary Condition.
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Fig. .6.. Pressure~Time History at Liquid-Solid Interface
(z = 0) of an Initially Cylindrical-Spherical
Compoeite Droplet with RI/R = 0.25 and L/D = 1,
for Impact Mach Number of 0.2 and for Free-Slip
Boundary Condition.
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Isobar Distribution in an Initially Cylindrical-
Spherical Composite Droplet with R /R = 0.25

and L/D = 1, at Time (Ct/D) = 1. 5fbr Impact Mach
Number of 0.2 and for Free-Slip Boundary

Condition.
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Fig. 8 Photographs of the Cavitation for a Water Droplet Following

an Impact on a Solid Plane (Brunton and Camus(BS))
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