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Created in 1849, the Department of the Interior--
America's Department of Natural Resources--is concerned with
the management, conservation, and development of the Nation's
water, wildlife, mineral, forest, and park and recreational
resources. It also has major responsibilities for Indian and
Territorial affairs.

As the Nation's principal conservation agency, the
Department of the Interior works to assure that nonrenewable
resources are developed and used wisely, that park and recrea-
tional resources are conserved for the future, and that renewable
resources make their full contribution to the progress, prosperity,
and security of the United States--now and in the future.

FOREWORD

This is the two hundred and thirty-fourth of a series of
reports designed to present accounts of progress on saline water
conversion with the expectation that the exchange of such data will
contribute to the long-range development of economical processes
applicable to large scale, low cost demineralization plants of
multi-million gallon per day capacity for conversion of sea and
other saline waters.

Except for minor editing, the data herein are as contained
in a report submitted by the Foster-Wheeler Corporation, under
Contract No. 14-01-0001-540. Neither the Department of the Interior
nor any person acting on behalf of the Department, makes any warranty
or presentation with respect to the accuracy, completeness, or useful-
ness of the information contained in this report, or that the use of
any information or process equipment disclosed in this report may not
infringe privately owned rights.



ABSTRACT

An experimental study was made to determine the flow rate
of saturated water through short tubes of various lengths and
diameters. Tubes of both rounded and sharp edge entrances
were tested in the horizontal and vertical positions.

It was found that the fluid passed through the aperture
in the metastable state. Critical flow rates existed for
all test runs. The critical mass flow rates were dependent
on both the length and the diameter of the tubes instead of
the length to diameter ratio alone.

The critical mass flow rate was found to be proportional
to the ratio of the specific volume of the vapor and liquid
to the .630 power and the aperture volume to the .163 power.

Test results were analyzed and correlated. The flow
patterns within the test tube were photographed by a high-
speed movie camera to obtain a qualitative interpretation

of the two-phase fluid flow.
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1. INTRODUCTION

The two-phase metastable flow program was begun to acquire a
better understanding of the phenomena in the range of operating
conditions encountered in multistage flash evaporators. By
establishing a correlation for mass flow rate and pressure drop
as a saturated fluid passes through apertures resembling short
tubes, the design of interstage loop seals and flashing devices
can be refined. By-passing of vapor through the interstage loop
seal should be eliminated and multistage evaporators should be
capable of operating over a wide range of flows or load conditions.
This should also simplify start-up procedurs.

As a result of a better understanding of the two-phase flow
phenomena, it was hcped that the economy of flash evaporators
could be improved by either reducing the size of the flash chamber
or reducing the nonequilibrium losses in the brine., This question
remains unresolved as it was found that the brine leaves the
flashing device or short tube in this case with a considerable
degree of metastability. Improvements in flash chamber economy
can be achieved only if there is an increase in heat transfer
rate or evaporation surface immediately downstream of the flashing
device, This is beyond the scope of the original work,

The literature was briefly reviewed. It was found that
characteristics of flashing fluid passing through various types
of flow passages have been treated by a large number of investigators.
Numerous experimental data has been collected (2, 7, 8, 9, 10, 15, 16)
and some analytical relationships have been developed (6, 11, 1,
17, 20).



Although a considerable amount of work has been done in the
field of two-phase fluid flow, the investigations have been
confined to specific areas, and no experimental data have been
uncovered for the two-phase fluid flow at low temperature levels.

Experimental work was done on several short tubes of various
dimensions with both rounded and sharp edge entrances. Lengths
were chosen to be compatible with evaporator design. The
temperatures of the test program ranged from 150o to ZSOOF.

Tubes were primarily tested in the horizontal position to attempt
a better understanding of the phenomena. An additional test was
run in the vertical position to give a qualitative comparison

of the effect of hydrostatic head. Tests were run with city
water as it was felt that slight impurities would not effect

the flow at the levels of turbulance encountered.

Observation of the two-phase fluid flow pattern was
accomplished with the help of a high speed movie camera. The
motion pictures were used as a qualitative supplement to the

experimental data,



2. THEORETICAL REVIEW

2.1 General Discussion

For fluid flowing through a passage of constant cross sectional
area, the assumption of one-dimensional flow is applicable in
most cases. If no transient condition 1is in&olved, the following
fundamental relations hold.

Energy Equation

dh+ d[-L) 4 g -
+ 2 + dz -dQ=0 (1)
Momentum Equation
V2 fyve . .
vdp + d(zg)+dz+ Ag dL=0 (2)

Continuity Equation
w= YA - constant (3)
For frictionless, adiabatic process, dh is equal to vdp,
and the last terms of both equations (1) and (2) vanish., Then
both energy and momentum equations become identical as
vdp+'d(%§> =0 (4)
if the change of hydrostatic head is negligible. It becomes
one expression of Euler's Equation for steady, continuous,
frictionless and irrotational flow,
Combining equations (3) and (L), the mass flow rate of
the fluild can be expressed by
WY. _ [de
(%) - (&) )
In order to solve these equations, an additional functional

relationship of the state variable called an equation of state

should be sought.



2.2 Single Phase Fluid

For the case of an incompressible fluid, the specific volume
can be treated as constant. For compressible, single-phase
fluids, the ideal gas flow can be applied as an approximation
provided the pressure is not too high. Then the equations can
be solved explicitly for both cases.

The mass flow rate of the single phase,compressible fluid
keeps increasing as the pressure differential between both ends
of the passage increases until the critical condition is reached,
where no further increase of mass flow rate is possible no matter
how much the back pressure in the downstream receiver is reduced.
Such a phenomeon is also called "choking" and the fluid reaches

its sonic velocity.

2.3 Equilibrium Two-Phase Fluid

When saturated liquid flows through a pipe to a receiver
where the pressure is lower than the corresponding saturation
pressure of the fluid, part of the liquld is transformed into
vapor, and the two-phase mixture is accelerated by the mechanical
work done from the expansion of the fluid., This is called the
flashing'process. Both the pressure and the specific volume of
the mixture vary along the pipe, and the relationship between
these two state varigbles in the two-phase fluid must be known
in order to solve the problem.

Based on the assumption of thermodynamic equilibrium, several
two-phase flow models have been proposed. These analytical
relations give a substantially simplified solution to the problem,
however, they have been verified only to a limited extent by

experimental results.



The simplest one proposed is the homogeneous flow model
(1, 18) where the two-phase fluid is treated as a homogeneous
mixtures under thermodynamic equilibrium, and both phases travel
with equal velocity. The predicted values of the mass flow rate
based on this model are usually lower than those measured.

More recently, models have been proposed (7, 1, 17) based
on the assumption of thermodynamic eguilibrium of fluid with
relative velocity, or slip, existing between phases. The
results from this model exhibited good agreement with experimental
data for long tubes where thermodynamic equilibrium state is
possibly reached. Fauske (7) concluded that a tube length to
diameter ratio of 12 or more is required to meet the prediction

from this model.

2.4 Non-equilibrium Two-Phase Fluid

A model based on the idea of nucleation theory of evaporation
has been developed (19, 20) where the vapor formation is limited
by the heat transfer rate between the liquid-vapor interface,
and thermodynamic equilibrium does not exist within the fluid.

Nucleation of the vapor bubbles is assumed to occur at a
rate depending on the properties of the fluid including the
surface tension, foreign bodies and dissolved gases within the
liquid, the presence of the latter two effects can markedly
increase the rate of nucleation. The nuclei are assumed to
grow, and the bubble radius is assumed to be a function of time.
The two factors provide the basis for an expression for the mean

specific volume of the two-phase fluid. Since a certain amount



of excess energy is needed to keep the vapor bubble growing,

the liquid~-vapor mixture cannot be in thermodynamic equilibrium.
The calculated mass flow rate based on this model leads to

a result slightly greater than, but close to, the experimental

result.

2.5 Semi-analytical Consideration

Due to the lack of a basic knowledge of the characteristics
of the two~phase fluid flow, a general relatinnship derived from
any flow model capable of giving a valid prediction of the
experimental results still seems remote. Hence a great amount
of experimental work has been performed, and correlations based
on the experimental results were also developed in order to have
a reliable design criterion.

The configurations of the flow passage and the working
conditions of the two-phase fluid have been tested in a great
variety of ways by different investigators. It is recognized
by most investigators that due to the surface tension of the
fluid, a certain amount of superheat of the liquid and a certain
time interval after discharge from the tube inlet are needed for
the vapor bubble growth within the flow passage.

For the case of saturated liquid passing through an orifice
of zero length, it has been demonstrated and concluded by a
number of investigators (3, 5, 7, 12, 16) that the fluid behaves
as it were in a subcooled condition.

The relation

i

= C./2q(P-R)P (6)



Where

C: =
solved analytically for potential flow (13), predicts the results
of saturated liquid flow rate accurately. The contact time of
the saturated liquid within the orifice where the fluid passes
through is apparently too short to establish the evaporation
process., No critical condition exists for this case,

When the saturated fluid passes through the short tubes,
where the metastability of the fluid is still high, a modified
incompressible fluid flow relation

¥ :cc/2qRr-p)r (7)
was applied to predict the mass flow rate, where C is the
discharge coefficient of the subcooled water, and C! is a
modified coefficient for the two-phase fluid. Baiiey (2)
considered the contraction of the liquid core of the two-phase
fluid due to evaporation in expressing C'. He defined the
coefficient of evaporation as a function of L/D ratio, the
initial pressure and the critical pressure. Based on his
experimental data, he assumed the coefficient of evaporation
to be constant. Fauske (7) justified that the coefficient
should be proportional to the sguare root of the critical
pressure instead of belng constant.

With C' equal to unity and P> the critical pressure, both
Isbin (12) and Fauske (7) predicted the critical mass flow rate
for apertures and short tubes accurately, where test pressures
were abocve [0 psig.

For two-phase fluid flowing through long tubes where the

frictional effect is pronounced, friction factors were determined



from experimental evaluations by Benjamin and Miller (l) and
Bottomley (5). Since thermal equilibrium is generally attained
in this condition, Fauske'!s Model (6) predicts the results

accurately.



3. DESCRIPTION OF TEST FACILITY

3.1 Test Tube in the Horizontal Position

The test loop consisted of the test tube, two plenum chambers
(one at each end of the tube), a circulating pump, a heating
element, two condensers, the vacuum system, and the appropriate
instrumentation and controlling devices. Since one of the
objectives of the test was to observe the behavior of the flow
pattern, all parts of the test unit were made of either stainless
steel, brass or glass in order to prevent formation of rusty
particles, which would interfere with the visibility through
the fluld and might distort the experimental results,

A picture of the complete setup for this test program is
shown in Figure 1. The corresponding flow diagram is shown in
Pigure 2, where the locations of the temperature, the pressure
and the flow measuring devices are also indicated.

The two plenum chambers were standard dished head tanks,
2l inches in diameter and 36 inches long, made of Type 304
stainless steel. A water level gage was installed on the side
of each tank. Figure 3 shows the detailed construction of both
tanks.

The heating element was a conventional steam-water heater
with water on the tube side. The tube bundle was made of
Type 304 stainless steel, and provided enough surface area for
the maximum heat load of 1,000,000 Btu/hr under the operating
condition of the test,

The circulating pump was a single speed centrifugal type
having a maximum capsacity of 200 GPM at 6 feet NPSH. The pump

was made of Type 316 stainless steel.
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On the top of the downstream plenum chamber there were two
condensers, where the vapor formed by the flashing process was
condensed., The purpose of using two condensers was to attain
a more accurate control of the evaporation rate at a desired
operating condition, One condenser was isolated from the
system when the heat load of the working fluid was small, other-
wise both of them were used together. Both condensers were
made of red brass and admiralty and had cooling water on the
tube side,

A two-stage steam e jector comprised the wvacuum system.
Using available plant steam a minimum pressure of 2 inches Hg.

absolute could be reached,

3.2 Test Tube in the Vertical Position

The construction of the test tube in thewertical position
was almost the same as that in the horizontal except with minor
modification of the test section assembly. This was accom-
plished by rotating the upstream chamber 90 degrees so that
the opening holding the test fube faced upward. The down-
stream chamber was modified to receive the test tube by
installing an 8 inch diameter, 15 inch long adapter section,
which made it possible to maintain the exit section at desired
pressure and visualize the major portion of the two-phase flow
phenomena inside the tube. A picture of the setup of the vertical

tube is shown in Figure L.

3.3 Configuration and Assembly of Test Tube

The cylindrical test tubes were double-tough, Pyrex glass
pipes. Seven different tubes were used for testing in the

horizontal position and one in the vertical. A picture including
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all the cylindrical tubes tested is shown in Figure 5. One
rectangular duct made of Type 304 stainless steel with an
equivalent hydraulic diameter of 2 inches was tested in the
vertical position also. Detailed dimensions of the tubes and
duct tested are given in Table 1.

Figures 6 and 7 show the assembly of the test tubes in the
horizontal and vertical positions respectively. The tube was
held by the compression force from the reducing flanges at each
end, which were pulled together carefully during assembly by the
tie-rods, thus ensuring a uniform stress distrubtion in the
glass tube. The continuous alignment of the inside surface of
the tube with the openings of the flanges was checked during
assembly.

Two different tube inlet configurations were tested, one
a sharp edge entrance, and the other a rounded edge entrance

having an arbitrarily selected quarter inch radius of curvature.

3.4 Instrumentation

The first attempt of the temperature measurement was made
by using platinum resistance temperature bulbs connected to a
multi-point temperature recorder., Each resistance bulb was
calibrated together with the recorder, and an accuracy of i .1
degree centigrade was expected within the range of operation.

A total of ten resistance bulbs were installed at different
locations in the experimental unit. After a few hours operation,
all three of the bulbs located at the exit of the test tube
failed. When additional bulbs reinforced with a steel sheath

were inserted at the same location, the bulbs failed again

after a very short period of operation.
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Since all the broken resistance bulbs were located in the
two~phase fluid region, it was suspected that the fine platinum
wire in the bulbs broke as a result of high frequency vibration
induced by the turbulent two-phase flow stream. While the
exact cause of breaking the resistance bulbs is still unknown,
it was felt that the purchased resistance bulbs were not suitable
for this agpplication without further modification of the con-
struction of the bulb itself.

All the resistance bulbs except two, which remained in the
liquid phase in the two chambers, were replaced by the calibrated
copper-constantan thermocouples., One thermocouple was located
at the inlet of the test tube, two were located at the outlet,
Figure 8 shows the detailed locations of thermocouples at both
inlet and outlet. All tther thermocouples were located in the
position as their correspannding resistance bulbs shown in Figure 2.
A potentiometer was used to record the temperature readings from
the thermocouples. An overall accuracy of j .25 degree fahrenheit
was expected,

ASME coded concentric orifices were used to measure the mass
flow rate of the test fluid, heating steam and cooling water,
Mercury and Merlam fluids were used in the flow mesasuring
manometers,

Conventional mercury manometers were installed to read
the pressure in each chamber as well as the pressure differential
between the two chambers, Figure 2 gives the location of the

+
pressure taps on the test unit. The accuracy is within - 0.25 cm.
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3.5 Photographic Equipment

A high speed motion picture ceamera capable of exposures at a
maximum rate of 5000 frames per second with 100-foot film capacity
was used to take pictures of the fluid flowing inside the test
tube, Diffused light of uniform intensity projected on the test

tube gave a satisfactory illumination of the flow pattern.
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. DESCRIPTION OF TEST PROCEDURE

4.1 Start Up

City water was used as the test fluid in the system. No
analyses were taken with respect to the air content and other
chemicals in the water., Test fluid was circulated through the
test loop by the centrifugal pump. Before the regular test
procedure was started, the pressure in the system was pulled
.close to vacuum and maintained for a certain period. This can
be relied on for checking leaks in the system and to carry on
the deaeration of the water. When the sealing situation of
the whole test unit was found to be satisfactory, it was assumed
permissible to continue the test program.

The steam line leading to the heater was opened, the testing
fluid was heated up very smoothly to avoid any ebullition within
the heater., This was continued until the pressure in the system
was higher than the atmosphere, then the vent line on the test
unit was opened to bleed off the remaining noncondensable gas
within the system., This can be checked by both readings of
temperature and pressure of the vapor phase within the two
plenum chambers., When both saturated pressure and temperature
readings agreed satisfactorily, the vent was shut off, and the

unit was ready for further testing.

L.2 Test Runs

For each set of data collected, the pressure in the upstream
chamber was adjusted to a desired level and maintained constant.
Desired working conditions were attained by manually regulating
the flow rate of the heating steam, the cooling water and the

test fluid by means of throttle valves.
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During the test with tubes in the horizontal positian, the
water level in the upstream chamber was adjusted and maintained
about 2 inches above the upper edge of the tube. This level
was high enough to seal the tube entrance to eliminate any by-
passing of steam through the tube from the upstream chamber and
low enough to minimize any appreciable subcooling effect imposed
on the fluid within the test tube.

The stability of the working conditions of the fluid was
observed from the printed temperature readings on the recorder
through those two resistance bulbs, When the condition of
steady state of the fluid was found satisfactory, twenty minutes
was maintained for the fluid running under each desired working
conditlion, then the readings of temperature, pressure, flow rate
as well as the water level measured from the centerline of the
test tube were recorded manually at the same period.

Tests were run over a range of temperature from 150o to
250°F. 3ix different pressure levels in the upstream chamber were
tested for most individual tubes. Table 1 gives complete infor-
mation of the conditions of the test conducted for the two-phase
metastable flow program.

Selected sets of tesat conditions were repeated to demonstrate
the reproducibility of the experimental results. The repeated
tests were performed by either steadily increasing or decreasing
the pressure difference or taking random points. The results
indicated that the same charscteristics were imposed on the fluid
for the same working conditions, Data of the test runs may refer

to both Table 1 and the Appendix.
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High speed motion pictures at a film speed of 2000 frames
per second were taken. Complete information of the test condition
of the fluid weas recorded, this was based on interpreting the

fluid phenomena observed in the pictures.
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5. PRESENTATION AND DISCUSSION OF EXPERIMENTAL DATA

5.1 General Presentation

Experimental data of mass flow rate versus pressure d4drop
for different tube configurations are shown in Figures 9 through
Figures 18, The initial pressure marked on all figures are
only the selected integers close to the experimental data recorded.
All the results indicate the existence of the critical condition,
where no further increase of the mass flow rate is possible for
any reduction of the pressure in the downstream chamber. Results
also indicate the general trend that the higher critical mass
flow rates can be attained with a higher initisl pressure for
any specific tube configuration. The data collected and their

calculations may be referred to in the appendix.

5.2 Residual Heat of Fluid at the Tube Exit

Temperatures were measured at the test tube exit for all
runs of the test. Since both chambers at the ends of the tube
were maintained under saturated condition, the information of
the temperature measured at the tube exit gave the magnitude
of the residual heat of the fluld, and also indicated the
metastability of the ligquid, which influenced the mass flow
rate through the tubs.

The experimental data of the reslidual temperature, which
was defined as the temperature difference between the tube
exit and the vapor phase in the downstream chamber, versus
the available temperature difference between the chambers are
shown in Figures 20 to 29. The results indicate that the

relationship was approximately linear for all the tubes tested
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before the critical condition was reached. After the critical
condition was reached, the temperature at the tube exit still
kept decreasing with further reduction of back pressure, as a
result of this, it demonstrated the nonequilibrium state of the

fluid within the short tubes.

5.3 Tubes of the Same Diameter

Results of 2" I.D. tubes of three different lengths with
rounded edge entrance are compared in Figure 20. It shows
that the longer the tube is, the smaller the mass flow rate.
This is because the residence time of the fluid within the
shorter tube is- smaller, and the evaporation process has less
change to be carried out. A similar conclusion has been drawn

and verified by a number of investigators (2, 7, 9, 16).

5.1y Tubes of the Same Length

Figure 31 shows the experimental results of 12" long tuhes
of three different diameters. It shows that the tube of smaller
diameter gives higher mass flow rates, which contradicts what
FPauske (7) prdicted and is close to Silver and Mitchell's
data (19). This is possibly due to the surface effect of the
tube which may retard the formation of the vapor bubbles or the
relationship between tube diameter and mean diameter of the vapor

bubbles.

5.5 Tubes of the Same L/D Ratio

Test results for L/D ratio equal to 8 for tubes of various
diameters were plotted and compared in Figure 32. This shows

clearly that different mass flow rates are attained even with
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the same L/D ratio for various diameters. Since most previous
works of two-phase fluid flow relied on the L/D ratio as the
sole parameter of the geometrical dependence on the mass flow
rate, the results presented here give a strong evidence that
instead of L/D ratio alone, both the diameter and the length of
the tube influence the flow characteristics of the two-phase

fluid.

5.6 Effect of Initial Pressure

Four to six different initial pressures were tested for
each tube configuration. The results are shown in Figures 9
through 18, The higher initial pressure gives a higher mass
flow rate with other conditions remaining the same. Similar
results were reported in (9). To interpret this, the lower mass
flow rate obtained at a lower initial pressure is due to the
greater specific volume of the vapor phase, which increases the

velocity of the two-phase mixture,

5.7 Effect of Entrance Condition

Most tubes in the horizontal position were tested with a
rounded edge entrance of 1/4" radius of curvature. One selected
tube of 2" I.D.-16" long in the horizontal position was tested
with sharp edge entrance. The discharge coefficients of the
rounded entrance for cold water were calibrated for both 1.5" I.D.
x 12" long and 3" I.D. x 24" long tubes and were found close to
the average value 0.85. The calibrated data are presented in
Table 2 and 3. Table L gives the calibration of discharge
coefficient of cold water for 2" I.D. x 21" long tubes with

sharp edge entrance.
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A comparison of the data obtained on a 2" I.D. 16" long
tube in the horizontal position for both a rounded and a sharp
edge entrance is shown in Figure 33. The results clearly show
that slightly higher mass flow rates are achieved in the rounded
edge entrance tube than in the sharp edge one, which experiences
a greater Vena Contracta effect and reduces the mass flow rate.
The flow patterns are therefore different for both cases.

Since results of only one specific tube geometry with
different entrance conditions are compared, the authors have no
guarantee that the results would be the same for tubes of
different dimensions. It is expected that for shorter tubes,
the effect of entrance condition will be more prominent and
vanish for sufficiently long tubes. Similar discussion can be

found in (7, 19).

5.8 Tube in the Vertical Position

One 2" I.D. x 21" long cylindrical tube having a sharp edge
entrance with fluid flowing upward was tested in the vertical
position. The odd tube length was due to some restriction
caused by the construction of the test unit. The test results
are shown in Figure 17. Since no tube of similar geometrical
configuration was tested in the horizontal position, no direct
comparison can be given here.

However, the results show a relatively smaller mass flow
rate than obtained in tubes tested in the horizontal position,
This is possibly due to two reasons: nne is the longer length
of the tube, the other is that a certain amount of pressure
force will be spent to overcome the hydrostatic head of the

fluid within the vertical tubs.
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5.9 Test Section of Rectangular Duct

A 21" long rectangular duct of 1.5" x 3" cross section (2"
equivalent diameter) having a sharp edge entrance was tested in
the vertical position. Compared with the 2" I.D. x 21" long
cylindrical tube in the same position, the mass flow rate versus
pressure drop is almost the same for most of the initial pressures.
However, for the initial pressure of 60" Hg. the mass flow rate
in the cylindrical tube is slightly higher than that in the
rectangular duct. The reason for this is still unknown. A

comparison of the results is shown in Figure 3l.

5.10 Critical Mass Flow Rate

Since no pressure measuring device:was located right at the
exit of the test tube, the exact critical pressures were not
known., But the critical mass flow rates, which approach a
constant with any further decrease of back pressure, are clearly
shown in the results. Figure 19 shows the experimental data of
the critical mass flow rates versus initial pressures for all
the tubes tested, It lndicates that the critical mass flow
rate is not dependent on the L/D ratio alone for a given initial
pressure, contrary to what had been reported by most previous
investigators (7, 9, 16), it depends on both diameter and length
of the tube.

5.11 Observations

High speed photographic analysis and observations of the
phenomena were used to supplement experimental data, Although
this type of experimental evidence does not contribute directly

to a guantitative solution to the problem, it is hoped that it
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will be of some assistance in selecting a suitable model.

Observatlons with the naked eye indicate a large quantity
of steam by volume was generated immediately downstream from the
entrance to the tube. This is illustrated in Figure 35. No
separation of the fluid from the tube wall was noticed at the
entrgnce for all tubes tested with a 1/lL" rounded inlet. During
tests of tubes with sharp edged entrance, a clearly defined
Vena Contracta was formed extending 3 to L inches downstream
of the entrance (See Figure 36). Upstream from the exit of the
tube there appeared to be a slight change in steam void density
suggesting fluid acceleration at this point,

Inspection of the flow phenomena through a sight glass
located on the center line of the test section upstream from
the tube entrance and in a plane perpendicular to the direction
of Tlow indicated two vortices were formed rotating on and
parallel to the centerline of the tubs. The direction of
rotation alternated from clockwise to counterclockwise and back
in rapid sequence. The strength of the vortices appeared to
increase with pressure and mass flow,

The significance of the presence of the vortices is uncertain
at this time. From this vantage point, it could also be observed
that boiling began just downstream of the entrance to the tube
in the vicinity of the point at which the tube butts up against
the metal adaptor. During tests of high metastability, thus low
mass flow rates and pressure differentials, the core of the fluid
flow path remained void of vegpor,

Analysis of the high speed photography of the flow along

its path indicated bubbles formed within the first several inches
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of tube length. The bubbles appeared to be undistorted and varied
in size. The maximum bubble size did not appear to exceed 1/8"
in diameter. There was no indication of a velocity profile across
the tube nor a differential in linear velocity with size. 1In
either case photographic limitations may have prohibited detect-
ing these variations., Curvature of the tube could have prevented
observation of the boundary layer, and the speed of the film
could have prevented detection of relatively small differences
in velocity.

Analysis of the motion pictures with a Kodak Optical Analyzer
indicates bubble formation must take place in less than .0005 sec.
The films were taken at a rate of 2000 frames per second for
which film frame exposure time is 1/10,000 of a second., This
is in agreement with the observation that all the bubbles appear
to form at the entrance.

Motion pictures taken of flow in the vertical position
indicate, at high pressure and relatively large pressure differ-
entials, a portion of the bubbles form at the entrance to the
tube and the surface of the Vena Contracta (See Figure 38). The
core is clear and void of noticeable vapor generation for several
inches upstream of the entrance after which bubbles begin to
form. Although a film of water could be detected returning along
the wall to the entrance of the tube, there still remains some
uncertainty as to which phase occupies the wvoid surrounding the
Vena Contracta. Approximately eight inches from the exit to the
21 inch tube, additional bubbles began to form with a noticeable
acceleration of the fluid. There was no indication of instability

in flow.
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Attempts were made to take pictures of the inlet to the
horizontal tube in a plane perpendicular to the direction of flow,
Considerable difficulty was encountered in focusing the camera on
the entrance plane and in providing sufficient light to take
high speed photographs. However, the pictures taken do indicate
a change in phase of the fluid immediately downstream of the
entrance without the formation of & discrete surface. There is
evidence of highly turbulent local fluid motion with only an
occasional bubble formation at a point removed from the surface.
From the qualitative data accumulated from observation and
photographic analysis, it may be concluded that heat or mass
is transferred at extremely high rates at the entrance and exit
to the tube., The change in momentum takes place within a few
inches downstream of the entrance and upstream of the exit.
Although wall friction exlsts, its overall contribution to the
change in momentum may be cnnsidered negligible. In view of
the fact thet undisturbed bubbles of different sizes appeared
to be traveling at the same speed, it may be concluded that

slip is negligible for the short tubes tested here.
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6. DISCUSSION OF RESULTS AND CONCLUSIONS

Two-phase metastable flow is extremely complex., It involves
many variables and includes some phenomena for which there is
little understanding. As it was pointed out earlier in the
report, the data available is sparse, particularly at low
temperatures and pressures. The numerous models proposed, based
on a restricted number of variables, fail to reveal a true under-
standing of the factors involved. Therefore, it appears pointless
to attempt a correlation beyond that which is necessary to
interpret the data.

The dats is analyzed by applying the equation of motion.,
Since no boiling is evident upstream of the entrance, and since
all prior experience indicates no boiling takes place. at the
throat of an aperture as the length approaches zero, it would
seem regsonable to break up the equation of motion into two
parts., The first part of the quation applies to the change
in potential energy prior to the entrance plane of the tube.

This can be simply expressed in terms of an entrance effect. Thus,

JAY= K¢ . .
(wj)zvf =C where C- 2|C2 (8)

A

The second part of the equation must take into consideration
the change in momentum due to the expansion of the fluid and the
surface friction., For this particular case it is felt that
friction can be neglected as the tubes were constructed of glass

of small length~-to-diameter ratios.
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The momentum equation may be written as follows:

V 2
9lR &= —(—v-g-) (vo‘ue) (9)
Where
V§-v _ CDA.TI- Vg V, . = z
thus,
90Re_ CoAT.e [vigd W) ()
Vg hfg vt A

Evaluation of the change in momentum depends upon knowledge
of the metastable state and the void fraction of the wvapor. This
still remains the weakest link in evaluating two-phase flow.
Measurement of these factors is extremely difficult if possible
at all,

For analysis purposes,this problem may be circumvented
by relating the actual change in specific volume to the change
in specific volume for the nonslip, equilibrium case by some

factor K. The equation (11) becomes

9AP,-2 _ CpAT.-z("fo.i)K (12)
o
Y

Where ATLzmuSﬁ represent the change in bulk liquid

temperature between the tube inlet and exit

K must include such factors as change in specific volume
of the vapor with temperature, deviations of the bulk fluid
temperature from equilibrium and slip between the phases.
Inspection of the data reveals that the temperature drops across

the tube are small and, except for the very low temperature runs
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the deviation in specific volume of the vapor contributes
little to the value of K. It has already been pointed out that
slip is probably small by virtue of the fact that the fluid
is comprised of small undistorted bubbles flowing at the same
velocity. Therefore the major portion of K must be attributed
to the existence of a metastable state.

Although the value of any temperature measurement at the
exit of the tube is a source of contention, the thermocoupls
readings at this point indicate rather large fluid superheats
that vary in direct proportion to the temperature differential
across the tanks (See Figures 20 through 29). There also
appears to be a consistent but small variation of the slope
of the curves with temperature level and tube geometry. Data
for the 3" diameter 24" long and 1.5" diameter 12" long tubes
deviate from the general trend. These tests were run prior
to relocating the exit temperature probes, which might explain
the discrepancy. In general the thermocouples support the
analysis of the other raw data as well as observations. Therefore
it is felt that K is associated with the temperature differentials
rather than the specific volume.

At this point the two equations of motion may be combined to
form the general equation of motion for the entire aperture, Thus

from equation (8) and (12), equation (13) is obtained.

gAR. ColT,_, [ v ,
| .2'*. - PpBl-2 fg,) K+C “3)
Y %%J by Yt

( !

Here the effect of hydrostatic head is neglected



Inspection of this equation reveals that for small temperature
differentials and small values of K, the mass rate of flow increases
with pressure drops in practically the same manner as an in-
compressible fluid. However, as the temperature differentials,
and consequently the pressure differentials continue to increase,
the change in momentum resulting from the transfer of heat or
mass within the tube becomes large compared to the change in momentum
at the entrance to the tube. Eventually a point is reached beyond
which the entrance effect contributes very little to the overall
pressure drop. Prattically the entire change in momentum is
due to the phase change or transfer of mass., At this point
a "critical mass flow" is reached and a further drop in pressure
is accompanied by a proportional drop in tube exit temperature.
"Critical mass flow" in this case should not be confused with
the critical mass flow accompanied by sonic velocities.

Since the rate of change of pressure with temperature
is inversely proportional to the change in specific volume,
it is suggested that the critical mass flow should occur at
approximately the same temperature differential for small
changes in temperature level., This can be confirmed by re-

arranging the general equation of motion in the following manner.

| - A ,
[ i
94F 5 _C;Z'F_;__ = (A% % K (14)
____;_w
Wh hh 2
ere ’
AP = L(%
0
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and substituting the mass flow parameter @ such that

| AR
- Ap ,
P _ -2 =
9P, AT : ® (15)
Where hf f
g

v

It is recalled that the temperature measurements indicate
K is some function of pressure level and geometry. By evaluating
the data at the critical mass flow rate,/K is found to be directly
proportional to the ratio of the specific volume to the .I3 power
and the tube volume %6 the .163 power. It is realized that
volume defines a specific relationship between the length and
diameter. However, until additional data is accumunlated which
will clearly define this relationship, tube volume appears to
be a suitable choice. This expression for K is substituted

into the mass flow rate parameter. Thus,

W [ 0.63 0.163
b - K(—v%') (V) 1o (17)

A plot of the mass flow rate parameter versus the temperature
drop between chambers indicates the critical mass flow is reached
at a specific temperature differential between 8 to 10°F. for
all geometries and pressure levels, See Figures 39 through l;6.
The manner in which the graphs are presented was selected to
best illustrate the effects of pressure level and geometry.

In Figures 39 through 46 it is observed that the low pressure

runs at 8" Hg Abs. and occassionally the runs at 16" Hg Abs. deviate
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from the tests performed at the higher pressure levels. It is
believed that submergence or subcooling of the fluid at the
entrance to the tube is the cause for these deviations., A
similar experience was encountered during preliminary tests

at high pressures. It was found by increasing the subcooling

at the entrance to the tube, higher mass flows could be achieved
for the same total pressure differential. However, the critical
mass flow rate remained constant for the same degree of subcooling.
The lower portion of the mass flow rate versus pressure drop
curves may be interpreted in the same manner. It would be
desirable to evaluate the submergence effect, however data for
water levels in the upstream chamber are not accurate enough.
Water levels were measured fo an accuracy of : 25 percent. 1In
addition, evidence of occasional surface depressions at the
entrance to the tube and occasional bubble formation may be
sufficient to reduce the accuracy of measured water levels.

Summarizing:

1) A correlation for the data is offered which represents
two-phase metastable flow within the limits of the parameters
studied.

2) Extrapolation of the correlation requires further study
of the effects of length, diameter, entrance conditions and

frictional effects on two-phase flow. The present correlation

appears suitable for extrapolation upon evaluation of these factors.
3) A critical mass rate of flow is reached which is

dependent upon the distribution of the pressure drop between the

entrance effect and the change in momentum within the aperturs.

The critical mass rate of flow occurrs at a constant temperature
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differential, and it is proportional to the ratio of specific
volume of the vapor and liquid, and the volume of the tube to
appropriate powers,

l4) The fluid appears to be flowing under metastable con-
ditions., Since friction, although it may be present, appears
to be negligible, there is a strong indication that the rate of
transfer of heat and mass may be the governing phenomena of the
mass flow rate.

5) Slight rounding of the tube at the entrance reduces
separation of the fluid flow considerably. Yet, it is not certain
about the exact effect of the radius of curvature of the rounded
entrance.

6) Slightly lower mass flow rates were obtained in the
vertical position which is probably due to the additional hydro-
static head.

7) Bubble flow is encountered through the range of variables
tested.

8) Boiling does not occur prior to the entrance of the
aperture.

9) Flow is stable for all operating conditions except for
low pressure differentials at low pressure in the vertical
position.

10) The data should provide a means for sizing flashing
devices or interstage loop seals for multistage evaporators.
However, further testing is desirable with regard to subcooling
effects and hydrostatic head in the vertical position.

11) Operation of a multistage flash evaporator should be

improved by using a metastable two~phase flow flashing device
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in conjunction with a sharp edged orifice.

12) A controlled flashing device cannot improve the "thermal
efficiency" within itself by virtue of the fact that a large
degree of metastability must exist at the exit of the aperture,
However, it may improve the "thermal efficiency" of the flash
chamber if it can be shown that the rate of transfer of heat or
the liquid surface exposed to the vapor has been increased in

the stream immediately downstream of the flashing device.
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Te RECOMMENDATIONS

The study of two-phase metastable flow or the flow of saturated
fluid through short tube is in its infancy. A better understanding
of the phenomena requires additional work to determine the effects
of length, diameter, hydrostatic head, entrance conditions, and
subcooling., To arrive at a suitable model for representing the
phenomena, it is necessary to have an understanding of the fluid
history with regard to pressure and temperature along the path
of the operation. This, however, will require developing special
techniques for determing the pressure, temperature or percent
steam void fraction.

In support of multistage flash evaporation in particular,
it would be desirable to obtain additional information with
regard to subcooling effects, hydrostatic head, and the effects
of length and diameter in the vertical position. It is recommended
that additional work be done along these lines. In addition, it
is recommended that the test facility used be properly instrumented
to indicate any improvement in thermal efficiency that may be

achieved immediately downstream of the controlled flashing device.
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Figure 5. Samples of Cylindrical Test Tubes
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DIRECTION OF FLOW

Tube Dimension: 3" |.D. x 24" L

Position: Horizontal

Entrance Condition: 1 /4" Rounded Edge

Location of Exposure: 3/4" From The Tube Entrance
Initial Pressure: 20.2" Hg.

Pressure Differential: 8.1" Hg.

Temperature at Tube Inlet: 192.8°F
Mass Flow Rate: 400 1b/sec-ft.2

Rate of Exposure: 2000 Frames Per Second

FIGURE 35 - Flow Pattern Near Entrance Of 3" 1.D. x 24" L Tube.
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DIRECTION OF FLOW

Tube Dimension: 2" |.D. x 106" L

Position: Horizontal

Entrance Condition: Sharp Edge

Location of Exposure: 3/4L" From The Tube Entrance
Initial Pressure: 30.4" Hg.

Pressure Differential: L.7" Hg.

Temperature at Tube Inlet: 212.5°F
Mass Flow Rate: 485 1b/sec.-ft.2

Rate of Exposure: 2000 Frames Per Second

FIGURE 36 - Flow Pattern (lear Entrance of 2" 1.D. x 16" L Tubea,
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Tube Dimension;: 2" 1.D. x 21" L
Position: Vertical
Entrance Condition: Sharp Edge
Location of Exposure: 3/L" From The Tube Entrance
Initial Pressure: 8.75" Hg.
Pressure Differential: 2.7"Hg.

Temperature at Tube Inlet: 155.9°F
Mass Flow Rate: 192 Ib/sec.-ft.2

Rate of Exposure: 2000 Frames Per Second

FIGURE 37 - Flow Pattern Near Entrance Of 2" |.D. x 2I"L
Tube Under Low Initial Pressure.
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Tube Dimension: 2" 1.D. x 21" L
Position: Vertical
Entrance Condition: Sharp Edge
Location of Exposure: 3/4" From The Tube Entrance
Initial Pressure: 59.8" Hg.
Pressure Differential: 3.51" Hg.

Temperature at Tube Inlet: 249.1°F
Mass Flow Rate: L75 Ib/sec.-ft.2

Rate of Exposure: 2000 Frames Per Second

FIGURE 38 - Flow Pattern Near Entrance Of 2" |.D. x 21" L
Tube Under High Initial Pressure.
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