VAPOR CONDENSATION ON TURBULENT LIQUID
by
J. Steven Brown

B.M.E. Georgia Institute of Technology
(1987)

SUBMITTED TO THE DEPARTMENT OF MECHANICAL
ENGINEERING IN PARTIAL FULFILLMENT OF THE
REQUIREMENTS FOR THE DEGREE OF

DOCTOR OF PHILOSOPHY
at the

MASSACHUSETTS INSTITUTE OF TECHNOLOGY
May, 1991

© Massachusetts Institute of Technology

Signature of Author

Départment of Mechanical Engineering
May, 1991

Certified by ’
Ain A. Sonin
Professor, Mechanical Engineering
Thesis Supervisor

Accepted by

Ain A. Sonin
Chairman, Departmental Committee on Graduate Studies

Department of Mechanical Engineering
ARCHIVES

MAGEACHUSETTS iNSTITuLE
OF TECHNM NGY

JUN 12 1991

LIBRAHIES



VAPOR CONDENSATION ON TURBULENT LIQUID
by
J. Steven Brown

Submitted to the Department of Mechanical Engineering
on May 15, 1991 in partial fulfillment of the requirements for
the degree of Doctor of Philosophy

Abstract

An empirical correlation is presented for the condensation of pure vapor on a
subcooled, turbulent liquid with a shear-free interface. The correlation expresses the
dependence of the condensation rate on fluid properties, on the liquid-side turbulence
(which is imposed from below), and on the effects of buoyancy in the interfacial thermal
layer. Both the liquid-side turbulence and the condensation heat transfer process are in
statistically steady states. The correlation is derived from experiments with steam and
water, but under conditions which simulate typical cryogenic fluids.

The steady state condensation rate correlation is then used to predict the
condensation rate in three different systems: (1) a cylindrical system with turbulent
mixing provided by an axial submerged jet for submergences ranging from 0.5D to
4.2D, (2) a channel flow with grid-induced turbulence and (3) a cylindrical system with
turbulent mixing provided by an axial submerged jet, when the liquid-side turbulence
and the condensation heat transfer process are not in statistically steady states.

Lastly, the critical Reynolds at which a liquid-into-liquid axisymmetric submerged
jet, such as those in the systems studied above for jet submergences up to approximately
100 nozzle diameters, undergoes transition from laminar to turbulent flow is
experimentally investigated. Fully laminar jets can be maintained up to Reynolds
numbers of several hundred (Re, ~ 600) and fully turbulent jets occur at Reynolds
numbers of Re, > 2500. For the intermediate Reynolds number range, the jet passes a
certain distance (typically between about 5d and 40d) into the liquid as a smooth jet
before breaking up into a fully turbulent jet.

Thesis Supervisor: Dr. Ain A. Sonin
Title: Professor of Mechanical Engineering
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Nomenclature

specific heat at constant pressure  (J kg~! K1)

nozzle exit diameter (m)

test cell inner diameter (m)

frequency (Hz)

acceleration due to gravity (m s2)

Grashof number, equation (1.45)

latent heat of condensation (J kg™1)

Jakob number, equation (1.23)

turbulence intensity ir k-€ turbulence model (m?s2)

turbulence macroscale (m)

length scale in k-€ turbulence model, k>2/e  (m)

condensation mass flux across interface (kg s~! m2)

Prandtl number, equation (1.23) '

volume flow rate circulating through system, Figure 1.1 (m? s71)
radial coordinate (m)

Eulerian autocorrelation function measured at a fixed point, equation (1.9)
Reynolds number, equation (1.23)

system Reynolds number, Q/dv

Richardson number, equation (1.23)

nozzle submergence, Figure 1.1 (m)

Stanton number, equation (1.23)

Reduced Stanton number, equation (1.34)

time (s)

absolute temperature  (K)

value of Ty extrapolated to the interface, Figure 1.10.b  (K)
temperature in bulk of liquid, outside the interfacial layer, Figure 1.10.b (K)
liquid saturation temperature  (K) '

liquid subcooling, T, - T, (K)

condensation induced bulk flow, 1h/py> €quation (1.26) (m s1)
r.m.s. value of either the horizontal or vertical component of turbulent
velocity (ms)

voltage output from pressure transducer (Volts)

value of v extrapolated from the bulk liquid to the surface
disregarding the interfacial layer, Figure 1.10.a (ms))
coordinate measured vertically downward from the surface into the
bulk liquid, Figure 1.1 (m)

coordinate measured vertically upward from the nozzle exit into the
bulk liquid, Figure 1.1 (m)
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Greek symbols

AV CE BP0 O éz_gzg

®(Re,)
()

thermal diffusivity (m2s™)

turbulent thermal diffusivity (m?2s-1)

turtzmlclnt thermal diffusivity outside of the thermal layer, Figure 1.10.c
(m®s™)

coefficient of thermal expansion (K1)

thermal layer thickness (m)

viscous layer thickness (m)

viscous dissipation rate in k—¢ turbulence model (m?2 s=3)
thermal conductivity (kg m s=3 K-1)

integral turbulence length scale, equation (1.10) (m)
viscosity (kg m~1s1)

kinematic viscosity (m? s™1)

density (kg m3)

characteristic time (s)

function defined in equation (1.4)
Eulerian time spectrum, equation (1.12) (m?s™1)

Subscripts

b

g
s

liquid at bulk temperature (extrapolated to the interface)

vapor
liquid at saturation temperature
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1.1. Introduction

Condensation of pure vapor at a turbulent liquid interface is a liquid-side dependent
heat transfer process, the rate being limited by the turbulent transport of the latent heat
from the interface to the bulk of the liquid. Theoretically, this is still an unsolved
problem, largely because the structure of the turbulence very near the free surface is still
open to speculation. At lower turbuleace intensities the condensation problem is further
complicated by stable thermal stratification at the interface, with attendant turbulence
damping. Simplistic models have been proposed for the analogous gas absorption
problem, where thermal stratification is absent [Kishinevsky (1955); Levich (1962);
King (1966); Fortescue and Pearson (1967); Lamont and Scott (1970); Theofanous et
al. (1976); Henstock and Hanratty (1979); Theofanous (1984)]. However, each of
these models is tailored largely to specific experimental conditions. The models disagree
with each other, and there is no consensus on a unified model which expresses the
condensation rate in terms of the local turbulence parameters and fluid properties [e.g.
see Sonin et al. (1986)]. Progress toward such a model has been hindered not only by
the lack of understanding of the interfacial turbulence structure, but also by the fact that
accurate comparison with experiment has been difficult: the turbulence parameters
which appear in a general model (e.g. turbulence intensity and turbulence macroscale)
have not been directly measured in most investigations of condensation.

Simultaneous data on vapor condensation rate and liquid-side turbulence are
relatively scarce. Thomas (1979) made measurements with steam and water in several

different systems in which turbulence was imposed on the liquid from below, without
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shear or the interface. Jensen and Yuen (1982) report measurements in a channel flow
in which the liquid-side turbulence was induced largely by interfacial shear from the
steam side. Ueda et al. (1977), Mizushina et al. (1978), Komori et al. (1982, 1983),
and Ogino (1986) have published significant basic data on the turbulence structure in a
channel flow with interfacial heat transfer. They did not, however, report simultaneous
measurements of the heat transfer rate at the interface, and their measurements of
turbulent diffusivity do not cover the very thin region near the free surface where most
of the temperature drop occurs when buoyancy effects are not dominant.

More recently, Sonin et al. (1986) investigated the condensation of pure steam on a
shear-free water interface, on which a calibrated turbulence was imposed from below.
Using relatively high turbulence intensities where buoyancy effects were negligible, they
concluded that the condensation rate could be correlated in terms of a constant Stanton
number based on the liquid-side turbulence intensity.

Here a more general empirical correlation for the rate of pure vapor condensation on
a turbulent subcooled liquid is presented. The correlation accounts not only for the
dependence on the interfacial conditions, but also establishes the dependence on liquid-
side Prandtl number and buoyancy. One of the major objectives of this work has been
to obtain a rate correlation that can be applied to predict the condensation rate of
cryogenic fluids under a broad range of turbulence conditions.

The present work is based on experiments with steam and water, and generalized to
other fluids by means of scaling laws (see Section 1.5). The apparatus is similar to the

one used by Sonin et al. (1986), but experimental accuracy has been improved, the
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system has been modified to operate over a range of saturation conditions, and the data
correlation is based on more precise information on the turbulence structure in the
system {see Section 1.3). The correlation covers the scaling parameters characteristic of
most cryogenic fluids, and establishes the dependence of the condensation rate on the °
liquid and vapor properties, the liquid-side turbulence intensity and turbulence

macroscale, and the effects of buoyancy.

1.2. Test Cell

Experiments were performed in a test cell (Figure 1.1) which is geometrically
similar to the ones used by Chun (1983), Shimko (1985), Sonin et al. (1986), Helmick
(1988) and Khoo (1988). It consists of a pyrex tube of inside diameter D partially filled
with a working fluid (tap water in this study) with the fluid's vapor (steam in this study)
occupying the rest of the test volume. The water is circulated in a closed loop by means
of a centrifugal pump and is cooled (warmed) to the desired operating temperature by
means of a tube and shell heat exchanger. A statistically steady turbulence is
generated by means of an axisymmetric nozzle of exit diameter d located at a
submergence s (d « s) below the interface. Sufficiently far from the nozzle (z > 3D),
this system produces an essentially bulk-flow-free turbulence which is approximately
isotropic in a horizontal plane but decays with increasing elevation z from the nozzle.
The turbulence integral length scale is "locked"” to the tube diameter (see Section 1.3)

and can be controlled via the system size. All the condensation measurements reported
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Figure 1.1. Schematic of test cell.

here were made with the water elevation at 3.67 system diameters above the nozzle exit,

i.e. with s/D = 3.67.
Two different cells were used for the condensation tests, with diameters D of 3.8

cm and 10.2 cm and nozzle exit diameters d of 0.16 cm and 0.42 cm, respectively, so
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that the ratio D/d was 24 as in the previous studies. A larger 15.3 cm diameter cell was
used for the turbulence measurements taken with a laser Doppler velocimeter. The
smaller systems were needed to obtain the higher pressures and temperatures at which
water has the low Prandtl numbers of liquid cryogens. All three test cells were
geometrically similar, incluﬁ g the nozzle diameter (D/d = 24) and the nozzle geometry
(length/d = 6.3, with the inlet lip rounded with a racius of curvature of approximately
0.54d).

Pure steam was taken from the M.L.T. steam supply and admitted to the test cell and
was allowed to exhaust slowly from the cell via a central port located near the interface.
The steam was passed through a commercial steam-water separator and into a 75 dm3
settling tank before being routed to the test cell. The settling tank was vented slowly at
the bottom to help remove residual moisture, air, etc. All parts of the steam supply
system, from upstream of the settling tank to the top part of the test cell, were heated
with strip heaters and insulated. Operating pressures ranged from 0.11 to 0.37 MPa,
corresponding to sat‘uration temperatures from 103 to 141°C, and bulk water
temperatures ranged from 37 to 118°C.

Type T (copper-constantan) thermocouples enclosed in inconel sheaths (diameter
0.16 cm) with an accuracy of +0.5 K were used to measure both the water and steam
temperatures. A Bourdon tube gauge (0.1 - 0.79 MPa) was used to measure the system
pressure.

The volume flow rate Q circulating through the nozzle was measured using a

differential pressure transducer whose output was directly proportional to the pressure
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drop across the nozzle. Figure 1.2 shows the results of the calibration and the data can
be fitted with

=0.196VV (1.1)

0'6 LA LA L L L BL L B B B B o

IIll'l'l|||Illllll||l|'|l'lll

llIlllllllllllllllllllll'lll

o
-
N
w

Pressure Drop Across Nozzle (Volts)!?

Figure 1.2. Flow rate calibration. Including data from
Helmick (1988).
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1.3. Turbulence Calibration

1.3.1. Video Measurements of Centerline Turbulence Intensity for Large Nozzle
Submergences

Consider the turbulent flow field in the liquid at an elevation z which is sufficiently
far from the nozzle to be in the far field of the jet (i.e. z » d), but not so close to the
surface that z is in the interfacial layer. Sonin et al. (1986) argued that, at the high
Reynolds numbers where the jet is fully turbulent, the r.m.s. value v of a component of

the velocity fluctuation will obey the scaling law

v(r,z) = %f(Re-,rlD, zD) 1.2)

where Q is the volume flow rate circulating through the nozzle, and

=9
Res == (1.3)

is a system Reynolds number based on the characteristic flow speed Q/Dd. Experiments

showed that at 3.1 < z/D < 4.2, the r.m.s. velocity near the system centerline is given by

v(0,2) = ¢(Re.)-§l-exp(-l.22/D) (1.4)

Sonin et al. (1986) seeded the flow with 3 mm diameter polypropylene beads
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(specific gravity 0.91), filmed the ensuing moticn at 120 frames per second using a high
speed video camera, and deduced the vertical and horizontal velocity components of the
particles by measuring particle displacements between successive frames. Their
measurements in a 15.3 cm diameter cell showed that ¢(Re.) = 21.8 for Re, > 2.5 x
10%. Data taken in a 3.8 cm diameter cell at lower Reynolds numbers indicated higher
values of ${(Re,), of the order 30 — 35, suggesting that &(Re,) increases at lower
Reynolds numbers. The nozzle in their smaller cell was, however, not exactly similar in
length and inlet shape to the one in the larger, and the seed particles were fairly sizable
(8% of D) relative to the smaller cell's diameter.

The video measurements have been repeated in a 3.8 cm cell which is completely
similar to the larger one, using smaller polystyrene beads (average diameter 0.4 mm,
actual diameter 0.1 — 0.8 mm) with specific gravity 1.05. The high speed video camera
was focused on the test cell axis and data were taken near the centerline, in a "window"
with horizontal boundaries at z/D = 3.67 x 0.13 and vertical boundaries at /D = + 0.13.
The interface was set at a height s/D = 5.8, i.e. well above the test window, so that the
velocity measurements would represent data in the bulk of the liquid far below the
interface.

Figure 1.3 shows data for the r.m.s. values of the fluctuating vertical and horizontal
velocity components, expressed in the dimensionless form ¢(Re,) defined by equation
(1.4). The new data for the smaller system are in the region Re, < 2.5 x 10%; the data

for Re, > 2.5 x 10% are those taken by Sonin et al. in their larger system. Each point in

the new data set is derived from a minimum of 200 velocity measurements, vs. §0 in the
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Figure 1.3. Calibration of turbulence intensity at
centerline of test cell.
data of Sonin et al.

The new data do not show a clear rise in ¢p(Re,) at lower system Reynolds numbers.

The average value based on all data points in both data sets is

O(Res)=234 (4x10°<Res<7x10%) (1.5)

The standard deviation of the data is 2.70, or 12% of the mean, which is reasonabiy
consistent with the inverse square root of the number of measurements on which each

data point is based. Taken separately, the lower Reynolds number data set does show a
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somewhat higher average value of ¢(Re,) than the higher Reynolds number set, 24.5
vs. 21.8. This might suggest a slight decline in ¢(Re,) with increasing Re,. However,
the difference is within the standard deviation of the data taken as a whole, and equation
(1.5) is adopted in what follows.

The r.m.s. values of the vertical and horizontal fluctuating velocities differ by less
than one standard deviation of the data scatter. The mean velocity components
were found to be smaller than the standard deviation of the r.m.s. values. In the new
data set, the average mean horizontal velocity was 0.7 cm s~!, while its standard
deviation was 0.9 cm s~1. This is to be compared with an average r.m.s. fluctuating
velocity component of 9 cm s~!. The average value of the mean vertical velocity
measurements was 0.5 cm s~! (downward), with a standard deviation of 0.5 cm s~!.
The data are thus consistent with the view that at higher elevations (z/D > 3, say),
turbulent fluctuations dominate over any remaining mean circulatory flow, and the

turbulence is approximately isotropic.

1.3.2. Laser Doppler Velocimetry (LDV) Measurements for Large Nozzle
Submergences

Laser Doppler velocimetry [the LDV measurements were performed by Khoo
(1988)] was used in a cell which was essentially identical to the larger (D = 15.3 cm)
one of the two used by Sonin et al. (1986) except that a flat plexiglass window was
mounted on its side between the elevations z = 39.5 and 72.5 c¢m, at a (minimum)

distance of 7.2 cm from the axis. Since the test cell's nominal radius was 7.6 cm, the
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window did not cause a significant perturbation in the cylindrical geometry.

The LDA was a back-scattered two-color system consisting of a Lexel model 95 ion
laser and DISA made optics, with the counter linked to a portable DEC MINC-11 mini-
computer. The use of two beam expanders in series resulted in a very small measuring
volume, 40 x 40 x 600 pm. Traverses through the cell were made by moving the test
cell, which was mounted on a test table with vernier movements in three orthogonal
directions as well as rotation in a horizontal plane. The effect of pump vibration on the
test cell and the optics was minimized by resting the pump on vibration absorbers and
connecting it to the test cell via an 2.4 m long stainless steel flexible hose. Preliminary
tests of the LDA system were carried out with the test cell replaced by a plexiglass disc
which was filled with water and rotated at a known angular velocity. LDA readings of
velocity were recorded with the pump turned off, and were found to agree with the
imposed velocity to within 3%. The r.m.s. value of the velocity fluctuations (in this
case caused by system noise) was about 5% of the mean. This figure did not change
significantly when the centrifugal pump was turned on, which suggested that pump
vibration was not a problem.

Aluminum particles of size 3 um were used as seedlings, which gave a signal-to-
noise ratio of about 5; 1um particles were also tested, but were found to give a poorer

signal-to-noise ratio.

1.3.2.a. Centerline Turbulence Intensity

Figure 1.4 shows data for the distribution of r.m.s. fluctuating velocity as a
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Figure 1.4.a. Centerline distribution of r.m.s. fluctuating velocity
as 4 function of depth below the interface for Re, =2.91 x 10%.

0.16 [ LANML LN RN L A RN SN AN S L AN AL AR BN
| s/D =367 ;
[ D=153cm O Jertical
[ )
v L %3 55
(/208 [ .
s 3 .
K Egn. (1.4) with ¢(Re,) =21.8 ]
o [ PR WS WS T VN VT W A YUK WO YO N S ST SN N W S
0 0.04 0.08 0©.12 0.16 0.2
y/D

Figure 1.4.b. Centerline distribution of r.m.s. fluctuating velocity
as a function of depth below the interface for Re, = 4.01 x 104,

26



0-16 i LA S AL L AR AL AL N A AL L R LA B i
I Eqn. (1.4) with ¢(Re,) = 21.8 )
I 2 ! ]
v [ ? B
(mys)0-08 | : ]
- ¢ ]
- o vertical -
- s/D=3.67 ® horizontal 1
- D=153cm 4
o [ 1 ) PES N ST WY WY SN BN SEN VY YA S RN TR SN NN TR SR j
0 0.04 0.08 0.12 0.16

Figure 1.4.c. Centerline distribution of r.m.s. fluctuating velocity
as a function of depth below the interface for Re, = 5.77 x 10%.

function of depth below the interface, taken along the system's axis. The surface was at
an elevation of s/D = 3.67. Each data point is the average of five measurements of
r.m.s. velocity, with each measurement derived from 10* velocity samples. The bars
show the maximum and minimum values of the five measurements. Also shown on the

figures is the correlation equation (1.4) with ¢(Re,) taken as 21.8, the average value of

the data taken in this system.

At sufficient depths, the turbulence distribution is approximately isotropic and
decays gradually with increasing elevation z (decreasing y), in agreement with equation
(1.4). Closer to the surface one enters the interfacial layer, in which the vertical

velocity fluctuations are damped (the surface maintained an approximately horizontal

yD
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state in all these tests) and their kinetic erergy is imparted to the velocity components
parallel to the surface, which are not constrained at the interface (see also Komori et al.,
1982). Figure 1.4 suggests that the interfacial layer has a depth of about 0.1D in this
type of system. The mean velocity components are not shown, but are bounded by —
0.01 and 0.01 m s, that is, they are small compared with the r.m.s. velocity
fluctuations.

Figure 1.3 shows six LDV data points for ¢(Re,). These data points are derived by
fitting equation (1.4) to each of the six data sets in Figure 1.4, using only those points
which are below the interfacial layer. The results are in reasonably good agreement with
¢(Re,) = 21.8, the average of the video data taken in this system, although they fall
somewhat below the line ¢(Re,) = 23.4 which represents the average for all the video

data.

1.3.2.b. Radial Turbulence Intensity

Figure 1.5 shows an example of both the radial distribution of the horizontal r.m.s.
velocity and the mean horizontal velocity taken at a depth of 0.5 cm. The mean
horizontal velocity is everywhere less than about 10% of the horizontal r.m.s. velocity,
once again supporting the assumption of Sonin et al. of an essentially bulk-flow-free
velocity above elevations of z/D ~ 3. As expected, the r.m.s. velocity tends to decrease

as one approaches the wall. The data in Figure 1.5 can be fitted approximately with

v=v(0)[1 + 0.06(t/R) — 0.29(1/R)?] (1.6)
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Figure 1.5. R.m.s. and mean horizontal velocities as functions of
r at a depth of 0.5 cm below the interface for Re, = 4.01 x 10%.

where v(0) is the centerline velocity and R = D/2. This equation may be viewed as an
"outer" turbulence distribution, analogous to Coles' (1956) "law of the wake" in shear
flows and must break down sufficiently close to the wall, where viscous effects must set
in. By analogy with shear flows, the viscous layer thickness &, near the wall can be
estimated from v(0)d,/v ~ 10, say, where v is the liquid kinematic viscosity. This
yields 8 /R ~ O(1073), which suggests that equation (1.6) may be extended fairly close
to the wall before a significant departure occurs. Hence, the average r.m.s. velocity

over the interface can be estimated as

v,v=—L2- v2nrdr = 0.90v(0) (1.7)
nR* §
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1.3.2.c. Turbulence Macroscale

Since the measurements were restricted to a single point at a given time, an integral

time scale can be defined as
I:—:[ R(t)dt (1.8)
where
R() = <v'(t'+t)2 v'(t)> (1.9)
v

is the Eulerian time correlation of the velocity at a given point. Here v' represents the
fluctuating component in a particular direction (we shall see that the time scale is
approximately independent of the choice of direction), < > represents an ensemble

average, and v is the r.m.s. value of v'. An integral length scale can then be defined as

A=(Vt)=0 (1.10)

Figure 1.6 shows some examples of the function R(t) measured at the system
centerline at a depth of 3 cm, with the interface at s/D = 3.67. Each correlation was

derived from four samples of 10* data points each, collected at about 100 Hz. The
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Figure 1.6.a. Eulerian time correlation of the horizontal velocity at the
centerline at a depth of 3 cm below the interface for Re, = 2.5 x 10%.

1.04

R(t) 0.5

Figure 1.6.b. Eulerian time correlation of the vertical velocity at the
centerline at a depth of 3 cm below the interface for Re, = 2.5 x 10%.
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Figure 1.6.c. Eulerian time correlation of the horizontal velocity at the
centerline at a depth of 3 cm below the interface for Re, = 5.03 x 10%.
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Figure 1.6.d. Euierian time correlation of the vertical velocity at the
centerline at a depth of 3 cm below the interface for Re, = 5.03 x 10°.
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Doppler frequency counter was adjusted to the "combined mode", so that each Doppler
burst yielded only one datum after validation. Table 1.1 summarizes all the results for
R(t), t and A. These data imply that, in the neighborhood z/D ~ 3.5, the integral length
scale near the system centerline is approximately independent of Reynolds number,

isotropic in direction (at least below the interfacial layer) and given by
A =0.24D (1.11)

Equation (1.11) is used as the characteristic macroscale at elevations in the
neighborhood of z/D ~ 3.5. Note that the jet spreads to fill the entire cross section of the
cell at z/D ~ 3, and that the macroscale should become "locked" to the system diameter at

higher elevations. Equation (1.11) should therefore not depend on z.

1.3.2.d. Turbulence Spectra
Figure 1.7 shows some examples of Eulerian time spectra which is defined

[Tennekes and Lumley (1972)] as

O(f) = f exp(-i2rft)<v'(t'+t)v'(t")>dt (1.12)

where V'is either the vertical or horizontal component of the fluctuating velocity,

i =4/-1 and f is the frequency in hertz.
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Table 1.1. LDV measurements of integral time scale (¢
and integral length scale (A = vp) in 15.3 cm diameter test
cell at a depth of 3 cm below the interface. v and i are

based on centerline values.
v (ms-1) t= f R@®)dt (s) A=vt (m)
0
Horizontal

components:
0.062 . 0.58 0.0360
0.082 0.44 0.0363
0.116 0.34 0.0393
0.160 0.24 0.0283

Vertical

components:
0.062 0.58 0.0360
0.088 0.42 0.0370
0.131 0.31 0.0405
0.191 0.20 0.0382

Average: A=0.0365m=0.24D

At a given Reynolds number, the spectra of the vertical and horizontal velocity

components are approximately identical, consistent with an isotropic turbulence, and
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Figure 1.7.a. Eulerian time spectrum of the horizontal velocity at the
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Figure 1.7.b. Eulerian time spectrum of the vertical velocity at the
centerline at a depth of 3 cm below the interface for Re, = 2.5 x 10%.
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Figure 1.7.d. Eulerian time spectrum of the vertical velocity at the
centerline at a depth of 3 cm below the interface for Re, = 5.03 x 10%.
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decay at high f approximately as f-53, as expected in the inertial subrange [Tennekes
and Lumley (1972)]. The points at which the spectra "break” from the inertial
subrange at low frequencies are approximately consistent with the integral time scales of

Table 1.1.

1.3.3. Conclusions

The turbulence intensity at the centerline of the system of Figure 1.1 is given by
equation (1.4), with ¢(Re,) given in Figure 1.3. A constant value of ¢(Re,) = 23.4
provides an adequate fit of the data for 4 x 103 < Re, < 70 x 103. Equation (1.4)
describes the r.m.s. value v of a single component of the fluctuating velocity at a point
below the interfacial layer, where the turbulence is approximately isotropic, and can be
used to define an extrapolated value vy, (see Secticn 1.5) of v from the bulk region to the
interface.

The average value of v over the cross section is 0.90 times the centerline value.

In the central region of the test cell, the integral length scale A based on the product

of v and the Culerian integral time scale is 0.24D, where D is the system diameter.

1.4. Condensation Rate Measurement
The test cell was operated in steady state, with constant water level, by continuously
draining water at a siow rate. To begin with, the condensation rate was measured by

two independent methods, a "thermal" method and a "mass" method. The thermal
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method [Sonin et al. (1986)] is based on measuring the circuiating volume flow rate and
the temperature rise between the outlet and the inlet, and determining the condensation
heat transfer rate from the First Law, assuming negligible heat losses from the sides and
bottom of the test section (a good assumption in these tests). The mass method is based
on measuring the drainage mass flow rate under steady state conditions, and assuming
that it is due entirely to condensation at the interface.

These two methods generally agreed well at the high subcoolings typical of most of
the data of Sonin et al. (1986), but were found to depart from each other as the
subcooling was decreased (bulk temperature increased), with the discrepancy being
somewhat erratic. Part of this discrepancy was traced to the thermistors which were
used to measure the temperature difference. A "matched" pair were used as in Sonin et
al., but tests showed that the pair tended to become increasingly mismatched as the
absolute temperature rose, and errors as large as 30% could result in the measurements
of the lowest temperature differentials, which occurred at the highest bulk temperatures.
For this reason, all the condensation rates reported here were measured using the mass
method.

The major source of error in the mass method is water carried into the test section
either by "wet" steam, or as a result of condensation upstream of the main condensation
interface. (The thermal method is not prone to such an error, at least if the water inflow
is not too large, because it is based on a heat rather than a mass balance and the sensible
heat of any incoming water is typically very small compared with the latent heat of

condensation.) These errors were eliminated by lining the walls of the steam settling
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tank, the steam inflow lines, and the test section walls above the water level with strip
heaters and insulation, and running all tests with these surfaces superheated, so that no
condensation would occur and all droplets would be vaporized before passing into the
test section. Tests showed that with no wall heating (zero steam superheat), the mass
method tended to overestimate the true condensation rate somewhat, but that the true
value would be obtained provided the superheat was maintained at a level higher than a
few °C. An example is show in Figure 1.8. Note that a modest steam superheat (a few
tens of degrees, say) does not affect the condensation rate at the liquid surface because

the added enthalpy which is associated with the superheat is small compared with the
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Figure 1.8. The effect of steam superheat on the
condensation rate measurement. A modest steam
superheat eliminates condensation from occurring
upstream of the interface.
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latent heat of condensation. As a final test for the absence of condensation upstream of

the bulk water surface, the pump was turned off and a steady state was attained with no
turbulence on the liquid side, but with the steam exhausting slowly from the vent in the
test cell (see below). No measurable condensation was detected.

Air or other noncondensables in the steam are also potential sources of error in all
condensation measurements. These were eliminated in two ways. First, data were
taken only after the system, including the settling tank, had been thoroughly flushed
with at least 50 system volumes of steam, and the readings were invariant with time.
Secondly, to prevent the gradual buildup of noncondensables which might result from
even very small mass fractions of air in the steam, a small amount of steam was
continuously exhausted from the test cell via a central tube fairly close to the water

surface. The exhaust rate was set empirically in a range where its magnitude had no
effect on the condensation rate (the concern here being that excess steam flow rate might

increase the liquid-side turbulence by shear at the surface, while toc low a steam
flow rate might allow noncondensables to accumulate). The second measure proved to
be unnecessary, since tests with the steam exhaust closed for up to an hour showed no
decrease in the condensation rate. Nevertheless, all data reported here were taken while
a small amount of steam was exhausted from the cell.

Data reproducibility was checked by recording the condensation rate at a standard

condition at the beginning and end of each day of runs. The data is shown in Figure 1.9

and the r.m.s. value of the scatter in this data set is 3% of the mean.
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Figure 1.9. Data reproducibilty checked by repeating a
standard test at the beginning and end of each day for ten
days.

1.5. Scaling Relations

Consider a pure \.rapor, with temperature T8 and saturation temperature T, in
contact with its subcooled autogenous liquid. The vapor is quiescent but drifis toward
the liquid surface, where it condenses and releases it latent heat hy, to the liquid. The
liquid is in turbulent agitation. Attention is restricted to cases where the turbulence near
the interface is the result of some mixing process or shear flow in the bulk of the liquid,
deep below the surface, and not due to surface shear exerted by a horizontal vapor flow.
Solid boundaries are remote from the interface (i.e. many turbulent macroscales away)

and do not affect the local condensation rate directly, although they may play a role in
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the energy balance that controls the "bulk" liquid subcooling. Both the liquid-side
turbulence and the condensation heat transfer process are assumed to have reached
statistically steady states.

Below the free surface there will be an interfacial layer, about one turbulence
macroscale thick, in which the turbulence and temperature distributions are strongly
affected by the interfacial boundary conditions. As the interface is approached from
below, the vertical velocity fluctuations will tend to be damped and the horizontal
velocity fluctuations amplified, and the mean temperature will rise rapidly from the bulk
to the saturation value. The premise is that the local condensation rate can be completely
specified in terms of the fluid properties and the turbulence conditions "imposed" on the
interface just below the interfacial layer. This is a high Reynolds number (and not too
low Prandtl number) modeling approximation made in the spirit of dealing with
interfacial layers in terms of inner and outer expansions. It leaves the question,
however, of what constitutes a suitable definition of the "imposed" turbulence. The
turbulence in the bulk region, being generated from below, will necessarily decay in
intensity with elevation even below the interfacial layer, but at a rate which is lower than
in the interfacial region, as sketched in Figure 1.10.a (see also Section 1.3 and Komori
et al., 1982).

The following assumptions are made:

(1) The turbulence "at the surface" may be characterized by (i) the extrapolated value
v, of the turbulence intensity v(y) from the bulk liquid region to the interface, ignoring

the interfacial layer (Figure 1.10.a ), (ii) a similarly extrapolated turbulence macroscale
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temperature and (c) turbulent diffusivity. Definition of bulk values.
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A, (iii) the liquid viscosity and (iv) the liquid density. The first two define the large
scales of the imposed turbulence; the last two, which are more specifically defined
below, affect the energy cascade process and the small dissipative scales.

In these experiments, the turbulence below the interfacial layer is approximately
isotropic, and the quantity v, is defined as the extrapolated r.m.s. value of any single
component of the fluctuating velocity from the bulk to the surface.

(2) The liquid subcooling is defined as

AT=T;-Tp (1.13)

where T, is the vapor saturation temperature and Ty, is the temperature obtained by
extrapolating the mean temperature in the bulk of the liquid to the surface, ignoring the
interfacial layer (Figure 1.10.b). The temperature gradient in the bulk liquid region is
usually small compared with the gradient near the interface, and T, can be interpreted as
simply the local bulk temperature.

(3) The liquid properties which affect the condensation rate are the density, the
specific heat at constant pressure, the thermal conductivity and the viscosity. The
density, the specific heat at constant pressure and the thermal conductivity of most
liquids are relatively temperature insensitive, and these quantities are modeled as being
uniform at their "bulk” values py, ¢, and Ay, (In water, for example, these properties
change by -7, +2 and +11%, respectively, as the bulk temperature increases from 37 to

135°C, the maximum bulk to saturation temperature range in the present experiments.)
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Liquid viscosity is highly temperature dependent, however, and may vary
significantly in the interfacial layer. In water the viscosity decreases by a factor of three
as the temperature increases from 37 to 135°C. This temperature dependence should
strictly speaking be accounted for in the scaling laws, since reduced viscosity in the hot
interfacial layer may in principle affect the turbulence structure in that critical region, and
hence influence the condensation rate. This is done by noting that the free volume
theory of Hildebrand (1971, 1977) suggests that the viscosity of a liquid can be fitted

over some range of temperatures and pressures with an equation of the form

t=A+BT (1.14)

where A and B are constants. For all liquids in which equation (1.14) applies between
the bulk temperature T, and the saturation temperature T, the viscosity can be expressed

between those temperature limits as

=_1_+(_1___1_ T-Tp (1.15)
Mo

1
B Ks Hb] AT

where W, and p_ are the liquid viscosities at bulk and saturation conditions, respectively.
Figure 1.11 shows that equation (1.15) is a very good approximation for water over the
temperature range from 37 to 135 °C. Equation (1.15) is also usually a good
approximation for typical cryogenic liquids. (For example, Figure 1.12 shows equation

(1.15) plotted for liquid hydrogen over the temperature range from 20 to 24 K, which
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is a typical temperature range of interest io NASA.)

Equation (1.15) implies that the viscosity is completely specified by the temperature
difference T — T, and the quantities p,, p, and AT.

(4) Buoyancy effects will be accounted for in the Boussinesq approximation, where

the buoyancy force in the equation of motion is expressed as

gB(T - Tp) (1.16)

where g is either the acceleration of gravity or an acceleration applied normal to the
interface and B, is the liquid's bulk coefficient of thermal expansion. B is characterized
by its bulk value (an approximation), even though B depends significantly on
temperature in many liquids and may have a different value in the hotter region near the
interface. The bulk value is chosen because we are mainly interested in being able to
properly scale the onset of buoyancy effects, and less concerned with accurately
scaling conditions where a hot stagnant layer has developed on the surface.

(5) Surface waviness, always present to some degree on a turbulent surface, is
assumed not to affect the condensation mass flux. This is true if the amplitude of the
turbulence-induced waviness is small compared with the turbulence macroscale

(wavelength), that is,

-l%— «1 (1.17)
gAv
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Under these conditions, the surface is approximately horizontal, at least in the sense that
its radius of curvature is large compared with the thermal layer thickness at the interface,
and the condensation process will not depend on g except via the product B,g which
characterizes the buoyancy effects.

(6) The condensation is assumed to be controlled by the rate at which the latent heat
hfg is transferred from the interface to the bulk of the liquid, and unaffected by any other
vapor phase property. This is true if (i) the vapor's superheat enthalpy and kinetic
energy do not add significantly to the energy flux from the interface into the liquid, that

is,

Co(TeTo) (1.18)
hgg ‘
and
2
‘; «1 (1.19)
ps fg

and (ii) the momentum flux associated with the vapor's impact on the surface does not

alter the liquid-side turbulence, that is,
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- _«1 (1.20)
pstVE

Here m is the condensation mass flux and the subscript g refers to vapor phase

properties.

These criteria are satisfied in typical condensation problems unless the vapor is very
highly superheated. Chur_x et al. (1986) have shown that violations may also occur at
very high turbulence intensity and/or subcooling, where the condensation can become
unstable, and transient, very high-intensity condensation bursts can occur. Such
condensation bursts are not covered by the scaling laws discussed here.

Based on the model presented above, the condensation mass flux is given by

lil = ﬁl(Vb'Absub,llssPb,}vb:cpbrATshfgstg) ( 1 '2 1)

It follows immediately from dimensional analysis that

St=f(Re,Ri, Pr, ,Pr_, Ja) (122)

where

49



St = _mhy condensation Stanton number
PpCpbATVp
Re = -&’-‘%'1 = turbulent eddy Reynolds number
Ri = E%TAE Richardson number
v
(1.23)
Pry = P _ bulk Prandtl number
Ay
Pr, = HCeb _  saruration Prandtl number
Ay
Ja = 2T _ Jakob number

Strictly speaking there should be in equation (1.23) another parameter which can be
taken as vﬁ/cpbAT- It can be shown that this parameter is essentially a ratio of the heat
input which results from turbulent viscous dissipation to the heat input which results
from the latent heat. Heating due to turbulent viscous dissipation is negligible in most
condensation problems, and hence this parameter should not affect the Stanton number.

The Stanton number is a ratio of the heat transferred at the interface to that which
can be transported by the liquid. The eddy Reynolds number is a ratio of the inertia
forces to viscous forces and will be large in all cases where the liquid side is fully
turbulent. The Richardson number scales buoyancy effects. In a gravitational field
buoyancy effects tend to dampen the turbulence near a condensation interface, and to

reduce the condensation raie. Based on analogous mixing processes [Hopfinger and



Toly (1976); Hopfinger and Hopfinger (1986)], one expects that the effect will be
negligible if the Richardson number is smaller than some critical value of order unity,
and significant at higher Richardson numbers. The bulk Prandtl number scales the
thermal and viscous diffusivities. The saturation Prandtl number Pr, must be included if
the viscosity difference between saturation and bulk conditions has a significant effect
on the smaller scale turbulence structure near the interface. The effect of the Jakob

number is discussed in Section 1.6 below.

1.6. An Analysis

One impediment to a purely empirical determination of the functional form of
equation (1.22) is the fact that both the Richardson and the Jakob numbers depend on
AT. These dependencies will be attempted to be separated by means of the following
analysis for the Jakob number dependence, which is an elaboration of the one used by
Sonin et al. (1986). .

The Jakob number scales the feedback effect of the condensation-induced bulk flow
on the condensation rate. This can be seen by noting that the thermal layer thickness 9,
i.e. the effective thickness of the region in which the temperature drops from T, to Ty, is

by definition

mhfgs"b:T (1.24)
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Using equations (1.23) and (1.24), we can write the Jakob number as

Ja =18 (1.25)
o
where
Ue = /Py (1.26)

is the bulk flow speed induced on the liquid side by the condensation. The Jakob
number is thus essentially the Peclet number based on the condensation-induced flow
speed and the thermal layer thickness. This suggests that the condensation rate should
decrease as the Jakob number increases, the flow velocity being in the direction of the
heat flux.

A more quantitative idea of the Jakob number effect can be oobtained by the
following relatively simpie theory. In the absence of mean liquid flow parallel to the
surface (as in our experiments), the Reynolds-averaged temperature T(y) in the liquid is

given by

aT o
T _3a 1.27
W3y =3y [(a+ Ot'r)g—;-] 1.27)

where y is the distance measured from the interface toward the bulk of the liquid, u, the
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condensation-induced flow speed given by equation (1.26), and

op=-—<¥T> (1.28)

is the turbulent thermal diffusivity, <v'T > being the Reynolds-averaged turbulent heat
flux divided by PeCpb:
Equation (1.27) is subject to the boundary conditions

TO)=T;
(1.29)
Pouchig = _pbcpbah(%)y -0
An integration of equation (1.27) yields
y
ln[l +M]=u¢ _dy (1.30)
hgg , O+

The distribution of the "bulk" liquid temperature T(y) satisfies equation (1.27) with
o equal to the thermal diffusivity oy in the bulk (see Figure 1.10.c). Integrating this

equation from y = 0, where Ty = T, (Figure 1.10.b), gives
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1+M y

In g |ou| 92 (1.31)
, a+omp

1+]a

The difference between equaticns (1.30) and (1.31) yields

1+cpb(Ts T)) y
_ (cirs — o)
In 1+°pb(Ts T3 ))“”“) '“'1 @roparom & 132
heg

Now, for y larger than the interfacial layer thickness, T(y) —» Tg(y) and
cr(y) — org(y)s and equation (1.32) reduces to an equation for u_, which can be

converted to an equation for St via equations (1.23) and (1.26). The result is

o In(1 +Ja)
St= St(,-———--Ja (1.33)
where
Sl = v‘,j (@rs - o) dy (1.34)
o (G +0r) (e +07p)

If it were now possible to argue that the condensation-induced flow speed u_ does

not affect the turbulent diffusivity a(y) significantly, at least at small Jakob numbers,
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one could conclude that the function St should be independent of Jakob number, i.e.
Sto = f(Rey Ri’ Plb, Prs) (1035)

Equations (1.33) and (1.35) would then give the Jakob number dependence of St. For

Ja « 1, one has

St ESto(l -123) (1.36)

which shows that St represents the Stanton number in the limit Ja — 0, and that the
Jakob number effect is small as long as Ja « 1.

Equations (1.35) and (1.36) are based on the assumption that the turbulent
diffusivity is not significantly affected by the condensation drift speed u_ if Ja « 1. More
specifically, the assumption is that the first-order correction term due to the dependence
of St_ on Ja be small compared with Ja/2. Whether this is in fact so cannot be proved
conclusively until there is a better understanding of the turbulence near the free surface.
In the present study, the Jakob number was small (of order of 0.1) and its effect on the
condensation was also small. However, it turns out that the present data correlates
somewhat better with the assumption that St is independent of Jakob number than with
the assumption that the Jakob number effect on St is negligible. Equations (1.35) and
(1.36) are therefore adopted as a working hypothesis.

Some further insight into the condensation process may be obtained by noting that
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when equation (1.28) is expanded in Taylor series about y = 0, and the boundary
conditions at the free surface applied (zero shear, zero vertical velocity, uniform

temperature at the surface), one finds that the first non-zero term is of the order of y2

2
ar=-¥;+ O(y3) (1.37)

where 7 is a statistical property, with dimension time, of the turbulent velecity and

temperature fluctuations at the interface

oT'ov' aT\-1
-1 = _aT
: —<ay a57>y=0( oy (1.38)

If we take as a working approximation for o(y) for all y the equation

1 =z ._1 1.
a0 y2 " om) (1.39)

which gives the correct results for both the limits of small and large y, and if it is

assumed that oz » @ everywhere, equation (1.34) simplifies to
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sglavy —% (1.40)

Sto = 24 12 (1.41)
This does not solve the problem, but simply reduces it to that of determining the time
scale T as a function of turbulence characteristics and fluid properties. Results similar to
equation (1.41) have been derived by King (1966), Ledwell (1984), and others. The
current derivation emphasizes the point that, provided the molecular diffusivity o is
everywhere small compared with the turbulent diffusivity oy associated with the bulk
liquid, the quantity St is unaffected by org(y), regardless of the thickness of the
interfacial thermal layer. Equations (1.37) and (1.41) link the condensation rate to the

turbulent diffusivity distribution near the interface.

1.7. Condensation Rate Correlation

The experimental variables over which control was exercised were four: buik
temperature Ty, (via ¢ . 2at exchanger), saturation temperature T, (via system pressure),
liquid-side turbulence intensity v, (via nozzle momentum flux) and turbulence

macroscale A, (via system size). v, is taken as the gverage value over the free surface
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{see equations (1.4) and (1.7)]

Vb= (Vi = 21.1 BQEexp(—l.Zs/D) (1.42)
The macroscale is given in terms of system diameter by equation (1.11).

Table 1.2 summarizes the bulk and saturation temperatures chosen for the test
matrix and lists the corresponding liquid Prandtl and Jakob numbers.

Figure 1.13 shows typical data of condensation mass flux vs. liquid-side turbulence
intensity v, taken in the larger system (D = 10.2 cm) at constant bulk and saturation
conditions. The upper bound of v, is controlled by the requirement that the amplitude of
the surface waves remain small (below about 1/2 cm in the larger system, as determined
by visual inspection), so that the interfacial area can be approximated as xD?/4. Note
that the two data sets have different saturation conditions and therefore different
subcooling.

In what follows all data is presented in terms of the modified Stanton number
Sto = St{1 + 12&} (1.43)
which is assumed to be independent of Jakob number. Some support for this
independence may be deduced from the data correlation (see the discussion at the end of

this section).
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Table 1.2. Test matrix for condensation tests (see Figures 1.14 — 1.16).
(a) Symbols for test conditions

Ts (OC)
T, (°C) 135 103

4.65
3.15
2.55
22
i.5

HebREO
ob QOO

With line through data points: D = 3.8 cm.
Without line through data points: D = 10.2 cm.

(b) Prandt! number

Prs
Pr, 13 17
4.65 s o
3.15 = o
2.55 a a
2.2 * o
15

With line through data points: D = 3.8 cm.
Without line through data points: D = 10.2 cm.

(c) Jakob number

Prs
Pr, 1.3 17
4.65 0.19 0.12
3.15 0.15 0.09
2.55 0.13 0.06
22 0.1 0.04
L5 0.03 - 0.06
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Figure 1.13. Condensation mass flow rate vs turbulence
intensity for steam and water at Pr = 4.65 (T, = 37°C).

The Reynolds and Richardson number dependencies are at first sight difficult to
separate because both these numbers vary with the experimental variables. It
appears, however, that the condensation Stanton number is insensitive to Reynolds

number. Figures 1.14 and 1.15 show all the present data for St,, plotted first against

Reynolds number and then against Richardson number. Re and Ri are related by

Ri = Gr Re~2 (1.44)
where the Grashof number
3
Grsﬂj;f‘l’ (1.45)
b
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Figure 1.14.a. Reduced Stanton number vs Reynolds
number for Pr, = 4.65. See Table 1.2 for symbols.
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Figure 1.14.b. Reduced Stanton number vs Reynolds
number for Pr, = 3.15. See Table 1.2 for symbols.
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Figure 1.14.c. Reduced Stanton number vs Reynolds
number for Pr, = 2.55. See Table 1.2 for symbols.
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Figure 1.14.d. Reduced Stanton number vs Reynolds
number for Pry, = 2.2. See Table 1.2 for symbols.
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Figure 1.14.e. Reduced Stanton number vs Reynolds
number for Pr, = 1.5. See Table 1.2 for symbols.
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Figure 1.15.a. Reduced Stanton number vs Richardson
number for Pr, = 4.65. See Table 1.2 for symbols.
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Figure 1.15.b. Reduced Stanton number vs Richardson
number for Pry, = 3.15. See Table 1.2 for symbols.
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Figure 1.15.c. Reduced Stanton number vs Richardson
number for Pry = 2.55. See Table 1.2 for symbols.
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Figure 1.15.d. Reduced Stanton number vs Richardson
number for Pr, = 2.2. See Table 1.2 for symbols.
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Figure 1.15.e. Reduced Stanton number vs Richardson
number for Pry = 1.5. See Table 1.2 for symbols.
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Figure 1.16. Reduced Stanton number vs Richardson
number. See Table 1.2 for symbols.

66



depends mainly on the system diameter via A,

All the data plots show the same trend. For given system size, the Stanton number
reaches a constant (maximum) value at sufficiently high Re or sufficiently low Ri, but
declines sharply when Re is reduced below a critical value, or when Ri becomes
significant compared with unity. The decline may in principle be due to high
Richardson number (i.e. damping of the turbulence by thermal stratification near the
surface), low Reynolds number (i.e. damping of the turbulence by viscous effects), or
both. A comparison of the data taken in the large and small systems suggests that
viscous damping can be ruled out: both systems exhibit the same maximum values, and
no decline from the maximum value occurs in the small system at Reynolds numbers
where a decline was observed in the large system. On the Richardson number plots, the
data from both systems collapse onto the same curve. The figures clearly imply that, at
least in the range of Reynolds numbers investigated, the Stanton number depends on
Richardson number and bulk Prandtl number but not on Reynolds number. In addition,
the plots against Ri show no difference between the two values of saturation Prandtl

number. The present data thus suggest that

Sto = Sto(Ri, Pry)

350 <Re < 11000
1.3<Pr; <17 (1.46)
1.5<Prp <5
003<Ja<02
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The functional form of equation (1.46) is defined in Figure 1.15, and summarized in
Figure 1.16.

The effect of thermal stratification was visible to the naked eye, particularly at low
bulk temperatures and with back lighting which tended to give rise to a shadowgraph
effect. At turbulence intensities where Ri was of the order 1 — 3, say, one could observe
a hot layer at the surface, a few millimeters thick, which was formed and then
periodically swept away by an energetic eddy. At still lower v, (Ri ~ 10), the turbulence
was not intense enough to overcome the damping effects of the thermal stratification,
and the hot layer would no longer be swept away. At the lowest turbulence intensities
(Ri ~ 50), stagnant hot layers of the order 3 cm thick were observed beneath the
interface.

The limit Ri — 0 where the effect of thermal stratification is negligible may be
obtained by extrapolating the data to Ri = 0. The result is shown in Figure 1.17, and

can be expressed by the equation

St, = 0.0198P,"*  (Ri - 0) (1.47)

The bars in Figure 1.17 represent an assessment of the uncertainty in determining the
limit Ri — O from the data in Figure 1.15.
At Ri > 3.5, on the other hand, the data for all Pr, tend to fall approximately on a

common curve (Figure 1.16), which can be represented as
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Figure 1.17. Reduced Stanton number, extrapolated
to Ri — 0, vs bulk Prandtl number.
S5t =0.0136-6.6x 104Ri (3.5<Ri<15) (1.48)

Finally, some comments about the assumption that the modified Stanton number defined
in equation (1.43) is independent of Jakob number, which would suggest that the

Stanton number should depend on Ja according to

St=st1-1) gac) (1.49)

Figure 1.18 shows three data sets of St vs. Ja. Each set is taken at constant Pr, and

essentially constant Re. The Jakob number was varied by changing the saturation
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Figure 1.18. Condensation Stantocn number as a
function of Jakob number. Data obtained by varying
saturation temperature. See Table 1.3 for test
conditions.

Table 1.3. Test conditions for Figure 1.18.

Symbol T, (°C) Re Ri
o 88 4370£135  0.6-23
o 57 3020t70  1.5-28
o 37 2300£80  12-2.1
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temperature from 140 to 102°C (Pr, from 1.25 to 1.7). Within each set the Richardson
number varies with the Jakob number, but remains relatively small throughout the data
range (s;ae Table 1.3), so that its effect on St_ is not large. Also shown on the figure are
“theoretical" curves based on equation (1.49) with St, taken from Figure 1.15. The
agreement between experiment and "theory" is satisfactory. However, the dependence
on Ja is so slight in our data that it is almost masked by the data scatter. We can say
only that equation (1.49) appears to fit the data somewhat better than an assumption that

St is independent of Ja.

1.8. Concluding Remarks

The present data suggest a condensation rate correlation of the form

St = Sto(Ri, Prb)(l -12&) (1.50)

where the modified Stanton number is given in Figure 1.15. The data correlation should

be applicable for

350 <Re < 11000
Ri<15
1<Prp<6 (1.51)
1<Prg<2
Ja<0.2
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These conditions apply not only to steam and water but also to most cryogenic fluids at
normal pressures.

In the limit of Ri — 0 of negligible buoyancy effects, St is given by equation
(1.47), and the condensation heat transfer process can be represented in terms of a
Reynolds-averaged energy equation with a turbulent diffusivity given near the interface

by

ar _ _4{VeYPp 034
T = 9.67 x 10-4 b fes (1.52)

Equation (1.52) follows from equations (1.37), (1.41) and (1.47). The Stanton number
begins to fall below equation (1.47) when Ri reaches values of the order 1/2. This is
consistent with studies of turbulence structure in stably stratified flows [Mizushina et al.
(1978); Komori et al. (1983); Ogino (1986); Hopfinger and Toly (1976); Hopfinger and
Hopfinger (1986)]. At Ri > 3.5, St_ appears o become relatively insensitive to the bulk
liquid Prandtl number and is given approximately by equation (1.48).

The Prandtl number dependence in equation (1.47) differs from the correlation
proposed by Sonin et al. (1986), which had no dependence on Pr,. Most of the data on
which their correlation was based were taken at relatively low bulk temperatures, where
Pr, had values approximately 4 - 6. AtPr, =5, equation (1.47) gives St, = 0.0116, in
good agreement with Sonin et al. if one compensates for the fact that their correlation

was based on the centerline r.m.s. velocity while the present one is based on the average
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value, which is 10% lower. Their conclusion about the lack of Pry dependence,
however, was based on a small additional subset of data (their Figure 11) which was
taken at high bulk temperatures. The apparent insensitivity to bulk temperature was
probably caused by the systematic thermistor error which was found present at high
temperatures in the thermal method which Sonin et al. used for measuring the
condensation flux (see Section 1.4).

The dependence on Prandtl number has not been previously measured for
condensation at a turbulent free surface. The present data indicates that at Prandtl
numbers in the range 1.5 — 5, the index in St ~ Pr™" is about 1/3. Note that the
analogous exponent for the Schmidt number dependence in gas absorption at a liquid
free surface is usually taken as n = 1/2 [see for example Ledwell (1984) and also Khoo
(1988), who performed mass transfer experiments in the same type of test cell as used in
the present work], although exponents as high as unity have been suggested [Davies et
al. (1964)]. Gas absorption is, however, a high Schmidt number transport problem,
with Sc ~ 500. At a solid boundary, the Stanton number based on the friction velocity
u, is proportional to Pr, %3 at high Prandtl numbers [Petukhov (1970)].

Insofar as a quantitative comparison is possible [Brown et al. (1989)], the present
correlation is essentially in agreement with the steam condensation data of Thomas
(1979), where the turbulence was generated from below the interface. The present
correlation is strictly speaking not intended for flows like Jensen and Yuen's (1982),
where the liquid-side turbulence is generated by shear at the free surface itself. Such

turbulence is anisotropic and varies strongly near the surface, and cannot necessarily be
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adequately characterized by quantities vy, A, and .. Nevertheless, if a direct
comparison is attempted [Sonin et al. (1986)], one obtains agreement within a factor of
two.

The Stanton number correlation presented kere expresses the free surface
condensation rate in terms of fluid properties and two local attributes of the liquid-side
turbulence below the interfacial layer, the r.m.s. velocity v, and 2 macroscale A,. These
two parameters must be available if the correlation is to be applied in a particular case.
In principle, v, and A; can'be obtained (only v,, is required if Ri is small) from empirical
scaling relations, where available, or from a computation of the liquid-side flow field
based on a turbulence model. If A, is required, it becomes necessary to first establish
how this quantity is related to whatever macroscale appears in the particular empirical
correlation or turbulence model that is being used. A should be proportional to any
other definition of a macroscale, say I. The coefficient of proportionality can be
obtained from a single calibration. If / is obtained from an experimental correlation, one
must have available one simultaneous measurement of both / and A, or predict the
relationship theoretically. If / is derived from a turbulence model, it will often lack a
physical definition. In that case a numerical calibration is necessary for the ratio of 4
and /. The calibration can be achieved by exercising the chosen turbulence model on the
test cell, and comparing the predicted / with the experimental calibration for A given in
equation (1.11). For example Sonin et al. (1986) made an attempt to determine the k-¢
model length scale L = k32/¢ in the system of Figure 1.1 by fitting a one-dimensional

analytic solution of the k-&¢ model to their data for the axial distribution of v. They
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obtained the result that L = 1.1D for 3 < z/D < 4, which suggested that A, = 0.22L.
Their calibration can, however, be criticized on the grounds that a one-dimensional
model neglects radial diffusion of turbulent kinetic energy to the walls. Recently, Hasan
and Lin (1989) solved the k-& model for the complete axisymmetric system of Figure
1.1, including the entire flow field from the nozzle exit upward. Their results indicate .
that with the free surface at s/D = 3.67, L ranges from about 0.4D to 0.6D at the
centerline, depending on depth below the interface, and drops to lower values near the
walls. However, Hasan and Lin's calculations are not without problems of their own,
and show what appear to be unrealistic predictions for large 2/D. They apparently stem
from the difficulty one encounters in applying proper boundary conditions for k and & at
the free surface. If the present correlation is to be applied to cases where the Richardson
number is not small, a means of predicting A is required. Further work is clearly
needed in order to establish the ratio between A and the length scales that appear in the

turbulence models which are applicable to free surface problems.
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Table 1.4. Raw data for Figures 1.14 — 1.16.

&
¥

D Re Ri Ja St

0.102 2832 537 0.06 0.0107
0.102 2932 532 0.05 0.0099
0.102 3493 333 0.05 0.0145
0.102 3871 2.69 0.05 0.0139
0.102 4323 2.17 0.05 0.0145
0.102 4415 176 0.05 0.0156
0.102 5567 1.03 0.04 0.0168
0.102 6134 0.86 0.04 0.0154
0.102 7026 0.74 0.04 0.0162
0.102 8042 0.52 0.04 0.0165
0.102 10532 0.26 0.03 0.0168

0.102 2261 7.50 0.11 0.0089

N
N
NSNUWWLWWWWWWWW WLWLWWWWWWWWW

0.102 2680 5.30 0.11 0.0105
2.2 0.102 3078 4.07 0.11 0.0120
2.2 0.102 3541 290 0.11 0.0123
2.2 0.102 4136 2.13 0.11 0.0131
2.2 0.102 4879 1.59 0.11 0.0137
2.2 0.102 5908 1.09 0.11 0.0140
2.2 0.102 6630 0.86 0.11 0.0148
22 0.102 8274 0.56 0.11 0.0147
2.2 0.102 9128 047 0.11 0.0150
2.2 0.i102 3001 1.78 0.04 0.0140
2.2 0.102 3380 141 0.04 0.0136
2.2 1.7 0.102 3731 1.08 0.04 0.0146
2.2 1.7 0.102 4283 0.84 0.04 0.0144
2.2 1.7 0.102 4446 0.82 0.04 0.0148
2.2 1.7 0.102 4845 0.66 0.04 0.0153
2.2 1.7 0.102 5791 046 0.04 0.0150
2.2 1.7 0.102 6917 031 0.04 0.0153
2.55 1.3 0.102 1808 9.87 0.12 0.0066
2.55 1.3 0.102 2134 731 0.12 0.0100
2.55 1.3 0102 2504 5.27 0.12 0.0104
2.55 1.3 0.102 2934 393 0.12 0.0116

80



81

P, P, D Re Ri Ja St

255 1.3 0102 3080 3.48 0.12 0.0127
255 13 0102 3209 3.10 0.12 0.0123
255 13 0102 3970 215 0.12 0.0130
255 13 0102 4568 155 0.12 0.0135
255 13 0102 5392 112 0.2 0.0134
255 13 0102 5737 098 0.12 0.0141
255 13 0102 650 030 0.12 0.0139
255 1.3 0038 984 1.65 0.12 0.0140
255 1.3 0038 1020 1.62 0.12 0.0127
255 13 0038 1225 1.14 0.12 0.0139
255 13 0038 1243 1.09 0.12 0.0130
255 1.3 0038 1286 1.02 0.12 0.0137
255 13 0038 1432 078 0.12 0.0131
255 1.3 0038 1568 070 0.12 0.0139
255 17 0102 1692 599 0.06 0.0094
255 1.7 0102 2158 3.64 0.06 0.0124
255 17 0102 2435 281 0.6 0.0130
255 1.7 0102 2977 186 0.6 0.0129
255 17 0102 3412 143 0.6 0.0138
255 17 0102 4185 096 0.06 0.0131
255 1.7 0102 4747 0.73 0.06 0.0137
255 17 0102 5301 059 0.06 0.0146
255 17 0102 6443 040 0.06 0.0142
315 13 0102 806 37.26 0.15 0.0000
315 13 0102 945 27.14 0.15 0.0032
315 13 0102 1158 1810 0.15 0.0043
315 13 0102 1395 1229 0.15 0.0065
315 1.3 0102 1688 8.19 0.15 0.0087
315 13 0102 2222 467 0.15 0.0107
315 13 0102 2895 272 0.15 0.0124
315 13 0102 3579 1.82 0.15 0.0126
315 13 0102 4442 118 0.15 0.0127
315 13 0102 4517 110 0.15 0.0129
315 13 0102 5374 081 0.15 0.0135
315 13 0102 5810 0.69 0.15 0.0129



P, P, D Re Ri Ja St

315 13 0102 6074 062 0.15 0.0138
315 13 0038 768 215 0.15 0.0119
315 13 0038 85 171 0.15 00127
315 1.3 0038 903 147 0.15 0.0127
315 13 0038 1001 120 0.15 0.0134
315 1.3 0038 1008 1.14 0.15 0.0126
315 13 0038 1049 1.10 0.15 0.0123
315 13 0038 1148 099 0.15 00128
315 1.3 0038 1183 086 0.15 0.0138
315 1.3 0038 1382 063 0.15 0.0136
315 13 0038 1453 0.60 0.15 0.0136
315 1.3 0038 1490 052 0.15 0.0133
315 17 0102 1121 1094 0.09 0.0068
315 17 0102 1133 1058 0.09 0.0060
315 17 0102 1276 896 0.09 0.0890
315 17 0102 135 7.57 0.09 0.0082
315 1.7 0102 1434 7.05 0.09 0.0090
315 17 0102 1659 509 0.09 0.0100
315 17 0102 1819 4.14 0.09 0.0103
315 1.7 0102 1933 379 0.09 0.0097
315 17 0102 2082 3.15 0.09 0.0i08
315 17 0102 2278 258 0.09 00116
315 17 0102 2822 170 0.09 0.0125
315 17 0102 3159 137 0.09 0.0124
315 17 0102 358 1.05 0.9 0.0129
315 1.7 0102 3838 091 0.09 0.0132
315 17 0102 4304 073 0.9 0.0131
315 1.7 0102 4800 0.59 0.09 00134
315 17 0102 5320 048 0.09 0.0133
315 1.7 0038 763 126 0.09 0.0119
315 17 0038 1010 072 0.09 0.0137
315 1.7 0038 1258 047 0.09 00127
315 1.7 0038 1344 040 0.09 00127
315 17 0038 1501 033 0.09 00143
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Pr, Pr, D Re Ri Ja St

4.65 1.3 0.102 402 5923 0.19 0.0000
4.65 1.3 0.102 565 3148 0.19 0.0025
4.65 13 0102 716 1954 0.19 0.0038
4.65 1.3 0102 885 12.77 0.19 0.0052
4.65 1.3 0102 1031 897 0.19 0.0069
4.65 1.3 0102 1170 7.13 0.19 0.0087
4.65 1.3 0.102 1239 695 0.192 0.0087
4.65 1.3 0.102 1340 527 0.19 0.0101
4.65 1.3 0.102 1845 2.80 .19 0.0109
4.65 1.3 0102 2075 243 0.19 0.0111
4.65 1.3 0102 2345 193 0.19 0.0115
4.65 1.3 0.102 2538 1.61 0.19 0.0116
4.65 1.3 0102 2932 126 0.19 0.0111
4.65 1.3 0.102 3093 1.06 0.19 0.0117
4.65 1.3 0102 3359 0.84 0.19 0.0117
4.65 1.3 0.038 427 326 0.19 00118
4.65 1.3 0.038 473 264 0.19 0.0109
4.65 1.3 0.038 534 217 0.19 00112
4.65 1.3 0038 598 159 0.19 0.0119
4.65 1.3 0.038 643 134 0.19 00117
4.65 1.3 0038 694 123 0.19 0.0110
4.65 1.3 0.038 730 1.06 0.19 0.0109
4.65 1.3 0038 738 1.04 0.19 0.0119
4.65 1.3 0038 754 104 0.19 0.0122
4.65 1.3 0038 78 1.00 0.19 0.0108
4.65 13 0038 842 0.78 0.19 0.0117
4.65 1.3 0038 1004 0.55 0.19 0.0118
4.65 1.3 0038 1099 048 0.19 0.0114
4.65 1.7 0102 776 1170 0.12 0.0051
4.65 1.7 0102 826 9.85 0.12 0.0068
4.65 1.7 0102 957 890 0.12 0.0082
4.65 1.7 0102 973 7.49 G.12 0.0080
4.65 1.7 0102 996 6.74 0.12 0.0075
4.65 1.7 0.102 1118 5.67 0.12 0.0095
4.65 1.7 0.102 1266 4.74 0.12 0.0094
4.65 1.7 0102 1439 3.65 0.12 0.0111
4.65 1.7 0.102 1640 2.65 0.12 0.0107

83



P, P, D Re R Ja S8t
465 17 0102 1934 179 0.12 00118
465 17 0102 2304 142 0.12 00118
465 17 0102 2426 1.13 0.12 00111
465 17 0102 2854 093 0.12 00118
465 17 0102 3027 073 0.12 00111
465 17 0102 3378 0.62 0.2 0.0120
465 17 0102 3748 050 0.12 0.0117
465 1.7 0038 462 1.84 0.12 0.0108
465 17 0038 574 116 0.12 00118
465 17 0038 758 070 0.12 0.0121
465 17 0038 89 048 0.12 0.0121
465 17 0038 1004 039 0.12 0.0109
465 17 0038 1030 034 0.12 0.0122
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Nomenclature

interfacial area  (m?)

specific heat at constant pressure  (J kg~! K-1)

specific heat at constant volume  (J kg™! K1)

nozzle exit diameter (m)

test cell inner diameter for axial jet system (m)

acceleration due to gravity (ms2)

liquid depth in channel flow (m)

latent heat of condensation (J kg!)

Jakob number, equation (2.3)

average condensation heat transfer coefficient, eqn. (2.20) (J m=2s1K-1)
mesh spacing  (m)

condensation mass flux across interface (kg s~! m2)

average condensation mass flux across interface (kg s~ m2)
pressure (N m2)

Prandtl number

heat input into the vapor space resulting from use of wall heaters (kg s™)
volume flow rate circulating through system (m>s™1)

heat input rate into the vapor space (kg m? s-3)

radial coordinate (m)

radial location at which radial jet begins (m)

Reynolds number, equation (2.6)

Reynolds number in grid-channel flow, Re, =UmN

nozzle Reynolds number, Re =U d/v

Richardson number, equation (2.5)

nozzle submergence in axial jet system (m)

Stanton number, equation (2.2)

time (s)

absolute temperature  (K)

liquid subcooling, T, - T, (K}

liquid subcooling at outflow, T, — T, ()

fluid velocity (ms™)

superficial velocity in channel flow (ms™)

maximum (centerline) mean velocity at elevation z associated with a
turbulent free jet  (ms™)

nozzle exit velocity (ms™)

mean velocity at the free surface due to turbulent radial jet  (m s-1)
vapor volume (m3)

liquid volume (m*)

r.m.s. value of either the horizontal or vertical turbulent fluctuating velocity
component extrapolated from the bulk liquid to the surface disregarding the
interfacial layer (ms™)
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(vy),, average value of v, over the surface (ms™)
y coordinate measured vertically downward from the surface into the bulk
liquid (m)
z coordinate measured vertically upward from the nozzle exit into the bulk
- liquid (m)

Greek symbols

thermal diffusivity (m2s™)

coefficient of thermal expansion (K1)
empirical coefficients

thermal layer thickness (m)

ratio of specific heats

isothermal compressibility (m s2 kg!)

integral turbulence length scale (m)

viscosity (kg m!s1)

kinematic viscosity (m? s™1)

dimensionless condensation rate parameter, equation (2.9)
density (kg m)

characteristic time (s)

steady-state or condensation controiled time  (s)
turbulent mixing time  (s)

N

PO AOH<CFE > IR 0BTR

E

Subscripts

liquid at bulk temperature (extrapolated to the interface)
vapor

nozzle exit plane in axial jet system

outflow conditions

liquid at saturation temperature

“ O B3 C
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2.1. Introduction

Here the condensation rate correlation of Brown et al. (1990) is used to predict the
transport rate in three different turbulent liquid flow systems in which the condensation
rates have been measured, and is then compared with the experimental data. The first
system is a vertical, cylindrical vessel in which turbulent mixing is induced by an axial
submerged jet. This flow is of direct interest in space applications where it has been
proposed as a way of controlling system pressure in cryogenic storage tanks in a micro-
gravity environment [Aydelott (1967, 1976, 1979, 1983); Hochstein et al. (1987)). The
condensation rate and the flow field in an axial jet system have been studied by Thomas
(1979) at low jet submergences and by Sonin et al. (1986), Helmick et al. (1988), and
Brown et al. (1990) at high jet submergences. Some new data is presented here for low
jet submergences. The second system is a horizontal channel flow with grid-induced
turbulence studied by Thomas (1979). The third set of data is for transient condensation
in a cylindrical system with an axial submerged jet providing the mixing. This flow is
also of direct interest in space applications (e.g. filling of a closed cryogenic storage tank
in a micro-gravity environment).

While all the data discussed here are from ground-based laboratory tests,
comparisons are restricted to conditions ¢1 low Richardson number, where the local
condensation rate per unit area at the liquid surface is not affected by buoyancy (i.e.

gravitational) effects.
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2.2. Local Condensation Rate Correlation
Brown et al. (1990) showed that at conditions where buoyancy effects are

insignificant, the condensation mass flux of a pure vapor at the turbulent surface of its

liquid is given by
St=0.0198(1 - Jar2)Pr;0 2.1)
where
St=— T 2.2)
PoCpbATVp

is a condensation Stanton number based on the condensation heat flux thhgg, hg, being
the latent heat of condensation, p, and Cpp the bulk liquid density and specific heat, AT
the local buik liquid subcooling and v, the local r.m.s. value of the turbulent velocity
fluctuations (see Brown et al. for more rigorous definitions of the local "bulk" values).

Pry, is the bulk liquid Prandtl number, and

Ja = SoAT (2.3)

is the Jakob number based on bulk liquid subcooling. Equation (2.1) represents a data
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correlation valid for

Ric1
1<Pry<2
1<Prp,<6 (2.4)
Ja<0.2
350 <Re < 11¢00

where Pr, is the saturation liquid Prandtl number,

Ri = 5PATAy @2.5)
vi
is the Richardson number, and
Re =PoVeAL 2.6)
Hb

is the Reynolds numbers. Here By, is the bulk liquid's coefficient of thermal expansion,
g is the acceleration of gravity and /-, is a turbulent eddy macroscale which is defined
more precisely by Brown et al. (1990).

Equation (2.1) applies only at small Richardson numbers (Ri < 1/2, say), where
gravitational effects are negligible. Gravity gives rise to buoyancy effects which tend to
dampen the turbulence near the interface and cause thermal stratification, thus reducing
the condensation rate. The reduction becomes significant as the Richardson number

approaches unity [Brown et al. (1990)].



Equation (2.1) provides an expression for the local condensation rate per unit
surface area, at conditions where buoyancy effects are negligible, in terms of the local
turbulence intensity and the local subcooling of the turbulent liquid flow. To apply the
equation in a particular case with turbulent flow on the liquid side, one must first predict
the turbulence intensity distribution at the liquid surface and then solve the energy
equation for the fully turbulent flow on the liquid side, using equation (2.1) as the heat-
flux boundary condition at the free surface. Equation (2.1) provides a heat transfer
coefficient for the free surface, and allows the prediction of the condensation mass flux
without the rieed to resolve the very thin thermal diffusion layer which actually occurs

next to the interface.

2.3. Condensation Rate Correlation for Axial Jet System

The system shown on Figures 2.1 and 2.2. consists of a vertical pyrex tube of
inside diameter D, partially filled with a liquid (tap water in this study) and with its
vapor (steam in this study) supplied to the space above the liquid. A steady turbulence
is created on the liquid side by circulating the liquid through an axial nozzle of diameter
d, located at a submergence s below the interface. Cooling (warming) is provided by a
tube and shell heat exchanger and a thermal steady state is assumed to be established. In
what follows, it is assumed that the nozzle Reynolds number is high enough for the jet
to be fully turbulent, and that the jet is small compared with the nozzle submergence

(d «s), so that the turbulent velocity field on the liquid side is controlled only by the
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Figure 2.1. Axial jet system with large jet submergence (s/D > 3).
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Figure 2.2. Axial jet system with small jet submergence (s/D < 1.3).
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system geometry (D, d, s) and the nozzle momentum flow rate p,U,2rd%/4, where U,

is the nozzle flow speed.

2.3.a. High Nozzle Submergence

With high nozzle submergence (s/D > 3), the jet spreads to fill the entire cross
section before it reaches the interfacial region, as sketched in Figure 2.1, and the
turbulence near the interface is fairly uniform over the cross section and approximately
bulk-flow-free (i.e. the r.m.s. velocity is much greater than the mean velocity), with a
characteristic macroscale proportional to the cylinder diameter D [Sonin et al. (1986);
Brown et al. (1990)]. This is the system used by Sonin et al. and Brown et al. for
establishing the local condensation rate correlation. The average turbulence intensity v,

over the free surface has been determined by Brown et al. to be

(Vi = 21.1 -l%—exp(—I.ZSID) @7

where Q is the volume flow rate circulating through the system. Equation (2.7) is based
on data in the submergence range 3.1 < s/D <4.2. Based on equations (2.1) and (2.7),

the condensation rate can be expressed as

IT = 0.418exp(-1.2s/D) (2.8)

"vhere
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thyvh g mplg.33
PecaQAT,(1 - Jar2)

M= 2.9)

is a dimensionless system condensation rate, fh,y being the average condensation mass ‘

flow rate per unit area at the interface, and

AT, =T,-T, (2.10)

is the subcooling of the bulk liquid, the temperature T _ being the liquid temperature in

the buik and at the outflow point.

2.3.b. Low Nozzle Submergence

The case of low nozzle submergence (s/D < 1.3) has been investigated by Thomas
(1979). Here the turbulent velocity field is quite different from the high nozzle
submergence case, as shown in Figure 2.2. A turbulent jet spreads from the nozzle,
but remains confined to the region near the system axis. The axial jet impinges on the
free surface, which is kept approximately horizontal by gravity, and the bulk flow
associated with it turns radialiy outward and forms a radial jet just below the interface.
The radial jet thickens and loses mean velocity (as well as turbulence intensity) as it
moves outward, and is eventually deflected down into the bulk liquid at the wall, after

which it mixes with the bulk liquid below. Mean flow in the bulk liquid outside the jet
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regions is low, though of course some circulation and mixing does result from
entrainment into the two jet regions and the return flow toward the outlet port.

In this case the turbulence intensity will vary significantly over the interface, and the
condensation mass flux has to be evaluated by integrating equation (2.1) over the
surface. The turbulence intensity has not been measured directly for low nozzle

submergences, and must therefore be estimated by analysis. Following Thomas (1979),

the turbulence intensity distribution v, (r) at the interface is modeled as

vi = BiUm(s) r<0.343s @.11)
= BUy(n) 0.343s <r <D/2 '
where
Unm(z) = 6.5U,d/z (2.12)

is the maximum (centerline) mean velocity at elevation z associated with a free turbulent

jet at the axis, and

Ug(r) = 2.6U,d/fr (2.13)

is the mean velocity at the interface associated with the radial turbulent jet. Equation
(2.12) is derived from Rodi (1975), and has a coefficient slightly different from the one

used by Thomas. Equation (2.13) is the expression obtained by Thomas.
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B, and B, are empirical coefficients which express the fact that in a free turbulent
shear flow the local turbulence intensity is expected to be some fraction of the maximum
mean velocity excursion across the shear flow [Prandtl (1942)]. By analogy with other
free flows, these coefficients are expected to be of order 0.1 — 0.3, say [Rodi (1975)].
The demarcation /s = 0.343 which separates the axial and radial turbulent jets at the
interface is slightly different from the value 0.3 suggested by Thomas. The present
value conserves mass flow between the two jet regions where they meet, and fits
Thomas' data about as well as his own value (see Appendix 2.A.).

The average value of the turbulence intensity v, over the free surface is obtained

from integrating equation (2.11) as

(vohy = 222 10.48; — (7.14p; - 3.068;) D] (2.14)

The average condensation mass flux at the interface must be obtained by integrating

equation (2.1)
b
D2

o2
mavhg, = PrCp 4 j Stvy(r)[Ts — Ty()] 2 rdr (2.15)

Here, T, is the local "bulk" temperature of the turbulent jet flow near the interface, as
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defined by Brown et al. (1990). T,(r) must in general be evaluated by solving the
energy equation for the turbulent jet flows. That solution (see Appendix 2.A.) shows,

however, that, provided s » d,

AT =T; - Ty(r) = AT, (2.16)

in this type of system, that is, the temperature of the liquid in the turbulent jet region
near the surface is only slightly lower than that of the bulk liquid region below, with the
difference being negligible as far as the subcooling is concerned. It follows that the
average Stanton number for the system is simply the Stanton number based on AT, and
(vy)4y- Alternatively, using equation (2.1) for St, equation (2.16) for AT and equation
(2.11) for the turbulence intensity distribution, equation (2.15) can be integrated to

obtain

I1 = 0.26pB, — (0.18B; — 0.077B,)s/D (2.17)

where I is defined by equation (2.9). Equation (2.17) should be valid for fully
turbulent nozzle Reynolds numbers and for s/D < 1.3, the upper limit in Thomas'

investigation of the flow field.

2.3.c. General Correlation

Equation (2.15) expresses the condensation rate in terms of an integral over St, vy
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and the local subcooling of the turbulent flow at the interface. At small Richardson
number, St depends on bulk liquid Prandtl number alone, and the local subcooling is
everywhere essentially equal to the bulk or outlet subcooling AT, (sec Appendix 2.A.).
Equation (2.1) thus reduces to an integral over the turbulence intensity alone. Now
dimensional arguments show [Sonin et al. (1986)] that, provided the axial jet is fully
turbulent and s » d, the average value of the turbulence intensity at the interface can be

expressed in the form

(Vblav = % f(s/D) (2.18)

where f is some function of s/D. Equation (2.15) thus suggests that the general

correlation for the condensation rate, for arbitrary s/D, has the form
IT1 =TI(s/D) (2.19)

Equations (2.8) and (2.17) show that the dimensionless condensation rate IT declines

linearly with s/D below 1.3, and exponentially at s/D between about 3 and 4.

2.4. Comparison with Experiment
2.4.a. Thomas’ Data
For s/D < 1.3, equations (2.9) and (2.17) yield an average condensation heat

transfer coefficient which can be written as
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<K> = rhavhfg

AT,
(2.20)

_ ubgpb P 2(1 - Ja/2)Re[0.20B; — (0.14B, — 0.06B)s/D)

where Re, = p, U, d/u, is the nozzle Reynolds number, and p, is the liquid viscosity at
the bulk (i.e. system outlet) temperature. Equation (2.20) predicts an average heat
transfer coefficient directly proportional to nozzle Reynolds number, in agreement with |
Thomas' data [and in disagreement with the theoretical model of Theofanous et al.
(1976), to which Thomas attempted to fit his datal. Figure 2.3 shows a comparison of

all of Thomas' data with equation (2.20), with empirical coefficients taken as

B1 =0.16 and B, = 0.20 (2.21)

and the liquid properties evaluated at the nominal outlet temperature 91.6°C (Pry, = 1.9).
Thomas' system diameter was D = 0.30 m.

The best-fit § values are reasonable in the sense that equation (2.11) gives r.m.s. to
mean velocity ratios typical of free turbulent flows [Rodi (1975)], and the agreement
with the data is clearly excellent - the lines which represent equation (2.20) are virtually
identical to the best-fit lines drawn by Thomas himself, the only exception being the case
with s/D = (.32, where the submergence was so low that significant surface breakup

was observed at almost all operating conditions (the arrowheads on the abscissa indicate
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Figure 2.3.a. Thomas' axial jet system with s/D = 1.30. Solid
line represents equation (2.20) with B, = 0.16 and B, = 0.20.
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Figure 2.3.b. Thomas' axial jet system with s/D = 1.13. Solid
line represents equation (2.20) with B, = 0.16 and B, = 0.20.
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Figure 2.3.c. Thomas' axial jet system with s/D = 0.97. Solid
line represents equation (2.20) with B, = 0.16 and B, = 0.20.

1 0 L T ¥ T T L] Ll T L d
" s/D=0.73 é i
S L
B - 3 4
D 1
é - -

A

[

N

1 .

Figure 2.3.d. Thomas' axial jet system with s/D = 0.73. Solid
line represents equation (2.20) with B, = 0.16 and B, = 0.20.
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Figure 2.3.e. Thomas' axial jet system with s/D = 0.50. Solid
line represents equation (2.20) with B, =0.16 and p, = 0.20.

s/D =0.32

Figure 2.3.f. Thomas' axial jet system with s/D = 0.32. Solid
line represents equation (2.20) with B, = 0.16 and B, = 0.20.
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Thomas' estimate of the onset of surface breakup by the axial jet).

The Richardson number in Thomas' data is typically small. For example, at a
nozzle Reynolds number of 4 x 104, which is at the midpoint of his data, one obtains
Richardson numbers of the order of 0.1 — 1, based on the average v, of equation (2.14)
and a length scale taken as about 1/5 of the average radial jet thickness A defined by
Thomas. The Richardson number may become significant at the lower Reynolds
number end, but correcting for it becomes difficult without a more precise study of the
macroscale distribution in this kind of a system, and it is not attempted here. There is in
any case significant scatter in the data.

Figure 2.4 shows equation (2.20) replotted in terms of the dimensionless

condensation rate I1 of equation (2.9), with the coefficients taken from equation (2.21).

2.4.b. Present Data

Also shown on the "universal” correlation of Figure 2.4 [see equation (2.19)] is the
line segment which corresponds to the Brown et al. (1990) data at higher
submergences, s/D > 3, and Ri = 0, as given by equation (2.8), and some new data
which have been taken with s/D < 3 in the larger of the two systems used by Brown et
al. (D =0.102 m).

The new data points for lower s/D were obtained with steam at 1.13 bar (T, =
103°C), and water at bulk temperatures corresponding to Prandtl numbers in the range
2.3 t0 5.1. Two nozzles were used in these new experiments, one with D/d = 24 as in

Sonin et al. (1986), Helmick et al. (1988) and Brown et al. (1990), and the other with
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Figure 2.4. "Universal" submerged jet correlation.

D/d = 64. The two different nozzles give somewhat different correlations, possibly
because s/d was not quite as large as it should have been to ensure that the surface was
in the axial jet's far field [Rodi (1975)]. The major difference, however, occurs
between the new data and that of Thomas. The present data at smaller s/D is correlated

with equation (2.17) with the coefficients given by

B =0.34 and B, = 0.24 (2.22)

which are significantly higher than equation (2.21). Based on the literature on free

turbulent flows [e.g. Rodi (1975)], one would expect B, and B, to be universal
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coefficients, not system-dependent. It is possible that the difference between Thomas’
data and the present data arises from inaccuracies in one or the other set of condensation
rate measurements. Note, however, that the new data fair smoothly into the data of
Brown et al. at higher s/D. Considerable care was taken by Brown et al. to minimize
errors, and their correlation has also been confirmed with systems of different diameter
(3.8 cm and 15.3 cm). In addition, Wygnanski and Fiedler (1969) measured the axial
turbulence intensity for a free turbulent jet and found that §, = 0.28 - 0.30, in
agreement with the current data.

Meserole et al. (1987) have presented some data for the condensation of Freon 11 in
a 0.254 m diameter axial jet system with relatively low s/D. Their data is not included
on Figure 2.4 because some assumptions are required to transform their published
results to the current form, but it appears that their data fall somewhat below Thomas'.

They do note, however, that their measurements may have suffered from the presence of

noncondensable gases, which may have reduced the condensation rate.

2.5. Condensation in Horizontal Channel

One other flow system among those investigated by Thomas (1979) had low
Richardson number conditions. This was a horizontal channel, 1.09 m long and 0.10 m
wide, carrying water 0.05 m deep, and having turbulence produced mainly by a grid
placed at the channel entrance. Based on hot-wire measurements, Thomas estimated the

r.m.s. value of the flow-wise velocity fluctuations to be (Vp)av = 0.19Ug where Ug is
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the superficial flow speed in the channel. Again, the subcooling of the turbulent water
was to a good approximation equal to the subcooling based on the outlet temperature,
the temperature rise between the inlet and outlet being small compared with the
subcooling.

Figure 2.5 compares Thomas' data with the correlation of Brown et al. (1990). The
solid line on the figure corresponds to equations (2.1) and (2.2). with the average
turbulence intensity taken as 0.13Ug rather than 0.19U g as recommended by Thomas.
This difference is not necessarily significant, considering (a) Thomas expressed doubts

about the accuracy of his turbulence intensity measurement, (b) a channel flow has

almost a factor of two higher flow-wise than vertical r.m.s. velocity
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Figure 2.5. Thomas' horizontal channel flow with grid
induced turbulence. Solid line represents equations (2.1) and
(2.2) with average turbulence intensity taken as 0.13Ug.
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[Komori et al. (1982)], while Brown et al.'s condensation correlation is based on
approximately isotropic liquid-side turbulence, and (c) there is considerable scatter in
Thomas' data. The current prediction is almost identical to Thomas' own best-fit line
(not shown). The broken lines represent Thomas' attempt to fit his data with the low
and high Reynolds number versions of the correlation of Theofanous et al. (1976). The
Richardson number for these data was small : based on the average turbulence intensity
and a macroscale taken as one-fifth of the liquid level h, Ri = 0.03 at Reg =4 x 104,

where Rc:g = Ugm/v, and m is the mesh spacing.

2.6. Test Cell for Transient Condensation Experiments

The correlation described above is for systems operating in steady state. In order to
investigate how well this correlation represents the instantaneous condensation rate
under transient flow conditions, such as those which occur when a cylindrical tank is
being filled with liquid via an axial nozzle, a series of tests were conducted in the system
shown on Figure 2.6. The test cell being filled was a pyrex tube of inside diameter 15.3
cm with a 0.64 cm diameter nozzle [D/d = 24, as in the experiments of Sonin et al.
(1986), Helmick et al. (1988) and Brown et al. (1989,1990)], connected to a similar
smaller cell that was used to fill the larger one. Prior to a test, the water level in each cell
was raised to an elevation close to that of the steam exhaust port, and then at least 50
system volumes of steam was flushed through each cell to purge them of any non-

condensables. The water level in the 15.3 cm was then lowered to its operating level of
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Figure 2.6. Schematic of test cell.

s/D = 1.0 and the water was circulated between the two cells through a heat exchanger
and brought to a common initial temperature. The cells were then isolated from one
another and the pump was turned off. The initial pressure in the 15.3 cm cell was

adjusted to p (typically 0.15 MPa), while the pressure in the smaller driver cell was set
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at p + Ap (Ap typically 0.19 MPa), and both the inlet and outlet steam valves of the 15.3
cm cell were closed off. The large cell was able to maintain its initial pressure because
the steam lines and the upper portion of the cell were heated with strip heaters and
thoroughly insulated to prevent condensation from occurring away from the interface
and also because the interfacial region contained a layer of stratified fluid =f the order of
2 -3 cmthick. The depressurization stage began when a solenoid valve was opened,
allowing water to flow from the smaller cell into the larger one. The incoming liquid
had to sweep the hot stratified layer away from the interfacial region before a quasi-
steady condensation heat transfer process could be established {see Section 2.8). The
volume flow rate Q entering the large cell through its nozzle would typically increase
slightly with time as the pressure difference Ap increased as a result of condensation in
the large cell; however, the initial Ap was chosen so that Q would remain approximately
constant throughout the test.

Type T (copper-constantan) thermocouples enclosed in inconel sheaths (diameter
0.16 cm) with an accuracy of +0.5 K were used to measure both the water and steam
temperatures. A Bourdon tube gauge (0.0 — 0.3 MPa) was used to monitor the steady
state system pressure and a differential pressure transducer (0.0 — 0.20 MPa), located on
the water side, with a maximum time response of 1.0 ms, was used to record the time
dependent system pressure. The differential pressure transducer was calibrated (Figure

2.7) at steady state and the data can be fitted with

p = 0.0343V - 0.0475 (2.23)
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where V is the output of the transducer in volts and p has units of MPa.

The volume flow rate Q circulating through the nozzle of the 15.3 cm cell was
measured using a differential pressure transducer whose output was directly
proportional to the pressure drop across the nozzle. Figure 2.8 shows the results of the

calibration and the data can be fitted with

2 _ 0187V - 0,009 (2.24)
Dd
where V is the output of the transducer in volts and Q/Dd has units of m/s.

The time varying system pressure p and the time varying flow velocity Q/Dd were

recorded using a Masscomp 5450 computer.
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Figure 2.7. Differential pressure transducer calibration.
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Figure 2.8. Flow rate calibration.

2.7. Scaling Relations for Transient Condensation Experiments

Consider a fixed amount of pure vapor, with temperature T, and saturation
temperature T, in contact with its subcooled autogenous liquid. The vapor is quiescent,
but drifts toward the liquid surface, where it condenses and releases its latent heat hfg to
the liquid. The liquid is in turbulent agitation as the result of some mixing process or
shear flow in the bulk of the liquid, deep below the surface, and not due to surface shear
exerted by a horizontal vapor flow. The liquid-side turbulence and the condensation
heat transfer process are not in statistically steady states, and the saturation temperature

and pressure are changing as a result of condensation. The vapor space is subjected to
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an external heat source and the volume of the vapor space may change with time (e.g. as
aresult of filling).

With the above assumptions, system pressure is controlled mainly by what happens
to the vapor phase. Using the energy and mass conservation equations and the thermal
and caloric equations of state, the pressurization rate dp/dt and the temperature rise rate

dT/dt of a homogenous vapor region with no mass inflow can be written as

c, dp QB .
pVKTc—p-'-d-is- = -pd3tL + c—p- - mavAc (2.25)

T T : T
d S — _ B s _dv + Q - B S——m A (226)
dt pre,V dt  pc V. p2Vvkc W ©

where p is the vapor density, V is the vapor volume, x; is the vapor isothermal
compressibility, c, is the vapor specific heat at constant volume, C,, is the vapor specific
heat at constant pressure, p, is the vapor saturation pressure, t is time, B is the vapor
coefficient of thermal expansion, Qs the heat input rate into the vapor space, T, is the
saturation temperature, MavAc is the total rate of mass loss from the vapor space due to
condensation, A _ being the interfacial area and i, being the average condensation rate
over A.. A complete set of equations is obtained if equations (2.25) and (2.26) are
complemented with a heat input rate equation, with the required thermodynamic
constitutive equations and with an interfacial condensation rate equation. The complete

set can then be solved for the pressure change (and temperature change) as a function of
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time, for given system geometry, heat input rate, volume displacement rate — dV/dt and
initial conditions.

Here equations (2.25) and (2.26) are not solved for specific cases, but are used to
determine the scaling relations for the times that are involved. The analysis is for a
system with a single axisymmetric jet which has been studied experimentally by Sonin et
al. (1986) , Meserole et al. (1987) and Brown et al. (1989, 1990), and theoretically by
Lin (1989). For an axial jet system operating in steady state, the condensation mass flux
can be obtained for laminar jets from Lin, and for turbulent jets from Brown et al.'s
empirical correlation. These rate equations are expressed in terms of the nozzle volume
flow rate, the system geometry and the fluid properties. First consider the scaling for
the characteristic time T required to condense an initial volume of vapor V at constant
volume assuming that the flow on the liquid side is in steady or quasi-steady state, both
in terms of the flow field and in terms of the temperature distribution. Using the
computational results of Lin (1989) for a laminar jet and the correlation of Brown et al.
(1989) for a turbulent jet the following characteristic times T, which are based on the
interfacial condensation rate being the rate-limiting step, are obtained from equations

(2.25) and (2.26):

Laminar jet:

P hg v 2.27
Py SonlTe—To) Q (2.27)

§
3(5
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Turbulent jet:

T = pL hy voag P33 1 (2.28)

Ap
0% cpb(Ts -Tn) Q nD 1 - Ja/2)IT,

Here the subscript "c" is used to denote the steady state, or condensation-controlled,
estimate of the time, Ap is the change in system pressure, y¥= c!/cv is the ratio of the
vapor specific heats, p is the initial system pressure, p is the vapor density, py, is the
bulk liquid density, hfg is the latent heat of condensation, Cpb is the bulk liquid specific
heat, T is the saturation temperature, T, is the temperature of the incoming liquid at the
nozzle exit, V is the volume of the vapor space, Q is the volume flow rate circulating
through the nozzle, d is the nozzle diameter, D is the test cell diameter, Pry is the bulk
liquid Prandtl number, Ja is the Jakob number, I1, is the dimensionless function Il(s/D)
defined in equation (2.19), evaluated at s/D =1 (a reference value, consistent with T
being a characteristic time) and s is the nozzle submergence. Equaiions (2.27) and
(2.28) give characteristic times, which are scaling factors for the actual times in
particular cases. The actual time in a particular case would be the characteristic time
multiplied by some number of order unity. In addition, these equations are derived on
the assumption that the steady-state condensation rate equations apply, which implies
that the time required to attain steady state must be small compared with T_.

Since most systems of practical interest, as well as the experimental results in

Section 2.8, fall into the turbulent flow regime, some further insight can be gained by
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comparing the relative magnitudes of T, computed on the assumption of steady state,
and the time T_; ‘requircd for turbulent mixing to determine which time is the rate-
limiting one. The chemical engineering literature on mixing with turbulent jets suggests
that t_ is proportional to V,d/QD, where V, is the volume of the liquid in the system.
The data obtained by Meserole et al. (1987) with an axial jet system shows that the .

coefficient is approximately unity, i.e.

Toix .:.%% (2.29)

The ratio of the two time scales given in equations (2.28) and (2.29) is

4% P by v 1 5033
T/Tmix =+ ———=———_"Pr (2.30)
TP Po cppAT Vb IT ®

which is independent of Q/Dd and inversely proportional to the subcooling AT.

If the ratio in equation (2.30) is greater than unity, then mixing will occur faster than
condensation, and the condensation will occur in a quasi-steady state. In other words,
the condensation time will be controlled by the turbulent interfacial condensation rate. If
on the other hand, the ratio in equation (2.30) is less than unity, then the actual
condensation time will be controlled by the fluid mixing, that is, by the time it takes for
the injected subccoled liquid to reach the interface, spread out over it, and mix the bulk

liquid. Clearly, the characteristic time T for condensation is controlled by the larger of

115



the two quantities, that is,

T

in

(‘cmix < 1:°)

T
¢ (2.31)
Toix (F mix > T.)

2.8. Transient Condensation Results

The experimental variables over which control was exercised were three: initial bulk
liquid temperature T, (via the heat exchanger), initial saturation temperature T, (via
system pressure) and the liquid-side flow velocity Q/Dd (via the pressure difference
between the two cells).

Table 2.1 lists the initial conditions for experiments chosen from the three
subcoolings investigated: AT = 80°C, AT = 38°C and AT = 6°C. These tests are
typical examples chosgn to illustrate the data. Table 2.2 lists the corresponding ratio
TS, ;x fOr the same data.

Figure 2.9 shows a typical trace of system pressure vs. time when the wall heaters
were not used. The broken line is the actual output from the pressure transducer and the
solid line was calculated using equation (2.25), assuming Q=0 and that the
condensation term is given by equation (2.17), which would be the case if T ;, < 7.
The slope of the depressurization portion of the "predicted" curve is approximately three
times that of the actual data and the predicted final pressure is significantly lower than

the measured value. One possible source of the error is the presence of
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Table 2.1. Initial conditions for Figures 2.9 — 2.18.

Figure QDd T,(C) T,(°C) AT (°C) P,(MPa)
29 0.125 31 111 80  0.152
210-2.12  0.125 30 115 8  0.172
213-2.14  0.060 73 111 38  0.150
2.15-2.16  0.093 102 108 0.136
217-2.18  0.130 101 107 0.130

Table 2.2. tJ/t_, for Figures 2.9 —2.18.

Figure T/ Tmix

29 0.34
2.10-2.12 0.45
2.13-2.14 0.6
2.15-2.16 1.2
2.17-2.18 1.2
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Figure 2.9. Broken line is a typical trace of system pressure vs. time
when the wall heaters were not used and solid line is the predicted curve
calculated using equation (2.25) with Q =0. See Tables 2.1 and 2.2 for

conditions.
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Figure 2.10. Experiment of Figure 2.9 repeated with the wall heaters
turned on. See Tables 2.1 and 2.2 for conditions.
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air or other non-condensable gases in the system. Hence, a simple test was performed
to estimate the amount of air present in the system after it had been purged. The large
test cell was flushed according to the procedure outlined in Section 2.6 and then the
water level was lowered to s/D = 1.0. The initial system pressure was set and both the
inlet and outlet steam valves were closed off. The pressure dropped as a result of
condensation (caused by heat losses from the test cell), eventually dropping below
atmospheric pressure. A valve was then opened allowing water to flow into the cell
from a reservoir. After the flow had stopped, the system was full of water and void of
any air, which suggested that air in the system was not the cause for the discrepancy
between the measured and predicted data. Another possible source of the error is the
evaporation, as the system pressure drops, of any condensate initially present on the
cold walls. The experiment of Figure 2.9 was repeated, but this time the wall heaters
were used (Figure 2.10). The slope of the depressurization portion of the
predicted curve is now approximately twice that of the actual data and the predicted final
pressure is much closer to the measured value. Thus, the discrepancy in Figure 2.9
between the predicted and measured curves is attributed at least in large measure to
condensation of steam on the side walls prior to the start of depressurization and
subsequent evaporation of that condensate.

All the data collected showed the same trend: the predicted depressurization rate
calculated assuming that Q = 0 was always greater than the measured depressurization
rate, and the system pressure always increased after the flow had stopped.

Recall that the predicted pressure curves in Figures 2.9 and 2.10 were calculated
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using equation (2.25), and assuming thai {) = 0. This latter assumption is, however, an
approximation since the side walls and the test cell ceiling were heated. A simple
estimate of the heat input into the vapor space which resulted from the use of the heaters

is given by

apcpAT
S

q (2.32)

where o is the steam thermal diffusivity, p is the steam density, c, is the steam specific
heat at constant pressure, AT is the temperature difference between the wall and the bulk
of the steam space and § is the characteristic length over which the temperature drop
occurs. As an approximation & is taken from Rayleigh's solution which yields
8 = Yrat, where tis time. Figure 2.11 shows the data of Figure 2.10, where the
predicted curve has been corrected using equation (2.32) and assuming that the wall
temperature is given by the temperature at which the heaters were set and that the bulk
steam temperature is given by the saturation temperature. The predicted curve is in
closer agreement with the measured data, but the slope of the predicted curve still
overestimates the measured slope by about 60%. The ratio T/t ;, for Figures 2.10 and
2.11 is 0.45, so that according to equation (2.31) the condensation time is controlled by
the mixing time and the steady state condensation rate correlation given in equation
(2.17) will overestimate the actual condensation rate. Figure 2.12 shows the data of

Figure 2.11 plotted as condensation mass flux vs. time. Some other measured data and
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predicted curves which have also been corrected using equation (2.32) are shown in
Figures 2.13 and 2.14 for AT =38°C and in Figures 2.15 — 2.18 for AT =6°C,
plotted first as system pressure vs. time and then as condensation mass flux vs. time. In
Figure 2.13, the slope of the predicted curve overestimates the measured slope by about
60% and the ratio T/t is 0.6, so again the condensation time is controlled by the
mixing time. Figure 2.14 shows the data of Figure 2.13 plotted as condensation mass
flux vs. time. The agreement between the measured and predicted pressure curves in

Figures 2.15 - 2.18 is clearly excellent. Here the ratic T/t ;. is 1.2 and according to

'mix
equation (2.31) the condensation rate correlation of equation (2.17) should apply.

Hence, agreement between the computed and measured curves may be expected if

T c/tmix >1 (2.33)

121



gage pressure (kPa)

m (kg/m"2 3)

&

time (secs)
Figure 2.11. Data of Figure 2.10 where the predicted pressure

curve has been corrected using equation (2.32). See Tables 2.1 and

2.2 for conditions.
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Figure 2.12. Data of Figure 2.11 plotted as gy vs. time. See

Tables 2.1 and 2.2 for conditions.
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Figure 2.13. Broken line is a typical system pressure vs. time for

AT = 38°C. Solid line is the predicted pressure curve corrected
using equation (2.32). See Tables 2.1 and 2.2 for conditions.
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Figure 2.14. Data of Figure 2.13 plotted as M,y vs. time. See
Tables 2.1 and 2.2 for conditions.
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Figure 2.15. Broken line is a typical system pressure vs. time for
AT = 6°C. Solid line is the predicted pressure curve corrected using
equation (2.32). See Tables 2.1 and 2.2 for conditions.
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Figure 2.16. Data of Figure 2.15 plotted as gy vs. time. See
Tables 2.1 and 2.2 for conditions.
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Figure 2.17. Broken line is another typical system pressure vs. time

for AT = 6°C. Solid line is the predicted pressure curve corrected
using equation (2.32). See Tables 2.1 and 2.2 for conditions.
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Figure 2.18. Data of Figure 2.17 plotted as gy vs. time. See
Tables 2.1 and 2.2 for conditions.
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2.9. Concluding Remarks

The condensation rate correlation of Brown et al. (1990), equations (2.1) and (2.2),
has been compared with data from three different systems in which pure vapor was
condensed on a turbulent liquid surface. The agreement is good for steady state systems
and also for transieni systems when T/t ; > 1. All the data support the linear
dependence of the condensation rate on the r.m.s. value of the fluctuating velocity, and
where the turbulence intensity has had to be estimated in order to apply the rate
correlation, absolute agreement is obtained with very reasonable modeling assumptions.

Brown et al.'s correlation is in universal dimensionless form. When coupled with a
model for the turbulent flow field and mean temperature distribution on the liquid side, it
will in principle yield a prediction for the condensation rate in any system with any

working fluid.
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Appendix 2.A.

Thqmas (1979) has shown that for s/D < 1.3, the axial jet system produces a flow
field like the one sketched in Figure 2.2. There is a vertical, or axial, turbulent jet near
the centerline. When it reaches the interface this jet turns itself into a radial turbulent jet.
The radial jet thickens and slows with increasing r, and eventually is deflected down at
the cylinder wall, and is mixed with the bulk liquid below. If the vertical jet is modeled
as an unconfined axisymmetric jet in an infinite atmosphere, its maximum axial mean
speed will be given by equation (2.12), and its volume flow rate at an elevation z will be

[Rodi (1975)]

Q(2) =[ u2rrdr = 0.363U,dz (2.A.1)

In the radial jet region, Thomas' data for the mean radial velocity can be fitted with the

equation
u(y,r) = Uy(r) exp(-15.4y/r) (2A.2)

where U, the mean radial velocity at the interface (Figure 2.2), is given by equation
(2.13) and y is the depth below the interface. Equations (2.A.2) and (2.13) yield the

radial volume flow rate per unit breadth as
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QM) = j udy = 0.169U,d (2.A.3)
]

The radial jet begins at some point r, which may be estimated by the requirement
that the vertical volume flow rate in the axial jet at z = s is equal to the total radial volume

flow rate at r =r,, that is,
Q(r+) 21re = Q,(s) (2.A4)
This yields
r+ = 0.343s (2.A.5)

which is somewhat higher than the value r, = 0.3s suggested by Thomas.

The temperature in the jet regions can be estimated by applying the energy equation.
For the present purposes it is adequate to model the jet regions as having a uniform
mean temperature T over their (axial or radial) cross sections. It is also assumed that the
temperature in the liquid outside the jet regions is well mixed at a temperature T .

With equation (2.A.1), an energy balance applied to the axial jet yields

To - T(z) = (To — Tn)(2.17d/2) (2.A.6)
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where T, is the nozzle exit temperature. Equation (2.A.6) shows that, because of
entrainment of hot fluid at temperature T, the liquid in the axial jet will reach a
temperature much closer to T, than to T by the time it reaches the surface (not the
assumption s » d).

The energy equation for the radial jet has a source term from the condensation heat

flux at the interface:

14T, - __ b
r g (To- T QM1] oot (2.A.7)

where, according to equations (2.2) and (2.11),

mhg Und
a:s;_z.eﬂzs; 24 (AT, + (To - T())] (2.A.8)

With Q,(r) taken from equation (2.A.3), the solution of equations (2.A.7) and (2.A.8) is

To—T() __ 15.4BSt [ D)l +15.4B;St 1] (2.A.9)
AT, 1+154BStl2r '

Equations (2.A.6) and (2.A.9) give the temperature distribution in the turbulent jet
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regions near the interface, equation (2.A.6) applying at r < 0.343s and equation (2.A.9)
at r > 0.343s. The temperature T, of the bulk liquid can be determined
straightforwardly in terms of the nozzle exit temperature T_: one needs only equate the
enthalpy outflow rate in the radial jet at r = 0.343s to the sum of the vertical enthalpy
flow rate in the axial jet at z=s and the condensation heat input from the interface
at

r < 0.343s. For the present purposes, however, it suffices to note that the quantity
15.4B,St will be smail compared with unity, since St = O(10~2) and B, = O(107%).
Equation (2.A.9) therefore implies that (T, — T) « AT, everywhere at the surface. In
other words, the subcooling of the turbulent liquid is essentially constant everywhere

and given by

AT =T, - T(r) = AT, (2.A.10)

This is the assumption that was used to derive equation (2.17).
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Table 2.3. Raw data for Figure 2.4.

D D/d sD Re Ja Il

e b et e e b e e et e e e
N NNNNNNNNNNSNNNNN

0.102 24 1.70 16300 005 0©.0174
0.102 24 2.89 34800 0.06 0.0063
0.102 24 1.16 13900 0.06 0.0228
0.102 24 0.60 7700 0.06 0.0264
0.102 24 1.16 10300 0.08 0.0206
0.102 24 246 20700 0.09 0.0105
0.102 24 2.89 36100 0.08 0.0084
0.102 24 0.60 6500 0.10 0.0241
0.102 24 170 10400 0.11 0.0166
0.102 24 246 12100 0.13 0.0105
0.102 24 246 13000 0.13 0.0114
0.102 64 1.21 10600 0.06 0.0241
0.102 64 2.04 16600 0.06 0.0118
0.102 64 1.21 12000 0.07 0.0211
0.102 64 252 23600 0.08 0.0068
0.102 64 2.04 15300 0.09 0.0127
0.102 64 2.52 17600 0.11 0.0082
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Part III
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N mOo~~mge

Nomenclature

nozzle exit diameter (m)

test cell inner diameter (m)

physical frequency of the disturbance  (s™!)

laminar length, Figure 3.3 (m)

nozzle length (m)

volume flow rate circulating through system, Figure 3.1 (m®s™)
nozzle Reynolds number, U d/V

nozzle submergence, Figure 3.1 (m)

nozzle exit velocity (ms™)

distance from nozzle exit to liquid level in constant-head tank (m)

Greek symbols

p

A%

dimensionless frequency, equation (3.2)
kinematic viscosity (m?s™!)
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3.1. Introduction

The critical Reynolds number at which an axisymmetric submerged jet undergoes
transition from laminar to turbulent flow conditions is of fundamental interest in
transport problems, because the enhanced mixing associated with turbulent flow leads to
increased transport rates.

Linear stability theory has been applied to submerged 2-D jets by Curle (1957),
Howard (1958), Tatsumi and Kakutani (1958) and Clenshaw and Elliott (1960) and to
axisymmetric jets by Batchelor and Gill (1962) and Mollendorf and Gebhart (1973).
The critical Reynolds number for transition from stable to unstable flow for 2-D jets was
found to be Re ~ 4 and for axisymmetric jets was found to be Re ~ 40. Experimental
investigations of the stability of submerged jets were conducted for the 2-D case by Sato
and Sakao (1964) and for the axisymmetric case by Viilu (1962), Reynolds (1962),
McNaughton and Sinclair (1966) and Mollendorf and Gebhart (1973). The critical
Reynolds numbers fou_md experimentally ranged from Re ~ 10 to Re of several hundred.
Because of the inconsistency in the literature between the theoretical predictions and the
experimental observations, experiments are presented here for axisymmetric liquid-into-
liquid jets to determine the critical Reynolds number at which the flow undergoes
transition from laminar to turbulent flow. The question, simply asked, is the following:
for a given Reynolds number, at what distance from the nozzle exit does an
axisymmetric jet undergo transition from laminar to turbulent flow under normal

operating conditions (i.e. when the flow is not artificially perturbed)?
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3.2. Test Cell

Experiments were conducted in a tall cylindrical pyrex tank (Figure 3.1) of inside
diameter D, partially filled with liquid (tap water in this study), with air occupying the
region above the free surface. Water was injected into the cell through an axisymmetric

nozzle of exit diameter d located at a submergence s below the free surface. Two ways

Tank diameter D

N

Nozzle ~Fona
diameterd

O

Puny ==X}

-Figure 3.1. Schematic of test cell.
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of injection were used: (1) with a centrifugal pump or (2) flow from a constant-head
reservoir (used to avoid introducing perturbations into the flow). Artificially induced
disturbances were not introduced into the flow, but nc particular care was taken to try to
eliminate naturally occurring external disturbances (e.g. normal vibrations in the room).
The free surface was allowed to rise during a test. Writing ink (specific gravity 0.98
gm/ml) in concentrations of approximately 1% by volume was injected (for visualization
purposes) into the jet just upstream of the nozzle once a statistically steady state was
established. Two types of "nozzles" were used: (1) "short" nozzles and (2) long tubes
with developed velocity profiles at the exit. The short nozzles had exit diameters d of
1.6 mm, 4.2 mm and 6.4 mm. These nozzles had a length to diameter of / /d ~ 7, and
an inlet rounded to a radius of curvature of approximately 0.5d. For the Reynolds
numbers in the current experiments, it may be expected that at the exit, the velocity had
an approximately inviscid core region with thin boundary layers along the wall. To
create a fully developed parabolic profile a length to diameter ratio / /d ~ 0.08 Re [White
(1974)] is needed. The long tubes had diameters d of 3.2 mm and 6.4 mm and In/d
ratios of 250 and 150, respectively. Hence, the exit velocity profiles in the long tubes

were fully developed for Reynolds numbers up to about 2000.

3.3. Present Experiments

The range of Reynolds numbers in the current experiments was 300 < Re, < 7000.

Here
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Re, =32 (3.1)

is the nozzle Reynolds number, where d is the nozzle diameter, v is the liquid kinematic
viscosity and Q is the volume flow rate circulating through the nozzle. The temperatures
of the jet and the ambient fluid were kept equal (i.e. there were no thermal buoyancy
effects). Data were taken at jet submergence s to cell diameter D ratios in the range 1 <
s/D < 3, with most of the data taken at s/D = 1. The jets are classified into three
categories: (i) A fully laminzr jet (Figure 3.2) is one that passes straight through the bulk
liquid to the free surface and then diverges radially outward in a thin layer along the free
surface, with very lit:le mixing of the ambient fluid. (ii) A semi-turbulent jet (Figure 3.3)
is one that passes a certain distance into the ambient fluid as a smooth jet and then breaks
up into a turbulent jet. Good mixing of the ambient fluid is observed in the turbulent
region of the jet. Note that the large jet spreading angle in Figure 3.3 is caused in part
by the presence of the free surface. (iii) A fully turbulent jet (Figure 3.4) is one that
breaks up in a distance of less than about 3d (typically in the range 0d — 3d) from the
nozzle exit.

Roughly speaking, fully laminar jets were observed below Re, ~ 600, semi-
turbulent jets in the range 600 < Re_ < 2500 and fully turbulent jets above Re_ ~ 2500.
The data for the "short" nozzles are shown in Figure 3.5 plotted as a laminar length
(distance from nozzle exit to the point of transition from stable to unstable flow, see
Figure 3.3) vs. Re . Figure 3.6 shows similar data for the long tubes. The two types

of nczzles gave somewhat different results. For Re, ~ 2000, the long tubes yield a
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Figure 3.2. Fully laminar jet issuing from "long" nozzle with
Re, = 460, D/d = 48 and s/D = 1.0. Distance between
markings on scale: 1cm.
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Figure 3.4. Fully turbulent jet issuing from "long" nozzle
with Re_ = 5980, D/d = 48 and s/D = 1.0. Distance between
markings on scale: 1cm.
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laminar length of approximately 1d, whereas the short nozzles yield a laminar length of
approximately 7d. The difference is attributed to the flow not being fully developed in
the short nozzles. For Re < 2000, the long tubes yield a somewhat larger laminar
length than do the short nozzles. This is probably due to the fact that the flow from the
short nozzles had a higher velocity gradient, at the boundary between the jet and the
ambient fluid, than did the flow from the long tubes. In the long tubes for Re  ~ 1800 —
2100 , the distance from the nozzle exit to the point where the jet broke up fluctuated
between Od and 15d at approximately 4 — S Hz (see Figure 2.7). Similar observations
have been made over the same range of Reynolds numbers in pipe flows, where the
intermittency is attributed to turbulent spots which appear in the boundary layer and then
propagate into the surrounding non-turbulent fluid forming a plug of turbulent fluid
[Tritton (1977)]. The plugs die out anfi the process then repeats itself at approximately 2
-3 Hz [Rotta (1956)], the frequency being dependent upon the particular experiment
(e.g. wall roughness, entrance region, etc.). No intermittency was, however, observed
in the short nozzles. This is probably due to the boundary layers being thin and the
small nozzle length being too short for the turbulent spots to form and propagate into the

surrounding non-turbulent fluid.

3.4. Comparison with Other Work

Recall that the stability analysis for 2-D jets yields a critical Reynolds number of
approximately 4. For the axisymmetric case, Batchelor and Gill (1962) solved the
inviscid Orr-Sommerfeld equation, but their inviscid analysis did not yield .a critical
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Reynolds number. Mollendorf and Gebhart (1973) later solved the full viscous Orr-
Sommerfeld equation and determined the critical Reynolds number for the first onset of

instability to be approximately 40 at a dimensionless frequency B = 0.1, where

=128%f? 3.2
B vRE (3.2)

and f is the physical frequency of the disturbance and [ is the distance from the nozzle
exit to the point where the jet becomes unstable. The present resuits can not be
compared directly with the calculations of Mollendorf and Gebhart since for a given
fluid (v) there are three parameters (f, /, Re,) in equation (3.2), whereas in the current
experiments only the parameters / and Re, were investigated. For the values Re = 40
and B = 0.1 given by Mollendorf and Gebhart and using v = 10° m?/s and d = 0.64

cm, equation (3.2) yields

I/d = 0.63£-1/2 (3.3)

Equation (3.2) also shows that for given B, f, v and Re , /d is inversely proportional to
d, which is qualitatively consistent with the data of Figure 3.5 for Re_ less than about
1500. It is, however, difficult to draw the same conclusion from Figure 3.6 because of
the scatter in the data.

The first experimental investigation of the critical Reynolds number for the
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axisymmetric case was conducted by Viilu (1962), who found that his jets ceased to
have the expected laminar form at a Reynolds number of approximately 10. He states
that the density differe:xce between his jet and the ambient fluid was small, but does not
quantify the difference. At these low Reynolds numbers, however, the buoyancy force
can be large compared with the jet momentum, which may lead to the jet becoming
unstable [McNaughton and Sinclair (1966)]. Reynolds (1962) conducted experiments
similar to Viilu's but extended the range of Re_ to approximately 300. He observed that
it was difficult to maintain a long, steady jet for 10 <Re_ < 30, consistent with Viilu's
observations, but that at higher Re_, in the range 150 < Re_ < 300, long (up to 3800d),
steady jets could again be maintained. At Re  ~ 300, however, an abrupt transition
occurred that resulted in the jet becoming disordered near the nozzle. Reynolds did not
exactly quantify what he meant by "near the nozzle" except to say that it was within a
few centimeters. The nozzle diame:er was d = 0.033 cm which implies that the length at
which turbulence began in Reynolds' experiments could have been as large as several
hundred nozzle diameters. (Note that the maximum nozzle submergence in the present
experiments was approximately 100d, well below the stable lengths seen by Reynoids).
Neither Viilu nor Reynolds provided any photographs, but gave only qualitative
descriptions of the various types of jets observed. Both authors' jets were directed
vertically downward along the test cell's axis, with the nozzle inserted just below the
free surface.

McNaughton and Sinclair (1966) conducted similar experiments but with an

apparatus that had an inlet and an outlet at the test cell's axis at opposite eads of the tank,
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with water entering at the bottom and exiting at the top. There was no free surface.
They found fully laminar jets for 300 < Re, < 1000, semi-turbulent jets for 1000 <Re,
< 3000 and fully turbulent jets for Re_ > 3000 in qualitative agreement with the present
results. They also made the important observation that a density difference between the
jet and the ambient fluid significantly affected the results at the lower Reynolds numbers
(Re, ~200). They state that positive buoyancy (the amount is not quantified) resulted in
a thinning of the jet and thus to an increase in the Reynolds number. This prcduced
semi-turbulent jets when fully laminar jets were expected. Likewise, negative buoyancy
(again not quantified) resulted in buoyancy forces which dissipated the jet momentum.
Their laminar length correlation is shown on Figure 3.5 and agrees reasonably well with
the present data for the lower Reynolds numbers despite the different test cell geometry.
Mollendorf and Gebhart (1973) investigated the stability of positively buoyant jets
issuing vertically upwards. Their data are in qualitative agreement with the present data
despite the presence of positive buoyancy in their experiments, while the present data are
for slightly negatively buoyant jets. Their laminar length correlation is shown on Figure
3.5 and agrees reasonably well with the present results at large Reynolds numbers but
predicts a smaller laminar length at smaller Reynolds numbers. When the Reynolds
number was large enough (~ 300) in their experiments, the transition point between
laminar and turbulent flow was not significantly affected by the level of buoyancy in
their experiments. The experiments of McNaughton and Sinclair, Mollendorf and
Gebhart and the ones reported here yield roughly the same order of magnitude for the

Reynolds number at which the jet becomes fully turbulent, although there is significant
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scatter in the data.

3.4. Conclusions

The linear stability analysis does not correctly predict the critical Reynolds number
for the transition between stable and unstable flow conditions. The experimental results
of Viilu (1962) and Reynoids (1962) which predicted a low critical Reynolds number
were probably influenced by buoyancy forces. The current experiments show that
laminar jets (with lengths over 100d) can be maintained up to Reynolds numbers of
several hundred (Re, ~ 600) and that fully turbulent jets, with the turbulence evident at 2
few nozzle diameters, occur at Reynolds numbers of Re, > 2500. For the intermediate
Reynolds number range, the jet passes for a certain distance (typically between about 5d
and 40d) into the fluid as a smooth jet before breaking up into a fully turbulent jet.

Figures 2.5 and 2.6 summarize the results.
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