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(57) ABSTRACT 

An apparatus and method for cleaning passageways and the 
like With a tWo-phase mixture of gas under pressure and an 
aqueous cleaning solution. The tWo-phase cleaning mixture 
is generated in a module and is passed out of the module at 
a predetermined rate that determines droplet siZe, velocity 
and droplet density at the pipeline surface to be cleaned. The 
droplets impact the Walls of the passageWay to be cleaned, 
thereby fragmenting, eroding and removing contaminants in 
said passageway. These are then ?ushed out of the passage 
Way by the tWo-phase ?oW. The How of cleaning solution 
can be steady or pulsed. The apparatus and process include 
a clean-in-place system that is useful in food, beverage, 
pharmaceutical and similar process industries. 
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APPARATUS AND METHOD FOR CLEANING 
PIPELINES, TUBING AND MEMBRANES USING 

TWO-PHASE FLOW 

[0001] This invention is a continuation-in-part of Ser. No. 
10/091,201 ?led Mar. 5, 2002, Which is a continuation-in 
part of Ser. No. 09/466,714 ?led Dec. 17, 1999, now US. 
Pat. No. 6,454,871 issued Sep. 24, 2002; Which is a con 
tinuation-in-part of application Ser. No. 08/880,062 ?led 
Jun. 23, 1997, now US. Pat. No. 6,027,572. 

[0002] This invention relates to apparatus and method for 
removing contaminants adhered to a lumen surface. More 
particularly this invention relates to apparatus and method 
for cleaning passageways, pipelines, tubing and membranes 
of adherent contaminants. 

BACKGROUND OF THE INVENTION 

[0003] In order to achieve effective cleaning and removal 
of adhered substances or contaminants, including bio?lm, 
proteins, carbohydrates, lipids, milk residues, deposits of 
food, beverages, contaminants of pharmaceuticals, includ 
ing bio-pharmaceuticals and the like from equipment, piping 
and membrane surfaces, the adhesion forces betWeen such 
contaminants and the surface to be cleaned must be over 
come by the action of the cleaning process. To achieve good 
cleaning of such adhered residue or contaminants, the shear 
stresses generated by the cleaning process must be higher 
than the adhesive strength of the adhered contaminants to 
the surface to be cleaned. The simplest form of adhesion is 
due to van der Waals forces of attraction between the 
contaminant and the surface. 

[0004] HoWever, during actual industrial processing, other 
surface forces, such as electrostatic forces of attraction, 
acid-base interactions, hydrophobic forces, entanglement of 
contaminant molecules With roughness features of the sub 
strate, or combinations of the above, are usually present 
betWeen the surface of equipment or pipes and the contami 
nants to be removed. In these cases, the adhesion forces can 
become too high to be overcome With a simple circulation or 
?ushing of cleaning liquids in the passageWays, and thus 
cleaning cannot be achieved With such conventional means. 
When the contaminant is insoluble in the liquid employed in 
the cleaning operation, detachment of the contaminant from 
the surface and its subsequent ?ushing out from the pipeline, 
tubing and/or passageWay are necessary to achieve good 
cleaning. 

[0005] The physical nature of contaminants at a surface 
determines the eXtent and level of cleaning dif?culty. The 
contaminant may be present on the surface as discrete 
particles or as layers of particles, in separate domains or 
areas covered by the contaminant. In the most dif?cult case, 
a continuous layer, as in the case of bio?lm, food and dairy 
residues is present. Many cases of interest to the present 
invention relate to contaminants that are not soluble in the 
liquid or solution used in the cleaning process. The present 
invention is directed to cases When contaminants are mostly 
insoluble in the liquid used for a cleaning operation, When 
overcoming adhesion plays a considerable role in the clean 
ing process. 

[0006] The conventional Way to clean a pipeline, tubing or 
a passageWay is to pass or circulate a liquid through the 
passageWay. When the contaminant is present as discrete 
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particles, or separate domains adhering to the surface, par 
ticle detachment, or contaminant domain detachment, by 
?uid (gas or liquid) ?oW must be achieved in order to clean 
the surface of the passageWay. To achieve contaminant 
detachment, mechanical forces or shear stresses must be able 
to reach the contaminated surface. The ability to bring 
suf?cient shear stress to the contaminated surface is a 
dif?cult task because of the fundamental limitations arising 
from the presence of a liquid boundary layer at the surface. 
The effect of the boundary layer on the ability to detach 
contaminants and clean surfaces of pipelines, tubing and 
passageWays Will be further eXplained beloW. 

[0007] If the contaminant is present as discrete particles, 
and When there are several layers in the contaminant 
domain, it is possible to remove individual particles from the 
topmost layer of the contaminant domain. The removed 
particles then can be entrained and removed from the 
pipeline or passageWay. It is possible that a Whole section of 
the layer can be removed and entrained in a ?oWing ?uid by 
a process called “denudation.” HoWever, the contaminant 
layer may be left behind at the surface if the forces generated 
by the How condition are not sufficient to detach the entire 
contaminant, especially With the limitation imposed by the 
presence of a liquid boundary layer at the surface. This is the 
case With conventional liquid circulation cleaning methods. 
Further, if the How conditions are not suf?cient to carry the 
detached contaminant out of the pipeline or passageWay, the 
detached contaminants can deposit back onto the surface, 
and re-attach to the surface, or become entrapped in the 
boundary layer of the liquid near the surface. Therefore, it is 
necessary in order to achieve cleaning to provide ?oW 
conditions to transport the detached contaminants outside of 
the pipeline, tubing or passageWay. 

[0008] The conventional Way to decrease the adhesive 
strength of a contaminant adhering to a surface is to use 
surfactants in the cleaning solution. Surfactant molecule 
may transport to the gap betWeen the particle and the 
surface, and adsorb in the gap. The adsorption of surfactants 
increases the separation distance betWeen the particle and 
the surface to be cleaned, and thus achieves a decrease in the 
adhesion strength of the particle to the surface, and thereby 
enhances detachment and transfer of the solid into the 
?oWing ?uid. The degree of detachment from the surface 
depends on the contact area betWeen the contaminant and 
the surface to be cleaned. In the case of discrete particles 
attached to the surface, the contact area is small and detach 
ment is possible. As the contact area betWeen contaminant 
and surface increases, the total adhesion force become too 
large for liquid How to achieve contaminant detachment, 
even in the presence of surfactants and conventional liquid 
?oW rates. The most difficult contaminant to remove is When 
the contaminant covers most or even the entire surface to be 

cleaned, as in the case of bio?lm, or a completely coated 
surface of food residues or other contaminants that are 
numerous in industrial processing, including pharmaceutical 
and biopharmaceutical residues. 

[0009] When the contaminant covers the entire surface of 
a passageWay, such as in the case of bio?lm, milk or protein 
residues, and When the thickness of the contaminant layer is 
large, it is dif?cult for the surfactant to reach the interface 
betWeen the contaminants and the surface, and therefore the 
adhesive strength remains high for cleaning With conven 
tional liquid circulation, even if the cleaning solution 
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includes surfactants and other cleaning ingredients. Further 
more, in the case of liquid circulation at 5 feet/sec, as in the 
conventional clean-in-place (hereinafter C-I-P) cleaning 
method, the shear stresses created at the surface are too 
small to detach bio?lm or protein layers. This is due to the 
presence of thick boundary layers and other complex limi 
tations due to ?uid dynamics, and due to the difficulty of 
transfer of shear forces to the surface to be cleaned. This 
normally leads to lengthy cleaning times and to the use of 
high pH ?uids, such as caustic and other harsh chemicals. 

[0010] The ?nal result is alWays insufficient for good and 
efficient cleaning. The use of liquid flow also demands large 
amounts of cleaning liquids, rinse Water and other liquids 
used in the process of CIP cleaning. The result of such 
limitation is both economic and environmental, including 
loss of production time, the cost of expensive chemicals, and 
consumption of large amounts of Water for rinsing opera 
tions, in addition to the cost of neutraliZation and discharge 
of the Waste generated from such cleaning operations. 
Cleaning processes may in some cases produce more Waste 
to discharge than the production operation itself, a scenario 
common in food, pharmaceuticals, biopharmaceuticals and 
other industrial processes. 

[0011] The contact area betWeen bio?lm and tubing, pipe 
line or passageWay surfaces that carry Water or other pro 
cessing liquids, is very large, since it almost covers the entire 
lumen surface as compared to the small contact area of a 
discrete particle attached to the surface. Correspondingly, 
the adhesion force of bio?lm, or other similar contaminants 
that cover most or the entire lumen surface of a passageWay, 
becomes very large. In order to achieve detachment and 
removal of bio?lm or similar substances, the contaminant 
needs to be fragmented to create cracks or holes in the 
continuous S contaminant layer so that surfactant diffusion 
to the interface betWeen the contaminant and the surface of 
a passageWay becomes possible. 

[0012] Fragmentation of bio?lm and like contaminants is 
believed to be necessary to alloW surfactant diffusion and 
adsorption at the interface betWeen the bio?lm and the 
surface. The latter process is important for decreasing the 
adhesive strength of the bio?lm to the lumen surface (inte 
rior surface) of a passageWay. OtherWise, the adhesive 
strength of bio?lm to solid surfaces such as glass, metal or 
plastic, as measured by many investigators, ranges from 50 
to 120 Pascals, Which is too high for conventional liquid 
circulation to overcome, even in the presence of surfactants. 
Therefore, fragmentation and crack formation of bio?lm and 
like contaminant layers is needed to alloW the decrease of 
the adhesion forces betWeen bio?lm and a surface to a level 
that is amenable to cleaning and provides sufficient shear 
stresses created by the flow conditions used in cleaning 
operations. This fragmentation and crack formation is 
almost impossible to achieve With conventional liquid cir 
culation Which is too sloW for many applications. 

SUMMARY OF THE INVENTION 

[0013] In accordance With the present invention, tWo 
phase flow of a gas and a liquid is generated and creates 
droplets of liquid that are formed and re-formed along the 
length of pipelines, tubing or passageWays. The high veloci 
ties and controlled liquid to gas ratio of the 110w, as Well as 
the composition of the cleaning solution, provide conditions 
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such that the liquid boundary layer is thin or non-existent. 
Droplets form and re-form continually, impacting the lumen 
surface to be cleaned. In the particularly difficult case of a 
highly adherent bio?lm, droplet impact of the bio?lm results 
in inertial hydrodynamic erosion of the bio?lm layer that 
results in bio?lm fragmentation and in the creation of cracks 
in the bio?lm that alloW surfactant molecules to diffuse and 
transport into the interface betWeen the bio?lm and the 
lumen surface of the pipeline, tubing or passageWay. Using 
the two-phase flow of the present invention, the droplets that 
impact the surface are optimiZed With respect to siZe and 
velocity by the key ?oW parameters including; gas and 
liquid velocity, gas to liquid ratio, cleaning composition, 
surface tension equilibrium and dynamic surface tension 
properties of the cleaning solution, also taking into account 
the Wetting properties of the lumen surface to be cleaned. 

[0014] The droplets created by the tWo phase flow of this 
invention achieve bio?lm fragmentation and detachment, 
and the bio?lm fragments that are detached from the surface 
bounce back into the gas:liquid flow along With the droplets 
and become incorporated into the moving two-phase flow as 
it travels along the pipeline, tubing or passageWay. Bio?lm 
fragments can then be entrained in the air stream, or With the 
liquid fraction of the two-phase flow. Thus the detached 
bio?lm is sWept along and ?ushed out of the passageWay 
during this cleaning process. 

[0015] The embodiments of the invention include appa 
ratus and process for cleaning, rinsing and sanitiZing/disin 
fecting tubing, pipelines, passageWays including holloW 
membranes and other equipment. The combination of the 
apparatus and cleaning process according to the invention 
further includes a clean-in-place (hereinafter C-I-P) systems 
for use in food, beverage, pharmaceutical and other indus 
tries. 

BRIEF DESCRIPTION OF THE DRAWING 

[0016] FIG. 1 is a schematic vieW of an apparatus for 
carrying out the present cleaning method. 

[0017] FIG. 2A illustrates a cross sectional vieW of a 
tWo-phase generating module With a noZZle used to form a 
two-phase flow including droplets. 

[0018] FIG. 2B illustrates a cross sectional vieW of 
another embodiment used to create a two-phase flow includ 
ing droplets. 
[0019] FIG. 2C illustrates a cross sectional vieW of a 
tWo-phase generating module to create two-phase flow 
including droplets using a T-connection. 

[0020] FIG. 3 is a cross sectional vieW of a membrane 
system With back?ushing means to be used With the tWo 
phase flow. 

[0021] FIG. 4 is a cross sectional vieW of a pipe distri 
bution netWork that can be cleaned using two-phase flow. 

[0022] FIG. 5 is a cross sectional vieW of an adapter used 
to separate feeding channels from permeate channels of 
membranes during two-phase flow cleaning. 

[0023] FIG. 6A is a photomicrograph of a lumen surface 
of a pipe prior to cleaning. 

[0024] FIG. 6B of a photomicrograph of a lumen surface 
of a pipe after cleaning With the present tWo-phase method. 
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[0025] FIG. 7A is a graph of bacteria count in CFU/ml 
collected over several Weeks prior to tWo-phase cleaning. 

[0026] FIG. 7B is a graph of bacteria count in CFU/ml as 
monitored for some days after tWo-phase cleaning. 

DETAILED DESCRIPTION OF THE 
INVENTION 

[0027] The term “passageway”, as used herein, includes, 
inter alia, pipelines, tubing and holloW membranes. 

[0028] According to the tWo-phase ?oW cleaning method 
of the present invention, droplet siZe plays an important role 
in the cleaning process since the inertial impact of the 
droplet is tangible, and become very signi?cant at the 
optimal droplet siZe, betWeen 30 to 200 microns. Droplets 
that are too small have inertial impact forces that are too loW 
to achieve fragmentation and detachment of bio?lm and like 
contaminants from the lumen of passageWays. The larger the 
droplet, the larger is its kinetic energy, and the larger is 
bio?lm fragmentation for example. HoWever, in the tWo 
phase ?oW of this invention, the optimal droplet siZe is 
determined by the How conditions and parameters men 
tioned above. The tWo-phase How of the present invention 
optimiZes droplet siZe Without compromising the main ?oW 
attributes needed to cover the entire lumen surface and 
length of the passageWay to be cleaned; and at the same time 
ensure that the liquid boundary layer is either very thin or 
discontinuous. The purpose of the latter condition is to keep 
the contaminant bare such that the droplets directly or nearly 
directly impact the contaminants, causing their fragmenta 
tion, erosion and detachment. Droplets that are too small are 
not effective for cleaning and thus can be entrained in the gas 
phase Without impacting the lumen surface of the passage 
Way. On the other hand, very large droplets, e.g., those that 
are >200 microns in siZe are dif?cult to create and re 

suspend (in the gas ?oW) in an ef?cient manner. 

[0029] In accordance With the present invention, the best 
droplet siZes are in the range betWeen 30 and 200 microns, 
and preferably they are about 50-150 microns. Again, as the 
droplets leave the surface, bio?lm fragments become 
attached to them, and as this process continues, more and 
more of the bio?lm is eroded from the lumen surface of the 
passageWay. As holes and cracks in the ?lm are created by 
this process, surfactant molecules and small ions diffuse to 
the interface and loWer the adhesion of the bio?lm to the 
surface. As a result, as the cleaning proceeds, the remaining 
bio?lm becomes easier to detach and remove by the fast 
moving tWo-phase ?oW. 

[0030] Complete coverage of the lumen surface of a 
passageWay With droplets along the entire surface area and 
length ensures the complete removal of bio?lm and like 
contaminants from various passageWays having varying 
diameters. According to the present invention, passageWay 
diameters from 150 microns to more that 12 cm can be 
cleaned With the present tWo-phase ?oW system, including 
cleaning of diverse contaminants ranging from bio?lm to 
protein layers to dairy and food residues, spores, blood 
residues and the like. 

[0031] According to this invention, the conditions needed 
to remove bio?lm and other adherent substances, such as 
dairy or milk residues, blood clots, protein layers, and 
foulants such as those encountered in membranes used in 
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Waste Water treatment, With the tWo-phase ?oW system from 
the lumen of passageWays include: an initial droplet forma 
tion device at the beginning of the passageWay that creates 
droplets of betWeen about 25 to 200 microns but up to 400 
microns. This is done by adjusting the liquid to gas ratio, gas 
and liquid ?oW rates, solution chemistry and droplet break 
up properties of the cleaning solution so that a sustained 
droplet formation and re-formation takes place along the 
entire length and lumen surface area of the passageWay. 
Under proper conditions, passageWays having a large 
lengthzdiameter (hereinafter L/D), such as a diameter of 
from about 1 mm to about 10 cm, and a length up to 100-300 
meters can be cleaned in accordance With the invention. 

[0032] In addition, and simultaneously, a condition of 
complete coverage of the surface With droplet impact needs 
to be achieved, along With creation of droplets of more or 
less uniform siZe, so as to create a suf?cient localiZed shear 
and other mechanical stresses When they impact the surface 
of the passageWay. Therefore, droplet impact should be 
made suf?cient for the destruction of any section of bio?lm 
remaining at the surface. Further, the process must be 
applied for a suf?cient time sp that complete removal of the 
bio?lm fragments, or like contaminants, is completed from 
the entire lumen surface of the passageWay being cleaned. 
Again, in order to ensure that the inlet of the passageWay, 
especially one With a large L/D, is cleaned, the droplets must 
be injected into the passageWay With the aid of a noZZle into 
the air stream near the entrance of the passageWay. In 
addition, the average droplet siZe must remain in the range 
betWeen 30 to 200 microns, preferably betWeen about 50 
-150 microns, because large droplets Will have small pen 
etration depth, and thus can experience problems due to 
gravity and other effects. 

[0033] Further, according to the present invention, the 
How condition must be made to cover the entire circumfer 
ence of the lumen of the passageWay so that the lumen 
surface receives uniform coverage and uniform droplet 
impact during the cleaning. This condition must be satis?ed 
for horiZontal, vertical and positions in betWeen, since 
piping systems in industrial processes have various orien 
tations and arrangements. To achieve this condition, the 
tWo-phase ?oW velocity, and the liquid fraction of the 
tWo-phase ?oW mixture must be adjusted to create these 
coverage conditions. Therefore, a minimum gas velocity 
must be used and the gas velocity and the liquid to gas ratio 
must be adjusted for different diameter passageWays and 
surface Wetting conditions of the lumen surface to be 
cleaned. Further, according to this invention, the surface of 
the contaminant must be bare, or almost bare, of a liquid 
layer so that droplet impact achieves the most effective 
fragmentation of the contaminant layer and thus effects 
cleaning of the lumen of the passageWay. 

[0034] We believe that the most favorable condition for 
cleaning is a special form of the annular mist regime in 
tWo-phase ?oW or other regimes in its vicinity that satisfy 
droplet formation and instability of the boundary layer, one 
Where droplet formation, droplet deposition and droplet 
impact at the lumen surface is maXimiZed for the purpose of 
cleaning, but Where the liquid boundary layer thickness is 
minimal, and preferably Where the surface of the passage 
Way is not entirely covered by a thick liquid ?lm. The 
condition favorable for cleaning according to the present 
invention is distinct from the Well-knoWn annular ?lm ?oW, 
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Where the lumen of the passageway is covered With a 
continuous liquid ?lm, and Where droplet formation is kept 
to minimum. The latter ?oW regime is not ef?cient for 
cleaning since the droplet formation and impact is inad 
equate. In the present invention, extensive droplet formation 
and droplet impact are required for fragmentation of bio?lm 
and like contaminants. Droplet impact creates a localiZed 
shear. This localiZed shear has been estimated to be 100 to 
1000 times more than the bulk shear generated during liquid 
circulation at about 5 feet/sec, as is present in conventional 
C-I-P systems. 

[0035] In the strati?ed ?oW regime, only the bottom of the 
tubing or passageWay is in contact With the liquid, While the 
top portion of the lumen is bare of cleaning liquid. There 
fore, the cleaning in this case is Worse than cleaning With 
liquid circulation only. Also, other tWo-phase ?oW regimes, 
including bubble ?oW, slug How and others that completely 
cover the lumen surface, are not very different from a liquid 
circulating regime. The main function of air in the above 
How regimes, Where the liquid is the major phase, is to 
increase the velocity of the liquid in the passageWay; hoW 
ever, the shear stress generated is still de?ned by the bulk 
shear due to liquid ?oW. Thus the magnitude of the shear 
stress is too loW to remove highly adherent contaminants 
such as bio?lm and the like, and the liquid boundary layer 
remains thick enough to hamper removal of surface con 
taminants. The tWo-phase How of the present invention is 
thus different in mechanism and in the magnitude of shear 
stresses generated due to droplet impact. Further, there are 
additional surface forces that assist in cleaning during tWo 
phase ?oW according to this invention due to pulling of 
droplets from liquid domains formed from droplet coales 
cence during the formation and re-formation of droplets 
along the length of the passageWay. As droplets are pulled 
aWay from the surface, they exert other types of forces (other 
than droplet impact) due to surface tension forces and other 
complex surface phenomena during the tWo-phase cleaning, 
and these forces are important in increasing cleaning effi 
ciency. 
[0036] We have shoWn that a tWo-phase ?oW regime that 
creates and sustains high velocity droplets can fragment and 
remove bio?lm in several applications. In the optimal 
regime for cleaning We identi?ed that droplet formation, 
droplet deposition and then droplet re-formation are neces 
sary for cleaning. Droplet formation and re-formation as 
Well as droplet deposition density at the lumen surface to be 
cleaned should be kept at a condition optimal for cleaning, 
While simultaneously ensuring that Wetting and de-Wetting 
dynamics at the surface are favorable for cleaning and 
preventing formation of a thick boundary layer. We found, 
using a clear or transparent tubing With the aid of a micro 
scope, that the optimal cleaning condition occurs When gas 
velocity and the liquid:gas ratio are adjusted so that droplet 
formation becomes optimal, and When the droplet deposition 
rate is maximiZed. This ensures that the droplets impact the 
bare surface of bio?lm, for example. When droplet deposi 
tion does not form a continuous liquid ?lm on the lumen 
surface, fragmentation and cleaning can take place. There 
fore, the correct regime is different from the annular ?oW 
regime, Where liquid ?oW forms a ?lm along the Walls of the 
passageWay and the gas ?oWs near the center, as described 
in the prior art. In addition, We have found that the presence 
of surfactants and the Wettability of the passageWay surface 
signi?cantly affect the physical form of the liquid that is 
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created by droplet impact and deposition. Surfactants Were 
found to aid the process of Wetting and de-Wetting at the 
lumen surface of the passageWay in a Way so as to achieve 
the condition of droplet formation, a thin boundary layer, 
bare areas of surface, and impact shear stresses in this 
cleaning process. 

[0037] A critical sub-process during the cleaning of pas 
sageWays With high L/D is the re-formation of droplets after 
they impact the lumen surface along the length of the 
passageWay. As droplets impact the surface, droplets that 
land nearby each other coalesce to minimiZe their surface 
energy, and to form a liquid domain that is then, either fully 
or partially, ripped off by the gas How to form neW droplets. 
The How conditions of the present invention do not alloW the 
liquid to accumulate, or to form a continuous thick ?lm on 
the lumen surface, but rather to facilitate the dispersion of 
the coalesced droplets very quickly and re-form other drop 
lets that are then carried by the ?oW. 

[0038] Droplet breakup at the interface during tWo-phase 
?oW cleaning may take place by one or more modes, 
depending on the cleaning solution surface chemistry, static 
and dynamic surface tension and Wetting, viscosity and How 
conditions, particle gas velocity and liquid-to-gas ratio; also 
the Wetting properties of the surface to be cleaned plays an 
important part in this process. The knoWn modes of liquid 
breakup include either “bag breakup” or “ligament 
breakup”, or a combination of the tWo, and even more 
complex forms. 

[0039] In the case of “bag breakup” the gas may ?atten a 
body of a liquid, created by coalesced droplets at the surface, 
to form a bag-shaped body of liquid With thin Walls. These 
then burst as the liquid Wall becomes very thin, to form neW 
droplets that travel With the ?oW, and can impact another 
location doWnstream at the surface and thus achieve clean 
mg. 

[0040] In the case of “ligament breakup”, the same 
sequence of breakup is achieved but the body of the liquid 
domain is in the form of a ligament Which then breaks up 
into individual droplets that become a part of the ?oWing 
tWo-phase ?oW, i.e., they travel doWnstream, impact the 
surface at another location, and the process is repeated until 
the liquid exits the passageWay. It is possible to have a 
combination of the tWo modes or mechanism of droplet 
re-formation taking place during the cleaning process With 
the tWo-phase ?oW, depending on the conditions of surface 
chemistry, of surface and cleaning solutions, dynamic and 
static surface tension, dynamics of the Wetting and de 
Wetting processes, liquid viscosity, the How conditions and 
the like. 

[0041] Irrespective of the exact detailed mechanism of 
droplet re-formation, the tWo-phase How of the present 
invention should sustain the formation and re-formation of 
droplets over the entire length of the passageWay, even in the 
case of a very long pipeline (>300 feet in some cases). 
Fortunately, since the velocity of the gas increases as the gas 
expands as it travels doWnstream to the open end of the 
passageWay due to a pressure drop (passageWay volume is 
constant), the formation and re-formation of droplets and 
their velocity increases toWards the open end of the pas 
sageWay. This feature is important With respect to being able 
to sustain an active tWo-phase ?oW optimal for the cleaning 
of the lumen of long passageWays With a high L/D. In fact, 
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We discovered that the cleaning towards the outlet end of 
pipelines is usually easier to accomplish compared to the 
front end, due to the increase in droplet velocity as the How 
travels to the open end for the reasons described above. 

[0042] Furthermore, We have also found that the cleaning 
ef?ciency at the front end of the passageway must have 
optimal tWo-phase ?oW conditions With suf?cient droplet 
impact and droplet formation and re-formation (velocity, 
liquid to gas ratio, liquid surface tension, etc.) to ensure that 
the front end of the passageWay is properly cleaned. Accord 
ing to the present invention, We found that if the How is 
adjusted for cleaning of the front section of a long passage 
Way (Where the tWo-phase How is injected), the other open 
end of the passageWay Will alWays receive higher velocity 
droplets and thus the cleaning of the entire passageWay can 
be achieved. 

[0043] The velocity change betWeen the inlet and outlet of 
passageWays during tWo-phase ?oW cleaning is provided in 
the examples beloW. It is important to adjust the liquid:gas 
ratio at the entrance of a passageWay so that, When the gas 
expands doWnstream, an optimal liquid: gas ratio still 
remains in the optimal range for cleaning, i.e., is suf?cient 
to generate enough droplet deposition density Within the siZe 
range needed to clean the section near the outlet of the 
passageWay. 

[0044] Yet another important feature of the invention is the 
siZe of the droplets that are formed in the tWo-phase ?oW, 
and consideration of the change in gas velocity as the 
two-phase flow travels from the entrance to the outlet of the 
passageWay. If the droplets become too small toWards the 
end of the passageWay, a larger fraction becomes entrapped 
in the gas and thus not enough droplet impact density is 
achieved, resulting in a less than optimal cleaning toWards 
the outlet end of the passageWay. In such case, it is possible 
to overcome the above limitation by adjusting the gas:liquid 
ratio at the entrance of the passageWay, or at a location along 
the length of the passageWay, so that the optimal gas:liquid 
ratio needed for cleaning is achieved for the entire length of 
the passageWay. It is clear that these conditions can be varied 
to clean different passageWay types for different applications 
by using the ranges and conditions as exempli?ed beloW. 

[0045] Further, in order to achieve cleaning according to 
this invention, the tWo-phase ?oW must produce uniform 
droplet deposition along the entire surface of the passage 
Way as the How travels from inlet to outlet, and the droplet 
impact on the surface of the contaminant must create suf 
?cient shear and other mechanical stresses so as to destroy 
any section of the bio?lm or the contaminant present on the 
surface of the passageWay. The above conditions must be 
capable of achieving fragmentation of the bio?lm or the 
contaminant layer, and ultimately achieve the detachment 
and removal of the entire layer from the lumen surface of the 
passageWay. Droplet deposition density onto the lumen 
surface to be cleaned is an important variable that controls 
the efficiency of the cleaning process, and this is directly 
related to droplet size, How conditions and the liquid fraction 
of the tWo-phase mixture. Droplet siZe is a function of the 
cross section (diameter), of the passageWay, the liquid mass 
?ux in kg/m2.sec, the gas mass ?ux in kg/m2.sec, the surface 
tension and, to some extent, the viscosity/rheology of the 
liquid. Therefore a super?cial gas velocity in excess of 10 
meters/sec covers the effective range of cleaning, and is 
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preferably betWeen 20 and 100 meters/sec near the inlet of 
the passageWay to be cleaned; the velocity of the gas 
increases as it travels though the passageWay toWards the 
outlet end. 

[0046] Furthermore, We have found that droplet dimen 
sions differ With the cross section of the passageWay, With 
the gas velocity and the liquid mass ?ux. The latter may have 
to be varied by experimentation in order to obtain effective 
droplet siZe, droplet velocity, droplet deposition density, and 
at the same time ensure that the surface of the pipeline is not 
?ooded With a liquid layer, or forms a ?lm that could mask 
or shield the bio?lm or the contaminant present from direct 
or close direct impact by the droplets. By manipulating the 
above parameters, one can achieve the proper conditions for 
cleaning. 
[0047] The condition at the lumen surface of the passage 
Way during cleaning With the tWo-phase How of this inven 
tion is very important to achieving effective cleaning. The 
Wetting properties of the surface to be cleaned also play an 
important role in the cleaning process, especially With 
respect to the nature of the liquid that accumulates as 
droplets impact the surface and coalesce on the lumen 
surface during the tWo-phase ?oW cleaning. If the surface 
has a loW contact angle (the surface is Wettable), the liquid 
that accumulates as the result of droplet coalescence Will 
tend to spread out to cover a larger area compared to a 
surface With a high contact angle With the cleaning liquid. 
Furthermore, this spreading is a complex process, especially 
because it is transient in nature, and at the same time is 
subjected to the dynamic conditions of the tWo-phase ?oW. 
These events last only tens of a millisecond and they cannot 
be readily explained With equilibrium Wetting knoWledge as 
is knoWn in the ?eld of surface chemistry. Visual observa 
tion shoWs that a complex process involving a very dynamic 
spreading process at the surface during the cleaning With the 
present methods. It is important to adjust the conditions to 
avoid forming thick or continuous liquid ?lms at the surface 
during the cleaning With the tWo-phase process. These 
parameters in many cases require controlling the How con 
ditions and can be visually seen using a transparent section 
of the passageWay. 

[0048] Also, according to this invention, the presence of a 
surfactant in the cleaning liquid plays an important role With 
respect to droplet formation, droplet siZe and the nature of 
the liquid domains that accumulate on the surface during the 
tWo-phase cleaning. Speci?cally this is relevant With respect 
to issues related to the dynamic surface tension properties of 
the cleaning liquid. Equilibrium surface tension of a surfac 
tant solution is the value of surface tension (dynes/cm) that 
is measured When surfactant molecules accumulate at the 
liquid/Water interface and are in equilibrium With surfactant 
molecules in the bulk solution. This is usually measured by 
the conventional “ring method” or other techniques as 
knoWn in the prior art; these methods usually require several 
minutes to obtain a measurement. Therefore, equilibrium 
surface tension is measured When the liquid/Water interface 
is at equilibrium and it is independent of the diffusion rates 
of surfactant molecules from the bulk of the liquid to a 
neWly created air/Water interface. Most surfactant suppliers 
only specify static or equilibrium surface tension values in 
the information bulletins they provide to their users. 

[0049] On the other hand, dynamic surface tension 
describes the surface tension behavior as a function of time, 
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usually in time scale from Zero to about 100-200 millisec 
onds, or longer. This is usually presented as a plot of 
dynamic surface tension (mN/m) versus surface age in 
milliseconds. For many surfactants, it takes sometimes sec 
onds or minutes for the surface tension values to reach their 
equilibrium values. On the other hand, dynamic surface 
tension depends on the diffusion rates of surfactant mol 
ecules to reach the neWly created interface, as is the case of 
dynamic processes such as the formation of neW droplets or 
the spreading of liquid droplets after they impact the surface, 
such as the case during the tWo-phase ?oW process of the 
present invention. We found that the dynamic surface ten 
sion behavior of the cleaning solution is important for 
droplet break up, droplet formation, droplet re-formation, 
and physical spreading of the liquid on the surface to be 
cleaned. In the present invention, We found that pure Water 
only, having a surface tension of 72 mN/m, is dif?cult to use 
in some applications due to the dif?culty of forming droplets 
during the tWo-phase ?oW cleaning process, and it is pos 
sible to use Water only except When the gas velocity used is 
very high. In the case of Water alone, We observed that Water 
tends to segregate into slug and such slugs move alone 
folloWed by periods With only gas ?oWing in the passage 
Way; this mode of tWo-phase How Was found to be unfa 
vorable for cleaning. HoWever, When a surfactant is used in 
the cleaning solution, droplet formation and re-formation 
becomes possible, and the behavior of the liquid deposited 
at the surface to be cleaned tends to satisfy the conditions 
required for cleaning, i.e., the liquid domains become 
smaller, and re-disperse very readily. 

[0050] We found that the use of proper surfactants ensures 
ready formation of the tWo-phase ?oW With droplets at 
reasonable velocities, and that the surface of the passageWay 
to be cleaned is not covered With a continuous liquid ?lm 
and Where the contaminant surface remains more or less 
bare, so that impact of the liquid droplets effects fragmen 
tation and removal of the bio?lm or contaminant. It is thus 
important to select surfactants With certain properties of 
dynamic surface tension and dynamic Wetting and de 
Wetting properties. 

[0051] Examples of surfactants that do not foam in the 
tWo-phase cleaning liquid are set forth beloW in the 
Examples. It is also possible to add a de-foaming agent to 
solve a foaming problem, if necessary. HoWever, it is 
important to consider several parameters to arrive at the 
proper choice of a successful surfactant for tWo0-phase 
cleaning, including: dynamic and static surface tension 
properties; the dynamics of Wetting and de-Wetting; foaming 
and foaming dynamics. 

[0052] The selection of an optimal cleaning solution for 
tWo-phase cleaning also includes the pH, chelating capacity, 
and oxidation-reduction properties. Therefore the present 
invention includes th4e use of those surfactants and cvom 
position, in combination With the tWo-phase ?uid dynamic 
parameters and the nature of surface processes, as described 
in the present invention. 

[0053] The folloWing parameters illustrate conditions that 
Were found to achieve 99.6% removal of bacterial cells and 
a bio?lm matrix; 
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[0054] Inlet velocity, 104 feet/second 
[0055] TWo-phase cleaning time, 20 min. 
[0056] Rinsing time, 10 min. 
[0057] Air volume, 27.4 SCFM 
[0058] Liquid-to-gas ratio: inlet, 1/4000 and outlet, 
1/ 14000 

[0059] Cleaning solution is alkaline With a pH of 11.5 

[0060] Visual observation of the tWo phase ?oW that Was 
found to be effective in removing bio?lm revealed that 
optimal bio?lm removal took place When the tWo phase ?oW 
mixture ?oWing in the passageWay contained liquid droplets 
that continually impacted the lumen surface of the pipeline. 
Further, the optimal removal Was achieved When part of the 
lumen surface Was not covered by a liquid ?lm, and When 
surface de-Wetting Was accomplished by adjusting the gas to 
liquid ratio and the gas velocities in the ranges indicated 
above. It is important to note that When We use passageWays 
having different internal diameters. Adjustment of the 
gas:liquid ratio is required to achieve the tWo-phase ?oW 
condition that provides liquid droplets that impact the lumen 
surface and prevent the formation of a liquid ?lm on the 
surface of the passageWays. 

[0061] Further, the tWo-phase ?oW apparatus and method 
are applicable for performing cleaning folloWed by rinsing 
and sanitiZing steps. These steps can be used either together, 
or in any combination, as required for the purposes of 
various processes. The apparatus and method set forth 
herein, and their variations, should be considered as a means 
to deliver chemical cleaning agents, sanitiZing agents and 
rinsing liquids to passageWays, as employed in industrial 
processes. 

[0062] During a sanitiZing step using the tWo-phase ?oW 
process, the gas:liquid ratio may be the same or different 
from that used in cleaning or rinsing steps. The nature and 
behavior of the tWo-phase ?oW at the surface or a passage 
Way that achieves effective sanitiZation Was found to be 
someWhat different compared to the cleaning step. During a 
sanitiZing step, the lumen surface using the tWo-phase ?oW 
process, droplet impact forces are not as critical as during 
the cleaning step, and the nature of the tWo-phase ?oW at the 
surface requires a different set of manipulations. The tWo 
phase ?oW condition in this case needs to ensure that the 
entire surface of the passageWay is covered With the sani 
tiZing solution for a set period of time to accomplish 
disinfection. A slightly loWer gas:liquid ratio Would be 
expected to perform better sanitiZation. 

[0063] An apparatus 100 suitable for carrying out the 
methods of the invention is shoWn in FIG. 1. 

[0064] ApassageWay to be cleaned 400 is connected to a 
tWo-phase ?oW generating module 12 connected in turn to 
an air source 10 and a holding tank for cleaning solution 14. 
The passageWay to be cleaned 400 is directly connected to 
an inlet adapter 56 and an outlet adapter 58. 

[0065] A pipe 142 is used to inlet the air-?uid mixture 
through inlet adapter 56. A pipe 170 feeds a back?ushing 
liquid into the passageWay 400 via an inlet adapter 80. When 
back?ushing is complete, the mixture exits through the 
outlet adapter 58 via the pipe 144. 

[0066] The tWo-phase generating module 12 is used to 
combine the pressuriZed air from air source 10 and a 
pre-de?ned amount of liquid from the holding tank 14 to 
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generate droplets that are carried along With the air stream 
and delivered to the passageway to be cleaned 400. The 
tWo-phase generating module 12 includes an air inlet pipe 
segment 136, and a liquid inlet pipe 214. The tWo-phase 
generating module 12 also includes a tWo-phase mixture 
outlet pipe 138. The tWo-phase generating module 12 mixes 
pressuriZed air and a pre-de?ned amount of liquid for 
generating droplets that are carried along With the air stream 
to perform cleaning, rinsing or sanitiZing of the passageWay 
to be cleaned 400. The tWo-phase generating module 12 
includes an air inlet port 134 that is connected to pipe 
segment 136, and a liquid inlet port that is connected With 
pipe segment 214. A P-type ?ne atomiZation noZZle 13 such 
as those manufactured by Bete Fog NoZZle, Inc. is installed 
at the liquid inlet of the module 12 to generate liquid 
droplets in the range betWeen 25 and 400 microns in 
diameter. Selection of the noZZle 13 and droplet range may 
depend on the nature of the passageWay to be cleaned and 
other factors. The tWo-phase generating module 12 also 
includes a tWo-phase mixture outlet that is connected With 
pipe segment 138. A typical design of the tWo-phase gen 
erating module using a noZZle to break up the liquid in the 
form of droplets is shoWn in FIG. 2A. 

[0067] A second type of tWo-phase generating module is 
shoWn in FIG. 2B Where the noZZle is replaced by an ori?ce 
31. This type of design is used in some cases especially 
When the passageWay to be cleaned is small or complex in 
shape, or When the passageWay is narroW and it is possible 
to create the requisite tWo-phase ?oW With droplets Without 
the aid of a noZZle at the entrance of the system to be 
cleaned. The main function of the ori?ce in this case is to 
provide a ?xed amount of liquid to mix With air for gener 
ating a tWo-phase mixture With a knoWn gas to liquid ratio. 
The tWo-phase generating module 12 using ori?ce 31 is 
usually equipped With a long section of tubing (expansion 
section), to alloW the liquid-gas mixture enough time to form 
droplets in the air stream and to reach some sort of steady 
state before entering to the passageWay to be cleaned 400. 

[0068] Yet another version of the tWo-phase generating 
module 12 is shoWn in FIG. 2C Where liquid is introduced 
into the air stream through a T-connection. Again, this type 
of design is usually accompanied With a long pipe or tubing 
section to alloW enough time for the liquid to break up into 
droplets, as per the requisite of the tWo-phase cleaning 
method, before entering the passageWay to be cleaned 400. 

[0069] Air is supplied via air source 10 and directed to the 
inlet of the tWo-phase generating module 12 via pipe seg 
ments 126, 128, 130, 132, 134 and 136 through valve 46. Air 
How is regulated by an air regulator 42, and monitored by a 
pressure gage 44, a pressure transducer 48 and a How meter 
50. These instruments provide a feedback loop to a control 
ler 600. 

[0070] The holding tank 14 is provided by ?rst pumping 
means 30 via pipe segments 199, 198, 200, 202, 204, 205, 
210, 212 and 214 through valves 84 and 76 at a pre-de?ned 
liquid pumping rate. Liquid pressure is monitored by a liquid 
pressure transducer 74. A return loop via pipe segments 209, 
194, 192 and 193 through the manual valve 88 serves as a 
pressure adjustment means to maintain the desired pressure 
range necessary for operating the noZZle 13 in the tWo-phase 
generating module 12 during the cleaning period in order to 
avoid back pressure to other parts of the apparatus. The 
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cleaning solution is then atomiZed/dispersed at the noZZle 13 
and mixed With air to generate the tWo-phase cleaning 
mixture Which is then directed to the inlet adapter 56 
connected With the passageWay to be cleaned 400 via pipe 
segments 138, 140, and 142 through valve 54. Thermo 
couple 52 is employed to measure the tWo-phase mixture 
temperature before entering the passageWay to be cleaned 
400. The tWo-phase exhaust leaving outlet adapter 58 con 
nected to the passageWay to be cleaned 400 is then directed 
to mist separator 500 via pipe segments 144, 146, 148 and 
150 through valve 62. The exhaust pressure is monitored at 
pressure transducer 60. The liquid phase is then separated 
from the tWo-phase mixture inside the mist separator 500 
and discharged via pipe 152 through valve 64, and gas is 
discharged via a ventilation duct 154. In this process the 
desired mixture temperature is controlled by the liquid 
heater 15 and air heater 11, and is monitored by the 
thermocouple 52 With a feedback loop to the controller 600. 

[0071] If a second cleaning solution (such as an acidic 
solution) is required or desired in the second cleaning 
process, the cleaning solution is contained in a second 
cleaning solution holding tank 16. This cleaning solution is 
then supplied to the liquid inlet of the tWo phase generating 
module 12 by the ?rst pumping means 30 via pipe segments 
191, 190, 200, 202, 204, 205, 210, 212, and 214 through 
valves 84 and 76 at a pre-de?ned liquid ?oW rate. The liquid 
pressure is alWays monitored by the liquid pressure trans 
ducer 74. Areturn loop via pipe segments 209, 194, 188 and 
189 through the manual valve 92 is used to serve as a 
pressure adjustment means to maintain the desired pressure 
range necessary for operating the noZZle 13 in the tWo-phase 
generating module 12. The cleaning solution is then atom 
iZed at the noZZle 13 and mixed With air to generate 
tWo-phase cleaning mixture Which is then directed to the 
inlet adapter 56 Which is connected With the passageWay to 
be cleaned 400 via pipe segments 138, 140, and 142 through 
valve 54. A thermocouple 52 is employed to measure the 
tWo-phase mixture temperature before entering the passage 
Way to be cleaned 400. The tWo-phase exhaust leaving outlet 
adapter 58, Which is connected to the passageWay to be 
cleaned 400, is directed to the mist separator 500 via pipe 
segments 144, 146, 148 and 150 through valve 62. The 
exhaust pressure is monitored With pressure transducer 60. 
The liquid phase is then separated from the tWo-phase 
mixture inside the mist separator 500 and discharged via 
pipe 152 through valve 64. A gas is discharged via a 
ventilation duct 154. In this process the desired mixture 
temperature is controlled by liquid heater 17 and the air 
heater 11 and monitored by the thermocouple 52. 

[0072] Sanitizers can also be used after the cleaning step 
in many C-I-P operations. In this case, a sanitiZer holding 
tank 18 is used to supply the sanitiZing liquid. The sanitiZer 
contained in the sanitiZer holding tank 18 is supplied to the 
liquid inlet of the tWo phase generating module 12 by a 
second pumping means 32 via pipe segments 180, 182, 186, 
187, 208205, 210, 212 and 214 through valves 101 and 76 
at a pre-de?ned liquid rate. Liquid pressure is monitored by 
the liquid pressure transducer 74. A return loop via pipe 
segments 184 and 185 through the manual valve 94 is used 
to serve as a pressure adjustment means to maintain a 

desired pressure range necessary for operating the noZZle 13 
in the tWo-phase generating module 12. The sanitiZing liquid 
is then atomiZed at the noZZle 13 and mixed With air to 
generate a tWo-phase sanitiZing mixture Which is then 
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directed to the inlet adapter 56 Which is connected With the 
passageway to be cleaned 400 via pipe segments 138, 140, 
and 142 through valve 54. A thermocouple 52 is employed 
to measure the temperature of the tWo-phase mixture before 
entering the passageWay to be cleaned 400. The tWo-phase 
exhaust leaving the outlet adapter 58, Which is connected to 
the system to be cleaned 400, is directed to the mist separator 
500 via pipe segments 144, 146, 148 and 150 through valve 
62. The exhaust pressure is monitored by pressure trans 
ducer 60. The liquid phase is then separated from the 
tWo-phase mixture inside the mist separator 500 and dis 
charged via a pipe 152 through a valve 64 and air is 
discharged via a ventilation duct 154. In this process the 
desired tWo-phase mixture temperature is controlled by a 
liquid heater 19 and the air heater 11 and monitored by the 
thermocouple 52. 
[0073] Sometimes Water is mixed With air for rinsing 
purposes. In these cases, rinse Water holding tank 20 is used 
to supply rinse Water/liquid. Water is supplied to the liquid 
inlet of the tWo-phase generating module 12 by the third 
pumping means 34 via pipe segments 172, 174, 178, 206, 
208, 209, 205, 210, 212 and 214 through valves 98 and 76. 
The liquid pressure transducer 74 is used to monitor Water 
pressure. A return loop via pipe segments 176 and 177 
through manual valve 96 is used to serve as a pressure 
adjustment means to maintain the desired pressure range 
necessary for operating the noZZle 13 in the tWo-phase 
generating module 12. Water is then atomiZed at the noZZle 
13 and mixed With air to generate a tWo-phase rinsing 
mixture Which is then directed to the inlet adapter 56 Which 
is connected With the passageWay to be cleaned 400 via pipe 
segments 138, 140 and 142 through valve 54. The thermo 
couple 52 is employed to measure the temperature of the 
tWo-phase mixture before entering the passageWay to be 
cleaned. The tWo-phase exhaust leaving outlet adapter 58, 
Which is connected to the passageWay to be cleaned 400, is 
directed to the mist separator 500 via pipe segments 144, 
146, 148 and 150 through valve 62. The exhaust pressure is 
monitored at pressure transducer 60. The liquid phase is then 
separated from the tWo-phase mixture inside the mist sepa 
rator 500 and discharged via the pipe 152 through the valve 
64, and gas or air is discharged via the ventilation duct 154. 
In this process the desired mixture temperature is controlled 
by a liquid heater 21 and an air heater 11 and monitored by 
the thermocouple 52. 

[0074] In addition to the tWo-phase rinsing step discussed 
above, rinsing can also be accomplished by circulating Water 
continuously through the passageWay to be cleaned 400. In 
this step, a Water source is supplied from the Water holding 
tank 28 to the inlet adapter 56 Which is connected to the 
system to be cleaned by the sixth pumping means 40 via pipe 
segments 231, 230, 234, 246, 250, 270, 272, 140 and 142 
through valves 114, 106 and 54. The Water flow rate is 
monitored using a flow meter 120. Instead of using the Water 
from Water holding tank 28, Water can also be supplied from 
an outside source to the Water holding tank 28 via pipe 
segments 254 and 252 through a valve 124. After passing 
through the passageWay to be cleaned 400, the rinse Water 
is directed to the adapter 58 and to the mist separator 500 via 
pipe segments 144, 146, 148, and 150 through valve 62. The 
rinse Water inside the mist separator 500 is then discharged 
via a pipe segment 152 through valve 64. In many cases, 
Warm or hot Water can enhance cleaning results and thus 
controlling the rinse Water temperature becomes important 
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in the control of the process. This can be achieved by using 
a heater and its controller 29 inside the Water holding tank 
28. 

[0075] Rinsing With Water is enhanced by applying inter 
mittent air pulsation can increase rinsing effectiveness. This 
step is achieved by applying a continuous supply of Water as 
described above and intermittently introduces pressuriZed 
air to the rinse Water stream. Air is supplied from the air 
source 10 to the valve 54 to push the rinse Water through the 
passageWay to be cleaned 400 via pipe segments 126, 128, 
130, 132, 134, 136, 138, 140 and 142 through valve 46 and 
the tWo-phase generating module 12. The air is regulated by 
the regulator 42 and monitored by pressure gage 44, pressure 
transducer 48 and flow meter 50. During this process, valves 
70 and 76 are closed to avoid any back pressure to other 
parts of the apparatus. The pulsation pattern is controlled by 
the valve 46 Which is electronically controlled by the 
controller 600. A typical pattern of the pulsation is to open 
the valve 46 for about 3-6 seconds after every 6-10 seconds. 
With the automatic control from the controller 600, other 
pulsation patterns can be easily achieved. 

[0076] Re-circulation of the cleaning solution, sanitiZer or 
rinse Water through the passageWay to be cleaned 400 for a 
period of time With a desired liquid temperature is an 
important step for soaking or rinsing the internal surfaces of 
passageWays or equipment in processing industries. In this 
step, liquids are circulated through the system to be cleaned 
With a continuous liquid phase. When the ?rst cleaning 
solution, Which may be a basic solution, is applied for 
recirculation purposes, the cleaning solution contained in the 
cleaning solution holding tank 14 is pumped to the inlet 
adapter 56 by the fourth pumping means 36 via pipe 
segments 227, 226, 228, 266, 268, 270, 272, 140 and 142 
through the valves 87, 102 and 54. The liquid flow rate is 
monitored by the flow meter 120 and the temperature of the 
liquid is monitored by the thermocouple 52. After passing 
through the passageWay to be cleaned 400, the cleaning 
solution leaves the system to be cleaned at the outlet adapter 
58 and is directed to the cleaning solution recirculating tank 
22 via pipe segments 144, 146, 148, 264, 262, 260, and 261 
through valves 62 and 116. The liquid pressure transducer 60 
is used to monitor the liquid pressure during the process. 
This process is continued until the liquid level in the 
cleaning solution recirculating tank 22 reaches about 80%, 
When the circulation process does not consume more fresh 
cleaning solution from the cleaning solution holding tank 
14. At this moment, valve 87 is closed and valve 108 is 
opened so that the cleaning solution retained in the cleaning 
solution recirculating tank 22 is connected to the above 
mentioned recirculation loop via pipe segments 241, 240 
and 236 through the valve 108. The recirculation process is 
then continued for a period of time depending on rinsing or 
soaking requirements for each cleaning process/protocol. 
The desired liquid temperature is controlled by a heater 15 
before the valve 87 is closed and by a heater 23 throughout 
the entire recirculation process. 

[0077] When the second cleaning solution (here referred 
as acidic solution) is required for recirculation purposes, the 
cleaning solution contained in the cleaning solution holding 
tank 16 is pumped to the inlet adapter 56 by the fourth 
pumping means 36 via pipe segments 223, 222, 224, 228, 
266, 268, 270, 272, 140 and 142 through valves 91, 102, and 
54. The liquid flow rate is monitored by the flow meter 120 
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and the temperature of the liquid is monitored by the 
thermocouple 52. After passing through the passageway to 
be cleaned 400, the cleaning solution eXits at the outlet 
adapter 58 and is directed to the cleaning solution recircu 
lating tank 24 via pipe segments 144, 146, 148, 264, 262, 
258, and 259 through valves 62 and 118. A liquid pressure 
transducer 60 is used to monitor the liquid pressure during 
the process. This process is continued until the liquid level 
in the cleaning solution holding tank 24 reaches about 80% 
When the circulation process does not consume more fresh 
cleaning solution from the cleaning solution holding tank 
16. The valve 91 is closed and valve 110 is opened so that 
the cleaning solution retained in the cleaning solution recir 
culating tank 24 is connected to the above mentioned 
recirculation loop via pipe segments 239, 238 and 236 
through valve 110. The desired liquid temperature is con 
trolled by heater 17 before valve 91 is closed and by heater 
25 throughout the entire recirculation process. 

[0078] When a sanitiZer is required for recirculation pur 
poses, the sanitiZer solution contained in the sanitiZer hold 
ing tank 18 is pumped to inlet adapter 56 by the ?fth 
pumping means 38 via pipe segments 217, 216, 218, 220, 
242, 250, 270, 272, 140 and 142 through valves 95, 102 and 
54. The liquid ?oW rate is monitored by How meter 120 and 
the liquid temperature is monitored by the thermocouple 52. 
After passing through the passageWay to be cleaned 400, the 
sanitiZer eXits the passageWay at outlet adapter 58 and is 
directed to the sanitiZer recirculating tank 26 via pipe 
segments 144, 146, 148, 264, 263 and 256 through valves 62 
and 122. The liquid pressure transducer 60 is used to monitor 
the liquid pressure during the process. This process is 
continued until the liquid level in the sanitiZer recirculating 
tank 26 reaches about 80% When the circulation process 
does not consume more fresh sanitiZer from the sanitiZer 
solution holding tank 18. The valve 95 is then closed and the 
valve 112 is opened so that the sanitiZer retained in the 
sanitiZer recirculation tank 26 is connected to the above 
mentioned recirculation loop via pipe segments 233 and 232 
through the valve 112. The recirculation process is then 
continued for a period of time depending on rinsing and 
soaking requirements of each sanitiZing case. A desired 
liquid temperature is controlled by heater 19 before valve 95 
is closed and by the heater 27 throughout the entire recir 
culation process. 

[0079] Back?ushing is an important option of the tWo 
phase cleaning apparatus 100, used particularly to clean 
tubular and holloW ?ber membranes Where back?ushing is 
often required, for instance for ultra?ltration and micro?l 
tration separation membranes. Back?ushing usually 
involves the use of either a cleaning solution or Water in 
liquid phase, or in the form of the tWo-phase mixtures in 
other cases. In this step, a second liquid inlet adapter 80 is 
used to connect the back?ushing ?uid to the product port of 
the membrane to be cleaned, as shoWn in FIG. 3. When the 
back?ushing is in the form of a cleaning solution in a liquid 
phase or foam miXture, the cleaning solution in the cleaning 
solution holding tank 14 is delivered to inlet adapter 80 by 
the ?rst pumping means 30 via pipe segments 199, 198, 200, 
202, 204, 205, 168, and 170 through valves 86, 84 and 78. 
MeanWhile air is supplied from the air source 10 via pipe 
segments 158, 160, 162, 164, and 166 to pipe 210 to 
pressuriZe the liquid that is held inside the housing of the 
membrane to be cleaned 400. Air in this case is regulated by 
the regulator 66 and monitored by the pressure gage 68 and 
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pressure transducer 72. A liquid return loop via pipe seg 
ments 209, 194, 192, and 193 through the manual valve 88 
is used to adjust the liquid pressure Within a range that can 
be sustained by the membrane housing. Any permeate 
generated during this back?ushing operation is directed to 
the mist separator 500 via pipe segments 144, 146, 148, and 
150 through valve 62. The liquid collected inside the mist 
separator 500 is then discharged via pipe segment 152 
through valve 64. This process can be performed at the 
desired liquid and air pressures depending on the speci?ca 
tions of the membrane to be cleaned. 

[0080] If an air stream is introduced to the lumen of 
tubular or holloW ?ber membranes during back ?ushing, a 
tWo-phase How can be formed in situ and can be used to 
clean the lumen side of the membrane and thus enhance 
overall cleaning. This in situ tWo-phase generation step is 
achieved in apparatus 100 by introducing air to the inlet 
adapter 56 Which is connected to the inlet of the membrane 
to be cleaned 400 via pipe segments 126, 128, 130, 132, 134, 
136, 138, 140 and 142 through valves 46 and 54 and the 
tWo-phase generating module 12. Air in this case is regulated 
by the regulator 66 and monitored by the pressure transducer 
72. With tWo-phase ?oW generated in situ, the mist separator 
500 is collecting tWo-phase eXhaust rather than liquid phase 
only. Liquid is separated from the tWo-phase eXhaust inside 
the mist separator 500 and discharged via pipe segment 152 
through valve 64 and air is discharged via pipe segment 154. 

[0081] If a second cleaning solution in the form of a liquid 
phase or as a foam miXture is needed for back?ushing 
purposes, the cleaning solution in the cleaning solution 
holding tank 16 is delivered to the inlet adapter 80 by ?rst 
pumping means 30 via pipe segments 191, 190, 200, 202, 
204, 205, 168, and 170 through valves 90, 84, and 78. 
MeanWhile air is supplied from the air source 10 via pipe 
segments 158, 160, 162, 164, and 166 to pipe 210 for use to 
pressuriZe the liquid that is held inside the membrane 
housing. Air in this path is regulated by the regulator 66 and 
monitored by the pressure gage 68 and the pressure trans 
ducer 72. A liquid return loop via pipe segments 209, 194, 
188 and 189 through manual valve 92 is used to adjust the 
liquid pressure Within a range that can be sustained by the 
membrane housings. Any permeate liquid formed inside the 
membrane lumen during the back?ushing step is directed to 
the mist separator 500 via pipe segments 144, 146, 148, and 
150 through valve 62. The liquid collected inside the mist 
separator 500 is then discharged via pipe segment 152 
through valve 64. This process can be performed under 
certain desired liquid and air pressures, depending on the 
speci?cation of the membrane to be cleaned. 

[0082] As discussed above, if an air stream is introduced 
to the lumens of the tubular or holloW ?ber membranes by 
back?ushing, a tWo-phase How can be created in situ inside 
the lumen of the membrane to enhance the cleaning surface 
of the membrane. This step is again done by introducing air 
to inlet adapter 56 via pipe segments 126, 128, 130, 132, 
134, 136, 138, 140, and 142 through valves 46 and 54 and 
the tWo phase generating module 12. Air in this path is 
regulated by regulator 66 and monitored by pressure trans 
ducer 72. With the tWo-phase generated in situ, the mist 
separator 500 is collecting tWo-phase eXhaust rather than 
liquid phase only. Liquid is separated from the tWo-phase 
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exhaust inside the mist separator and discharged via pipe 
segment 152 through valve 64 and air is discharged via pipe 
segment 154. 

[0083] If a sanitiZer is used in the back?ushing process as 
required for pharmaceutical and medical facilities, the sani 
tiZer in the sanitiZer holding tank 18 is delivered to inlet 
adapter 80 by the second pumping means 32 via pipe 
segments 180, 182, 186, 187, 208, 209, 205, 168 and 170 
through valves 100 and 78, meanWhile air is supplied from 
the air source 10 via pipe segments 158, 160, 162, 164, and 
166 to pipe 210 for use to pressuriZe the liquid that is held 
inside of the membranes. Air in this path is regulated by the 
regulator 66 and monitored by the pressure gage 68 and 
pressure transducer 72. A liquid return loop via pipe seg 
ments 184 and 185 through manual valve 94 is used to adjust 
liquid pressure Within a range that can be sustained by 
tubular membrane housing. Any permeate liquid generated 
during back?ushing into the lumens of the membrane is 
directed to mist separator 500 via pipe segments 144, 146, 
148, and 150 through valve 62. The liquid collected inside 
a mist separator 500 is then discharged via pipe segment 152 
through valve 64. This process can be performed under 
certain desired liquid and air pressures depending on the 
speci?cations of membrane housing design. 

[0084] As discussed above, the back?ushing process can 
be used to supply liquid to the lumen side of the membrane 
and a two-phase flow can be generated in situ When miXed 
With air directed to the lumen side from the air source 10. 
This step is done by introducing air to the inlet adapter 
Which is connected to the inlet of the membrane to be 
cleaned via pipe segments 126, 128, 130, 132, 134, 136, 138, 
140, and 142 through valves 46 and 54 and the tWo-phase 
generating module 12. Air in this pass is regulated by the 
regulator 66 and monitored by the pressure transducer 72. 
With the tWo phase miXture generated in situ, the mist 
separator 500 is collecting tWo-phase eXhaust rather than 
liquid phase only. Liquid is separated from the tWo-phase 
eXhaust inside the mist separator 500 and discharged via 
pipe segment 152 through valve 64 and air is discharged via 
pipe segment 154. 

[0085] If Water is to be used in the back?ushing process 
during membrane cleaning processes, Water in the holding 
tank 20 is delivered to inlet adapter 80 by the third pumping 
means 34 via pipe segments 172, 174, 178, 206, 208, 209, 
205, 168 and 170 through valves 98 and 78. MeanWhile and 
simultaneously, air is supplied from the air source 10 via 
pipe segments 158, 160, 162, 164 and 166 to the pipe 210 
for use to pressuriZe the liquid that is held inside the housing 
of the membrane. Air in this path is regulated by the 
regulator 66 and monitored by the pressure gage 68 and the 
pressure transducer 72. A liquid return loop via pipe seg 
ments 176 and 178 through a manual valve 98 is used to 
adjust the liquid pressure Within a range that can be sus 
tained by the membrane. Any permeate liquid created inside 
the lumen of the membrane is directed to the mist separator 
500 via pipe segments 144, 146, 148, and 150 through the 
valve 62. The liquid collected inside the mist separator 500 
is then discharged via pipe segment 152 through valve 64. 
This process can be performed under certain desired liquid 
and air pressures depending on the speci?cations of the 
membrane to be cleaned. 

[0086] As discussed above, a two-phase flow can be 
created, in situ, in the membrane lumen by miXing the 
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back?ushing liquid With air from the air source 10. The gas 
to liquid ratio in this case is adjusted by controlling the 
back?ushing liquid and air pressures. This step is done by 
introducing air to the inlet adapter Which is connected to the 
inlet of the membrane to be cleaned via pipe segments 126, 
128, 130, 132, 134, 136, 138, 140, and 142 through valves 
46 and 54 and the tWo phase generating module 12. Air in 
this path is regulated by the regulator 66 and monitored by 
the pressure transducer 72. With the two-phase flow gener 
ated in situ in this case, the mist separator 500 is collecting 
tWo-phase eXhaust rather than liquid phase only. Liquid is 
separated from the tWo-phase eXhaust inside the mist sepa 
rator 500 and discharged via pipe segment 152 through valve 
64; air is discharged via pipe segment 154. 

[0087] The drying step is an important part of the appa 
ratus 100. It alloWs dry air that is heated to a desired 
temperature by heater and controller 11 to pass through the 
internal surfaces of the passageWay to be cleaned 400. 
Drying is usually performed after the cleaning, sanitiZing 
and rinsing steps to prevent bacterial groWth or bio?lm 
formation. Drying is done by introducing dry air at the 
desired temperature from the air source 10 to the adapter that 
is connected With the inlet of the object to be cleaned via 
pipe segments 126, 128, 130, 132, 134, 136, 138, 140 and 
142 through valves 46 and 54 and the tWo-phase generating 
module 12. Air is regulated by the regulator 42 and moni 
tored by the pressure gage 44, pressure transducer 48 and the 
flow meter 50. The air temperature is also monitored by the 
thermocouple 52. The air leaving the system to be cleaned 
at the adapter 58 is directed to the mist separator 500 via pipe 
segments 144, 146, 148, 150 through the valve 62. The 
transducer 60 is used to monitor the pressure of the eXhaust. 
Air is then discharged via pipe segment 154 from the mist 
separator 500. Any liquid collected during the drying pro 
cess is discharged via the pipe segment 152 through the 
valve 64. 

[0088] The controller unit 600 is a PLC-operated control 
ler. It is programmed to operate all control valves, pumps, 
heaters and their controllers, pressure transducers, and flow 
meters in accordance With a designed operating sequence to 
carry out all the function discussed above. All the compo 
nents that are connected to the controller 600 are displayed 
in FIG. 1 With an electrical contact symbol. 

[0089] Valve 82 and pipe segment 156 provides means for 
collecting Water or liquid samples during each step of the 
process to monitor the quality of the rinse Water, the cleaning 
agent concentration, and the sanitiZing agent concentration. 
The collected samples are used to monitor pH, conductivity, 
surfactant concentration, and sanitiZer concentration such as 
bleach, peroXy-acids, iodine or others. The liquid tempera 
ture is normally monitored at the thermocouple 52. 

[0090] In another variation of the apparatus, liquids dis 
charging from the mist separator 500 through the valve 64 
can be connected through a pipe 196 to the manifold 263 and 
also recirculated back to the corresponding tank or pump to 
be fed again to the system to be cleaned. 

[0091] FIGS. 2A, 2B and 2C illustrate alternate equip 
ment used to create a two-phase flow. 

[0092] FIG. 2A illustrates generating droplets using a 
noZZle 13. A gas inlet pipe 136 and a liquid pipe 214 miX the 
tWo phases in the tWo-phase generating module 12. The 
two-phase flow eXits in pipe 138. 
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[0093] FIG. 2B illustrates generating droplets using a 
liquid delivery ori?ce 31, Which is at an angle With respect 
to the gas inlet pipe 136. After mixing the air and liquid, the 
mixture again exits in pipe 138. 

[0094] FIG. 2C illustrates generating droplets using a T 
arrangement of the liquid inlet pipe 214 Which is about 
perpendicular With the gas inlet pipe 136. The tWo-phase 
mixture exits through pipe 138. 

[0095] FIG. 3 illustrates a system 400 that can be used to 
back?ush the liquid-air mixture. 

[0096] A pipe 142 is used to inlet the air-?uid mixture 
through inlet adapter 56. A pipe 170 feeds a back?ushing 
liquid into the passageWay 400 via an inlet adapter 80. When 
back?ushing is complete, the mixture exits through the 
outlet adapter 58 via the pipe 144. 

[0097] FIG. 4 illustrates a pipe distribution netWork 400 
to be cleaned. Air and liquid in a pipe 142 are combined in 
an inlet adapter 56 and ?oWs through pipe 402 to be cleaned 
through a bifurcation valve 404. This valve 404 in turn 
connects to tWo pipes to be cleaned, 406 and 408/In turn, 
pipe 408 ?oWs through a second bifurcation valve 410 to 
clean pipes 412 and 414. The mixture exits through outlet 
adapter 58 via a pipe 144. 

[0098] FIG. 5 is a cross sectional vieW of an adapter used 
to clean membrane channels using tWo phase ?oW cleaning. 

[0099] The invention Will be further described in the 
folloWing Examples. HoWever, the invention is not meant to 
be limited by the details described therein. In the Examples, 
the apparatus parts refer to FIG. 1. 

EXAMPLE 1 

[0100] This example describes apparatus and process for 
removing bio?lm, contaminants and debris from passage 
Ways that carry pure Water or bicarbonate dialysate solution 
as used in dialysis center Water systems, pharmaceutical 
plants or industrial operations that require the use of pure 
Water distribution systems. To simulate the above Water 
distribution systems, We constructed a Water system that 
alloWed us to groW bio?lm on the lumen surface of long 
tubing having a range of internal diameters by circulating 
Water or other liquids suitable for bio?lm groWth. In this 
example, the passageWay to be cleaned Was constructed 
from PVC tubing and pipes having internal diameters from 
0.25 inch to 1 inch, and having lengths from 100 to 300 feet. 
This arrangement provides pipelines and tubing With a 
length to diameter (L/D) ratio betWeen 1,000 and 15,000. 
The tubing and pipe used to construct this arrangement Were 
made from clear PVC to alloW us to observe the tWo-phase 
?oW at any section along the pipe. This pipe arrangement is 
referred to as a pipe system hereafter. 

[0101] After alloWing bio?lm to groW for several Weeks, 
We subjected these simulated pipes to tWo-phase cleaning 
for ?ve or ten minutes, and measured both Water quality 
(CFU/ml) and bio?lm density (CFU/cm2) before and after 
the tWo-phase ?oW cleaning. SEM Was also used to evaluate 
bio?lm before and after the application of the tWo-phase 
?oW cleaning for one set of experiments. All the cleaning 
Was done With a tWo-phase mixture Where the liquid phase 
contained sodium hydroxide to a pH about 11.5 or higher. 
This solution is safe and is currently recommended for 
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cleaning dialysis Water systems. A high pH condition loWers 
the adhesive strength of bio?lm to PVC tubing surfaces, and 
facilitates its removal With the tWo-phase dynamics. 

[0102] Part A 

[0103] The above pipeline system Was connected as the 
passageWay to be cleaned 400 in apparatus 100. The inlet of 
the pipeline system Was connected to an inlet adapter 56 and 
its outlet Was connected to an outlet adapter 58. Cleaning of 
the pipeline system Was performed using a tWo phase ?oW 
mixture generated inside the tWo phase generating module 
12 by supplying air from air source 10 through line segments 
126, 128, 130, 132, 134 and 136 Which connect to the inlet 
of the tWo phase generating module 12. The air ?oW rate Was 
controlled by pressure regulator 42 and air ?oW meter 50 and 
monitored by pressure gauge 44 and pressure transducer 48. 
The cleaning solution used to form the tWo phase ?oW 
mixture Was supplied from cleaning solution holding tank 14 
through a valve 86 using ?rst pumping means 30 through 
line segments 199, 198, 200, 202, 204, 210, 212 and 214 
leading to the liquid inlet of the tWo-phase generating 
module 12. The liquid ?oW rate Was controlled by adjusting 
the ?rst pumping means 30 and Was monitored by pressure 
transducer 74. During cleaning, air Was supplied to the inlet 
of the tWo phase generating module 12 by opening a valve 
46, and the cleaning solution Was supplied at the required 
?oW rate by ?rst pumping means 30 by opening valves 84 
and 76. The liquid Was supplied to the tWo-phase generating 
module 12 via a noZZle P-type Fine AtomiZation NoZZle 
made by Bete Fog NoZZle, Inc. of Green?eld, Mass. This 
noZZle provides droplet siZes in the range of 25 to 400 
microns. When the liquid droplets are mixed With air inside 
the tWo-phase generating module 12, they form a tWo phase 
?oW that Was directed to the pipeline system by opening 
valve 54 through the inlet adapter 56. The tWo-phase ?oW 
passes through the pipeline system 400 and exits through the 
outlet adapter 58 to a mist separator 500 through line 
segments 144, 146, 148 and 150 by opening a valve 62. The 
discharged tWo-phase ?oW mixture is separated into a gas 
stream that is vented through an outlet 154 and the liquid 
phase is discharged through line segment 152 through a 
valve 64. After the cleaning step, the pipe system 400 Was 
rinsed With a tWo-phase ?oW mixture consisting of Water 
and air, supplied through the tWo-phase generating module 
12. The air supplied to the tWo-phase generating module 12, 
Was supplied in the same Way as described above for the 
cleaning step. Rinse Water Was supplied from rinse Water 
holding tank 20 and pumped through a third pumping means 
34 via line segments 172, 174, 178, 206, 208, 209, 210, 212 
and 204, Which connects to the liquid inlet of the tWo-phase 
generating module 12. The tWo phase ?oW generated in the 
tWo phase generating module 12 is directed to the pipeline 
system 400 for rinsing, and discharged through the outlet 58 
to the mist separator 500, Where the air and Water are 
separately discharged through ports 154 and 152 respec 
tively. During rinsing, the same air pressure Was used as in 
the cleaning step, and the rinse Water ?oW rate Was betWeen 
15 to 200 ml/min. During rinsing, the optimal time Was 
about 10 minutes and Was determined by monitoring the pH 
and speci?c conductivity of the rinse liquid by WithdraWing 
rinse liquid from the test port 82. Rinsing Was continued 
until the rinse liquid had the same pH and speci?c conduc 
tivity as the Water supplied from the rinse Water holding tank 
20. 
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[0104] Part B 

[0105] Rinsing Was done using a continuous How of pure 
Water from a pure Water source 254 or the rinsing Water 
recirculating tank 28 via a sixth pumping means 40 through 
line segments 231, 230, 234, 242, 246, 250, 270 and 272 
through a valve 54 and the inlet adapter 56. The rinse 
solution Was discharged through the outlet adapter 58 via 
line segments 144, 146, 148 and 152 through a valve 62. 

[0106] Part C 

[0107] In another experiment, the rinsing Was done using 
a pulsing mode. In this case, a continuous supply of Water 
from the Water source 254 or the rinse Water recirculating 
tank 28 Was delivered by the sixth pumping means 40 
through line segments 231, 230, 234, 242, 246, 250, 270 and 
272 through the valve 54 and the inlet adapter 56. In this 
rinsing mode, the air Was supplied intermittently for 3 
seconds after every six seconds of a continuous liquid ?oW, 
by opening valve 46 With the aid of the control system 600. 
The rinse time in these cases Was again determined by the 
same method, by measuring the pH and the speci?c con 
ductivity of the rinse solution from the sampling port 82. The 
discharge of rinse liquid in this case Was the same as 
described above. 

[0108] The cleaning parameters used to remove bio?lm 
from the pipeline system 400 Were: a) the inlet air pressure 
to the tWo phase generating module 12 Was regulated at 
30-50 psig; b) the cleaning solution ?oW rate to the inlet of 
the tWo phase generating module 12 Was 15-100 ml/min; c) 
the estimated velocity at the inlet of pipeline system 400 Was 
in the range of 48-104 ft/sec; d) the estimated exit velocity 
at the adapter 58 Was in the range of 114-390 ft/sec; and e) 
the liquid to gas ratio used to clean pipeline system 400 Was 
in the range of 1/800 to 1/14000. 

[0109] The results of bio?lm removal from 0.25 and 0.5 
inch diameter tubing, each 100 feet long, are set forth in 
Table 1 beloW: 
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[0112] After cleaning, the bio?lm density Was reduced to 
almost Zero, and the bacterial counts re?ect this. 

[0113] The above microbiology results have been sup 
ported by SEMs on the surface of the tubing before and after 
cleaning—see FIGS. 6A & 6B. It is clear from the SEM of 
FIG. 6A that a mature bio?lm With extensive polysaccha 
ride matrix has formed at the surface of the tubing. TWo 
phase ?oW cleaning achieves signi?cant removal of the 
bio?lm along With its associated matrix, as shoWn in FIG. 
6B. 

EXAMPLE 2 

[0114] This example describes the process for removing 
bio?lm and residues from tubing that carry carbonated Water 
or beverages such as those used in soda fountain and 
beverage dispensing machines. 

[0115] A How of Water Was maintained through a 3/8 inch 
internal diameter plastic tubing having a length of 50 feet 
(L/D=1600) for three months to simulate soda fountain 
conditions in the ?eld. A thick bio?lm formed on the tubing 
during this period of time. 

[0116] The tubing Was cleaned using the apparatus of 
FIG. 1 and an alkaline cleaning agent including 0.1% of 
Tergitol-lX surfactant having a pH of 11.5 for ?ve minutes. 
The liquid to gas ratio Was 1:1800 and the pressure Was 45 
psig. Air velocities at the inlet and the outlet of the tube Were 
50 ft/sec and 250 ft/sec, respectively. 

[0117] Complete removal of the bio?lm from the entire 
length of the tubing Was obtained, as measured by standard 
microbiology methods. Thus the shear stress of the tWo 
phase ?oW Was high enough to overcome the bio?lm adhe 
sion having an adhesive strength of about 100 Pascals. This 
tubing arrangement is referred to as soda or beverage line 
and Was cleaned by apparatus 100 as in Example 1. 

[0118] The cleaning conditions that Were found to com 
pletely remove bio?lm from soda and beverage line Were: a) 

TABLE 1 

Ve- Liquid/Air 
Bio?lm Cleaning locity Ratio 

D Age Time (ft s) (volumetric) CFU cm2 

Tubing (in) L/D (Weeks) (min) In Out In Out Pre Post 

52 0.25 4800 2 5 75 345 1/860 1/4000 890 <10 
53 0.25 4800 2 10 75 345 1/860 1/4000 — <10 
B1 0.50 2400 2 10 48 114 1/1400 1/3300 550 30 
54 0.25 4000 4 10 72 360 1/800 1/4100 1.8 X 105 <1 
55 0.25 4800 4 5 90 390 1/1000 1/4400 1.8 X 105 <1 
B2 0.50 2400 4 10 69 186 1/2000 1/5400 6.2 X 105 <10 

[0110] These results shoW that Water in contact With a 

bio?lm-laden surface before cleaning can have over one 

million CFU/ml in the case of tWo Week old bio?lm. After 

either 5 or 10 minutes of tWo-phase cleaning, both the 
surface of the tubing and distilled Water stored in the tubing 
demonstrate that effective cleaning gas been achieved. 

[0111] The results further shoW that during 4 Weeks of 
exposure to tap Water, the bio?lm density has increased to 
the order of 100,000 CFU/cm2. 

air pressure, 40-50 psig; b) liquid to gas ratio, 1/1400 to 
1/7300; c) gas velocities, 70-360 ft/sec; d) the cleaning 
solution used to create the tWo phase ?oW included a 
non-ionic surfactant like Tergitol-lX made by DoW Chemi 
cal Co and it had a pH betWeen 10.5-13.0; e) cleaning time, 
10 min; f) rinsing time, 5 min. 

[0119] The CFU/cm2 shoWed an initial count of 1.8X105 
CFU/cm2 before cleaning and <1 CFU/cm2 after the tWo 
phase cleaning performed as described above. SEM micro 
graphs con?rmed the effective removal of bio?lm including 






















