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Hydrodynamic cavitation reactors are known to intensify diverse physical and chemical processes. In this article, flow
regime maps have been proposed that give an overview of the operation of hydrodynamic cavitation reactor for different
combinations of design and process parameters. These maps are based on simulations of cavitating flow using mathematical
model that couples continuum mixture model with diffusion limited model. Specific flow regimes have been identified
depending on the energetics of the collapse of cavitation bubble as sonophysical, sonochemical, and stable oscillatory (no
physical or chemical effect). The radial motion of the bubble in the cavitating flow is governed by the mean and turbulent
pressure gradients, which in turn, are decided by the design parameters. An analysis of variations in the pressure gradients
in the cavitating flow with design parameters has been given. The flow regime maps form a useful tool for identification of
most optimum set of design parameters for hydrodynamic cavitation reactor for a physical or chemical process. VVC 2012
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Introduction

Occurrence of physical or chemical change in a system is
accompanied by energy transaction (either withdrawal or
supply) across the system. For the transformations that
require introduction of energy into the system, the method of
energy introduction is a critical factor that governs the over-
all efficiency, and hence, viability and feasibility of the pro-
cess. Among the new technologies, which have capability of
introducing energy in the system in an efficient manner is
the cavitation technology. In this technology, the cavitation
phenomenon, that is, radial motion of a tiny gas/vapor bub-
ble (comprising of nucleation, growth, and transient collapse)
is used for producing the desired physical/chemical transfor-
mation. This radial motion (or volume oscillations) of the
bubble are induced by variation of bulk pressure in the me-
dium. Two simple means of varying the bulk pressure in a
liquid medium are (1) passage of an ultrasound wave (in
case of either stagnant or flowing medium) or (2) change of
liquid velocity (in case of flowing medium) due to change in
the flow geometry. The former method is known as acoustic
cavitation, whereas the latter method is called hydrodynamic
cavitation.

Research in the past two decades has demonstrated
immense promise of hydrodynamic cavitation reactors for
intensification of various physical and chemical processes
such as degradation of dyes,1 hydrolysis of oils,2 degradation
of recalcitrant pollutants and wastewater treatment,3,4 nano-
synthesis,5,6 potable water disinfection,7 and microbial cell
disruption.8,9 The literature on application of hydrodynamic
cavitation for process intensification is quite vast and refer-
ences cited above are only a few representative studies. The
subject of modeling and optimization of hydrodynamic cavi-
tation has been addressed by several authors. Moholkar and
Pandit10 and Moholkar et al.11 reported simulations of single
bubble in cavitating flow from orifice using linear pressure
recovery, and linear pressure recovery with superimposed
turbulent pressure fluctuations in the downstream region of
orifice. Chatterjee and Arakeri12 performed simulations of
cavitating flow in a venturi to determine the maximum size
of gas nuclei that would grow in the flow. Kumar and Pan-
dit13 have used the bubble cluster model of Morch for simu-
lations of hydrodynamic cavitation in venturi tube and high
speed homogenizer. Vichare et al.14 and Kanthale et al.15

have also used the cluster model for optimization of hydro-
dynamic cavitation in concurrence with experiments with a
model sonochemical reaction. Gogate and Pandit16 and
Gogate et al.17 have reported simulations of hydrodynamic
cavitation reactors using a combination of models of Ray-
leigh–Plesset (for bubble wall Mach no. � 1) and model of
Tomita–Shima (for bubble wall Mach no. [ 1), and also
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have validated their results using Weissler reaction as the
yardstick for cavitation yield and efficiency. Chatterjee18 has
reported experimental and numerical studies in controlling
hydrodynamic cavitation in the shear layer downstream of a
sudden expansion. Arrojo and Benito19 have concluded that
time scales of bubble motion in compression/rarefaction
phase control the nature of bubble collapse. Larger time
scales were found to hinder bubble collapse and reduce cavi-
tation intensity. Sharma et al.20 have modeled the reaction—
diffusion kinetics of a cavitation bubble in flow downstream
of an orifice. Mahulkar et al.21 have investigated cavitation
induced by injection of steam jet in subcooled water using
numerical model for hydrodynamic cavitation. For greater
details on literature on hydrodynamic cavitation, we refer to
the reader to state-of-the-art reviews by Gogate22,23 and
Gogate and Pandit.24,25

Aim and approach of this study

Hydrodynamic cavitation can be generated by throttling
discharge of a pump through constrictions such as a venturi
or an orifice. In most of the literature on simulations of
hydrodynamic cavitation reactors, a single and isolated bub-
ble model has been used as basis. Thus, the bubble/bubble
and bubble/flow interactions were ignored in most of the
previous articles. In our earlier articles,26,27 we had presented
a unified model for hydrodynamic cavitation for both venturi
as well as orifice configuration that took into account the
bubble/bubble and bubble/flow interaction. This model was
based on the continuum mixture model of van Wijngaar-
den28,29 in which the nonlinear continuum model for bubbly
mixture was coupled with Rayleigh–Plesset equation.30,31

This model revealed interesting facets of cavitation bubble dy-
namics in both venturi and orifice flow configuration. It also
gave an account of the influence of different design and process
parameters on cavitation bubble dynamics, which formed useful
guidelines and tools for design and optimization of hydrody-
namic cavitation reactors. A major approximation in this model
was neglection of the heat- and mass-transfer effects across
bubble interface during the radial motion. More recently, we
have addressed this important issue by extending the diffusion
limited model of Toegel et al.32 to hydrodynamic cavitation,33–

35 in which it was revealed that vapor transport across bubble
interface was a major phenomenon affecting the cavitation bub-
ble dynamics.

In this work, we have coupled the continuum mixture
model to the diffusion limited model to study the dynamic
behavior of cavitating flow downstream of an orifice. The
new model reported in this article is more comprehensive
and physically realistic in that it addresses all physical
aspects of hydrodynamics of cavitating flow and the dynam-
ics of the cavitation bubbles. This model takes into consider-
ation the bubble/flow and bubble/bubble interaction, in
addition to heat transfer and solvent vapor transport across
bubble during radial motion. Another peculiarity of this
work is that we have presented the results in the form of
maps of flow regimes (represented by combination of design
and process parameters) that characterize different types of
bubble behavior, and thus, are useful in design and optimiza-
tion of the hydrodynamic cavitation reactor for a particular
physical or chemical process.

Mathematical Model

As stated earlier, the mathematical model of our study is
based on coupling of the continuum mixture model of van

Wijngaarden28,29 to the diffusion limited model of Toegel
et al.32 Basic equations of both of these models along with
background information has been given in the Supporting In-
formation provided in this article. The two models are
coupled through the bulk pressure term. An important module
of the model is the estimation of turbulent fluctuation velocity
downstream of the orifice. This velocity is superimposed over
the mean flow velocity and gives rise to fluctuations in pres-
sure gradient that ultimately influence the resultant bubble
behavior. Calculation of the turbulent fluctuation velocity
using Kolmogoroff’s hypothesis is also explained in the Sup-
porting Information provided in this article.10 We have listed
below the main equations of the steady-state bubble dynamics
model that result after coupling of the continuum mixture
model and diffusion limited bubble dynamics model. In case
of cavitating flow in geometries such as an orifice plate, the
mean flow parameters change rapidly in space and time due
to acceleration/deceleration of the flow, and hence, the
method of simple linearization is not applicable. Hence, we
adopt the approach of Wang and Brennen,30,31 based on the
assumption of steady-state cavitating flow for a constant mass
flow rate. In addition, we make two simplifying assumptions:

1. The mean flow expands linearly down stream of the
orifice with flow area A(x) written as

AðxÞ ¼ Ao þ
Ap � Ao

L

8>: 9>;x (1)

2. The steady-state frequency of the turbulent fluctuation
velocity fT (i.e., the total number of oscillations of the turbu-
lent fluctuating velocity in the region of pressure recovery, L
¼ 8dp) is obtained by multiplying the rate of energy transfer
(u
0
/l) with the time of pressure recovery downstream of the

orifice (trec), which is calculated using Newton’s equations.
The oscillatory nature of u

0
is approximated with a sinusoidal

function (u
0 ¼ u

0
sin (2pfTx/L)), and thus, the instantaneous

fluid velocity U is written as sum of mean (u) velocity (cal-
culated using continuity Eq. A.4 given in Supporting Infor-
mation) and turbulent fluctuating velocity

U ¼ uþ �u0 sin
2pfTx

L

8>: 9>; (2)

We have chosen air–water system as the model system for
our analysis, and hence, hereafter the word ‘‘solvent or liq-
uid’’ refers to water while the word ‘‘gas’’ refers to air. At
steady state, the bubble dynamics model is given by follow-
ing set of equations

qLð1� 4pnR3=3ÞuA ¼ constant (3)

U
dU

dx
¼ � 1

qLð1� 4pnR3=3Þ
dp

dx
(4)
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Cv;mix

dT

dx
¼ dQ

dx
� Pi

dV

dx
þ hW � UWð Þ dNW

dx
(8)

Replacing p in Eq. 4 by Pt in Eq. 5 gives a system of six
simultaneous differential equations which can be solved using
Runge–Kutta fourth-order–fifth-order method with adaptive
step size control36 to get the radius history of the bubble along
with instantaneous number of molecules trapped in the bubble
and the temperature and pressure. The other physical proper-
ties of the flow are: density (qL) ¼ 1000 kg m–3, surface
tension (r) ¼ 0.072 N m–1, and effective viscosity (l) ¼ 10�2

Pa s, so as to account for various mechanisms for damping of
bubble oscillations.37 The initial conditions used for the
solution are: x ¼ 0, R ¼ Ro ¼ 100 lm, u ¼ uo, Nw ¼ 0, and
T ¼ To ¼ 293 K. Ro is the initial (or equilibrium) radius of the
bubble, which is difficult to measure experimentally. A typical
range of the bubble sizes in hydrodynamic cavitation is
50–500 lm. We have chosen 100 lm as a representative value
of this range.

For scanning of the parameter space for operation of
hydrodynamic cavitation reactor, we have chosen three typi-
cal values of recovery pressure (P2), four values for orifice
to pipe diameter ratio (b), three values of cavitation number
(Ci), and four values of the bubble volume fraction (a) gen-
erated at the vena contracta. These values have been listed
in Table 1. Permutation–combination of these parameters
gives 144 sets of operating conditions for which simulations
have been carried out.

Criteria for mapping of flow regime and
characterization of bubble motion

The flow regimes under different set of operating condi-
tions were mapped on the basis of radial motion of the bub-
bles in the flow. The bubble motion was characterized in
four categories: (1) stable oscillatory (OSC) inducing neither
sonophysical (SP) nor sonochemical effect, (2) transient
inducing SP effect, (3) transient inducing SP as well as
sonochemical effect, and (4) indiscriminate expansion lead-
ing to flashing of the flow (Flash). In the OSC type motion,
the expansion of the bubble during radial motion was less
than 50% of its original size (� 1.5Ro) and the temperature
in the bubble remained low (typically � 400 K). For distin-
guishing between regimes of SP and sonochemical effects,
we determined the minimum temperature (in the pressure
range between 500 kPa and 100 MPa) at which the dissocia-
tion of H2O will lead to formation of �OH radical. We
selected �OH radical on the basis that it is the predominant
radical species among all species formed after dissociation
of water, and second, in most of the sonochemical reactions,
�OH radicals play the dominant role in overall chemistry.
We assumed thermal equilibrium to prevail in bubble
throughout radial motion.38 Using the software FACTSAGE
that uses Gibbs energy minimization technique,39,40 the tem-

perature at which �OH radical formation commences
(through dissociation of water molecules) was determined as
� 900 K. Thus, the sonochemical regime is characterized by
strongly transient bubble motion with collapse temperature
(Tmax) � 900 K, whereas the SP regime is characterized by
moderately transient bubble motion with collapse tempera-
tures in the range 400 K � Tmax � 900 K. Criteria for flash-
ing has been explained in the next section.

Flow stability (or flashing) criterion

Consider two points, namely 0 and x downstream of ori-
fice in the cavitating flow. Point 0 corresponds to the vena
contracta, while x is any arbitrary location. We assume Ci ¼
1, so that pressure in the flow at vena contracta falls to
vapor pressure of liquid. Applying Bernoulli equation
between 0 and x, we get

Px þ
1

2
qu2

x ¼ Po þ
1

2
qu2

o (9)

Rearrangement gives

Px � Poð Þ= qu2
o=2

� �
¼ 1� ux=uoð Þ2¼ Cx (10)

From continuity equation (Supporting Information, Eq. A4),
we can write: u ¼ constant/A (1 � a), which gives uo ¼
constant/Ao (1 � ao) and ux ¼ constant/Ax (1 � ax).

a x; tð Þ ¼ 4npR3 x;tð Þ=3

1þ4npR3 x;tð Þ=3ð Þ
is the bubble volume fraction in the

medium. Substituting for the velocities yields:

Cx ¼ 1� 1�aoð ÞAo

1�axð ÞAx

h i2

. Further, substituting for area ratio Ao/

Ax ¼ b2
x gives

Cx ¼ 1� 1� aoð Þ
1� axð Þ b

2
x

� �2

(11)

It could be easily perceived that when bulk pressure in the
flow downstream of orifice falls below vapor pressure leading
to rapid expansion of the bubbles and vaporization of liquid.
We call this phenomenon as ‘‘flashing of flow,’’ which occurs
for condition Cx � 0. This condition has been used to identify
sets of design and process parameters, for which the flow
downstream of the orifice flashes.

Results

Representative simulations of radial motion of cavitation
bubble for each of four categories, namely flashing, moder-
ately transient, strongly transient, and oscillatory, are
depicted in Figures 1–3. The flow regime maps for oscilla-
tory, moderately transient and strongly transient bubble
motions for all four initial bubble volume fractions are given
in Figures 4–6, respectively. These flow regime maps are
essentially contour plots of cavitation number (which is a
process parameter) against orifice to pipe diameter ratio and
recovery pressure downstream of orifice, both of which are
design parameters. Numerical results of entire 144 simula-
tions (depicting the peak temperature attained during tran-
sient collapse and the characteristic bubble motion) have
been given in Supporting Information, Table A.4–A.7.

The flow regime maps give an interesting account of rela-
tive impact of recovery pressure (P2), orifice to pipe diame-
ter ratio (b), and cavitation number (Ci), on the nature of the
cavitating flow generated. Some general trends of bubble

Table 1. Range of Simulation Parameters

Parameter Representative Values

1. Recovery pressure (P2, kPa) 101.3 (1 atm), 202.6 (2 atm),
303.9 (3 atm)

2. Orifice to pipe diameter ratio (b) 0.3, 0.4, 0.5, 0.6
3. Cavitation number (Ci) 1.0, 1.1, 1.2
4. Initial bubble volume fraction (a) 1 � 10�8, 2 � 10�8,

1 � 10�7, 2 � 10�8

A pipe size of 0.0504 m or 2 in. ID and an initial size of 100 lm have been
considered for all simulations. Liquid temperature is assumed to be 293 K or
20�C.
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behavior for all values of a observed through the flow re-
gime maps are as follows:

1. Oscillatory bubble behavior is seen for all values of a

in entire range of recovery pressure, orifice to pipe diameter
ratios > 0.35 and cavitation number > 1.1.

(2) Moderately transient bubble behavior is seen for Ci ¼
1 (or nearly 1) in entire range of recovery pressures and ori-
fice to pipe diameter range of 0.4–0.6. However, for same
cavitation number, for higher values of recovery pressure
(202.6 or 303.9 kPa), the region of moderately transient bub-
ble behavior is restricted for low values of orifice to pipe di-
ameter ratio (\ 0.4).

(3) The region corresponding to the strongly transient
bubble behavior is more restricted, especially for higher bub-

ble volume fractions of 1 � 10�7 and 2 � 10�7. This region
is bounded by Ci range 1–1.1 and orifice to pipe diameter
range 0.4–0.6 for all values of recovery pressure.

The influence of the design and process parameters on
cavitation bubble behavior as seen from the simulation
results is summarized below.

Influence of orifice to pipe diameter ratio (b)

For all values of orifice to pipe diameter ratios considered
in simulations, cavitation bubbles show only moderately
transient behavior for Ci ¼ 1 and P2 ¼ 101.3 kPa. This trend
is consistent for all bubble volume fractions. As P2 increases
with cavitation number remaining the same, the bubble
motion becomes more intense. For P2 ¼ 202.6 kPa and b ¼
0.6, flashing of the flow occurs for a ¼ 1 � 10�7 and 2 �
10�7, whereas for b ¼ 0.3, 0.4, and 0.5, the bubble under-
goes a strong transient collapse giving sonochemical effect
for all values of a. An interesting result is seen for a ¼ 1 �
10�8 and 2 � 10�8 at Ci ¼ 1, the intensity of the bubble
motion shows a minima at b ¼ 0.5. As the recovery pressure
increases to 303.9 kPa, the bubble motion becomes strongly
transient for all values of a and b at Ci ¼ 1.

Influence of cavitation number (Ci)

For all values of a at P2 ¼ 101.3 kPa and b ¼ 0.3, the
cavitation bubble shows moderately transient behavior at Ci

¼ 1 and 1.1, whereas at Ci ¼ 1.2, the bubble motion trans-
forms into a small amplitude oscillatory type. This trend
remains same for all values of a at higher recovery pressures
of 202.6 and 303.9 kPa. With orifice to pipe diameter ratio
rising to 0.4, the above behavior of cavitation bubbles stays
the same for P2 ¼ 101.3 kPa; however, at higher recovery
pressures (202.6 and 303.9 kPa), strongly transient behavior
is seen for Ci ¼ 1 and 1.1, whereas at Ci ¼ 1.2, the bubble
motion becomes moderately transient or oscillatory. This
demonstrates that the influence of cavitation number on bub-
ble behavior is sharper at higher recovery pressures. At b ¼
0.5 as well, it is seen that bubble behavior is moderately

Figure 2. Simulation results: space variation of number
of solvent (water) molecules in the cavitation
bubble in different flow regimes.

Parameter set for flashing regime: P2 ¼ 202.6 kPa, Ci ¼ 1,

b ¼ 0.6, a ¼ 2 � 10�7; parameter set for regime with mod-

erately transient behavior: P2 ¼ 101.3 kPa, Ci ¼ 1, b ¼ 0.6,

a ¼ 1 � 10�7; parameter set for regime with strongly tran-

sient behavior: P2 ¼ 303.9 kPa, Ci ¼ 1, b ¼ 0.3, a ¼ 1 �
10�7; parameter set for regime with oscillatory behavior:

P2 ¼ 101.3 kPa, Ci ¼ 1.1, b ¼ 0.6, a ¼ 2 � 10�8.

Figure 3. Simulation results: space variation of temper-
ature inside the cavitation bubble in different
flow regimes.

Parameter set for flashing regime: P2 ¼ 202.6 kPa, Ci ¼
1, b ¼ 0.6, a ¼ 2 � 10�7; parameter set for regime with

moderately transient behavior: P2 ¼ 101.3 kPa, Ci ¼ 1,

b ¼ 0.6, a ¼ 1 � 10�7; parameter set for regime with

strongly transient behavior: P2 ¼ 303.9 kPa, Ci ¼ 1, b ¼
0.3, a ¼ 1 � 10�7; parameter set for regime with oscilla-

tory behavior: P2 ¼ 101.3 kPa, Ci ¼ 1.1, b ¼ 0.6, a ¼ 2

� 10�8.

Figure 1. Simulation results: space variation of (dimen-
sionless) radius of cavitation bubbles in dif-
ferent flow regimes.

Parameter set for flashing regime: P2 ¼ 202.6 kPa, Ci ¼
1, b ¼ 0.6, a ¼ 2 � 10�7; parameter set for regime with

moderately transient behavior: P2 ¼ 101.3 kPa, Ci ¼ 1,

b ¼ 0.6, a ¼ 1 � 10�7; parameter set for regime with

strongly transient behavior: P2 ¼ 303.9 kPa, Ci ¼ 1, b ¼
0.3, a ¼ 1 � 10�7; parameter set for regime with oscilla-

tory behavior: P2 ¼ 101.3 kPa, Ci ¼ 1.1, b ¼ 0.6, a ¼ 2

� 10�8.
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transient at Ci ¼ 1 and P2 ¼ 101.3 kPa for all values of a,
and strongly transient at higher recovery pressures. The high-
est sensitivity of the flow behavior toward Ci for all values
of a is seen at high recovery pressures of 202.6 or 303.9 kPa
and b ¼ 0.6. In this case, a sharp transition in radial motion
of bubble is seen with small change in Ci, for example, from
strongly transient behavior at Ci ¼ 1 to oscillatory behavior
at Ci ¼ 1.1 or 1.2; or from flashing of the flow (at a ¼ 1 �
10�7 and 2 � 10�7) for Ci ¼ 1 to oscillatory behavior at Ci

¼ 1.1 or 1.2.

Influence of recovery pressure (P2)

The general trend in the bubble behavior with increasing
P2 at Ci ¼ 1 for all values of a and b is that the bubble
motion becomes more intense. However, there are some
exceptions as follows: for a ¼ 1 � 10�7 and 2 � 10�7,
flashing of the cavitating flow occurs for P2 ¼ 202.6 kPa
and b ¼ 0.6, whereas at P2 ¼ 101.3 and 303.9 kPa strongly
transient behavior is seen. With cavitation number rising to
1.1, the flow becomes stable (with no flashing) for all values
of recovery pressures and orifice to pipe diameter ratios. At

P2 ¼ 202.6 and 303.9 kPa and Ci ¼ 1.1, the bubble motion
is strongly transient for b ¼ 0.3, 0.4, and 0.5. An interesting
observation could be made for b ¼ 0.6 at Ci ¼ 1.1 as well
as for all values of b at Ci ¼ 1.2. For these conditions, the
bubble motion is mostly of oscillatory type with few excep-
tions such as for combination of following parameters: (1)
P2 ¼ 101.3 kPa, a ¼ 2 � 10�7, b ¼ 0.3; (2) P2 ¼ 303.9
kPa, a ¼ 2 � 10�7, b ¼ 0.4; (3) P2 ¼ 101.3 kPa, a ¼ 1 �
10�8, b ¼ 0.4; (4) P2 ¼ 303.9 kPa, a ¼ 1 � 10�7, b ¼ 0.4.
This essentially means that the recovery pressure of the cavi-
tating flow loses control over the radial motion of bubble for
larger values of b and Ci.

Discussion

The trends shown by the flow regime maps can be inter-
preted on the basis of variation in pressure gradient in the
cavitating flow that drives the radial motion of a bubble with
the three parameters, namely P2, b, and Ci. In an orifice
flow, pressure recovery of the flow typically occurs within a
distance of eight pipe diameters from vena contracta. The

Figure 4. Flow regime maps (contour plots for the operating parameters) for oscillatory bubble behavior.

The lines inside the figure indicate contours for cavitation number (Ci). (A) Map for a ¼ 1 � 10�8; (B) map for a ¼ 2 � 10�8; (C)

map for a ¼ 1 � 10�7; and (D) map for a ¼ 2 � 10�7.
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mean pressure gradient at any location x can be determined
from Eqs. 9–11 as

Px � Po

x
� qu2

o

2x
1� u2

x

u2
o

8>>:
9>>; ¼ qu2

o

2x
1� 1� ao

1� ax

8>: 9>;b4
x

� �

� qu2
o

2x
1� 1þ 4npR3

x=3

1þ 4npR3
o=3

8>>:
9>>;b4

x

� �
ð12Þ

It could be perceived that larger expansion of the bubble
would result in reduction of the mean pressure gradient. The
second component of the pressure gradient is the turbulent
pressure gradient which is proportional to the turbulent
fluctuating velocity, u

0
. The magnitude of this gradient can

be written as 	 qLu
02/2. The nature of these two pressure

gradients is different, and so is the kind of influence they
manifest on the radial motion of bubble. The mean pressure
gradient is linearly increasing, and thus, it would not tend to
grow a bubble above its original size at inception near vena
contracta. Nonetheless, a larger mean pressure gradient will

cause greater compression of the bubble. The turbulent pressure
gradient is of oscillatory nature. During the negative oscilla-
tions, it would tend to reduce the mean pressure gradient
causing growth of the bubble, with simultaneous evaporation of
solvent vapor in it. Growth of the bubble would reduce the flow
area causing rise in the velocity with reduction in mean pressure
gradient, which in turn leads to further growth of the bubble. In
the limiting situation, the mean pressure in the flow could fall
below the vapor pressure causing flashing of the flow.

The type of radial motion that a bubble would undergo
(whether small amplitude oscillatory, moderately transient,
or strongly transient) in the cavitating flow depends on the
relative magnitudes of the mean and turbulent pressure gra-
dient. The magnitude of the mean pressure gradient depends
on the cavitation number, recovery pressure, and the initial
bubble volume fraction. For any combination of initial bub-
ble volume fraction and recovery pressure, the largest mean
pressure gradient occurs at Ci ¼ 1. As Ci increases, the
mean pressure gradient drops rapidly. The magnitude of tur-
bulent pressure gradient depends on u

0
, which varies

Figure 5. Flow regime maps (contour plots for the operating parameters) for moderately transient bubble behavior
giving SP effects.

The lines inside the figure indicate contours for cavitation number (Ci). (A) Map for a ¼ 1 � 10�8; (B) map for a ¼ 2 � 10�8; (C)

map for a ¼ 1 � 10�7; and (D) map for a ¼ 2 � 10�7.
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inversely with the orifice to pipe diameter ratio as well as
cavitation number. For a bubble to undergo a strongly tran-
sient collapse, which would give rise to sonochemical effect,
it needs to expand to at least twice of its original size fol-
lowed by a rapid compression.41 This would necessitate a
moderate turbulent pressure gradient and high mean pressure
gradient. If the turbulent pressure gradient is large and mean
pressure gradient is moderate, the bubble collapse is only
moderately transient due to large expansion of the bubble
accompanied by significant vaporization of solvent. This sol-
vent vapor cushions the bubble collapse reducing its inten-
sity. Concurrent with this, we see strongly transient collapse
at Ci ¼ 1 for P2 ¼ 101.3 kPa and Ci ¼ 1 or 1.1 at P2 ¼
202.6 or 303.9 kPa. For combination of parameters b ¼ 0.3,
Ci ¼ 1 and P2 ¼ 101.3 kPa, the bubble collapse is only
moderately transient, as the large turbulent pressure gradient
causes large expansion of the bubble with significant evapo-
ration of water in it. Strongly transient collapse of vapor
filled gas bubble would require high mean pressure gradient,
which is not available for P2 ¼ 101.3 kPa.

For Ci ¼ 1.2, both mean as well as turbulent pressure gra-
dients are small. In such case, neither expansion nor com-
pression of the bubble is appreciable, and the bubble essen-
tially undergoes a small amplitude oscillatory motion in the
flow. For large recovery pressure, for example, P2 ¼ 303.9
kPa, and large orifice-to-pipe diameter ratios (b ¼ 0.5 or
0.6), combination of large mean pressure gradient and small
turbulent gradient gives a moderately transient bubble col-
lapse.

Comparison with experimental literature

In this section, we try to corroborate the bubble behavior
predicted by the flow regime maps and its influence over the
reaction system by citing results reported in some representa-
tive experimental studies. However, a direct quantitative
comparison of results is not possible, as the flow configura-
tion or geometry used by the authors is of different kind
than that considered in this study. Most authors have used
orifice plates, with multiple holes of given diameter arranged
in a particular pattern. Moreover, the process parameters

Figure 6. Flow regime maps (contour plots for the operating parameters) for strongly transient bubble behavior
giving sonochemical effects.

The lines inside the figure indicate contours for cavitation number (Ci). (A) Map for a ¼ 1 � 10�8; (B) map for a ¼ 2 � 10�8; (C)

map for a ¼ 1 � 10�7; and (D) map for a ¼ 2 � 10�7.
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such as discharge pressure of pump, total open areas of ori-
fice plate (equivalent to a single orifice), and cavitation num-
bers used in these studies are also beyond the range consid-
ered in our simulations. Even with these limitations, the
qualitative trends in bubble behavior, as reflected in the ex-
perimental observations, could be compared with the flow
regime maps.

1. Kumar et al.42 observed that the rate of iodine libera-
tion in Weissler reaction (oxidation of potassium iodide)
reduces for too low values (< 0.06) of total fractional open
area of orifice plate for a discharge pressure of 340 kPa.
This is in concurrence with the region of sonochemical
effect seen in contour maps in Figure 6, in which we do not
see sonochemical effect (for cavitation number range 1–1.1)
below orifice to pipe diameter ratio of 0.3.

2. Gogate et al.17 have assessed efficiency of hydrody-
namic cavitation with Weissler reaction as model. The cavi-
tation yield (or extent of iodine liberation) increased with
rising discharge pressure and reducing orifice to pipe diame-
ter ratio. Although the exact values of cavitation numbers
have not been reported in this study, the observed trend in
result is seen in contour map of sonochemical effect which
is bounded by low values of orifice to pipe diameter ratios
and high discharge pressures.

3. Chakinala et al.,43 Bremner et al.,44 and Amin et al.45

have reported optimization of hydrodynamic cavitation reac-
tors for different types of reactions such as Weissler reaction
in the presence of different chloroalkanes as additives, con-
version of salicylic acid to 2,3- or 2,5-dihydroxy benzoic
acid, and mineralization of 2,4 dichlorophenoxy acetic acid.
All of these reactions are induced/accelerated by radicals
generated from transient bubble collapse; especially the
hydroxyl or �OH radical. The extent of radical production
through transient cavitation (by thermal dissociation of sol-
vent vapor molecules entrapped in the bubble at transient
collapse) varies directly with the temperature peak reached
during collapse. The exact value of orifice to pipe diameter
ratio (or fractional open area for flow) is not reported by
authors, but for a constant value of this parameter the yield
of above reactions increases with increasing discharge pres-
sure (in the range of 3.4–10.3 MPa or 13.8–27.6 MPa),
which essentially indicates increasing radical production
with rising discharge pressure due to higher peak tempera-
ture reached in the bubble during transient collapse. This
trend of peak temperatures at transient collapse of bubbles
with discharge pressures is endorsed by our simulations. The
flow regime maps show sonochemical effect for high recov-
ery pressures. Thus, the experimental results of Chakinala
et al.,43 Bremner et al.,44 and Amin et al.45 are an indirect
validation of the bubble behavior predicted by flow regime
maps.

4. Pradhan and Gogate3 have observed enhancement in
degradation of p-nitrophenol with increasing discharge pres-
sure (from 137 to 293.6 kPa) and reducing cavitation number
(from 1.01 to 0.43). Similar observations have also been
made by Mishra and Gogate46 in degradation of Rhodamine-
B dye. The degradation of organic pollutants is mediated by
the OH radicals produced by transient collapse of cavitation
bubble, which in turn is a direct function of temperature
peak reached in the bubble during transient collapse, as men-
tioned above. Our simulations endorse the experimental
trends observed in degradation of pollutants, in that tempera-
ture peak predicted by the model at transient bubble collapse
increases with reducing cavitation number at a given dis-

charge pressure. Moreover, for a given cavitation number,
the temperature peak, and hence, the radical production also
increases with increasing discharge pressure, as mentioned
earlier.

Quite interestingly, the extent of degradation of the dye
(or in other words, the cavitation yield) shows an optimum
with respect to cavitation number, in that the degradation
increases with cavitation number reducing from 0.161 (with
discharge pressure of 294 kPa) to 0.099 (with discharge
pressure of 490 kPa). Further reduction in cavitation number
to 0.079 (at discharge pressure of 580 kPa) results in reduc-
tion of yield of degradation, which could be a consequence
of uncontrolled growth of bubble resulting in local flashing
of flow. As a result, the transient collapse of bubble does not
occur, and hence, the radical production is reduced, which is
manifested in reduced yield of degradation. This feature is
also predicted by our simulations which show flashing of
flow for combination of too low cavitation number and rela-
tively high discharge pressure. Thus, the experimental results
of Pradhan and Gogate3 and Mishra and Gogate46 are also a
validation of the flow regime maps.

Conclusions

This study has put forward the flow regime maps for
hydrodynamic cavitation reactor with orifice flow configura-
tion using a model that takes into account bubble/bubble and
bubble/flow interactions, in addition to the heat and mass
transfer across bubble during radial motion. These maps give
a vivid picture of the performance of the reactor under wide
combinations of operating conditions. The principal physical
phenomenon underlying intensification of any physical or
chemical process by hydrodynamic cavitation reactor is the
transient collapse of cavitation bubble causing local energy
concentration. This study has demonstrated as how the radial
motion of the cavitation bubble is influenced by the two
pressure gradients, namely mean and turbulent, in the cavi-
tating flow. In addition, the role of vapor transport across
bubble interface is also discerned by the flow regime maps.
The flow regime maps based on the simulations results
depict the trends in nature of radial motion of cavitation
bubbles (whether oscillatory, mildly transient or strongly
transient) with design parameters. Among the three design
parameters, namely recovery pressure, orifice-to-pipe diame-
ter ratio and cavitation number, the characteristics of radial
motion of bubble seem to be most sensitive to cavitation
number. A small change (	20%) in this parameter can cause
drastic change in the cavitation bubble motion. Most tran-
sient collapse of cavitation bubbles is seen for Ci ¼ 1 (which
is suitable for most physical and chemical processes),
whereas for Ci ¼ 1.2, the radial motion of cavitation bubble
is of oscillatory type and practically ineffective for intensifi-
cation of any process. Most optimum combination of param-
eters that gives energy intensive cavitation are: P2 ¼ 202.6
or 303.9 kPa, b ¼ 0.4 or 0.5 and Ci ¼ 1. The only parameter
in the simulations, which is rather difficult to measure or
control, is the initial bubble volume fraction (a) in the flow.
The flow regime maps proposed in this study span over four
typical values of a, and it could be perceived that the char-
acteristics of the radial motion of bubble (for any combina-
tion of design parameters) are mostly independent of a, with
exceptions of few cases where flashing of the flow has been
observed. This result reduces the level of uncertainty in the
use of flow regime maps (due to errors in estimating an
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accurate value of a). Summarizing, the flow regime maps
presented in this article form a useful tool for design and
optimization of the hydrodynamic cavitation reactor for any
physical or chemical process.
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