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This paper describes experiments in which high qumes emulsions, formed by mixing
supercritical, or near-critical, carbon dioxide amdhter, flow through capillaries.
Motivation for the work is found in a process formkmg nano- and micro-particulate
powders by expanding similarly formed emulsionssofvent systems through small-
diameter flow restrictors to atmospheric pressuiéhe expansion acts to nebulize the
solution or suspension of a compound (usually phasutical) and form a plume of small
droplets and bubbles. Applying heat to the pluraperates the solvent and leaves behind
the particles ready for collection. Particle sse&l morphology are controlled by adjusting
the operating pressures and temperatures, andjostiad the flow rates of the solution
and the carbon dioxide. It has been shown in otloek that the ratio of the two fluid flow
rates is a key factor in engineering particle saed morphology. Unfortunately,
equipment operators have no means for knowangriori, what the value of the ratio will
be for a given pressure and restrictor geometry.

To shed light on the problem, experiments were detag with a family of silica glass
capillaries whose lengths spanned 5 to 25 cm arasevinternal diameters varied between
75 and 200 microns. The resulting length — diametios were in the range 660L/D <
2000, approximately. Pressures were set increntetietween 7 and 14 MPa and most
experiments were completed at room temperaturendr@0 °C. The two-species system is
complex. In general, for given pressure and teatpeg at the capillary inlet, the flux of
carbon dioxide decreases as the flux of water asge. But this general trend appears to
be only piecewise continuous and defined by twdirdis branches, an upper and a lower
on a CQ flow rate vs HO flow rate diagram. On the upper branch, the, @@w rate
decreases moderately until the increasin@ How rate reaches a threshold value, on the
order of 1 or 2 ml/min. At the threshold wateowl rate, the C@ flow rate drops
precipitously to the lower branch where it has bebgerved to remain — or to oscillate
between the two branches. The upper branch appesekate to a water-in-carbon dioxide
emulsion while the lower branch is a carbon dioxidevater emulsion.

INTRODUCTION

A new and relatively simple process for making raand micro-scale powders uses
capillary flow restrictors to nebulize solutions@@mmercial interest. The process, called
CAN-BD [1], expands a mixture of a high pressurkison, or suspension, and critical or
near-critical carbon dioxide to ambient pressurerghy forming what appears to be a
plume of very small bubbles and droplets (Figure Djrecting the plume into a drying
chamber through which heated nitrogen is flowing@parates the liquid phases and
reduces the solute to the desired small partitiasdre then collected on a filter or other
harvesting device. The solutions may consist afeaqs or organic solvents and the
solutes are often pharmaceutical [2, 3] or nutracali4] compounds.



Changing such operating parameters as pressuve
and temperature, drying temperature, and solufé'_“t'ﬁ” [
concentration has an appreciable effect on particle :P
size and morphology. So, too, does changing the., .
length-to-diameter ratio of the restrictor. Restrictor
However, the parameter most important to
engineering the size of particles is the ratioha t

flow rates of the solution and the carbon dioxide.

Unfortunately, several of the operating parameters
are intertwined and changing one may provoke a
change in another one, or more. At a given
operating pressure, for example, a relatively mir Figure 1. lllustration of CAN-BD

change in solution flow rate may have a profou nepulization and droplet formation.

effect on the solution - COratio because it alsc

brings about a change in the thermophysical pregsedf the fluid in the restrictor and a
gualitative change in the flow pattern.

As the solutions and the carbon dioxide are ealdtively insoluble in one another, the
fluid flowing through the capillary is a very coneml emulsion that may consist of three
phases — liquid and vapor GOand the liquid phase pharmaceutical solution —
depending on where in the capillary the expansenrehses pressure below the,@&por
pressure. If thermodynamic equilibrium is achievathin the capillary, solid phases of
CO, and the solution are also conceivable as temperatnd pressure expand below the
triple point.

The literature is rich with experiments describthg flow of emulsions, or of multi-phase
species, by researchers motivated by the need qfetroleum or refrigeration industries.
For the most part, they have in common a searcth@frictional pressure gradient or the
effective viscosity of the fluid under consideratio One example of a well-known work
treating petroleum oil-water emulsions is Alvaraaltd Marsden’s [5] experiments with
macroemulsions flowing through tubes and porousiamedhese experiments, like most
others pertaining to petroleum production or sgpamainvolve incompressible fluids in a
low- pressure environment far less than 1 MPa.

In contrast, the flashing of refrigerants in cagiks and other control devices was the
subject of experiments by Melo, et al. [6] and by &t al. [7] who actually measured the
pressure distribution along the length of a capilthrough which R-12 was flowing. A
notable observation was expansion of the fluidtsovapor pressure followed by further
expansion along the saturation curve. For a thgivdueatment of multiphase flows, we
refer the reader to the recent text by Brennan [8].

Viscosity is obviously key to controlling the dynexs and thermodynamics of fluid
processes within capillary flow restrictors, altibuhere is not much in the literature that
is particularly germane to CAN-BD nebulization dte the critical or near-critical
operating pressures and the compressibility ofarardioxide. This paper discusses the



results of a three-part experimental investigatdb€O, — water mixtures flowing through
long capillaries (650 < L/D < 2500) at inlet pressugreater than 7 MPa.

EXPERIMENTAL APPARATUS

We used the apparatus sketched in Figure 2 to atenpthe experiments. Two 500 ml
syringe pumps (ISCO Model 280 D) fed either puréew@Purelab Option from Elga) or
carbon dioxide (Local supplier), respectively, egqetermined pressures to separate ports
of a mixing cross (Valco, part No. ZX1C). The £Owater mixed flow was directed into
synthetic fused silica flow restrictors of nominaternal diameters between 75 and 200
microns (Polymicro Technologies TSP series) that b@en cut to predetermined lengths
and fit to the third port of the mixing cross. Aidal pressure transducer (Mensor Corp.,
series 6000) was attached to the fourth and fioal @f the cross. For the single specie
experiments using either water or carbon dioxide@| the mixing cross was replaced with
a three-port mixing tee (Valco, part No. MT1XCS6).

Control systems on the Isco
syringe pumps provide data on
the volumetric flow rate and
operating pressure of the pump
but not the mass flow rate or
density of the fluid. To calculate
mass flow rate, a thermocouple
was immersed in the carbon
dioxide stream at the pump exit
to record B, the pump exit
temperature. Using the pump Data Acquisition
pressure, B and B, we System
calculated the density of GGt
the pump exit and then, together
with the indicated volumetric Pp and VFR P, and VFR
flow rate, computed the mass

flow rate of carbon dioxide. CO, Flow Control Pump H,O Flow Control Pump
Approximately one meter of Figure 2. Schematic diagram of experimental
1/8™ inch  diameter high- apparatus.

pressure stainless steel tubing

directed the C@from the pump to the mixing tee or cross. The Was not insulated and
usually provided ample opportunity for the €@ equilibrate to room temperature.
Absent leaks (which are obvious due to frostingthet point of leakage), we thereby
determined the mass flow rate of carbon dioxide ard through the mixing tee or cross.

A surface contact chromel-alumel thermocouple (Can841XL-K-SRTC) was attached
to an exterior surface to estimate temperaturgbeofluids within the tee or cross. This is
called tee temperature,r,Tand was rarely very different from the ambiertolatory
temperature. Signals from the thermocouples, thpgpcontrol systems, and the mixing
tee pressure transducer were sampled at a ratisexf &nd recorded by a data acquisition
system coded on a LabView platform.



Experimental Procedure

Prior to running each experiment, a record was maidéhe temperature, barometric
pressure, and relative humidity in the laboratdixing tees and crosses were attached to
a lab stand positioned within a fume hood. Alfiifigs and lines were checked for leaks
which, if found, were repaired. Calibrations ofgga were verified and assurance was
made that the data acquisition system was projamigtioning.

Single specie, water or carbon dioxide: The goal was to measure the flow rate of the
specie at pressures between 3.5 MPa and 13.5 M&athrestrictors of different nominal
geometries and use the data as volume fractiondawyrconditions for the subsequent
emulsion experiments. In separate tests, thesfluidre pumped through each capillary
restrictor beginning, typically, at a pressure & BIPa and then increased in increments of
1.4 MPa, approximately. Real time data were gty displayed on the screen of a
computer and clearly indicated when equilibrium Hazebn achieved. For the water
experiments this rarely exceeded 30 seconds behéet to 1 — 2 minutes when using the
more compressible carbon dioxide. Upon reachingliegum, data were acquired for 1 —
2 minutes before the pressure was advanced toetitdavel. Data files were converted to
Excel formats for later analysis before the nexilry was connected to the mixing tee.

Two species, water and carbon dioxideAfter completing the lab preliminaries discussed
above, CQ was pumped through the first restrictor at 6.9 MWhile water was
simultaneously pumped to the mixing cross at 0..mml When the flow had stabilized
after approximately two minutes, data were recorded the water flow rate was then
increased to 0.2 ml/min. Water flow rates of @3, 1.0, 2.0, 3.0, 4.0, and 5.0 ml/min
were also used. This procedure was repeatedvierafilditional operating pressures up to
13.5 MPa, approximately.

EXPERIMENTAL RESULTS

Pure Water Experiments

At room temperature and at pressures between 35labs MPa, the changes in either
water density or viscosity, and their ratio, isslésan 0.5 percent. Our experiments with
pure water flowing through a dozen, or so, capékdefined approximately by 760L/D

< 2500 confirmed the relative constancy of waternspgrties throughout the range of
pressures of interest. Thermophysical propertiepwe fluids were calculated with
REFPROP Version 8.0 [9] using measured temperatangls pressures as inputs. As
expected, throughout the entire experimental rawofepressures, the pure water
experiments conformed to the Hagan-Poiseuille ioelahip, A = 64/RN, at Reynolds
Numbers (RN) up to around 2,000 as well as to Ghillisc [10] equation for smooth
capillaries up through RN = 10,000 and above.

Pure Carbon Dioxide Experiments

It is evident in Figure 3 that the mass flow rafepare carbon dioxide varies almost
linearly with pressure in the mixing tee. Thighge case for every capillary in each family
identified by its nominal internal diameter (ID)in this regard, the trends of the data
resemble those that might be seen for the flow o&te choked, isentropic compressible



fluid, but calculations made using the isentromsuamption with carbon dioxide failed to
match our experimental data. As might be expedted given capillary length (L), mass
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Figure 3. Mass flow rate of pure ¢@rough capillaries of various lengths, L (cm)thninternal
diameters of 75, 100, 150, and 200 pm as sheetnetess.

flow rate increases with internal diameter and,a@iven internal diameter, mass flow rate

decreases with increasing capillary length.

L

In one experiment we explored the effe
of heat loss or gain, if any, through th
capillary wall. This was accomplishe(
with the ID = 75 pm, L = 15 cm flow
restrictor and running the experiment ong
with the capillary insulated (INS, in Figure
3), and again without insulation. Ther
are no apparent differences in the ma
flow rate data for each experiment and it
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Figure 4. Correlation of data from pure CO2
experiments run at nearly room temperature and
7<PT < 14 MPa, eleven long capillaries described
bv 667< L/D < 3333

We attempted to correlate these data using
notions from compressible fluid dynamics
to the exclusion of viscous effects. This is
shown in Figure 4 where the fit to the data
is given by
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Explicit viscous effects are presumably found witkhe coefficients, but the consistency
of the correlation among so many L/D configuratiauggests the pure carbon dioxide
flow is governed as much by compressibility as Bgosity and, in particular, that under
the conditions of our experiments, the flow is otk Equation 1 may be rearranged to
provide a convenient expression for the mass flaw ymit area gu) in terms of the
dimensions of the capillary and thermodynamic ctowls in the mixing tee.

Water and Carbon Dioxide Experiments

With fixed values of pressure and temperature enrthxing tee it is intuitively obvious
that increasing the flow rate of water will brinigaat a reduction in the flow rate of carbon
dioxide. Examples of this behavior can be sedfigare 5 for two different families of L
=10 cm capillaries, ID = 75 and 150 um. The cbarthe left examines partitioning of the
species through the entire range of,G@lume fractions, & @< 1, while the chart on the
right provides data from experiments that conceéatfanore on the range<OH,O FR<
1.0, orp~ 0.8 t0 0.9 The latter conditions are more regmegive of what is normally seen
in CAN-BD experiments.

What appears to be an anomaly in the right chaRigidire 5 is understandable. Note that
the data indicate that the @@ow rates for R = 8.3 MPa are out of sequence with those
obtained with P = 7.0 MPa and P= 9.9 MPa. A review of the file for these datdigates
that we conducted the experiment immediately ditieng the carbon dioxide pump and
increasing its pressure to slightly more than 8BaM Compressing fluid in the syringe
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Figure 5. Partitioning of water and carbon dioXideving through L=10 cm and ID = 75
(left) or 150 um (right) capillaries at constarg fessure.

pump also raises its temperature and, in this eveseecorded tee temperatures near 40 °C.
Carbon dioxide at 8.3 MPa and 40 °C is supercljtdzta from all of the other experiments
listed in Figure 5 were completed with carbon diexin the liquid state at the pump.



DISCUSSION OF EXPERIMENTAL RESULTS

Together with the appropriate conservation equatitrte experimental results discussed in
the previous section may be used to develop anigmpihderstanding of processes that
take place within the capillary. The general feaduof these processes may be seen in
Figure 6 where the fluid enters the capillary frtra left with properties that we measured
or deduced within the mixing tee. Expansion ocdust with the carbon dioxide in a
liquid state but the decreasing pressure eventuadlghes the saturation vapor pressure at
some distance downstream,, lwhere the flow may then become mixed vapor amaidi

The flow finally exits the capillary at L where tipeessure is the greater of atmospheric or
critical (in the sense of choked flow, not the prge at the critical point).

Integration of the equations of motion are moremftised to predict thermodynamic and
fluid dynamic properties of flows but, in this casee choose to use our experimentally
measured properties as initial conditions that I¢adflow developments at various
locations within the capillary. Our analysis malastain assumptions, not the least of
which is thermo-dynamic equilibrium throughout ftew field. In practice, fluid will pass
through the capillary in 3 — 5 msec, so questionfngroperties equilibrate is certainly
appropriate. As fused

siica has a thermal

P conductivity akin to
T 5. ¥ brick, or 1/300" that of
hT io?”EOSD copper, heat transfer to
FTR s "%y or from the capillary
T walls is negligible and

Figure 6. Schematic re]presentation%f capillatgrimal diameter, D, we assume the flow is

length, L, length of liquid flow, L, length of mixed or vapor flow, .., adiabatic. This was
and element used for integration scheme. verified with our

experiment with an

insulated capillary

(Figures 3 and 4). In view of the very brief tirtteey are in contact, we neglect any
transfer of heat between, or co-solvation of, taebon dioxide and water. Finally, we
assume the flow is homogeneous and that the vieleaf all species and phases, liquids
and vapor, should flashing occur, are equal. Hamedy is a reasonable assumption for
capillary flows as the difference between vapor #gdid phase velocities diminishes
faster thamy/D and becomes zero when D < 5 mm [11]. Using thatom set forth in
Figure 6, the respective conservation equationsimeayritten as follows:

Conservation of mass

drif _ d(, + 1) _ @
dx dx

Recalling that velocities of both species and th@iases are all equal, leads to the
definition of the average density at any positiathua the capillary,

P=p¢+p.(1-¢ 3)



so that the mass conservation equation may beewiitita form that is more practical for
integration

d(pu) _ d
dx dx

[ouug+ pul- @] =0 (4)

As stated above, the results of our experimenth mitre water indicate it is essentially
incompressible over the range of conditions usedhe experiments. Accordingly, in
integrating the equations of motigm, is assumed not to vary along the capillary.

Conservation of momentum
The pressure gradient consists of contributionstdue acceleration of the flow through
the capillary and to viscous forces:

dP . dP, _dP,
+ =_ Vv

— 5
dx  dx dx )

where the contribution from acceleration may betem

dp, _ d((o, + p)U") ©)
dx dx

while the viscous contribution is

P L& ™

dx 2 D

Conservation of energy

d(h,@+h.(1-¢@ +3iu’)
dx -

0 (8)

We use Churchill’'s [10] universal friction factok,= A (RN, €), valid for laminar and
turbulent flows, in a step-wise and simultaneousecal integration of equations (2) —
(8). We assume that the roughness factor is nblglig = 0, for fused silica capillaries.
Thermophysical properties were calculated using FREBP v.8 [9] including the vapor
quality, Q, of the carbon dioxide. Whenever Q >W& computed viscosity of carbon
dioxide with the relationship attributed to McAdaptisal.[12]

1 1-
_Q,1-Q ©
where subscriptsandv indicate liquid and vapor phases, respectivelg, @ns the vapor

quality. A number of authors have determined tth@ McAdams model of viscosity
provides the best fit to experimental data obtawwéhl a variety of refrigerants [7, 13,14].



The viscosity of the two-species flows was cal@daby power series expansions in
garound the continuous phase viscosity. Thus, fogg< 0.5,

K=+ 3q) (10)
Otherwise, forg> 0.5,
U= 14,0+ 31-9-20- 9 -3(1-9)°) (11)

These expression recover Einstein’s [15] equati@n Equation (10)) for the viscosity of
dilute emulsions near botp= 0 andg=1 and, at intermediate valuesg@fproduces values
of viscosity that considerably exceed those ofegiffure water or pure carbon dioxide.

We followed a traditional approach to integratimgiations (2) through (8) step-by-step in
that properties at station 1 in the current stepewieose at station 2 in the previous step. u
was determined via Equation (4) based on an ire8éimate ofo,, which we then subject

to iteration to balance Equation (8). We seleaetiep size dx = 0.05 cm and reduced it to
0.005 cm in the event pressure in the restrictess@a below 1.0 MPa because it has been
observed that temperature and pressure gradientbetame large as x approaches L. At
the entrance to the capillary, x = 0, we set tlesgure, temperature, and flow rate that we
measured in the laboratory and watched their eiwlds the integration stepped along the
capillary with increasing values of x.

Single specie experiments with pure carbon dioxide

The pressure at the end of the restricteg, dhould either be atmospheric pressure, or a
critical pressure if the flow is choked. Figur@add equation (1) suggest that flow choking
is likely. Moreover, the existence of atmosphgrressure at x = L poses a problem
because it is less than the triple point pressticaidon dioxide and, therefore, transcends
the calculation domain of REFPROP. Theoreticalify,the flow were truly in
thermodynamic equilibrium, one could expect to seld phase carbon dioxide (flakes of
dry ice) expelled from the end of the capillary. hM& we have never seen this in the
laboratory, we regularly see flakes of dry ice famthe plume within a few millimeters of
the capillary exit plane. We choose instead toragsthat once beyond the triple point, the
fluid exists as superheated liquid with properttetermined by trend analysis of the
preceding three steps, until atmospheric pressae been achieved. We recognize
weakness in this approach, but we also recogniaetlie scores of integrations we have
completed rarely reach triple point pressureswhén they do, it is within ten, or so, steps
of the capillary exit plane. The overall effect thle weakness cannot be substantial,
especially since our calculations show that thewflasually chokes at a pressure
considerably above atmospheric.

Figure 7 illustrates two particular results frora@tise integration of equations 3 — 8 using
the McAdams model of viscosity, equation (8), for D = 2000 capillary with two
different experimental inlet conditions. The panel Figure 7 describe distributions
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Figure 7. Calculations of pure G@ow through a L/D = 1500 capillary with L = 15 camd
D =100 um. For panel (a); E 296 K, R = 7 MPa, and VFR = 1.35 x 10n3/sec. For panel (b);E
296 K, R = 13,9 MPa, and VFR = 2.08 x 1@n3/sec.

of pressure, P, temperature, T, and saturationspres B, along the length of the
capillaries. In every case we examined, pressufgsa decreases almost linearly to the
position (the liquid length, |, in Figure 6) where it equals the saturation prness
Between the inlet, x = 0, and Ltemperature decreases very little, although tbigiloution

is also nearly linear. The saturation pressure déxreases in a linear fashion in the range
0<x <L, simply due to the small variation in temperatureuad 300 K. For positions in
the capillary greater than lthe distributions of pressure and saturation presare nearly
coincident. This interesting feature has been mieseand discussed before, notably by
Lin et al [7]. In neither panel of Figure 7 does the puesgeach atmospheric pressure,
approximately 0.069 MPa, at the 15 cm exit of thgikaries. The flow is obviously
choked.

The linear features of the pressure and temperalistebutions discussed in connection
with Figure 7 permit evaluation of L the pressure at this position, and demonstraifon
the importance of this dimension on overall develept of the flow of near critical carbon
dioxide through adiabatic capillaries. Near therace to the capillary, the pressure
gradient may be found from equation (7) when itasognized (and confirmed by our

calculations) that u= u; to a close approximation. ThuaP = qT/lTA—[;(. Our calculations

also provide the gradient of saturation

dgv/dx pressure at the capillary entranc%&.
X

O L/D=5/75=667

© L/D=6.67/100=667
o L/D=10/150=667
-0.1 1 + L/D=10/100=1000
X L/D=10/75=1333
@ L/D=11.3/75=1500
A L/D=15/100=1500 o &7

Examples are shown in Figure 8 for eight
different capillaries driven by tee

o, | SHSinsmese pressures in the range<®r < 14 MPa.
02+ &

0a a When examined closely, the data
o presented in the figure show a weak
on dependence on the L/D ratio of each
s > 05 o | capillary. (In this and subsequent figures

L5 gpraxt

where data are identified by the L/D
Figure 8. Dependence near the capillary entrancenptation, L is in cm and D is in microns.
of the calculated saturation pressure gradient. The evaluated ratio is dimensionally
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correct.) However the line shown in the figure @mnen by equation (12) estimates the
calculated values of gRIx reasonably well and may be used for algebralcutations of
L. and R.

R~ 0.0144% —0.02 (12)
dx dx

Pressure and saturation pressure are equal ahd. by equating the two it can be shown
that

_ P -Ps
L, = dp,_dP (13)
dx  dx
so the pressure, Pat the liquid length becomes
dP
P=P+—L 14
L T d)< L ( )

Experiments with carbon dioxide and water

Figure 9 describes the calculated pressure andei@type distributions along the length of
a capillary with L = 10 cm and ID = 150 pum when &rais flowing together with carbon
dioxide. The volumetric water fractiongs= 0.029 for the left panel arngl= 0.066 for the
right panel. The three variables, B, &d T, shown in the figure decrease in an almost
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Figure 9. Pressure distribution along a capillaith Pr = 11.2 MPa. L/D = 667 with L=10 cm and
D=150um. ¢=0.029 (a) and=0.066 (b), respectively.

linear fashion and qualitatively resemble the dstions shown in Figure 7 for pure
carbon dioxide. A notable difference, howeverthat the length of the liquid region
consumes the entire length of the capillary and.ttie higher water fraction, appears to
extend beyond the exit plane of the capillary whiereresumably flashes abruptly to
atmospheric pressure. For the tee conditions vaenaed, all of our calculations for this
capillary show this feature: at or below a criticalume fraction, approximatelg = 0.03,
the liquid length is equal to or very slightly legn the capillary length. At volume
fractions greater than critical, the emulsion elguebhcross the exit plane is in an entirely
liquid state.
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In Figure 10 we plot our experimental data for ttapillary as specific total mass flow, or
total mass flow (water + carbon dioxide) per umgaa against volume fraction of water.
We have added a broken line to indicate the apprate locus of the critical volume
fraction as determined by calculations akin to éhpeesented in Figure 9. To the left of
the broken line the liquid length lies within thapdlary. To the right, the liquid length
appears to extend beyond the capillary. Wheiisrgreater or less than the critical volume
fraction has a pronounced effect on specific totass flow.

MFR/A (Kg/sec-m2)

3.5E+04 O MPa 7.0
3.0E+04 m MPa SC 8.35
2 5E+04 A MPa 9.9

' X MPa 11.2
2.0E+04 X MPa 12.4
1.5E+04
1.0E+04 . ="
5.0E+03
0.0E+00 ‘ ‘

0.0 0.1 0.2 0.3 04 0.5
@, HO Volume Fraction

Figure 10. Total mass flow rate per unit area

through an L/D =1500 capillary with L =
10cm and D = 150um.

We direct attention to the 8.35 MPa data in
the figure and, as previously discussed in
connection with Figure 5, note that the
properties of emulsions made with
supercritical carbon dioxide are
significantly different from those made with
liquid CO,, and, in this case, decrease
expected flow rates by a factor of two,
approximately. We suspect that reduced
interfacial tension between water and
supercritical CQ results in dispersed phase
globules of a different size and,
consequently, an emulsion with very
different rheological properties.

When the water volume fraction exceeds 0.27, apprately, the emulsion appears to
behave like a low Reynolds Number laminar flow.isTis evident in Figure 11 where we
plot the experimentally determined friction factdg,,, against Reynolds number. For this

(15)

purpose,

/1 =PT_Pamb2

calc q-r |_

and the Reynolds Number wer

calculated using density and viscosit
coefficient given by equations (3) an(
(11), respectively. The data lie on o
about Poiseuille’s equation which
supports the notion of laminar flow. In
contrast, wheng is less than 0.3, the
flow is dominated by carbon dioxide
with corresponding Reynolds Number
of 10,000 or more, and the flow
structure is turbulent.

1.000

0.100 -

0.010 ‘

L/D=6.6/90-6.9MPa
L/D=6.6/90-8.4MPa
L/D=6.6/90-13.8MPa
L/D=10/75-7.0MPa
L/D=10/75-9.7MPa
L/D=10/75-11.1MPa
L/D=10/75-13.8MPa
Poiseuille

A calc

Oop» O % 1| X +

100 1,000 10,000
RN

Figure 11. Values of the friction factor deterndne
from experimental data.
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CONCLUSIONS

Pure water flowing through long capillaries, L/D650, behaves as an incompressible fluid
even at pressures approaching 14 MPa. In contheshigh-pressure flow of pure carbon
dioxide through capillaries with diameters betweg&n and 200 microns is entirely
different, with Reynolds Numbers exceeding 10,00@rassures between 7 and 14 MPa.
The flow is choked, with the exit pressure relatedhe length within the capillary that
pressure remains greater than saturated vaporupeese., with carbon dioxide in the
liquid state. Throughout the liquid length thegmare gradient is nearly constant and may
be accurately calculated by ignoring the accelenabf the flow and considering only
viscous forces, equation (7).

When an emulsion of water and carbon dioxide issictared, the situation becomes more
complex and is sensitive to the volumetric fractafnvater,¢@ Whenevergis less than
0.1, approximately, total mass flow rates diffdtldi from those of pure carbon dioxide
under similar conditions of temperature and pressarthe mixing tee. But more often
than not, the mixing length consumes the entirgttef the capillary. There is a critical
value of gthat varies in an unspecified manner with presstirhich the specific mass
flow rate decreases abruptly to what appears ® fineta-stable intermediate condition that
is a prelude to a Poiseuille-like laminar flow mag. Depending on pressure, this occurs at
values ofgaround 0.05 to 0.2 with the laminar regime ocagatg//0.3 — 0.5.

SYMBOLS

Latin

D (um) Internal diameter of capillary
FR (kg/sec or m3/sec as indicated) Flow rate
h (kJ/kg) Specific enthalpy

L (cm) Length of capillary

P (MPa) Pressure

Q Vapor quality of vapor — liquid mixed flow
T (K) Temperature

u (m/sec) Velocity

Greek

A Friction factor

K (Pa-sec) Coefficient of viscosity
p (kg/m3) Density
@ Volumetric water fraction

Subscripts
amb  Ambient conditions

c Carbon dioxide

calc Calculated from experimental observations
Evaluated at the mixing length

Evaluated in the mixing tee

Total, as in total mass

Saturated vapor

<~ A
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