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Deformation and Drag Properties of Round Drops
Subjected to Shock-Wave Disturbances

C. Aalburg,¤ B. van Leer,† and G. M. Faeth‡

University of Michigan, Ann Arbor, Michigan 48109-2140

The deformation,drag, and breakup properties of round drops subjected to shock-wave disturbances were stud-
ied computationally for conditions where effects of drop evaporation were small. The objective of the study was to
consider effects of liquid viscosity, liquid/gas density ratio, and drop Reynolds number that are dif� cult to explore
based on experiments but are representative of conditions found in practical sprays. The time-dependent incom-
pressible and axisymmetric Navier–Stokes equations were solved in both the gas and liquid phases in conjunction
with the level set method to determine the position of the liquid/gas interface for deforming drops. The numerical
results were evaluated using earlier experimental results for the wake and drag properties of solid spheres and
the deformation and drag and breakup properties of drops subjected to shock-wave disturbances. There was good
agreement between measurements and predictions. The properties of drop deformation and breakup were mainly
affected by the drop drag-force/surface-tension-force ratio represented by the Weber number We and the drop
liquid-viscous-force/surface-tension-force ratio represented by the Ohnesorge number Oh. When the Oh was small,
drop deformation and breakup transitions yielded the classical deformation and breakup regime map suggested
by Hinze roughly 50 years ago. However, when the Oh was large the computationsrevealed undesirable variations
of We as a function of Oh for particular deformation and breakup regime transitions when plotted in the classical
Hinze form. An improvedapproachto handle large Oh conditionswas found, however, by directly plotting the drop
drag-force/liquid-viscous-force ratio We1=2 /Oh, as a function of the drop surface-tension-force/liquid viscous-force
ratio 1/Oh because We1=2 /Oh is relatively independent of Oh at the regime transitions when the Oh is large. Effects
of liquid/gas viscosity and density ratios on the new deformation and breakup regime map were found to be small.
The Reynolds number of the gas � ow over the drop, however, was found to have a considerable effect on drop
deformation and breakup properties as the low Reynolds number (<100), Stokes � ow, regime was approached.
This behavior appears to be caused by the progressive increase of the drop drag coef� cient when the Reynolds
number of the gas � ow becomes small, which tends to reduce drop relaxation times and thus times available for
drop deformation and breakup.

Nomenclature
CD = drag coef� cient
d = drop diameter
L = wake length
nr = unit normal vector in the radial direction
nx = unit normal vector in the streamwise direction
Oh = initial Ohnesorge number, ¹L=.½L ¾d0/1=2

p = pressure
Re = initial Reynolds number, ½Gu0d0=¹G

r = radial distance
t = time
t¤ = characteristicbreakup time, d0.½L =½G/1=2=u0

u = streamwise velocity
v = radial velocity
We = initial Weber number, ½Gu2

0d0=¾
x = streamwise distance
± = unit delta function
· = curvature
¹ = molecular viscosity
½ = density
¾ = surface tension
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Subscripts

c = maximum cross-streamdimension
cr = critical value
G = gas phase property
L = liquid phase property
max = maximum value
min = minimum value
0 = initial condition

Introduction

S TUDY of the deformation and drag properties of round drops
subjected to shock-wave disturbances is motivated by appli-

cations to the secondary breakup of drops within sprays found in
power, propulsion, and combustion systems. In particular, the time
required for the shock wave itself to transit the drop is too small
for signi� cant drop response to this direct interaction. Instead, the
drop passes into the uniform � ow� eld behind the shock wave, ap-
proximating a step change of the � ow around the drop, typical of
disturbances leading to secondary drop breakup upon the comple-
tion of primary drop breakup in practical sprays. The present study
is an extension of several past experimental studies of secondary
drop breakup, for conditions where effects of drop evaporation are
small, in this laboratory.1¡6 These earlier studies found that defor-
mation and breakup regime transitions were mainly affected by the
Weber number We as a measure of the drop drag-force/surface-
tension-force ratio and the Ohnesorge number Oh as a measure
of the drop liquid-viscous-force/surface-tension-force ratio, as pro-
posed by Hinze7 roughly 50 years ago. Because of experimental
constraints,however, drop deformation and breakup measurements
generallyare limited to large liquid/gasdensityratios½L =½G D 580–
12,000, intermediateReynolds numbers for the initial gas � ow over
the drop Re D 3 £ 102–16 £ 103 , and a relatively narrow range of
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liquid viscosities and liquid/gas viscosity ratios, and deformation
and breakup behavior for other property conditions are unknown.

The objective of the present investigation was to consider ef-
fects of liquid and gas properties on drop deformation and drag
properties, using numerical simulations in order to explore prop-
erty variations that are dif� cult to consider with experiments. The
present study could not consider drop breakup directly, however,
because breakup is a complex, three-dimensionalprocess, because
of the formationof nodes, that would require locally very � ne three-
dimensionalgrids thatarenotcomputationallytractableforparamet-
rically extensive temporal calculations of deforming bodies at the
present time. Experimentalobservationsof secondarydrop breakup
caused by shock-wave disturbances from Hsiang and Faeth,3 Chou
et al.,5 and Dai and Faeth,6 however, have shown that the onset
of secondary breakup can be associated with drop deformations of
70–100%, and the results of the present predictions,to be discussed
later, support this conclusion as well. Thus, by adopting this � nd-
ing, it was possible to estimate conditionsfor the onset of secondary
drop breakup without having to calculate the details of the breakup
process itself, pending the future feasibilityof more de� nitive time-
dependentthree-dimensionalnumericalsimulationsof dropbreakup
for large parameter ranges similar to those considered during the
present study. As a result, present numerical calculations were ax-
isymmetric and reasonablytractable, allowing extensiveparametric
study of a number of drop breakup properties.

Representativeearlier studies that sought to use numerical simu-
lations to study the propertiesof secondarybreakup include Zaleski
et al.8 and Han and Tryggvason.9;10 Zaleski et al.8 consider the sec-
ondary breakup of cylindrical liquid elements subjected to a step
change of the ambient velocity in cross� ow (which is equivalent to
a shock-wavedisturbance); these results were limited to a liquid/gas
density ratio of 10 and really are more appropriate for a simulation
of the breakup of a nonturbulentround liquid jet in a uniform cross-
� ow than for a simulationof the secondarybreakupof drops subject
to a shock-wave disturbance. Han and Tryggvason9;10 considered
the secondary breakup of round drops for liquid/gas density ratios
of 1.15 and 10.0, treating effects of step changes of ambient veloc-
ity and acceleration. Thus, the main focus of the present numeri-
cal simulation effort was to consider a broader range of liquid/gas
density ratios (2–1), which allowed evaluation of the predictions
using available measurements in the literature and provided new
information about effects of drop liquid and gas properties on the
deformation and breakup of drops.

The present calculations were evaluated based on earlier results
for a variety of properties of � ow over spheres and drop deforma-
tion, as follows: wake sizes and drag coef� cients of solid spheres,
the properties of steady drop deformation in the presence of a con-
stant body force, and the extent of deformation and conditions
at the onset of breakup caused by shock-wave disturbances. Nu-
merical simulations were then carried out for a range of param-
eters to study effects of Weber number .We D 0:25–109/, Ohne-
sorgenumber.Oh D 0:001–103/, Reynoldsnumber.Re D 10–103/,
liquid/gas density ratio (½L =½G D 2–1), and liquid/gas viscosityra-
tio .¹L =¹G D 0.02–13,000), on the deformation,drag, and breakup
properties of liquid drops subjected to step changes of � ow prop-
erties (typically approximated by shock-wave disturbances during
experimental investigations).

Numerical Computations
Computational Methods

The time-dependent incompressible axisymmetric Navier–
Stokes equations, in the following conservative form:
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were solved in both the gas and liquid phases using the projection
method of Chorin11 with a multigrid Poisson solver for the pressure
equation.The discretizationin space was carried out on a staggered
grid accordingto the marker and cell (MAC) method of Harlow and
Welch.12 The levelsetmethodofSussmanet al.13 wasused tocapture
the liquid/gas interface, which yielded the local � uid properties of
each cell with a smooth transition between the gas and the liquid
phases near the interface. A redistancing algorithm according to
Sussman and Fatemi14 was used to maintain the level set as an
accurate distance function at all times. The interface calculations
allowed for effects of surface tension, pressure, and shear forces,
with surface tension representedas a body force distributedover the
interface having � nite thickness, following Brackbill et al.15 The
discretizations in both space and time were second-order accurate.

The domain size was typically 7.5 r0 £ 15 r0 and was covered
with a moving grid having 192 £ 384 cells. One side of the domain
correspondedwith the axis of symmetry of the drop. The boundary
conditions were symmetric along the sides of the domain, with a
� xed velocity across the inlet and a � xed pressure across the outlet.
The streamwise distance traveled by the drops caused by the ac-
celeration caused by the ambient � ow could be quite considerable;
therefore, a row of computational cells was deleted from the inlet
and added to the outlet by extrapolating radial velocities whenever
the center of mass crossed another grid row. As a result of this pro-
cedure, the center of mass of the drop was maintained roughly 1

3 of
the streamwise distancefrom the inlet of the computationaldomain.
Tests with solution regimes of double size (15 r0 £ 30 r0 ) and � ner
grids (384 £ 768cells) caused less than a 3% change,at deformation
conditionsapproachingbreakup, from the results reportedhere.The
simulations were started with an initially motionless radial plane of
the drop being subjected to a sudden divergence-freevelocity � eld.
This condition is equivalent to the step change in the ambient veloc-
ity that a drop experiencesimmediately after the passageof a shock-
wave disturbanceduring shock-tubeexperimentsof secondarydrop
breakup. Except for considerationof drop deformation in the pres-
ence of constant body forces, effects of buoyancy were neglected.
The � ow was assumed to be isothermal with constant liquid- and
gas-phase properties, with negligible effects of drop vaporization,
which corresponds to the conditions of the measurements used to
evaluate present computations.

Computational Evaluation
Prior to considering the deformation and breakup properties of

deforming drops, the numerical computations were evaluated us-
ing earlier measurements and computations concerning the � ow
over stationarysolid nondeformingspheres (solid spheres). This in-
cluded both the steady wake lengths and the drag coef� cients of
solid spheres as a function of the Reynolds number of the � ow over
the spheres [limited to conditionsprior to the transition to unsteady
(oscillating) wakes at Re D 130].

Visualizations of the streamline pattern of the � ow over solid
spheres at Reynolds numbers, Re D 20, 40, 80, and 120, are il-
lustrated in Fig. 1. The present computations provide the temporal
variationof the � ow; however,the time of the resultsshown in Fig. 1,
tu0=d0 D 15, is suf� ciently large for the streamline patterns to pro-
videan accuraterepresentationof steadystreamlinepatterns.For the
smallest Reynolds-numberconditionsillustrated in Fig. 1, Re D 20,
the � ow over the spherereattachessmoothlyat the downstreamstag-
nation point of the sphere, and there is no recirculatingwake region.
Recirculating wakes are similarly absent for Re < 20, extending
into the creeping � ow, or Stokes � ow regime. For Re > 20, how-
ever, a recirculatingwake appears having an annular con� guration
with the length that the recirculating wake projects in the stream-
wise direction progressively increasing with increasing Reynolds
numbers.
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Fig. 1 Nearly steady streamlines around a solid sphere at Reynolds
numbers of 20, 40, 80, and 120.

Fig. 2 Measured and predicted steady wake length behind a solid
sphere as a function of Reynolds number for values smaller than the
onset of instabilities (Re < 130). Measurements from Taneda,16 predic-
tions from Pruppacher et al.,17 Tomboulideset al.,18 Magnaudetet al.,19

Johnson and Patel,20 and the present investigation.

Present predictionsof the recirculatingwake length L , measured
from the downstream stagnation point of the solid sphere to the
point where the � ow reattaches at the axis normalized by sphere
diameter d0, are plotted as a function of Reynolds number in Fig. 2.
Also shown on the � gure are earlier determinations of L=d0 from
the experiments of Taneda16 and the numerical computations of
Pruppacher et al.,17 Tomboulides et al.,18 Magnaudet et al.,19 and
Johnson and Patel.20 All of the predictions are in good agreement
with the measurements,correctlyindicating� rst appearanceof a re-
circulatingwakeat Re D 20and the subsequentprogressiveincrease
of L=d0 with increasingReynolds number. The measurementsshow
that the wakes become unsteady and begin to oscillate at Re D 130;
the present steady and axisymmetric computations are no longer
appropriate at such conditions, and predicted and measured values
of L=d0 are terminated at this condition.

The present predictions of the drag coef� cients CD of solid
spheres, calculated from the momentum loss of the continuous
phase as it � ows over the sphere, are plotted as a function of
Reynolds number for Re D 10–103 in Fig. 3. Also shown on the � g-
ure are earlier determinationsof CD from the experiments of Roos
and Willmarth21 and from the numerical computations of Johnson

Fig. 3 Measured and predicted drag coef� cients as a function of
Reynolds number for solid spheres. Measurements from Roos and
Willmarth,21 predictions from Johnson and Patel,20 LeClair et al.,22

Dennis and Walker,23 Fornberg,24 Fadlun et al.,25 and the present
investigation.

Fig. 4 Steady streamlinepatterns for the steady wakes behind deform-
ing drops accelerated by constant body forces for Weber numbers of
0.16, 2.3, 6.5, and 12.

and Patel,20 LeClair et al.,22 Dennis and Walker,23 Fornberg,24 and
Fadlun et al.25 The agreement between the measurementsand all of
thepredictionsis excellent,showingthatCD is relativelyconstantfor
Re > 100 but increasesdramaticallyas Reynolds number decreases
toward the Stokes regime for Re < 100. Notably, the predictionsof
CD remain quite good for Re > 130, in spite of the unsteadinessof
the wakes at these conditions.This behavior suggests that the wake
unsteadinessdoes not have a signi� cant effect on solid sphere drag
properties for these conditions.

Taken together, the results illustrated in Figs. 2 and 3 suggest that
present numerical computations provide a reasonably good repre-
sentationof thecontinuousphase � ow oversolid spheres.Evaluation
of the computationswill continueby consideringdrop deformation;
these results are considered next.

Results and Discussion
Drop Deformation in Response to Steady Disturbances

The steady streamlines and shapes of drops being acceleratedby
a constant body force (gravity) are illustrated in Fig. 4. The predic-
tions illustrated in this � gure were completed for ethylene glycol
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Fig. 5 Measured and predicted steady drop deformation caused by a
constant body force as a function ofWeber number. Measurements from
Hsiang and Faeth3 and predictions from the present investigation.

drops dispersed in paraf� n oil at four different Weber numbers that
were achievedby varying the diameters of the drops. The computed
results are obtained at suf� ciently large times so that unsteady ef-
fects were small and steady streamlines can be illustrated.For such
conditions a variation of the Weber number causes a correspond-
ing variation of the Reynolds number of the � ow over the drop as
indicated on the plot. Typical of steady drop deformation measure-
ments in the literature, a progressive increase of the Weber number
causes a corresponding progressive increase of the deformation of
the drop. Notably, the appearance of a recirculating wake behind
the deformed drop occurs near Re D 30, which is not very differ-
ent from results considered earlier concerning � ows around solid
spheres, as discussed in connection with Figs. 1 and 2. The length
of the wake behind a deformed drop, however, is larger than the
length of a wake behind a solid sphere at comparable conditions
(for example, compare Figs. 1 and 4), as a result of the effect of
deformation modifying the location where the � ow separates from
the drop.

Predictions and measurements of the deformation of drops be-
ing accelerated by a constant body force (gravity) are illustrated
in Fig. 5. The predictions illustrated in this � gure were completed
for ethylene glycol drops moving in paraf� n oil, at terminal veloc-
ity conditions, similar to Fig. 4. Measured deformations for sim-
ilar conditions reported by Hsiang and Faeth3 are also illustrated
on the plot. For these results deformation is represented by the
parameter (dmax=dmin/1=3 ¡ 1, where dmax and dmin are the maxi-
mum (cross stream) and minimum (streamwise) dimensions of the
drop. The measurements of Hsiang and Faeth3 involve a variety of
drop/continuous-phasesystems having different liquid/gas density
and viscosity ratios and Reynolds numbers (with Reynolds num-
bers in the range 1–5 £ 103) at particularWeber number conditions.
The wide range of drop/continuous-phaseproperties no doubt con-
tributes to the scatter seen in Fig. 5; nevertheless,presentpredictions
of drop deformation are in reasonable agreement with the measure-
ments for the ethylene glycol drops in paraf� n oil that were specif-
ically considered. In particular, the rms differences between mea-
surements and present predictions for the ethylene glycol/paraf� n
results are less than half the rms differencesof the measurementsas
a whole; therefore, the agreement between measurements and pre-
dictions is about as good as can be expected in view of experimental
uncertainties.

Drop Deformation in Response to Shock-Wave Disturbances
The properties of drops subjected to shock-wave disturbances

for a given initial diameter and gas-phase properties (speci� cally
½G and ¹G/ are affected by the Weber number, the Ohnesorge
number, the liquid/gas density ratio, the liquid/gas viscosity ratio,
and the Reynolds number. (Note that the � fth parameter is a func-

Fig. 6 Visualization of liquid drop cross sections as a function of time
for variousWeber numbers (Re = 50,½L /½G = 2,Oh = 0.01;time of images
t/t¤ = 0, 1, 2, 3, 4, 5, and 6).

tion of the other four; therefore, only four of these parameters are
independent.) The effect of each of these variables on drop defor-
mation and breakup will be considered in the following, using the
present numerical simulations to develop the predictions.

The general behavior of drops exposed to a shock-wave distur-
banceis shown by the computedvisualizationsof the � ow illustrated
in Fig. 6. In this � gure the shape of the liquid/gas interface is illus-
trated as a function of time for Re D 50, ½L =½G D 2, Oh D 0:01,
and We D 2, 8, and 32. In these � gures the ambient � ow is from
left to right, the leftmost contour is the initial condition at t=t¤ D 0
and t=t¤ D 1; 2; 3; : : : ; 6 as the � gures progress from left to right,
where t¤ D .½L =½G /1=2d0=u0 is the characteristicdrop breakup time
proposed by Ranger and Nicholls.26 These conditions correspond
to the region between the onset of deformation observed during
experiments of Hsiang and Faeth1¡3 and the onset of breakup ob-
served during the experimentsdiscussedby Hinze,7 Hanson et al.,27

Krzeczkowski,28 Wierzba and Takayama,29 and Gel’fand.30 The
main differencebetween the conditionsof the experimentsand pre-
dictions is that the experiments involved ½L =½G > 500, whereas the
predictedresults illustratedin Fig. 6 were carried out for ½L =½G D 2.
It will be shown later, however, that the liquid/gas density ratio does
not have a large effect on the deformationpropertiesof liquid drops
subjected to shock-wave disturbances; therefore, the results illus-
trated in Fig. 6 resemble the experimental results mentioned earlier.
The liquid drop is seen to respond to the motion of the ambient gas
by both translating in the streamwise direction and deforming from
its initial circular shape. The translation is caused by the drag of
the ambient � ow on the liquid drop as a whole. The shape defor-
mation comes about because acceleration of the ambient � uid over
the liquid drop causes reduced pressures near the position of the
maximum cross-stream(or frontal) area of the drop; this causes the
liquid to move in the cross-stream direction until it is brought to
a stop by surface tension forces. Increased Weber numbers can be
interpretedas increased destabilizingdrag force per unit stabilizing
surface tensionforce; this causesa progressivelylarger cross-stream
deformationof the drop leading to both largerdrop drag coef� cients
and larger drop drag forces. The correspondingreduced liquid drop
stability and increased drag force eventually leads to breakup of the
liquid drop, based on the observations of Refs. 1–3, 5, and 27–30;
however, breakup could not be speci� cally simulated during the
present calculations because it involves the formation of nodes and
other three-dimensionalphenomena that cannot be treated because
of the axisymmetric nature of the present numerical simulations.
When liquid viscosity is small, as is the case for the results of Fig. 6
(e.g., Oh D 0:01) and for moderate levels of maximum deformation
(e.g., We D 2 and 8 in Fig. 6), the drops reach a maximum defor-
mation condition and then gradually return to a spherical shape in
a decaying oscillatory manner because the acceleration of the drop
eventually reduces the velocity difference between the drop and
ambient � uid and thus the magnitude of the drag forces to a neg-
ligible value. Notably, similar oscillatory drop shape behavior was
observedby Hsiang and Faeth1 for Oh < 0:1 and We > 2 until drop
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Fig. 7 Predicted and measured deformation and breakup regime
map in the classical drop drag force/surface-tension-force (We) and
liquid-viscous-force/surface-tension-force (Oh) coordinates of Hinze7:
measurements from Hsiang and Faeth3; predictions from the present
investigation.

breakup was observed, which is in qualitative agreement with the
results illustrated in Fig. 6.

Measurements and numerical predictions of the maximum nor-
malizeddeformationof drops,de� ned as .dc max ¡ d0/=d0, subjected
to shock-wave disturbances are illustrated in Fig. 7. This � gure is
plotted according to the classical Hinze7 approach with deforma-
tion and breakup properties plotted as a function of the drop drag-
force/surface-tension-force ratio (representedby theWebernumber)
and the drop liquid-viscous-force/surface-tension-force ratio (rep-
resented by the Ohnesorge number). The computationsprovide the
normalized maximum drop deformation (dc max ¡ d0/=d0 D 5, 20,
and 80% as a function of Weber and Ohnesorgenumbers. The com-
putations were speci� cally carried out for liquid/gas density ratios
of 128–1 (reachingthe in� nite densityratioconditionby extrapola-
tion of the predictionswhich showed negligibleeffects of liquid/gas
densityratio forvalueslarger than 128)and forReynoldsnumbersof
the � ow over the drop of 2 £ 102–16 £ 103. Measurements of drop
deformation and breakup from Hsiang and Faeth3 are also shown
on the plots involving .dc max ¡ d0/=d0 D 5 and 20% as well as their
determination of the onset of breakup. These experiments involved
½L =½G D 580–12,000 and Re D 3:4 £ 102–15:76 £ 103; therefore,
the conditions of the measurements and the predictions are com-
parable. The agreement between the measurements and the pre-
dictions is excellent. The results also show that a predicted nor-
malized maximum deformation of 80% provides an excellent es-
timate of the conditions required for the onset of breakup. This
predicted breakup approximation will be adopted in the follow-
ing as a simpli� ed way to estimate breakup using computations of
deformation. As noted earlier, this approximation avoids the three-
dimensional and high-resolution requirements of precise numeri-
cal simulations of breakup that would require excessive computa-
tional times and costs in order to consider the range of parameters
treated during the current calculations, in view of current computer
capabilities.

The classical Hinze7 deformation and breakup regime plot was
motivated by noting that when effects of liquid viscosity are small
Oh ¿ 1 drop stability implies that drop drag forces (proportionalto
½G u2

0 ) are balanced by drop surface-tensionforces (proportional to
¾=d0 ), which implies that ¾=d0 » ½Gu2

0 , or Ref. 7:
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½G d0u2

0

¯
¾

¢
cr

D constant; Oh ¿ 1 (4)

This approach is quite successful for correlating drop deformation
and breakup properties when effects of liquid viscosity are small,
yielding Wecr D O.1/ and O.10/ for the onset of deformation and
breakup, respectively, as indicated in Fig. 7. This approach has

proven to be quite robust when liquid viscous effects are small be-
causeeffects of liquid/gas density and viscosity ratios and Reynolds
numbersare small for the rangeof conditionsconsideredduring typ-
ical experiments involvingdrop deformationand breakupcausedby
shock-wave disturbances, based on the results of the present com-
putations, as noted earlier.

When surface tension effects become small, Oh À 1, drop
stability implies that drop drag forces (proportional to ½G u2

0 )
are balanced by drop liquid-viscous forces (proportional to
¹L uL0=d0 D ¹L u0.½G=½L )1=2=d0 after employing the Ranger and
Nicholls26 approximation for the characteristic liquid velocity, that
is, uL0 » .½G=½L /1=2u0). In this case drop stability implies that
¹L .½G =½L /1=2u0=d0 » ½Gu2

0 , or
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The tendency of the results illustrated to approach this behavior as
Oh increases for values of Oh greater than unity is evident from the
results illustratedin Fig. 7; the largerrangeof Oh of the deformation
experimentsof Hsiang and Faeth1 providesadditionalevidence that
the onset of particular degrees of deformation is represented by
Wecr » Oh2

cr at large Ohnesorge numbers.
An undesirable feature of the classical Hinze7 deformation and

breakup regime map illustrated in Fig. 7 involves the awkward
treatment of deformation and breakup regime transitions at large
Ohnesorge numbers, where liquid viscosity is much more impor-
tant for stabilizing drop deformation and breakup than the surface
tension. In particular, the value of We at regime transitions varies
with Oh at large Oh rather than remaining independentof Oh and
providing a well de� ned value of We at the onset of various defor-
mation and breakup transitions as at small Oh. A more convenient
approach for representingconditions when effects of liquid viscos-
ity are large, at largeOhnesorge-numberconditions,can be obtained
by accountingfor liquid viscouseffects directlyby plottingdrop de-
formation and breakup regime boundaries as functions of the ratio
of drop drag forces (proportional to ½G u2

0 ) to drop liquid-viscous
forces [proportional to ¹L .½G =½L /1=2u0=d0], or

drag forces=liquid-viscousforces D We
1
2
¯

Oh (6)

as a function of the ratio of drop surface-tension forces to liquid
viscous forces, or 1=Oh. Figure 8 is an illustration of the
drop deformation and breakup regime map in these new
coordinates. Results illustrated in this � gure are the same
as those in Fig. 7; namely, computed maximum normalized
drop deformations .dc max ¡ d0/=d0 D 5, 20, and 80% from the
present investigation and measured maximum normalized drop

Fig. 8 Predicted and measured deformation and breakup regime
map in the revised drop drag force/liquid-viscous-force (We1=2 /Oh)
and surface-tension force/liquid-viscous-force (1/Oh) coordinates: mea-
surements from Hsiang and Faeth3; predictions from the present
investigation.
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deformations .dc max ¡ d0/=d0 D 5 and 20% and the correspond-
ing drop breakup regime boundary, from Hsiang and Faeth3—
the latter extending to values of Oh in the range 100–1000
that could not be reached at both large liquid/gas density ra-
tios and large Reynolds numbers during present calculations
because of increased computational costs at these conditions.
As before, the comparison between predicted and measured de-
formations is very good, whereas the predicted 80% normalized
deformationgenerallycorrespondsto the measured breakup regime
boundary. The advantage of the deformation and breakup regime
map of Fig. 8, however, is that the deformation and breakup regime
boundaries are constant for Oh À 1. Naturally, when Oh ¿ 1
and the deformation and breakup regime transitions are charac-
terized by constant values of We, then We1=2=Oh » 1=Oh as in-
dicated in Fig. 8. Finally, the tendency for regime transitions at
large Ohnesorge numbers to be characterized by constant values
of We1=2=Oh can be seen from the results illustrated in Fig. 8,
particularly from the measurements of Hsiang and Faeth3 that ex-
tend to relatively large values of Oh (or small values of 1=Oh).
Taken together, the deformationand breakup regime plots of Figs. 7
and 8 are complimentary: the classical Hinze7 approach illus-
trated in Fig. 7 is particularly convenient when effects of liquid
viscosity are small, whereas the modi� ed approach illustrated in
Fig. 8 is particularly convenient when effects of surface tension
are small.

Computed Effects of Density Ratio and Reynolds
Number on Deformation

Deformationand breakupregime maps in the new We1=2=Oh and
1=Oh coordinates were used to illustrate the effects of liquid/gas
densityratio and Reynolds numberon the deformationpropertiesof
drops subjected to shock-wave disturbances.Results for liquid/gas
density ratio are plotted along these lines in Fig. 9. These results
involve computations of the values of We1=2=Oh and 1=Oh re-
quired for a deformation .dc max ¡ d0/=d0 D 20%; for ½L =½G D 2, 8,
32; and 1 (the last by extrapolation) for a Reynolds number of the
� ow over the drop of 50. (Later results will show that effects of
Reynolds number are relatively small for values of Re ¸ 50.) The
predictionsshow that effects of ½L =½G for the very large range 2–1
are relatively small for 1=Oh > 10 (or Oh < 0:1). Even for values
of 1=Oh < 10, however, effectsof ½L =½G in the range 32–1 remain
relativelysmall (roughly3:1) for large values of Oh. Becauseof the
relationshipbetween the onset of drop breakupand a critical degree
of dropdeformationfordropssubjectedto shock-wavedisturbances,
it is likely that effects of ½L =½G variations on drop breakup prop-
erties are similar to those pictured for 20% deformation in Fig. 9;
however,numericalsimulationsandexperimentsdirectlyevaluating
effects of liquid/gas density ratio on breakup clearly are merited.

Fig. 9 Predicted effect of liquid/gas density ratio in the revised
drop drag force/liquid-viscous-force (We1=2 /Oh) and surface-tension
force/liquid-viscous-force (1/Oh) coordinates.

Fig. 10 Predicted effect of Reynolds number on drop deformation for
½L /½G = 32 and Oh = 0.01.

Correspondingresults considering effects of the initial Reynolds
number of the � ow over the drop on the deformation properties of
dropssubjectedto shock-wavedisturbancesare illustratedin Fig. 10.
These resultsinvolve the computationof the Weber number required
for a maximum deformation, (dc max ¡ d0/=d0 D 20%, as a function
of the Reynolds number of the � ow over the drop for ½L=½G D 32
and Oh D 0:01. As already noted, variations of ½L =½G in the range
32–1 have a relatively small effect on these results; corresponding
variationsof Oh, for Oh < 1, do nothave a signi� canteffecton these
results as well. These predictionsindicate that the Reynoldsnumber
has a relativelysmall effect on conditionsrequiredfor particularlev-
els of deformationfor values in the range 100–1000as alreadymen-
tioned, for example,presentpredictionsof mean drag coef� cient are
in good agreementwith measurements in Fig. 3 in spite of effects of
eddy shedding for Re > 130, whereas characteristic times of eddy
shedding are small compared to drop relaxation time for present
conditions so that the drops do not respond to effects of eddy shed-
ding in any event. Reducing the Reynolds number to values below
Re D 100, however, results in a substantial increase of the resis-
tance of the drop to deformation, particularly when the Reynolds
numbers become small as the creeping (Stokes) � ow regime is ap-
proached. This behavior can be traced to the effect of Reynolds
number on the drag coef� cient of the drops (see Fig. 3). It is evi-
dent that the resistance of drops to deformation is correlated very
strongly with the variation of the drop drag coef� cient as a function
of the Reynoldsnumber. In particular,the weak variationofCD with
Reynolds number for Re > 100 corresponds to the relatively small
effectofReynoldsnumberon dropdeformationfor theseconditions,
whereas the relatively large increase of CD with Reynolds number
for Re · 100correspondsto the substantiallyincreasedresistanceof
dropsto deformationin this region.These effectscan be attributedto
the more rapid relaxationof thedrop velocityto the ambientvelocity
when CD increases, which leaves less time for signi� cant levels of
deformation to develop before the relative velocity of the drop be-
comes small. Similar to the discussion of the effect of liquid/gas
density ratio on the maximum drop deformation in connection
with Fig. 3, however, direct experimental or numerical con� rma-
tion of effects of Reynolds number on the behaviorof drop breakup
clearly are needed.

Finally, the predictions were used to study the effect of liquid/
gas density ratio on the dynamics of drop deformation caused by
shock-wave disturbances. Some typical results of these computa-
tions are illustrated in Fig. 11, where the effect of the maximum
deformationratio dc max=d0 on the normalized time to reach the max-
imum deformation condition tmax=t¤ is plotted for various liquid/
gas density ratios. When ½L =½G D 32–1 and Re > 50, the varia-
tion of tmax=t¤ as a function of dc max=d0 is universal—exhibiting
little effect of variations of ½L=½G and Reynolds number. For
these conditions the results of the computationscouldbe correlated
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Fig. 11 Predicted normalized times to reach the maximum deforma-
tion condition tmax/t¤, as a function of the maximum deformation ratio
dc max/d0 .

as follows:

tmax

¯
t¤ D 1:53.dc max=d0 ¡ 1/0:52; ½L =½G ¸ 32; Re ¸ 50

(7)

Equation (4) indicates that effects of liquid/gas density ratio on
drop deformation dynamics can be scaled reasonably well in terms
of t=t¤, as suggestedby Ranger and Nicholls26 when ½L =½G is large.
For smaller valuesof ½L =½G , however, reductionof ½L =½G results in
retarded developmentof drop deformation as a function of normal-
ized time, in a region where tmax=t¤ becomes a complex function of
both the liquid/gas density ratio and the degree of deformation.

Conclusions
The major conclusionsof the present computational study of the

deformation, drag, and breakup properties of round liquid drops
subjected to shock-wave disturbances are as follows:

1) Present predictions of the wake and drag properties of solid
spheres and the deformation and breakup properties of deform-
ing round liquid drops, subjected to steady and shock-wave dis-
turbances, were in good agreement with existing measurements.

2) The liquid/gas density ratio had a surprisingly small effect on
the deformationand breakuppropertiesof drops subjectedto shock-
wave disturbances for values of ½L =½G > 32, particularly when the
Ohnesorge number is small.

3) The Reynolds number of the gaseous � ow over the drop had a
surprisinglysmall effect on the deformation and breakupproperties
of drops for Re ¸ 100, where the drop drag coef� cient is relatively
independent of Reynolds number. However, as the Reynolds num-
ber was reduced and approached the Stokes range, drop resistance
to deformation and breakup increased signi� cantly because of the
increase of the drag coef� cient in this region. This allowed drops
to approach gas velocities relatively rapidly and prevented them
fromreachingthe relativelylargedeformationsassociatedwith drop
breakup.

4) At large Ohnesorge numbers, surface tension has a negligi-
ble effect on drop deformation and breakup, which become more
dominated by liquid viscous effects. This behavior introduces un-
desirable variations of the Weber number at drop deformation and
breakup transitions as a function of the Ohnesorge numbers when
plotted as functions of Weber and Ohnesorge numbers, as proposed
by Hinze.7 It was found that plotting the ratio of drop drag forces
to liquid-viscous forces, We1=2=Oh, as a function of the ratio of
drop surface-tension forces to liquid-viscous forces, 1=Oh, how-
ever, yielded deformation and breakup regime transitions that were
relatively independent of Oh at large Ohnesorge numbers and pro-
vided a more convenient treatment of these transitionsat conditions

where effects of liquid viscosity dominate effects of surface tension
for stabilizing drop deformation and breakup.
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