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1.0 SUMMARY

AuTh -m8 7T
This report covers the work performed between July 1 and November 30, 1962 on Contract
NAS 3-2159, Wetting and Non-Wetting Mercury Condensing Research. The investigation
consists of both an analytical and an experimental phase. The experimentation consists of
local pressure drop measurements for condensing mercury in horizontal straight and tapered
steel tubes. Both wetting and non-wetting conditions are explored. The analysis consists
of the formulation of a dropwise condensing fluid mechanic model for correlating the data
obtained from the non-wetting forced convection condensation tests. Also included is a
hydrodynamic stability analysis of liquid films for application to wetting condensing and its
multitude of possible flow patterns. This analysis is required to match the proper flow regime
with its pressure drop correlation.

The test data are compared with the Lockhart-Martinelli correlation to indicate agreement
and note shortcomings. The state of the art of two-phase fluid mechanics is reviewed to
give the reader a proper perspective of the work being done and the work that has been done.

Non-wetting pressure drop data are tabulated herein with only preliminary attempts of
correlation indicated. The final report will include the wetting data currently being
obtained as well as the comprehensive results of correlation currently being compiled.




2,0 INTRODUCTION

The purpose of the wetting and non-wetting condensing research program, sponsored by
NASA under contract NAS3-2159, was to refine procedures for designing low heat flux*
mercury condensers for space power systems. This study placed particular emphasis on the
differences between wetting and non-wetting condenser performance and the different de~
sign considerations required.

Mercury is considered to be "non-wetting" (i.e., the contact angle Is greater than 90 degrees)
with most fabrication materials presently planned for use in Rankine cycle space power plants.
These systems will operate up to temperatures of approximately 1200°F or less (Ref 1 and 2),
and presently are constructed from either the stainless steels or Haynes-25 type (high cobalt
content) materials, It has been observed, however, that mercury will wet these materials

with sufficient time and temperature.

The change from non-wetting to wetting significantly affects the condensing flow regime,

and therefore wetting and non-wetting must be understood by designers of mercury condensers.
During non-wetting a dropwise flow regime has been obtained in glass tubes in tests run at
TRW. Some over-all condensing and adiabatic data (e.g., total pressure drop) have also been
obtained at TRW. ' References 3, 4, and 5 present an analysis of dropwise condensation of
mercury. Further development of this drop analysis was required to account for the change

in drop size with length. In addition, local pressure measurements along the tube in more
extensive temperature and flow ranges were required,

When mercury wets the wall a thin film of liquid mercury forms on the tube wall. This film

is more unstable than drops; consequently, more flow regimes exist and the fluid dynamics

are more complex. When mercury forms a continous liquid film which can readily transmit
wave phenomena, sensitivity to small body force disturbances may increase. The waves may
cause spray (drop formation) as well as serious slugging with attendant pressure and inventory
fluctuations. A significant amount of experimentation and some analysis has already been
done on adiabatic wetting two-phase flow and usefulness to the case at hand was investigated.
However, data with heat transfer, more analysis, and local pressure measurements were still
required for the case of wetting mercury condensation.

The program described In this report was instigated to obtaln local pressure drop data for the
wetting and non-wetting condensing of mercury. The state of the art of wetting and non-
wetting condensing theory and analysis is established ‘and refinements are made.

* |n direct radiator-condenser systems, condensing heat flux is limited by the heat rejection
area to approximately 15,000 Btu/hr-ft",




3.0 PROGRAM OBJECTIVES

The basic program objectives were to provide both experimental data and mathematical
tools for the design of a low-heat flux zero gravity mercury condenser in which either
wetting or nonwetting condensing may occur. The data should be useful to check on

theory as well as to provide raw data for the designer of condenser components, Both the
data and onalysis should be applicable to condenser materials, configurations, flow ranges,
and saturation levels of Interest for present-day mercury Rankine cycle space power systems,

Stainless steel was originally selected as the condensing tube material, but Haynes-25
type materlal was subsequently substituted. The geometries selected for test are listed
below:

Conditions Test
Configuration Non-Wetting Wetting Series
0.319 inch ID constant diameter Yes Yes A,F
by 8 feet long
0. 397 inch ID constant diameter Yes No E
by 8 feet long
0.4 to 0.2 inch ID linear Yes Yes D

diameter taper by 7 feet long

These geometries were chosen because they cover the range of tube sizes presently under
consideration in advanced mercury direct radiator-condensers.

The ranges of flow rate, pressure level, and condensing lengths over which data are of in-
terest for direct application to advanced mercury condenser design are summarized below:

Flow Rate Inlet Pressure Condensing
Tube Configuration 1b/min Psia Length, ft
Constant Diameter 11/4t0 3 11 to 30 4108
Tapered 11/4103 11 to 30 7.5

A greater variation of flow rate, pressure level, condensing length and configuration Is
also of interest, as extreme varlations of Reynold's and Froude numbers would be useful for
extrapolation of the data. From system considerations, however, pressure levels higher
than 30 psia have been found Impractical as cycle efficiency Is unnecessarily decreased.
Also, for the tube sizes and saturation levels chosen, flow rate must be limited because
unreasonably high vapor inlet velocities may result, Also,flows less than about 1 1/4
pounds per minute for the tube sizes investigated are too sensitive to gravity to provide any
useful zero-gravity data. To provide greater insight Into the phenoriena occurring,




pressure readings were taken at intervals of 18 inches along the condensing section.
Pressure readings at smaller intervals might offect the Internal phenomena while larger
intervals would be less "focal ",

To establish and refine the present state of the art of condensing theory and analysis (1)
existing adiabatic two-phase flow theory was applied to the case of wetting condensation;
(2) film buildup and film stability during wetting condensation were considered; and (3)
the existing theory for non-wetting pressure drop was refined to include the effect of drop
size variation along the condensing tube,




4.0 TWO-PHASE FLOW THEORY AND ANALYSIS

Design of a forced convecrion condenser for operation in a variable gravity environment
requires consideration of the following factors:

1. flow regime,

2. pressure drop,

3. density, or liquid and vapor contents

4. ainplitude and frequency of pressure fluctuation.

Knowledge of the flow regime is required so that the proper pressure drop and density
equations may be applied. Pressure drop must be calculated to insure that system require~-
ments are met, Inventory allocation must also be known and therefore mean density or
liquid and vapor contents must be known. Finally, pressure fluctuations must be investi-
gated to insure that excessive oscillations are not present. Tolerance limits for pressure
fluctuations must first be defined by system (principally pump and turbine) requirements,

The present state of the art of condenser design allows only estimation of the relationships
between the above parameters on the basis of correlations of adiabatic test results, and the
estimation is primarily true for wetting fluids only. The sections below review modified
adiabatic approaches and present unique analytical treatments for the prediction of wetting
film stability and non-wetting mercury condensing pressure drop.

The design procedure for a zero-gravity condenser should be similiar to that for the horizontal
1 g case, if the annular flow regime is predominant during wetting condensing (which it is,
as indicated in Appendix B) and if the drop agglomeration is small during the non-wetting.
Horizontal 1 g condensing data in constant diameter tubes with high vapor inlet velocities
and in tapered tubes with high velocities throughout are expected to be very similiar to
zero-gravity data. The high axial velocity component creates an initial inertia force that
predominates over the gravity force, thereby minimizing the gravity effect, Based on the
comparison of some data with theory in Section 7.0, inlet vapor velocities of roughly

150 feet per second or higher appear adequate,

In a constant diameter tube, the major frictional and droplet or wave drag effects on pressure
drop occur in the high vapor velocity or high quality region and therefore should not be
significantly offected by gravity. In the low quality (velocity) region, however, liquid
distribution is significantly offected by gravity, As a result, the pressure pulsations and
local pressure drop may be significantly affected. The over-all pressure drop for the tube

is not significantly affected, however, since the low vapor velocity should result in low
pressure gradients,

In tapered tubes the velocity is almost entirely constant, If the velocity is sufficiently
high, Identical flow regimes will result in the horizontal 1 g and zero gravity cases. The
exact effects of gravity on the condensing process are only a matter of speculation at this
time and analysis must await the completion of zero-gravity experimentation.




It has been observed that mercury systems can operate with either wetting or non-wetting
condensation. The surface chemistry aspects relating the wetting and non-wetting states
are complex and the transition is not well understood. Consequently, the wetting and non-
wetting analytical considerations that are required are presented independently below.

4.1 CONDENSATION OF WETTING FLUIDS

Two approaches to the prediction of the flow regime, pressure drop, density, and pressure
fluctuations are possible for the wetting condensation of fluids such as mercury:

1. The annular flow pattern can be assumed. Local filmthickness along the tube
can be computed and energy dissipation and stability can be analyzed. A key
missing link in this approach is the analytical tools required to perform the
stability colculations, Section 4.1.1 reviews the situation,

2. Existing two-phase adiabatic and diabatic data and correlations may be employed.
Section 4.1.2, "Horizontal Two-Phase Flow," reviews this approach.

The film stability approach described in Section 4.1.1 is more theoretically correct, but

also is less understood and thus cannot be used for actual design of a wetting condenser at

this time. Practically speaking, the "modified adiabatic" approach to the fluid dynamic design
of a wetting mercury condenser suggested in Section 4.1.2 is the only means presently avail-
able. The effects of heat transfer, zero gravity, and equilibrium length requirements in

this approach are still unknown.

The following sections contain much discussion of adiabatic two-phase phenomena, be-
cause observing diabatic phenomena as precisely as required is difficult. Wherever possible,

however, the considerations required to relate adiabatic and diabatic results are presented, -

4.1.1 Film Stability Analysis

The information required to approach the design of a wetting condenser by analyzing film
buildup and stability is far from complete. This is basically due to lack of (1) consistency
and experimental verification of the theories for the stability of thin films and (2) means
for predicting the effect of surface irregularities (waves, etc.) on pressure drop. In the
section below, reason (1) is discussed extensively as the calculation of film stability is-
important in determining the flow regime, pressure drop, density, and amplitude and fre-
quency of fluctuation.

Pressure drop calculations for the case of an annular film could be made on the basis of the

film wave friction factors for the wave heights and lengths that may exist. Very little in-

formation of this sort is known to be available. In case liquid droplets are entrained in the
vapor as a result of film breakup, a consideration of the drag effect of these drops in transit
is required. The analysis of Section 4.2 would then be applicable.

Computation of the local film thickness at each point along the tube requires determination



of three factors:

1. Interfacial shear stress caused by condensing momentum transfer and frictional
shear,

2. body force vector,
3. liquid flow rate.

The local vapor and liquid flow rates at each point are established by heat transfer con-
siderations alone, Several rigorous analyses for computing film thickness have been
published (Ref 4, 7, 8 and 9), Test data have substantiated these equations,

Accurate computation of the film thickness and interfacial energy dissipation depends on
the designer's knowledge of interfacial shear and its dependency on the structure of the
liquid-vapor interface which has as yet not been either experimentally or theoretically

established.

After the annular film thickness has been established, the stability analysis can be initiated.
This analysis will determine whether the annular flow pattern indeed exists and if the pro-
posed design will meet the objectives of pressure drop.

No suvitable general stability equation valid for all situations is available. The designer
can either use flow regime maps - such as the map illustrated in Figure 15 - Page 33 -

on which the local condensing flow conditions can be superimposed or he can locally apply
adiabatic stability criteria involving the Weber, Reynold's, Froude numbers and the property
ratios along the condensing film. A procedure such as this requires that the growth rate

of the instability be large compared to the velocity of the liquid film, The effect on
stability of the vapor velocity normal to the liquid interface caused by condensation is, of
course, ignored in this approach.

When instabilities manifest themselves, the designer should answer the following logical
questions:

1. Is the instability objectionable?

2. Are objectionable low frequency, high amplitude liquid slugs formed, or is
spray formed which may be tolerable?

3. How is the heat transfer and pressure drop affected by the altered flow regime?

This requires some knowledge of what is objectionable and what is tolerable. In addition,

the designer must postulate the size of the detached and entrained liquid. This estimate

could be scaled to wavelength. Unstable waves which are small compared to the tube diameter
will form spray and those which are large compared to the tube diameter or vapor space will
form slugs. The size of the liquid slug or drop and velocity of flow determine the frequency



and amplitude of the pressure pulses.

In any event, the stability of wetting films must be predictable. The present state of the
art is reviewed below and criteria for film stability are presented.

4,1.1.1 Review of Wetting Film Stability

Most of the existing research concerning the breakup of liquid films was motivated by the
practical problem of liquid film cooling for rocket nozzles. It is basically experimental,
although some simplified analyses were also made. Much of this work was done for plane
flows, This will not be extensively discussed herein because the basic configuration of
interest for condensers is annular flow. Emphasis will, therefore, be given to the studies
deaiing with that type of flow.

The striking aspect resulting from a survey of the literature on annular flow is that many
different criteria are suggested for the film breakup and some work indicates that parameters
found by others to be significant are not important. Relatively few attempts are made to
explain the differences; the nature of most of the papers is the description of the particular
studies made. For example, one of the most extensive experimental investigations was
performed by Dunkler (Ref 10 and 11) who found that over the range of conditions which he
studied in the downward annular flow in a vertical tube, there were essentially two signifi-
cant changes in the nature of the flow. The first of these he associated with a basic change
in the wave structure which occurs when the energy transmitted across the interface reaches
some critical value and the second he thought to be associated with a liquid film velocity
effect which decreases the wave amplitude., Dunkler further concluded from his results that
the liquid Reynold's number was not a significant parameter which determines wave motion
and wave height.

The experiments described by Kinney et al in Reference 12 were performed in horizontal
ducts. They found that the liquid film surface became wavy when a critical liquid flow

rate was exceeded. Furthermore, for more viscous liquid films this critical flow rate was higher.

One can thus infer that in contradistinction to the work by Dunkler on a single-phase liquid
film on the outside of a vertical cylinder, the liquid Reynold's number is indeed a signifi-
cant parameter, Brauer (Ref 13) was also led to believe from his experiments that the
occurrence of surface waves is associated with the transition of the liquid film from laminar
to turbulent flow, i.e., is related to a critical liquid Reynold's number. The experiments
of Reference 12 covered a wider range of liquid viscosities than did Dunkler's experiments;
this is perhaps an explanation of this discrepancy. It is also important to note that because
the authors of Reference 12 seemed to be unaware of the basic governing parameters and
physical mechanisms, their tests and correlations were unduly extensive, i.e., they varied
the liquid velocity by itself, then the viscosity by itself, etc.

More seemingly contradictory results were obtained by Knuth (Ref 14) who found surface
waves for all liquid flow rates in horizontal ducts. For liquid flow rates larger than some
critical value he found a second type of surface wave (ones with long wavelengths). Thus,
there now appear to be two distinct and different interfacial instabilities. The disagreement




"between the results of References 12 and 14 was attributed to the differences in the methods
of liquid injection in the experiments. Knuth, however, agreed with Kinney et al that the
instability depended on the liquid Reynold's number. Recall this disagrees with Dunkler's
conclusion. Further, References 12 and 14 are in agreement that the gas Reynold's number
has a negligible effect on the interfacial stability whereas Laird (Ref 15) shows that over
isolated ranges of operation the gas Reynold's number does influence the interface, Other
work could also be cited to show the types of contradictions prevalent in this regard.

Although the existing work seemingly contains contradictions and disagreements, it does
indicate that objectionable phenomena can occur in two-phase flows when the gas-liquid
interface becomes wavy. It is, therefore, essential to discuss the possible causes of such
interfacial waviness from o fundamental viewpoint, A body of fundamental knowledge exists
which does not appear to have been generally known heretofore to the people investigating
interfacial stability in two=phase flows,

There are essentially four different types of instabilities which singly or in combination can
cause an interface to become wavy and can thereby lead to film breakup or slugging in the
flow: (1) hydrodynamic instability, (2) Kelvin-Helmholtz instability, (3) Rayleigh-Taylor
instability, and (4) Bénard instability.

Hydrodynamic instability is the case in which a fluid is undergoing transition from laminar
to turbulent flow as a result of amplification by viscosity of infinitesimal disturbances in the
fluid. These disturbances originate either inside or outside the film. (Actually, all in-
stabilities to be discussed here are hydrodynamic, but special meaning is given to this phase
herein for convenience.) Hydrodynamic stability of boundary layers in a homogeneous
fluid has been extensively studied (see Reference 16 for a summary), and it has been con-
clusively established that such waviness occurs under certain conditions.,

The above hydrodynamic stability analyses were recently extended in Reference 17 for
nonhomogeneous fluid flow. In particular, consideration is given therein to the specific

case of two contiguous, viscous, incompressible fluids in plane motion; one fluid is bounded
by a solid wall below and the other fluid above. The second fluid is unbounded above. The
fluid motion is steady and unidirectional, parallel to the interface, and the shear rate in each
fluid is uniform. As in the case of the stability of homogeneous fluids, the mathematical
analysis is based on small disturbance theory and leads to an eigenvalue problem in a system
of two linear ordinary differential equations. In addition to the dimensionless wave number,
disturbance phase velocity, and the (inner fluid) Reynold's number occurring in single-fluid
studies, the viscosity and density ratios and the Froude and Weber numbers appear as im-
portant parameters for nonhomogeneous fluids, The effect of gravity is determined by the
Froude number which represents the ratio of inertia to gravitational forces. The influence

of surface tension is determined by the Weber number which essentially denotes the ratio of
inertia to surface forces. Single-looped neutral stability maps (see Figure 1), similiar to those
for homogenous fluids, and disturbance amplifications rates are presented in Reference 17,

It is essential to understand that the work of Reference 17 is an extension of the hydrodynamic
instability analyses made for single fluids and, hence, gives an indication of the conditions
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under which the interface can become wavy as a result of amplification of disturbances in the
liquid film bounding a rigid plane. Considerable confusion appears in the literature as to
the type of instability studied therein (see Reference 18 for example). In essence the work of
Reference 17 concerns the hydrodynamic stability of a film on a surface with new constraints,
due to another fluid, at its edge. Furthermore, it must be clear that these results pertain
only to plane flow of two fluids under adiabatic conditions with no mass transfer. Therefore,
utilization of these results for condensing annular films (as are obtained in tubes) should be
made with caution.

The Kelvin-Helmholtz instability is the second possible type to influence two-phase flows.
This instability arises when the different layers of a stratified heterogeneous fluid are in
relative horizontal motion and is due to the interaction between the fluid media at the
interface. The mathematical analysis of this instability is described in Reference 19.
Basically it is also a small perturbation approach, but since attention is focused on the in-
terface, the viscosities of the fluids are neglected. The Reynold's number, therefore, plays
no important role in this type of instability. Instead a parameter @(<\~a2) /ot ot  (u,- u}
for fluids with discontinous velocities and densities appears as the criterion, where g is the
acceleration of gravity, e, and o, are density ratios defined as o¢,= P/p,+R, , and
Uj and U are the velocities of the two fluids, For fluids with continous velocity and
density distributions in the vertical direction, fh;s parameter is called the Richardson number,
J, and is writtenas J=-(¢ dP/da)/p(d“ /dz). This represents the ratio of buoyancy and
inertia forces. For stability, neglecting surface tension, the disturbance wave number must
be less than some value of the dimensionless parameter written in either of the above ways.

The striking aspect of the Kelvin-Helmholtz instability is then that it occurs no matter how
small the velocity difference or shear of the two fluids. The instability arises by the
crinkling of the interface by the shear that is present. This crinkling occurs even for the
smallest differences in the velocities of the two fluids; it can occur even if the motions of
both fluids are laminar. The source of the Kelvin-Helmholtz instability lies in the energy
stored in the kinetic energy of relative motion of the different layers. The tendency to-
ward mixing and instability will be greater, the greater the prevailing shear force. The
only counteracting forces are inertia and surface tension.

It is important to note from the stability criterion cited above that in a zero-gravity en-
vironment the two-phase flow would be unstable to all wavelengths. In Reference 20, a
similiar criterion is derived by force balances for the Kelvin-Helmholtz instability. The
effect of gravity has been omitted in this work. However, growth rates for this type of
instability are determined which should be of value for the present work. (See Figure 2).

The third possible type of instability is the Rayleigh-Taylor instability. This is an instability
of the interface between two fluids of different densities which are stratified or accelerated
towards each other. This type of instability arises from the character of the equilibrium of
heterogeneous fluids. The mathematical analyses of this instability are also presented in
Reference 19. They are either of a normal mode or a variational type. Studies have been
made of both viscous and inviscid fluids, including and neglecting surface tension effects.

11
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The stability in the Rayleigh-Taylor sense depends only on the relative orientation of the
density gradientbetween the fluids and the acceleration field. For example, horizontal
fluid layers in a gravitational field will be stable only.if the lower fluid is heavier than
the upper; this configuration is unstable (neglecting surface tension) for all wave numbers
if the reverse is true. For some unstable situations modes of maximum instability exist, and
the dependence of the disturbance growth rate on its wave number has been explictly de-
termined for a number of special cases.

The last type of instability capable of influencing condenser flows is associated with having
a fluid configuration in which the density variation is such that heavier fluid is above lighter
fluid in a gravitational field. This is clearly a top-heavy situation which is potentially un-
stable. The instability creates a tendency for the fluid to redistribute itself to remedy the
weakness in its arrangement. However, the natural tendency of the fluid will be inhibited
by its own viscosity. In other words, it can be expected that an adverse density gradient
which is maintained must exceed a certain value before the instability can manifest itself,
Considerable study has been given to this type of instability where the density gradient in
the fluid results from a temperature gradient. However, similiar results will be obtained if
the density gradient results from concentration gradients. This type of instability is called
the Bénard instability. The Rayleigh-Taylor stability applies to two fluids with an interface,
whereas the Bénard stability applies to a homogeneous fluid with density gradients. In a
horizontal annular condensing flow the upper part of the fluid will be subject to an ad-
verse density gradient as a result of both thermal and concentration gradients; the lower
part will be in a stable configuration. The flow on the other parts of the annulus will

have the gravitational force normal to the density gradient and, hence, will be subject

to conventional natural-convection phenomena. Therefore, extreme asymmetry of the

flow can result from such a configuration. Note that this discussion of Bénard instability
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relates to a fluid at rest. If a gas flow is superposed on such a fluid configuration, longitudinal
or transverse vortex rolls result. A description of these is given in Reference 21,

The normal mode and variational analyses of the Bénard instability are presented in Reference
i9. |t is shown that a crifical value of the Rayleigh number must be exceeded before in-
stability occurs. (The Rayleigh number is the product of the Prandtl and Grashof numbers
where the latter represents the ratio of buoyancy to viscous forces.)

It is important to note that a particular type of instability under given conditions is generally
more unstable to one type of disturbanceor wave than another. (Rayleigh, in Reference 21,
says, "Some kinds of disturbances produce their effect much more rapidly than others.")

For example, it is well known in hydrodynamic stability theory that for incompressible flows,
two-dimensional disturbances (transverse waves) are more destabilizing than three-dimensional
ones (oblique waves). See Reference 16. However, for compressible flows the three~
dimensional waves are more destabilizing. Furthermore, for flows with body forces,
longitudinal rather than transverse waves are the most destabilizing. Therefore, some study
should be made to see whether each type of instability of interest is associated with distinct
wave patterns, In this way it might be possible to identify the various types of instabilities
or to determine the most harmful type. In the course of the experiments on film breakup
described in Reference 22, two-dimensional, three-dimensional, and roll-waves were all

observed.

Now that each possible type of instability has been described, the distinctions among them
must be made and their relations to the problem of condenslng flows must be established.

First of all, note that the hydrodynumic and Kelvin-Helmholtz instabilities are fundamentally
associated wnth fluids which are in motion; the Rayleigh-Taylor and Bénard instabilities can
occur in fluids at rest. The primary factor in these is the body force action. The latter

two types would not, therefore, be of consequence in a true zero~gravity environment. The
hydrodynamic and Bénard instabilities can occur in homogeneous fluids as well as in heter-
ogeneous ones, whereas the Kelvin-Helmholtz and Rayleigh-Taylor instabilities are associated
only with nonhomogeneous fluids.

In a normal or reduced gravitational environment, all four types of instability are clearly
possible. The Rayleigh-Taylor and Bénard instabilities most likely would not be so important
as the other two types for films that have moderate motions because the body forces would

be small relative to the inertia forces. The Kelvin-Helmholtz instability would most likely
occur before the hydrodynamic instability because the former has been found to occur even

if both fluids are in laminar motion. Near the back end of condenser tubes (and the front
end of boiler tubes), the liquid layers meet and the flow velocity is very small. Under these
conditions the Rayleigh-Taylor instability could be important. Work on this type of in-
stability as well as studies of water—air, mercury~air interfaces at zero—gravity conditions

(in a KC 135 aircraft) have been done at TRW and are reported in Reference 23.

In any event, it would seem that determination of the instability most probable to influence

a given flow first could be qualitatively obtained by comparing the various existing stability
criteria. However, it must be remembered that all the above-described analyses were for
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plane flows and none included the effects of heat and mass transfer which are an inherent part
of the condensing process. Therefore, at best, predictions made on this basis for two-phase
annular flows are tenuous. It is, however, interesting to note that even despite the limita-
tions of the existing stability analyses, they can be used to make some of the seemingly
anomalous results obtained from the various experiments appear fo be reasonabie. For
example, recall that in References 10 and 11 the two changes in wave structure were found.
The first change, caused by the energy transmitted across the interface, certainly seems to
be the Kelvin-Helmholtz instability; the second change, associated with the liquid flow
rate, appears to be the hydrodynamic instability even though Dunkler did not think that
the liquid Reynold's number was significant. In Reference 14 two different types of surface
waves were also found. The first appeared for all liquid flow rates in consonance with the
results of the Kelvin-Helmholtz stability analysis, and the second waves which occurred
beyond a certain value of the liquid flow rate or Reynold's number were caused by the
hydrodynamic instability. It is possible that Dunkler, who did not obtain the first type

of waves until a certain amount of energy had been transmitted across the interface, had
less disturbances in his experiments than did Knuth. Therefore, Knuth obtained the first
waves for all liquid flow rates. These experiments tend to support the conjecture made pre-
viously herein that the Kelvin-Helmholtz and hydrodynamic instabilities are the more im-
portant pair for flows with at least moderate liquid velocities and that the Kelvin-Helmholtz
instability appeors first.

The waviness found in References 12 and 13 after a critical liquid Reynold®s number was
exceeded must have been caused by the hydrodynamic instability. The reasons why no
other wave structure corresponding to the Kelvin-Helmholtz instability was reported in those
papers are not clear. Either the investigators were not looking for them or the disturbances
level was below that required to cause such instability. Note in Reference 13 the flow was
that of a single~phase liquid external to a duct and, therefore, less disturbances were im=
posed on the liquid film. More careful analysis of the data of those papers might sub-
stantiate that disturbance level was low.

The conclusions of References 12 and 14 that the gas Reynold's number is unimportant as a
prime interfacial stability parameter certainly are substantiated by the stability analyses,
because this parameter does not appear at all. On this basis the results of Laird (Ref 15)
which showed an effect in isolated regions of the gas Reynold's number remain questionable.
It may be that the gas-flow turbulence level was responsible for this result. Further dis-
cussion of this point will be made subsequently.

In a zero-gravity environment the Rayleigh-Taylor and Bénard instabilities would not exist
because there is no body force. It appears that the Kelvin-Helmholtz instability would be
the dominant one, at least for film speeds below a rather large value (i.e., below a large
Reynold's number). The reason for this conjecture, again based on the existing analyses, is
that this instability can occur even if both fluids are in laminar motion, whereas the hydro-
dynamic type occurs when destruction of liquid laminar motion begins. Furthermore, the
stability criterion for the Kelvin-Helmholtz type indicates that the flow is unstable for all
wavelengths when g goes to zero. Whether, in fact, the situation is as serious as this cannot
be determined without more careful study of this type of instability, including such effects

14



as heat, mass transfer, and viscosity.

It is known from hydrodynamic stability studies for homogeneous fluids that cooling of the
layer adjacent to a rigid surface tends to stabilize it. Therefore, in a condensing flow

it would seem that the layer would be less subject to hydrodynamic instability. Whether
this is also true for the Kelvin-Helmholtz instability remains to be investigated. The in-
fluence of viscosity on the latter type, which has heretofore been neglected, might also

be found to be stabilizing because it moderates the velocity difference at the interface.

There is one additional word of caution necessary to be added withregard to the use of
existing stability analyses and that is that they all refer to essentially unbounded flow

whereas for the problem at hand the flows are internal. Although, as has already been
pointed out, this "geometrical" difference may be important by itself, there is another
aspect which may be of even greater consequence. In an internal flow one part of the
liquid layer can produce disturbances to another part. Also in the main (gas) flow there
exist such disturbances in internal flows (to a greater degree than in external flows) as
turbulence, regular and random sound, temperature spottiness and the like. These dis-
turbances may cumulate in different and nonlinear ways and the theory takes no account
of these. Therefore, there is some question as to whether stability analyses as described
above have any meaning for internal flows. The lack of correlation of hydrodynamic
stability theory with transition data for flow in shock is clearly shown in Reference 24,

Laminar internal flows are shown to become unstable at Reynold's numbers at least an order
of magnitude lower than that predicted by stability theory. This is the opposite of what is
meant by flow instability. The question of the validity of hydrodynamic stability analyses
for normal internal flows is discussed more fully in Reference 24,

The Kelvin~Helmholtz instability may also be affected by the larger disturbances associated
with internal flows,

4.1.1.2 Prediction of Condensing Film "Breakup"

The method for predicting the "breakup” time or distance from the condenser inlet to the
point where liquid leaves the interface as a dispersed phase or where the liquid may bridge
the tube as a plug is formulated below for an adiabatic liquid film model.

Assume a liquid-gas interface to be perturbed by disturbances of all wavelengths at a multi-
plicity of sources, and that the disturbance having the maximum positive growth ratedominates
the interface. Since the maximum growth rate disturbance can originate at any point along
the interface, it will be further assumed that only those formed at the furthest upstream
distance will dominate. This assumption precludes the existence of standing waves which

is reasonable since none have been observed in previous experiments, This is illustrated

in Figure 3.
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Figure 3 shows a continous formation of maximum growth rate wavesat = Qo . L‘
represents the distance at which liquid escapes from the interface. Waves of lower growth
rate or waves formed at sources where L2 Q are eliminated from the picture. This
assumption is valid if the maximum growth rate has a "steep" maximum as shown in Figure 4,
curve (a). If the curve is flat as in curve (b), then the assumption becomes dubious.
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A single wave formed at L.= O will appear chronologically as in Figure 5.




PROPAGATION OF A SINGLE WAVE IN A STATIONARY FLUID
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Figure 6 shows a wave as it may propagate in reality. It is simpler mathematically (for

linear problems such as that of stability) to make a Fourier analysis of such a wave and consider
the individual Fourier components. It is, therefore, generally assumed in stability analyses
that all the waves are composed of simple harmonic waves of the form:

1x(L-C8)
Y(L.Y,e)=f(Y)e (Eq 1)

As a result of this assumption all derived quantities, such as the velocities and amplitude,
are harmonic and grow or decay exponentially. Equation 1 also defines the complex wave
propagation speed € § Cg +1C; whose real part, Cr , is the physical velocity of pro-
pagation of this simple wave. The imaginary part, C; is related directly to the growth
rate as will be seen later. The wave speed, C , is measured with respect to the un-
disturbed fluid; therefore, the wave velocity relative to a point fixed in space will vary
with the velocity of the interface flow W, as shown in Figure 6.

PROPAGATION OF A SINGLE WAVE IN A FLOWING FLUID
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It is clear from Figure 6 that:

L =606(Cx +u2) (Eq 2)

If Equation 2 is applied to a forced convection condensing process in which U, and Cg
may be functions of length, it is more convenient to write Equation 2 in differential form
as:

dL:d[eui(%“ +|]:uz(%3 +1)de+ 6| dc"".n)d (Eq 3)
2 2

For adiabatic fully developed flows the wave propagation velocity and interface velocity
will not vary in the downstream direction, so the second term in Equation 3 will vanish.
For simplicity, this case will be considered first. Therefore, Equation 3 becomes:

dL:uz(%“zﬂ)cIG:CR(l-!— ‘.2_';)&6 (Eq 4)

Since the ratio Cr/uo appears as a parameter in Equation 4, it is necessary to obtain

an estimate of its order of magnitude so that the "history" of a wave with a maximum growth
rate (as illustrated in Figure 6), originating at L=O and becoming harmful due to breakup
(liquid entrainment) or flow plugging, can be determined. From Feldman's analysis of the
hydrodynamic instability of a plane liquid film the ratio Cr /., is plotted as a function
of the property ratios of the two fluids in Figure 7. Figure 7 indicates that this ratio is
approximately equal to 0.1. Therefore, Equation 4 can be written as:

dL =u,d9 (Eq 5A)

If for other instabilities or flow conditions or configurations uz/c << | then the other
limiting form of Equation 4 is:

dL=CrdO (Eq 5B)

The maximum value of this ratio will have to be determined from analysis or experience for
the situation corresponding to annular two-phase condensing flows. In all situations other
than the limiting cases (given by Equation 5A and 5B), Equation 4 must be used.

It is important to note that the time, @ , in Equations 4 and 5 depends on the growth rate

of the wave, which is related to  €; . This relationship is explicitly determined as
follows.
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The amplification of the wave is described by the vertical velocity component of a point on
the interface (Y'=b) moving with the horizontal propagation velocity of the disturbance
CLe (CR‘WQ)BJ_ For this case it can be found from Equation 1 that

. o O
g —1xf(b) “5. 48

Ve=- 3L " € “Je (a 6)
Differentiating Equation 6 yields

' db

Jor~ %t Jo (Eq 7)

If & denotes the liquid film height, then b=B +& where B is the wave amplitude,
Equation 7 can be written in terms of the wave amplitude as



B _ .
= = %C¢; (Eq 8)

upon assuming that the liquid film height, § , does not vary with time, Integrating

Equation 8 and setting the integration constant equal to zero without loss of generality gives

8 _ ) 4B _ .
- _o(CL oY = -_o(CLdS

B (Eq 9)

It is evident from Equation 9 that ¢ C§ Is the parameter related to wave growth and, there-
fore, to the stability of the film.

Combination of Equations 4 and 9 yields

4B _ <y
B uz(ck/u2+ |)dL (Eq 10)

If the limiting forms of Equation 5 had been used, the denominator term in parentheses in
Equation 10 would not appear; in one case ( Wa /- << 1) Cp would appear in place of
W, . In Reference 17, expressions are formulated for C;»o (positive growth rates),
¢,=0 (neutral stability), CR/u , and o¢ for maximum growth rate waves. These
results for hydrodynamic instability are presented in Figures 7 through 9 for the case where
gravitational and surface tension effects are neglected. (For the Kelvin-Helmholtz in-
stability the results of Reference 20 could be used).* These figures together with Equation
10 or its limiting forms are used to determine the breakup or plugging flow length. For
other instabilities or configurations, of course, corresponding figures would have to

be determined. However, for illustrative purposes the results of Reference 17 will be used
herein with cognizance taken that these results apply explicitly to thin adiabatic liquid
films with [inear (Couette) velocity profiles. :

MA XIMUM GROWTH RATE FACTOR AS A FUNCTION OF PROPERTY RATIOS
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*See. Figure 2
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For adiabatic films the abscissa of Figure 8 is

3¢ -
3Re; ®s Fr (Eq 11)

where

Fvnax= f (L;f ‘4%:)

Intergration of Equation 11 yields

C'.zuzF- Re_e +K

wax

where K s an integration constant., When C{=O, Re4=R$where Reg,, s
the Reynold's number for neutral stability. Therefore "

and

€= Ua Frax(Reg - Rey,)

(Eq 12)
If Equation 12 is substituted into Equation 10 there is obtained
AB _ =Frax (Res - Reeo) 4L
B (Cr/u, +1) (Eq 1)

Replace o< = 2-“/'7\ by its dimensionless form used in Figure 9, o(‘:: 2'“'8 so that
Equation 13 becomes N

4B = ot Funax (Reg-Ren) dL
B (cr/u, + 1) 3 (Eq 14)
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To find the breakup or plug flow length, Equation 14 must be integrated. If L_* denotes
the point where the waves lead to unfavorable phenomena such as_liquid entrainment and
flow plugging, then the integration limits are L.=Q o L= . Similarly, B= Beo
to B=RB™ where B. is the initial wave amplitude and B is the amplitude at
which either entrainment or plugging occurs. To determine explicitly B~ , the
amplitude for tearing of the interfacial waves can be obtained from experiments, whereas
for plugging it is clear that the wave amplitude plus the film thickness must be of the order
of one-half the flow passage diameter.

For the case of liquid entrainment it has been shown in References 22 to 25 that the wave
heights approach the magnitude of the average liquid film thickness. Photometric measurements
of the wave profile reported in Reference 25 gre reproduced in Figure 10, This figure indicates
that near the point of liquid entrainment B/§  =0.81. Another such figure derived in

a similiar way (Figure 4c of Reference 25 shows that B*/é =0.974.

Figure 11 taken from Reference 25 shows maximum net wave height measurements (2B)
versus film thickness. These measurements are limited to conditions for which no liquid
is entrained. The upper part of the curve represents the point of incipient entrainment at

which

= |

* *
2_5= 0.020 oy _B_
JS 0.010 S

22




WATER-AIR WAVE PROFILES (REF 26)
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AIR-WATER MAXIMUM WAVE HEIGHT VERSUS FILM THICKNESS (REF 25)
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Other evidence of this sort is also available. [t should be noted that these data were taken

for the annular downflow in o vertical tube, and, hence, are more appropriate to the present

work. However, these data were obtained for the liquid film application to rocket nozzles;
therefore, the range of parametric values may not be analogous.

For the other end of the integration Jange it is necessary to know the initial wave amplitude

Bo. Reference 27 states that vy B*/R, reaches a constant valie far the breakup of
moving liquid sheets. (This configuration is again not the same as the one of interest
herein, but is used merely to obtain some orders of magnitudes from existing data.)
Reference 28 theoretically predicts values for this ratio from which B, can be determined
when B8 is known.

For the other undesirable case of flow plugging, assume that flow plugging will occur when
==(o/2) - & . Therefore, for this case the upper integration limit is

*_ D
Bs=32 -9
9%

which will occur when L= L g . If this length is less than that for entrainment,

T , slugging will actually take place in the flow passage. Alternate criteria for
slugging may also be developed. For example, if the size of the entrained droplets as
computed from Reference 29 are of the order of passage dimensions, then slugging can also
occur.

Now that the integration limits have been established. Equation 14 can be integrated to
give :

v »
n ‘E*__ o< Fma.)( (Rei_Refh) [

Ba  (Cr/g, + 1) Y (Ea 15)

Since the concern here is with the maximum growth rate wave, the maximum values of

o and Ce/uzshould be inserted in Equation 15. These can be evaluated from Figures 7,
8 and 9 which, of course, are limited to a specific configuration and instability type as
discussed previously. According to these figures Fmax ‘dmu and (Cm “Z)rnax“re
functions of property ratios alone; therefore, for a given combination of fluids at a certain
pressure and femperature these quantities are constants. Also, as was previously indicated,
the ratio B /B reaches a constant value for liquid film breakup.

Equation 15 can be rewritten as

_": In B/ Bo [(C'R/ uz\_QLT ‘]

§ 7 o Fox (Re, - Re{h) (Eq 16)
or lf E

Oﬂ‘I

(Ree~ Regn) (Eq 17)
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where E.  is a constant for a given set of property values /—L(//uv and A /ﬂf
and is explicitly defined as

»we
_nB/B, E(CRﬁi23m3x+ ‘j
E= 2 = (Eq 18)

maX  mnax

To obtain an idea of how Equation 17 can be used to find the breakup length \f and to
indicate the data required to determine this length for the problem under consideration, use
will be made of all existing data even though the configurations and ranges of conditions
of the various sources are not consistent. Thus, if air-water systems ure considered at
atmospheric pressure and temperatures with /U.,c//av = 54,1 and /ﬂ =0,0012,
then from Figure 7, for hydrodynamic instability of thin plane film, (C-R/Uq, nax =0,1
and X nax = 0.6 from Figures 7 and 9. Note that this corresponds to a maximum
growth rate wavelength~to-film thickness ratio of about 10 which corresponds to the visual
experimental observohons made in a tube with annular flow reported in Reference 30. From
Reference 28 ‘y\ B* /B = 12 and from Figure 8, Fmax =4 x 1077, Therefore, the
magnitude of E s

12(0. +1)

z55x10°
o.6 (4x107°) ~ 7 )

E=

This calculation is for film breakup for which liqujd drops are entrained. As already pointed
out, the integration limits (and therefore In B"/R, ) would be different for slugging
condlhons. As a check on the above calculation note that Equation 17 indicates that

L_*/S is a function of Ref . Data are plotted in terms of these quantities from

eight different sources (primarily for annular flows) in Figure 12, Table | describes the

test conditions in detail. Figure 12 indicates that the data lie approximately on a 45 degree
line. The film thickness, g , therefore, plays no role in the breakup length. This is
consistent with the model used in deriving Equation 17. Thus, Equation 17 can be empirically
adjusted to the form Ty U2 fe //u.f =1.6 x 108, If it is assumed that Re{h(< PE{,: then

Equation 17 can be written as

3
M: E=55xi0

The value (5.5 x 109) predicted by the method developed herein does not agree with that
indicated by experiments (1.6 x 10%). The lack of agreement between the predicted and
experimental results should not be too disturbing because the predictions were calculated
essentially from the work of Reference 17 for hydrodynamic instability of plane adiabatic

thin films in Couette flow. In the experiments the flows were mainly annular with heat
transfer in some cases, and the Kelvin-Helmholtz instability could also have influenced the
film breakup. Further, the analysis of Reference 17 which was based on the theory of small
perturbations loses accuracy as wave amplitudes become sufficiently large. If the disagreement
between predictions and reality persists after more appropriate data for both calculations

and experiments have been obtained, the predictions would have to be based on a higher-
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order theory to account for the fact that the amplitudes near breakup are large. Some study

of the growth of waves with large amplitudes has already been made (Reference 31) and it

has been found therein that when the wave amplitude has grown sufficiently it remains constant,
i.e., the growth rate goes to zero. If this were so in the present problem, it would imply

that L* (predicted) shoulid be iess than L=  (experimental) for from Equation 17 it can

be seen that if W, (which is related to the growth rate) decreases, L.~ increases.

Clearly this is another aspect of the problem which should at least be kept in mind.

The calculation method described herein appears to be more plausible, however, if com-
parison is made with results more closely analogous to the conditions of the theoretical
model. For example, for the special case of a single-phase boundary layer /3/4 =1 and
_,U-f{uvﬂ . Then according to Reference 32 for laminar-turbulent transition on a flat plate

(_‘_—Laﬁ) = 2.8 x10°
v

S ansiTion

This number is, of course, of the same order of magnitude as that experimentally determined
herein, as is to be expected. This also further substantiates the previous discussions that
indicate the work of Reference 17 is directly related to hydrodynamic instability.

In summary, it can be stated that the above derivation is general, i.e., it can be applied

to any configuration and instability type. It was applied to a specific problem herein merely
for illustrative purposes. To extend the applicability to non-adiabatic flows such as are of
interest in condensing problems, the second term of Equation 3 must be dealt with. However,
on the assumption of fully developed flow, this term can be shown to be of little significance
and, again, only the basic data such as ', Cg/u_, etc. must be found for the application

. 2
of the method to this case.

By applying the growth rates of Reference 20 (see Figure 2) to a mathematical treatment
similar to the one already presented, it can be shown that the Kelvin-Helmholtz instability
can be expressed inzterms of a Weber number based on breakup length, namely,
Ny Pe V2
a

If we are consistent with our original premise that the maximum growth rate wave dominates
the interfacial breakup, then we canassume that whichever instability, hydrodynamic or
Kelvin-Helmholtz, gives the smaller breakup length, that will be the one of interest. This

is rational since the greater the growth rate, the smaller the length. These assumptions are,
of course, subject to experimental verification.

4.1.1.3 Stability of Condensing Films

Condensation introduces additional complexities into the mechanics of film stability. Con-
densation requires some modification in the boundary conditions used in the development of
the stability equations of References 17 and 20, Also & , Rey, W, and W, are
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functions of length L. for the case of condensation and are thus considered variables
during the integration for breakup length.

The boundary equation for the vapor-liquid interface contains an equality of normal, shear,
and surface tension forces. Condensation contributes an additional shear and normal stress
term created by the vapor velocity normal to the interface, Wy , which depends on the
magnitude of the heat flux. These stresses are,

Condensation normal stress:

2 W (Eq 19)
A
APM-.-. &2_“_
Condensation shear stress:
. (Eq 20)

To defermlne the effect of these quantities on the growth rate factors ( C or S ) will re- .
quire detailed analytical investigations.

The effects of condensation on film stability can be invesﬂgofed empirically by plotting the

"breakup" Reynold's number versus the ratio Uwn /i4y as in Figure 13. When this quantity
approaches zero, we are near adiabatic conditions.

TR/ = unph
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A designer desiring to apply the "breakup” Reynold's number to a condensing film must
determine the interface velocity, W, . Normally the vapor velocity, Wy , is the
known quantity. The ratioc W¢ /Wy , the mean film velocity to the mean vapor velocity,
is called the slip and Is determined by an involved momentum transfer analysis which will
not be covered in this report. The results of two investigations will be cited which should
suffice, namely:

R 1]
eference 21: _l_*

t&ﬁ - ( ,%)z | (Eq 21)

Reference 24;

! 22
i g ( v 1 Y2 (£ 22
uv .‘ zunl
where ot is the volume fraction occupied by the vapor which approaches one for most

two-phase flow systems under consideration. For thin films a linear velocity profile can be

assumed. Thus, We = U.z/z

4.1,2 Horizontal Two-Phase Flow

Two-phase phenomena are generally complex and this is more the case when heat transfer

is also considered. It is possible, however, to make certaingeneral and specific observations
for the case at hand, namely, the forced convection wetting condensation of mercury in
horizontal tubes. For this case, the general adiabatic two-phase flow observations and data
should be applicable. In particular, flow regime can be identified and the appropriate
pressure drop and inventory correlations applied. Such anapproach was successful for the case
of Refrigerent-22 condensing in horizontal tubes (Ref 33). In this instance, the Martinelli-
Nelson approach was used to predict pressure drop to within #30%. Similar ability to predict
pressure drop is expected for most of our range of operations as the primary regime anticipated
is that of annular flow. This regime should be amenable to the Martinell-Nelson equations.

In terms of the fluid mechanics problem, the effect of a heat transfer is to cause an apparent
vapor velocity normal to the wall. This has two consequences. There is a momentum change
with length for the fluid passing through the pipe and, in addition, the flow configuration is
altered as compared to the same flow rates for each phase without any heat addition. Because
visual observations are so difficult when there is heat addition, there are very few such
observations.

One of the most striking characteristics of a two-phase flow is that, in general, the phases
do not move at the same velocity. The gas phase usually moves more rapidly than the liquid
phase. Because of this, it has been found convenient to speak of a slip velocity ratio, If
this ratio is specified, then it is possible to determine the density of the mixture in the pipe
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from the flow rates of each of the phases. The slip velocity ratio is related to the density
In the following manner: The continuity equation on each phase yields

Wy Av
v

Wy = UL'.(|-X): -L&LA‘F (Eq 23)

Vi

Av and Af are the cross-sectional areas of a pipe occupied by the vapor and a liquid,
respectively. If AP Is the cross-sectional area of the pipe, then Awv /A is the fraction
occupied by the gas. The static quality Kg is the ratio of the weight of vapor in a section
of pipe to fotal weight of liquid and vapor in that section. For an arbitrary length of pipe,
the static quality becomes

- AV/U‘V .
AV/U:, + Af/U’.F

When Equation 23 is substituted then

W, =W, X =

Xs

X, = Weo (x/\lV) .
- we X + wo (1 - X)
WU, U_F

Thus, on re~arranging,

X _ Wy Xs .
=X Uell =Xg (Eq 24)
Particularly at low pressure, the vapor phase normally moves with many times the velocity
of the liquid phase, so the static quality is much lower than the flowing quality.

Several different experimental methods exist for determining the static quality and there-
fore the slip. One consists of suddenly isolating a section of pipe in which the flow is taking
place and measuring how much liquid is present, Another method is to use a collimated
gamma ray source and measure the attenuation in passing through the pipe. If the flow con-
figuration is simple enough, a photograph can often yield the desired information,

When two phases flow in a horizontal pipe they can be distributed in the pipe in a number

of different configurations. These configurations are called flow regimes and the analysis
of any two~phase flow problem begins by specifying what the flow regime is.
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Figure 14 illustrates the flow regimes that can exist in a horizontal pipe while Figure 15
shows a flow map that allows one to determine what the flow regime is when the pipe size
and the flow rates of the two phases are know, The data of an additional reference (Ref 34)
has been placed on this curve. It should be stressed that the divisions shown as lines in
Figure 15 should really be bands, In addition, it should be stressed that this map applies
only in fully developed flow for a wetting fluid without heat addition. The coordinates for
this map are the ones suggested in Reference 35, while the data used to place the divisions
are largely from References 36, 37 and 38." Insofar as most of the data were taken on plpes
approximately one inch in diameter with air and water at low pressure, the placing of these
lines must be regarded as tentative. Several of the flow regimes illustrated in Figure 14
are combined in the map of Figure 15. This has been done because the same analysis for
the pressure drop and density applies for each of the groups of flow regimes.

HORIZONTAL PIPE TWO-PHASE FLOW REG IMES

ity e " AR’ 22Ads {haka® \hgas S tadat <

Mist
* For critical flow FIGURE 14

Fairly complete empirical analysis of flow in large horizontal pipes is reported in Reference
3.

The major portion of any condensing rig is in the annular region but, depending on the tilt and
the discharge end connections, it may go into the slug or stratified regime. To have stratified
flow, of course, the tube exit quality must be greater than zero. A typical condensing run is

plotted in Figure 15, which shows that annular flow is expected from 100% to about 5%
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quality or until the vapor velocity is less than 10 ft/sec. (see AppendixC). For the constant
diameter tube, this will not occur until the last several Inches of the condensing section,
At this point, stratified and/or slug flow would exist, depending on end conditions. Some
pressure pulsations could occur even though the pressure drop in this reglon is expected to
be essentially insignificant.

End conditions might determine the flow regime if one has an exit quality greater than zero,
since the condensing run passes between the two slug=stratified transition limits shown, one
transition being for a filled exiting pipe (Ref 38 and 39) and the other for an unfilled exiting
pipe (Ref 34),

4.1.2.1 Annular Mist and Foam Flow in a Horizontal Pipe

Martinelli and others (Ref 40, 41, 42, 43) have developed the most general correlation
available for calculating the pressure drop and density in a two-phase flowing system. Though
there are some difficulties and internal inconsistencies in the analysis, it can be said for most
of the region in which it Is supposed to be valid that the Martinelli method predicts the pressure
drops to within ¥ 30%. In the remainder of this section, the Martinelli method will be ex~
plained and its limitations pointed out.

Martinelli found in his original experiments that the pressure drop intwo-phase flow s
essentially independent of the details of the flow configuration so long as:

1. the flow is steady, and

2, there are no radial gradients in pressure in the tube, i.e., the static pressure
drop in the liquid is equal to the static pressure drop in the vapor.

Essentially it is assumed, then, that an annular, annular spray or foam -flow pattern exists, Slug,
wave and stratified flows are excluded from the pressure drop correlation.

To begin, Martinelli separated the various possible two-phase flows into four mechanisms.
These mechanisms do not correspond directly to any particular regimes of flow but depend
on whether the individual phases flowing in the pipe would be viscous or turbulent. They
really should be regarded as a correlating device, These flow types or mechanisms are as
follows:

1. Flow of both the liquid and the gas may be turbulent (turbulent-turbulent
flow).

2, Flow of the liquid may be viscous and flow of the gas may be turbulent (viscous ~
turbulent flow).

3. Flow of the liquid may be turbulent and flow of the gas viscous (turbulent-viscous
flow).
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4. Flow of both the liquid and the gas may be viscous (viscous-viscous flow).

From the experimental data available at the time, the dividing line between the viscous
and turbulent regimes was set as follows:

Flow Mechanism Symbol Refp R_e_QE_
Turbulent-turbulent t-t > 2000 > 2000
Viscous~turbulent v=t < 1000 > 2000
Turbulent-viscous t-v > 2000 < 1000
Viscous-viscous v-v < 1000 <1000

The region 1000 € Re < 2000 is a transition region. To calculate the pressure drop
which would take place in a two-phase flowing mixture, a quantity was defined which re~
lated the two-phase pressure drop to the pressure drop of either component flowing alone at
Its mass flow rate in the pipe. The definitions are as follows:

CIJ:= (AP/AL)TP/(AP/AL){ :

@;‘— (AF/AL)e /(AP/AL)* :

The liquid and vapor fractions are defined below:

R{_= fraction of pipe area occupied by liquid,

R —1
g
The four quantities @ @ FQ,ahd Ré are just those needed to predict the pressure
drop and density of a fwo-phase flowing system. By physical reasoning Martinelli postulated,
subject to experimental verification, that they are all functions of a single variable which
is defined as followss

fraction of pipe area occupied by gas.

(Eq 25)
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This ratio can be calculated from the mass flow rates of the two components and the fluid
properties. When this is done the result is

_ Rege Ce “_ffj’-/f_i.
Re'}', C2 wg Pk (Eq 26)

The exponents w1 and n and coefficients Cg and C & are presented below:

et yt L yov

\a 0.2 1.0 0.2 1.0

™ 0.2 0.2 1.0 1.0

C-F 0.046* 16.0 0.046* 16.0

Ct 0.046*  0.046* 16.0 16.0
These values for the exponents and the coefficients are determined from the appropriate
single-phase expressions for laminar and turbulent flow. Figure 16 shows and N
flow mechanisms plotted on the same curve. H av

Oaly one R¢ curve, presented in Figure 16, was found to correlate the holdup data for

all mechanisms. Later, in attempting to apply these results to steam—water mixtures at
high pressure (Ref 42), it was found that the pressure drops were definitely over-predicted
Because of this, & was allowed to take on an empirical pressure dependence. The low

pressure é curves apply to ?.ﬁ_ . In principle, they can be adapted for mercury
condensing, but it is not recommended ;{mt they be used for the following reasons:

1. A large part of the region of interest is viscous~turbulent; for this region there
are no pressure-corrected curves.

2, The two~phase pressure drop is tied to the single-phase liquid pressure drop.
This view is more appropriate for boilers where 100% liquid enters and very
low quality steam leaves than for condensers where vapor enters and most of the
pressure drop occurs in the high-velocity range, vapor~fraction region.

If one examines the pressure sensitive éf* curves of Reference 42 closely, it can be
seen that most of the pressure sensitivity could be eliminated by using QZ** instead.

In the light of these considerations, it is recommended that Figure 16 be used along with a
numerical integration up the tube.

* For smooth pipes
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The original curves of Martinelli were taken at low pressure and should apply quite well

to the case of mercury in the temperature range of 600° to 750°F. The values of

which are appropriate are very small, so it is reccommended that the 84 curves be used
because the variation of £ ¢ with Xin this region is very small. Infact, a constant value
for 13 is probably adequate, '

4,1.2,2 Slug, Plug ond Wave Flow

This flow regime is analyzed in Reference 44 and the method proposed is based on that
reference. For a straight tube the pressure drop in this regime is probably negligible.

Pressure dro

(Eq 27)

f = Moody friction factor
Y = multiplier from Figure 17.

The above equation is the usual pressure drop equation containing an arbitrarily defined
mixture density,

The Reynold's number for obtaining the friction factor is defined below. The friction factor
can be obtained from the usual friction factor curve using this Reynold's number
definition:

4(Wé+wg7

™ 4D, [(;—Jf—%u—;-)j-lg +(w‘jfrwg)/4£‘ . (Eq 28)

To evaluate the density in slug flow, Reference 44 suggests that R'ﬁ (the fraction of the
pipe filled with gas) for an absolutely horizontal pipe is

Re

- o.83( Vs ).
Rz ©. 83 (Vf +Vé) (Eq 29)

This expression works well over the entire range of conditions in the slug, plug, wave flow
regime of the flow regime map. It fails only when the pressure is closeto the critical where
the slug flow hardly exists anyway.
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4.1.2.3 Stratified Flow

At very-low-volume flow rates the liquid and gas phases sfratify with a smooth separation
between them. As a rule, the pressure drops are very small. It has been found that usually
the gos shear stress on the upper surface of the liquid is not very important in moving the
liquid through the pipe, but that gravity plays the most important role. This means there is no
"fully developed'' flow but that for adiabatic flow the liquid level drops as the end of the
pipe is approached. Thus the pressure drops are of the order of the tube diometer. The
height of the liquid in the pipe and the pressure drop are both functions of the liquid of the
pipe except for very long pipes.

Stratified flow is of no significance for the cose of zero gravity condensing. However, tests
must be run on earth and understood since a significant amount of inventory may be involved.

The most complete description of stratified flow is given by Bergelin and Gazley(Ref 38).
Measurements of gas pressure drop and fluid heights were made in one-and two-inch diameter
tubes, 10 and 16 ft long, for an air and water system. The gas ~phase pressure drop data for
the two-inch pipe was correlated by means of an apparent Reynold's number and friction
factor. The friction factor is defined in the following equation:

(2R) - AfE
Che” 2%, Ay (B0 oo

while Reynold's number is defined as

AW?
= —E - 31
Ret T Dp g (Eq 31)

A typical plot of friction factor versus Reynold's number is shown in Figure 18. Figure 19
gives the liquid heights in the pipe ten feet from the.free overfall.

The friction factor curves of Figure 18 are somewhat misleading as the true area for gas flow
is not the pipe area. If the measured liquid heights are used to find the true area available
for gas flow and the ''hydraulic diameter'' concept is used to compute a Reynold's number,
the friction factor versus Reynold's number curves all fall very close to that for a smooth
pipe in both the laminar and turbulent region. When a sufficiently high Reynold's number
is attained in the liquid, the interface becomes wavy and the friction factor increases very
rapidly. A large fraction of the total liquid in the system is probably in that part of the
system which might be in stratified flow. The typical run shown in Figure 15 indicates that
whether the nappe springs free at the end or not and whether the tube runs full depends on
the end connections. The difference between the full and not-full case is quite substantial .
It is also not clear whether liquid inertia and vapor shear will substantially assist in carrying
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interfacial Height 10 Feet Upstream from Free Overfall, Inch

INTERFACIAL HEIGHT IN A 2.065 INCH ID PIPE WITH CO-CURRENT FLOW
OF AIR AND WATER (REF 51)
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PRESSURE FLUCTUATIONS IN HORIZONTAL SLUG FLOW (FROM REF 34)
CROSS-PLOTTED FOR SMALL DIAMETERS
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REDUCED FREQUENCY OF PRESSURE PULSATIONS AS A FUNCTION OF THE GAS

CONTENT FOR THE FLOW OF WATER AND AIR IN HORIZONTAL PIPES
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the liquid along in stratified flow.

In any case, it is desirable to have o method for estimating the density in stratified flow.
Figure 19 gives this. Once stratified flow occurs, the depth is quite constant as a ''dam'’ ot
the discharge limits the flow. Chato (Ref 39) found a short ramp of liquid at the beginning
of stratified flow leading up to the virtually constant depth portion. This ramp is largely
supported by the shear of the vapor.

The depth from Figure 19 is the depth at the discharge section. Equation 32 from Reference
39 for an air-water experiment or a rough calculation going back from the discharge will
give the depth inside the tube. It is not recommended undertaking any calculation here
though, unless the experiment indicates stratified flow is an important flow regime.

InReference 39, flow regime observations were made for inlet velocities of 6 ft/sec or less

and it was found that the conditions of discharge from the tube were very important in
determining how much inventory there was in the tube. Tilt was also found to affect inventory
tremendously, with one degree change having a significant effect.

4.1.2.4 Pressure Fluctuation Frequency and Amplitude

Both these quantities can be estimated from the adiabatic information given in Reference 34.
Significant fluctuations occur only in the slug, plug, and wavy region. One will usually

pass through this region, however, in the last few inches of the condenser, so the fluctuations
may never develop any great amplitude. As aresult, the results presented below will be
conservative. In addition, the whole range of fluctuation amplitudes will (theoretically)

be passed through so that one hardly knows what to expect in an experimental measurement

. in a condenser. Some of the data given in Reference 34 were located on the flow regime map,
Figure 15, and were found to lie in the middle of the slug flow regime. The data of Reference
34 were taken without heat transfer in 1, 2, 3 and 4 inch pipes with air and water at low
pressures. Pressure oscillations amplitudes, and frequencies were meosured and correlated in the
the manner shown in Figures 20, 21, and 22.

Pressure fluctuation amplitude may be estimated from Figure 20 where

Vet V
Wy, is the mixture velocity = YT
Ap
' .
W, is the stratified slug transition velocity and a function of pipe diameter
and quality as given in Figure 22,

a is the fluctuation double amplitude for water. Because of the relationship
of pressure drop to liquid density at constant velocity (AP“P )it is re=
commended multiplying this value of . by a constant £, /,p to estimate
the pressure fluctuations with mercury. ¢ K0

Figure 20 was obtained by cross plotting and exirapolating the larger tube size data of
Reference 34 to the smaller tube size range of interest.
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The frequency of pressure fluctuation can be obtained from Figure 21 taken from Reference
34 directly. In Figure 21, the actual frequency, Y , is obtqined for a given gas content
via the reduced pressure parameter N . Wy and W are defined above.

4.2 Forced Convection Condensation of Non-Wetting Mercury in Zero Gravity

A drop-type flow regime is expected during the non-wetting condensation of mercury in
zero gravity or with high vapor velocity. The condensed mercury is expected to condense
on the surface and form a thin film (approximately 1 to 10 microns) which grows until it
becomes unstable and breaks into drops (Ref 45). The drops formed have been observed in
transparent tubes (Ref 4 and 5) and via the fluoroscopic observations of this program. The
drops were observed to grow to a critical size and be accelerated toward the interface by
vapor flowing over them,

The non-wetting property and high surface tension often encountered with mercury rarely
result in stable films of pure liquid mercury In a flowing system. Droplets dispersed In a
vapor phase was the flow pattern observed in all two-phase flow tests made In transporent
tubes using non-wetting liquid mercury in either nitrogen gas or in mercury vapor (Ref 5).
The non-wetting flow regime map of Figure 23 resulted from these tests,

In postulating either a heat transfer model or a fluid dynamic model for analytic purposes, o
flow pattern involving liquid drops is therefore assumed. In condensing it is assumed that
growing stationary surface drops are swept into the flowing vapoi.when they reach a certain
critical size. The critical droplet size is determined by the vapor velocity, as shown in
Reference 5. Since gas velocity will usually vary axially in a condenser, droplets of

different sizes result. Figure 24 illustrates the flow pattern encountered during condenser tests.

"The basic flow regime for the non-wetting condensation of mercury is then one of droplets
on the wall and in the vapor stream. Droplet distribution is, of course, offected by gravity.
In zero gravity a pure random drop distribution created by the mechanism described above
is expected. With vertical upward and downward condensation, a significant effect on the
phenomena would be expected. For example, in vertical upward flow higher velocities are
required to prevent drops from falling opposite to the direction of flow. Vertical condenser
design considerations were reviewed by TRW in Reference 5.

The two-phase static pressure gradient of a condenser with a flow pattern as depicted in
Figure 24 can readily be obtained from the momentum equation. The two-phase static
pressure gradient consists of three terms, namely,

J_I: "A_t rag of + T1 [|stationary +

dP __JP'd 4P dP| (Eq32)
j dL

ransit drops drops and wall dL momentum

The most difficult term to evaluate is the first term since it must encompass drops of all
sizes. This can be accomplished by means of a distribution function as follows:
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d .__Z_Twzxz —el-d S dS
-T_ drag of - ﬁtabﬂ CJN“ e)' ' (Eq 33)

transit drops ch,

where N is the distribution function and N d& represents the number of drops per unit
volume having diameters between & and 8+d48 at distance L. along the tube. Equation
33 is derived in Appendix B, where N is shown to be

2\
. |
Teel 4w/ 87ex (_dse) (Eq 34)
y duy
The term | - ﬁ)is evaluated by tests as described in Reference 5. For zero gravity and

horizontal tubes ,

_‘E.&ﬁl'z.qEr

o2 2: (Eq 35)
é——sc _ 89/2( . )‘/2
duy ~ Ecl 2%, (Eq 36)

where E4 is a constant as evaluated by experiment and represents the amount of defor-
mation from the action of surface forces (drag) and body forces that a stationary drop can
- withstand before it is entrained and transported by the flowing vapor.

K
The quantity € in Equation 33 represents the velocity ratio of the liquid ( = &—vf) and
is determined by medns of the equations of motion as covered in Appendix B. In order to
evaluate €  the following non-linear differential equation must be solved:

de .2 p, Ca(i-6)h-el ¢ dx |
LT L 3 X dL (Eq 37)

(i—é)' 1- €| is used rather than (l-E)z to account for proper sign in case W L Wg
which will occur in a constant diameter condenser, The coefficient of drag €d can be
evaluated by means of Figure 25 which takes into account the deformation of liquid drops
due to drag. '

The second term of Equation 32 is the pressure gradient induced by the ''rough'' surface
composed of the wall with stationary growing (condensing) drops. An equation of the form,

4P _ s (Gex)
3_[- stationary D széc (Eq 38)

drops and wall
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is recommended, where f¢  is the friction factor as produced by stationary, growing

drops on the wall. As can be surmised, ‘fé is a function of /D and the vapor Reynold s
number Sx XD . This relationship is established in Reference 48 and is represented in
Figure 26. ,q,,% is determined by means of Equation 35. This approach for accounting
for the combined wall shear and drag of drops on the wall is based on the following factors:

1. Mercury drop populations, estimated on the basis of heat transfer considerations,
-~ are such that approximately 40% or more of the internal condensing area is
covered.

2. Similar area coverage has been observed in the dropwise condensation of steam
(Ref 46). With such large area coverage, Schlichting (Ref 47) has shown that
spheres have the effect of a rough surface and Nikuradse's data for artifically
roughened pipes, reproduced in Figure 25 may be used. In applying Figure 25
it is recommended that the equivalent sand roughness be assumed equal to the
average drop size which is equal to 2/3 the maximum or critical drop size at en-
trainment.

The third term of Equation 32 is the pressure gradient induced by the vapor velocity changes
caused by condensation and compressibility. For incompressible flow the momentum term
can be calculated as follows:

dPTrDz_ d Cwy )
= B
dP - A(Gvuv)
P
G, Gvd Gy
dPzu,d6v,  duy - GdGy | GAG_ , &vdG
gc Y 2:. ﬁ' (4 KIE 2<ﬁl

Since lez XGT'
dGuv.‘: C,Td;\.

And for constant heat flux,

X=\‘—L/L.1-
dx _ _ ' .
dL ~ L+

Thus
4
dP -2& ¥ dx
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4P _ _2CTIxXdx _  2GxX
dL Imomentum 2/0\/ dL - ?cfv Ly

¢ (Eg. 39)

Equations 33, 38 and 39 can thus be used to predict the pressure drop during the non-wetting
condensation of mercury in zero gravity. These equations are not very usable, however, and
a computer simplification is required to make them so. Section 7 contains a comparison
between a simplification of the theory and some data obtained.

The theory above gives a droplet size and number distribution function which could be used
to calculate inventory. Consideration of the liquid on the wall is also required, of course.
A major portion of the inventory will be in the low quality end, however, which is not
amendable to analysis due to the influence of gravity on agglomeration.

Pressure fluctuations at the interface of a non-wetting condenser are principally due to
impingement on the interface of liquid that has been picked up by the vapor or dragged along
the wall. Again, the theory could be used except for the influence of gravity. The theory
provides the droplet mass, velocity, and number from which momentum could be determined.
The number of drops is so great, however, that the pressure pulsations would be so frequent

as to be undetectable.
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5.0 RIG DESIGN, INSTRUMENTATION, AND TEST PROCEDURE

5.1 Rig Design

A closed, natural circulation test loop was chosen to provide the wetting and non-wetting
experimental data required. Figure 27 is a schematic representation of the test loop and
Figures 28 and 29 are photographs of the rig. The use of a closed loop allowed continuous
operation, although loop dynamics problems occurred as a result. Non-wetting data have been
successfully obtained with the rig described below. Wetting data will be obtained with essen-
tially the same rig, with wetting condensation induced by previously conditioning the tube.

Basically, the rig consisted of a mercury pot boiler, a heated and insulated line superheater,
a horizontal condensing test section, a condensed-liquid collecting and flow metering system,
and a return line to the boiler. The boiler was immersed in an electrically heated salt bath.
Pressure taps were placed at 14,5 inch intervals on the replaceable test section for most of
the testing and at 18 inch intervals for some of the earlier tests. The pressure measuring
system consisted of mercury liquid-filled ''U" tube manometers constructed from stainless
steel and transparent plastic. All manometers were connected to an adjustable argon supply
pressure to control the liquid mercury level. A shop air supply system provided a means for
variable cooling of the condensing system.

Argon was used as a general cover gas for the system. An x-ray generator, control, fluoroscopic
screen and appropriate shielding were mounted on a dolly so that the full 7.5 to 8 foot con-
densing length could be inspected and the condensing process thereby observed. This arrange-
ment is illustrated in Figure 30.

The possibility of air leakage into the system was minimized by using welded bellows-sealed
valves, argon cover gas(Linde Hi Purity 99.995%) and a mercury head. These features are
particularly important to insure that the wetting condition is maintained, as de-wetting
between mercury and metal surfaces has been observed after exposure to air (Ref 49).
Maintenance of a relatively air-free system is also important to maintain a non-wetted
condition. "Pseudo-wetting” was observed in experiments at TRW as a result of con-
tamination due to air in the system. See Section 6.2.

5.1.1 Boiler

The boiler was an 8 inch diameter by 9.75 inch high stainless stee! bucket partially immersed
in a heat treat salt composed of 52% potassium nitrate, 40% sodium nitrite and 8% sodium
nitrate. This salt melts at about 400°F and can be used in the range 500 to 1000°F. Electric
immersion heaters capable of 9 kilowatt power output were used to heat the salt bath and
thereby control the mercury flow rate. At mercury heights of 6, 5, and 4 inches, about 140,
118, and 93 pounds of mercuryrespectively, were contained in the boiler (at 700°F, § =
795 pounds per cubic foot). The salt leve! was maintained below that of the mercury but such
that 3 pounds per minute of mercury could be evaporated at a heat flux of less than 20,000
Btu/per hour via the heat transfer area,
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MERCURY CONDENSING TEST RIG (BOILER END)
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MERCURY CONDENSING RIG (FLOW METERING END)

FIGURE 29
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MERCURY CONDENSING RIG (X-RAY GENERATOR)
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Unfortunately, flow limitations coupled with excessive salt temperatures and pressure oscillations
were encountered. The flow limitations occutred at low heat transfer areas and low mercury
levels and the pressure oscillations occurred at high mercury levels. Careful adjustment of

the salt and mercury levels was required to avoid these problems. At heat fluxes approaching

and greater than 30,000 Btu/ he-ft2, salt temperatures were unsteady and sometimes would
unpredictably start to Increase, Possibly partial film boiling occurred either on the total

or on only a portion of the boiling surface. Liquid level In the boiler was maintained at

four Inches or less to minimize the possibility of a head causing a sufficient variation In
saturation temperature to result in different boiling mechanisms (i.e., nucleate, partial

film and film) occurring ot various portions of the boiling surface.

A baffle-cup arrangement was provided ot the vapor exit of the mercury pot boiler, as shown
in Figure 27,to minimize carry-over. A drain iine from the baffle cup was provided for the
return of liquid that dropped from the vapor. The vapor travelled from the boiler to the
condensing section entrance via one-inch outside diameter by 0.035 inch wall superheater
tube. Vapor velocity at the boiler exit was thus less than 20 feet per second. Several
previous experiments conducted at TRW with transparent boilers and condensing sections
showed no visible evidence of carry-over from pot-type boilers at this velocity.

5.1.2 Superheater-Entrance Section

The one-inch stainless steel tube exiting from the boiler rose about 4 feet vertically and was
brought to a horizontal position by a 6 inch radius bend. A reducer was employed in the
transition from the one~-inch tube to the condensing section entrance length which is approxi-
mately one foot long. The inside diameter of the entrance section was matched with that of
the condensing test section. Welding couplings were used on either side of the entrance
length to avoid any weld penetration and subsequent flow interference.

The complete superheater-entrance section was heated and insulated to prevent condensation
before the condensing section was entered. The heaters were electrical resistance Chromolox,
KTL 1-390 WA, 4500 Watts, 120 V, 1 phase, circular immersion heater with 24 inch riser

type with a stainless steel armoured protective covering. An immersion thermocouple was
installed just below the bend in the one-inch tube to measure the degree of superheat.

5.1.3 Condensing Section

The condensing section geometries were described in Section 3. All test sections were
horizontal within 0.5 inch over the 8 foot length (within 0.3 degrees of angle). The test
section was kept straight by 12 supports tied directly to the air manifold. Each support was
fixed to the test section by three screws to give nearly point contact and thereby minimize
heat loss to the support. Previous to installation, each section was treated as follows:

a. cleaned with trichlorethylene,

b. steam cleaned,

c. hot air dryed.
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The 1/8 inch by 0.020 inch wall stainless steel manometer taps were then welded to the bottom
of the condensing section. The spacing of the local pressure manometers, from the beginning
of cooling,was follows:

Test Serles A Test Series D, E, and F
No. Location, inches No. Location, Inches
1 (and A) 0 1 0
2 18 A 0.5
3 36 2 14.5
4 54 3 29.0
5 72 4 43.5
6 9 5 58.0
7 102 6 72,5
7 87.0
8 101.5

NOTE: "A" denotes absolute pressure measurement

In welding the manometers to the condensing sectfon, the amount of filler rod was minimized
to reduce heat loss down the manometer taps. This was desirable in order that the normal
mercury condensing pattern would not be disturbed by cold spots in the condensing section
at the pressure tops.

To obtain system pressure level, an absolute pressure reading was obtained from the first
pressure tap for the Series A tests, This reading was also used to measure local pressures.
For the D, E, and F series a separate tap was provided for this pressure measurement as the
serles A testing showed that it was difficult to keep the first tap filled when the absolute
pressure was also read from this tap. For test series E ond F a cooling water line was brazed
about 3/4 inch down the pressure tap to insure that the taps were filled with mercury.

For the F series, however, the cooling water line was not brazed to the absolute manometer
tap to minimize the localized cooling that is thus produced.

The test section was cooled by two approximately diametrically opposed air streams as shown
In Section A of Figure 27. Cooling load was adjusted by varying the shop alr supply between
50 to 100 psig and by adjusting the air manifold spacing from the condensing section from

1/2 to 4 inches. The heat flux available waos 25,000 Btu/per hour per square foot or less,
which Is typical for present day direct radiator-condensers for mercury Rankine cycle space
power converslon systems,

Each manifold consisted of 164 1/16 inch holes at a spacing of 3/4 Inch. Parallel flow
guiding strips 3/4 inch long and about 1/4 inch apart were provided along the full length of
the manifold. Alr entered at the top of each manifold at four locations spaced to provide
an even distribution of air flow, The alr entered the baffle via a partially inserted closed
end tube with holes around the side. This avoided an increased flow through the jets in the
Immediate vicinity of the manifold air entrance.
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5.1.4 Fluoroscopic Observation

An x-ray* -fluoroscopic screen combination mounted on a dolly was used to observe (1)
some of the internal phenomena occurring during condensing, (2) the liquid level in the
manometers, and (3) the vapor-to-liquid interface. Transportation of the assembly was

possible over the full length of the condensing section. The x-rays passed through the

condensing section to a 4 by 4 inch fluoroscopic sheet.

For safety a lead sheet covered the personnel side of the x-ray generator. In addition, the
fluoroscopic sheet was mounted behind two sheets of 1/4 inch leaded glass and centrally
mounted in a 2 foot by 2 foot by 1/2 inch lead sheet. Personnel also maintained a safe
distance when the x-ray generator was operating. Victoreen, 0 to 200 milli-roentgen
""Direct Reading Desimeters" were carried by all personnel to monitor radiation pickup.

The resolution of the x-ray secreen observations was such that low-velocity mercury drops of
about 0.020 inch were discernable within 0.028 inch stainless steel and 0,010 Haynes 25
tubes. Much smaller drops could be observed if an x-ray fluoroscopic combination with
better resolution were employed.

5.1.5 Condensing Length Control and Return

Completion of condensing was always taken to be the point where the tube was observed on
the fluoroscope to be completely full, Vapor-to-liquid interface or condensing length
control was achieved by means of a high temperature welded bellows sealed needle valve

In the subcooling line between the interface and the flow metering sight glass. Additional
control was possible by varying the back pressure on this valve via an argon pressure source
and vacuum pump combination., A plenum chamber was provided to which argon could be
added or removed to maintain a pressure differential across the valve to provide controllabiiity.
The reservoir could also be used to store excess system inventory if necessary. The possible
effects of argon (as a non-condensible) were reduced to insignificance by the rig operating
and data taking procedures; no appreciable quantities of gas were observed via the
fluoroscope, and the thermocouples inches before the interface were periodically checked to
be near saturation temperature,

The mercury return line included a provision for system dralning and Installation of a pump
to circulate the mercury with additives to promote wetting (see Section A, Appendix A).

5.2 Instrumentation and Data Accuracy

*Picker Corporation, Cleveland, Ohio, Portable X-Ray Model 6170, 110 KV Hot Shot with
40-110 KYV stepless control; 1-10 ma stepless control; 110 V, 1 phase, 60 cycle power; con-
tinuous service at 3.5 ma and 110 KV; 0.5 mm focal spot; no backward radiation,
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5.2.1 Pressure Measurement

Mercury-filled U-tube manometers were used to measure pressure at the condensing section
locations listed in Section 5.1.3. As a result one absolute and several relative pressures were
orovided. Figure 27 schematically depicted these pressure taps while Figures 28, 29 and

30 are photographs of the rig and show the manometers installed.

Each leg of the U-tube manometer consisted of a 1/8 inch by 0.020 inch wall line with a
welded bellows sealed valve about one foot from the test section. Closing of these valves
allowed variation of system pressure without mercury spill-over. After a bend in the 1/8
inch tube, transparent plastic tubing (1/4 inch outside diameter clear plexiglass) was coupled
in to allow the reading of liquid level on meter sticks. The plastic tubing (1/4 inch inside
diameter ''Tygon'' vacuum tubing) was then continued to a manometer pressure control
chamber connected to an argon supply and vacuum pump. Variation of the manometer back
pressure maintained the liquid level such that it could be read on the meter stick.

The liquid level in the manometer near the condensing section was maintained by either
liquid falling down into or vapor condensing in the manometer. Observation of the liquid
level on the fluoroscopic screen indicated that at a relatively steady pressure level the liquid
level could be 1/2 inch below the test section. For test series A and D, then, the manometer
control pressure was always increased to refill the lines. Pressure levels were then read after
about 30 seconds to allow the system to return to equilibrium. In this time the liquid level
remained within about 1/32 inch of the test section.

For test series E and F, a water cooling line was introduced about 3/4 inch down the
manometer, Subsequent fluoroscopic observations showed manometer fillage to be within
1/32 inch (0.9 millimeters of mercury) of the condensing section, Allowing for some error
in reading the liquid manometer and in the relative alignment of the meter sticks, an
accuracy of ¥ 3 millimeters of mercury in reading each local pressure is estimated If system
pressure is stable. Pressure oscillations of the order of + 5 millimeters were observed. These
have been noted appropriately. The best accuracy for any pressure drop measurement would
then be * & millimeters or less than * 0,12 pound per square inch plus an error due to
possible tilt in the tube of * 1,59 millimeters per foot between the pressure taps. For a
14-inch increment then, accuracy was £ 0.15 pound per square inch plus what may be
noted on the data tables in Section 6.0,

To eliminate gases from the U-tube manometer, a vacuum was kept on the system for at least
two hours before startup and the liquid in the metal leg of the ''U'*" was replaced by mercury
from the transparent leg which was first observed to be gas free. Errors due to gas entrain-
ment in the manometers were thus prevented.

5.2.2 Flow Rate

Flow rate was measured by collecting and timing mercury exiting from the condensing test
section in a graduated flow metering sight glass, as shown in Figure 31, Closure of the valve
immediately downstream caused liquid buildup which was timed. The liquid buildup varied
from t0.0.84 to 1,69 pounds of mercury. Time intervals varied from 40 to 90 seconds.
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During the flow measurement, the interface control valve usually required modulation to avoid
any change in subcooler inventory, thus leading to an erroneous flow rate. Interface position
was observed on the fluoroscope and held to within about + 1/4 inch, As aresult, an accuracy
of about + 0.6% in flow could be introduced. The accuracy of the flow was also offected

by the location in the sight glass ai which iime was started. At large mass increments, time
was started in the very narrow lower portion of the flow metering sight glass, thereby re~
ducing the mass increment error. The estimated accuracy for the various flow increments
obtained and presented on the data sheets of Section 6 is indicated below as afunction of
mass incren.ent and interface diameter:

Mass Increment, pounds Interface Diameter, inches
0.397 0.319 0.2

1.67 1.1% 0.8% 0.4%
1.54 2.1 1.8 1.4
0.84 3.3 3.0 2.6

Assumptions:

(1) Interface varied + 1/4 inch between
start and finish of measurement.

(2) Liquid Level related to time to within
1/16 inch.

The accuracies are based on the assumption that interface was held between + 1/4 inch and
liquid level could be observed and related to stopwatch time to within + 1/16 inch. Both
these values are pessimistic in the sense that better accuracy than that presented was very

often obtained. Whenever possible the data were obtained at the largest mass increment
(which was ''99 and 44/100%'" of the time), thus minimizing the error in flow rate.

5.2.3 Temperature
Temperature measurements were required in the following key areas of the condensing rig:
a) One-inch upstream of the interface to provide a check for non~condensibles.
(Several condensing experiments ot TRW have measured tube wall temperatures
hundreds of degrees below saturation due to non-condensibles.) -

b) salt bath temperatures monitored for overheating and steady state,

c) superheat.
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All temperatures where measured with #24 Duplex iron constantan thermocouple wires. The
thermocouples were spot welded to the area of interest except for the superheat immersion
probe. Superheat temperature was read out on a Thermoelecfruc Corporation ''Minimite"’
with 29F intervals over a 0 to 1000°F or 900 to 1800°F range. All other temperatures were
read out on a temperature logger.

5.2.4 Vacuum Equipment

No vacuum gage as such was employed in the system. Vacuum levels are of importance
when dealing with surface chemistry phenomena such os wetting and non-wetting. The
vacuum pump used in the system is then worthy of description. A WM Welch Scientific Co.
Duo Seal 1405 B, 0.1 micron vacuum pump was used.

5.3 Rig Operating Procedures

The procedures for startup, approaching the data point, taking point, and both emergency
and normal shutdown are presented below. These procedures have been employed during
the non-wetting testing and are expected to be applicable to the wetting tests. For aid in
understanding these procedures reference to Section 5.1 is required.

To start testing, all manometer valves were closed and the boiler heaters, the argon supply,

and the vacuum pump were turned on. After the system had been evacuated, liquid in the

1/8 inch stainless steel tube of the manometers was replaced by opening the manometer

valves. All manometer valves were then reclosed. As flow began, all airmanifold supports
were inspected for twisting caused by thermal expansion to prevent errors in pressure readings
due to gases in the liquid legs. The system was allowed to run for 15 minutes with the flow
control valve open to remove gos. The cooling air supply was then turned on and the vacuum
valve to the plenum was closed. The interface control valve was then closed to allow the

test section to fill with mercury condensate. Before approaching the data point, all manometers
‘were refilled with mercury condensate from the test section.

After the desired data point conditions had been determined, Teq|t = THgsat Was estimated
from past experience for the desired flow. This AT was then added to fie desired saturation
temperature to obtain an estimated boiler bath temperature. The boiler temperature was
adjusted to the desired level as quickly as possible by manipulating air flow and boiler
heaters. When the boiler heater was within 10 degrees of desired temperature, the boiler
heaters were set to produce the desired mercury flow rate and the air manifold setting and/or
alr flow rate were adjusted until the desired condenser pressure was reached. Condensing
length was controlled by means of the interface control valve and back pressure. The
mercury flow rate was periodically checked os the system stobilized and manometers were
opened when stability was attained.

Before taking data, the following stability criteric were met:

1. The interface was under control near the final position for at least 15 minutes.
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2. Logger boiler bath temperatures weresteady (less than 3 degrees change in 15
minutes).

3. Air manifold pressure remained steady. (Pressure regulators were eventually used.)
4, Flow rate was within 5% of the desired flow.

5. No gas was observed at the interface on the fluoroscope screen and measured
temperature before the interface read~ T_ ..

6. System pressure held within 20 millimeters of the final pressure for 15 minutes
and was within 10% of that desired,

Liquid level was checked to insure that the manometers were full. Manometers were read
only when full and holding steady, never during a time when system pressure was Increasing
and manometers could not be filled to the top. Immediately after the pressure readings,
the sight glass valve of the collector was closed and flow rate was read. The timer for flow
rate readings was started as the mercury level passed the top of the lower reference band,
allowing for buildup to the upper reference band, Careful maintenance of the interface
position in the condenser was required during this time. The timer was stopped when the
mercury level reached the top of the upper reference band. Bands used and bulldup time
were recorded,

After at least two data recordings had been made at each point and checked for similarity,
preparations were made to change to the next data point. Manometer levels were carefully
maintained as system pressure changed.
To terminate the test, all heaters were shut off, the flow control and return line valves were
shut, and the test section was allowed fo fill with liquid condensate. To prevent ex%essive
pressure buildup in the boiler, the boiler bath temperature was reduced to below 800 F
before shut down. All manometers were then refilled to 800 mm, the x-ray was shut off,
the vacuum valve on the collection pot was opened, and the closed-off section of the system
was then evacuated.
The procedure established for emergency shut down consisted of four steps:

1. Shut off all heaters and the x-ray as quickly as possible.

2, Shut manometer valves.

3. Shut flow control and return line valves but leave the air manifolds on.

4. Take any possible steps to correct the situation.

All safety procedures that have been established for mercury, x-ray, and fire hazards were
observed throughout the tests.
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6.0 EXPERIMENTAL RESULTS

6.1 Non-Wetting Condensing Data

Experimental non-wetting data are presented in Tables 1, I, IV and V. The dbsolute
pressure at each local position is presented. Pressure tap location is identified by distance
from the beginning of the air cooling which is where the test section inlet insulation and
guard heaters end. For example, Psy is the pressure 54 inches from the beginning of con-
densation. Actually the absolute pressure for the zero distance only was measured and all
others were measured relative to this location and to each other, as described in Section
5.2.1. Because relative pressures were measured, a correction was required across the
vapor-to-liquid interface only. Pressures measured by the first pressure tap in the liquid
portion of the tube have been corrected by substracting o head of one-half the test section
tube diameter. For the 0.319 inch data then, a correction of =4 millimeters wos required.
The accuracy of each pressure measurement Is discussed in Section 5.2.1. System osclllations
caused pressure fluctuations which were recorded and are presented in the data tables.

Flow rate was calculated from the mass increment and collection times presented. Flow
accuracy as a function of mass increment collected and tube diameter is estimated in Table
Il. For the Series A, D, and E data, two corresponding sets of pressure and flow data were
obtained at approximately the same system pressure level and flow rate (e.g., A-3 and A-4).
For the F series tests the two sets of pressure profiles were recorded and the flows were
averaged and associated with each pressure profile.

To give an indication of the superheat existing, the me asured inlet temperature is presented
along with the saturation temperature (T, ;) corresponding to the test section inlet pressure
(Po). Superheat is then (Tgqt = To). Condensing length (Lc) , the approximate axial length
of the interface (L]) , and the distance from inlet (L') at which globules were fluoroscopically
observed on the tube bottom are also given. Ljand L' were not obtained for the A, D, and
some of the E series data.

Table Il contains some data (W series) obtained during the " pseudo-wetting'' experienced
with the stainless steel 0.319 inch tube, described in Section 6.2,

Figures 32, 33and 34 summarize the range of flows and saturation levels covered by the data.
Details pertinent to the apparatus, instrumentation, and operating and data taking procedures

were presented in Section 5.3.

6.2 ''Pseudo-Wetting'' Investigations

During initial testing of the 0.319 inch inside diameter condenser tube (A series), partial
wetting was observed in the low quality region of the tube after about 70 hours of operation
tion. The observations were made on the fluoroscope screen. Figure 35 shows sketches of
the appearance of wetting and non-wetting condensing on the fluoroscope screen.

The argon cover gas was replaced by an air cover in an attempt to obtain more data on the
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TABLE 1i
MEASURED DATA DURING NON-WETTING CONDENSATION OF MERCURY IN A 316 STAINLESS STEEL AND HAYNES 25 TUBE
SERIES A AND W (0.319 inch ID by 8 feet long)

Hg Collected, | Time, w e5, Pig, P3s. P54, P72, Poo, Py02. To T‘S}"" L
No. ib Sec. tb/min. | mm Hg mm Hg mm Hg mm Hg mm Hg mm Hg mm Hg of In.,

A-1 1.60 65.0 1.48 933 910 880 859 856 870 464 750 694 94
A-2 65.0 1.48 936 906 877 856 848 863 859 754 695
A-3 60.5 1.59 999 976 948 930 925 943 939 763 702
A-4 61.0 1.57 993 971 . 942 923 925 935 931 765 701
A-5 5.0 1.88 900 857 811 785 775 784 780 757 69
A-6 50.0 1.92 895 855 812 790 783 790 789 755 690
A-7 38.0 2.52 Né 890 802 776 757 794 872 782 492
A-8 30.8 3.12 1546 1496 1434 1409 1410 1429 1522 832 750
A-9 32.0 3.00 1384 1333 1267 1241 1237 1269 1319 813 737
A-10 32,0 3.00 1466 1386 N7 1293 1291 1311 1377 806 743
A-1 54.2 1.77 639 581 525 504 506 526 569 692 657
A-12 55.2 1.74 648 584 528 505 505 527 549 686 658
A-13 50.0 1.92 796 761 75 694 694 m 760 706 678
A-14 52.0 1.85 826 774 728 708 708 736 742 702 682
A-15 52.8 1.82 1536 1492 1467 1452 1449 1464 1495 759 749
A-16 52.5 1.83 1608 1560 153 1522 1522 1522 1566 761 754
A-17 45.0 2.13 932 877 829 807 802 807 824 714 694
A-18 47.0 2.04 818 752 697 675 670 685 696 706 680
A-19 48.0 2.00 1034 987 947 931 929 929 950 721 705
A-20 49.0 1.96 1026 982 939 927 924 934 940 720 704
A-21 42.5 2.26 1134 1081 1030 1010 1007 1020 1033 737 765
A-22 42,5 2.26 1106 1054 1005 986 984 996 1007 737 712
A-23 45.0 213 854 779 716 689 688 708 730 716 685
A-24 44.5 2.15 828 758 696 669 669 686 707 713 682
A-25 46.2 2.08 996 962 908 881 882 896 919 725 701
A-28 46.0 2.08 1030 974 929 909 905 Nng 937 724 705
A-27 75.2 1.28 927 900 874 860 855 860 860 710 693
A-28 75.8 1.27 914 887 865 851 848 852 852 708 692
A-29 70.0 1.37 79 678 640 620 617 615 618 686 668
A-30 72.0 1.33 645 606 572 555 551 556 555 676 658
A-31 73.2 1.31 442 378 Nz 284 283 287 299 654 623 .
A-32 73.0 1.31 432 361 300 7 270 287 300 657 620
A-33 43.6 2.20 1404 1360 1322 1300 1295 1302 1308 77 739
A-34 44,0 2.18 1354 1311 Y272 1250 1246 1256 1267 772 734
A-37 86.5 1.1 596 568 543 529 526 531 537 682 650
A-38 88.0 1.09 590 560 537 521 520 527 543 680 649
A-39 77.6 1.24 551 506 468 453 453 463 47 676 642
A-40 78.0 1.23 519 476 438 422 422 430 440 672 637
A-41 75.0 1.28 430 365 303 276 276 293 307 662 620
A-42 74.4 1.29 amn 345 278 246 246 262 273 660 615
A-43 39.7 2.42 1549 1502 1457 1433 1428 1430 1429 766 750
A-44 40.0 2.40 1559 1512 1469 1445 1443 1448 1448 764 751
A-45 50.3 1.9 1263 1220 1184 1158 1160 1163 1189 743 726
A-46 51.3 1.87 1267 1224 19 1175 1176 1188 1195 743 727
w-1 58.5 1.64 1042 1000 968 951 948 948 944 728 706
W-2 55.8 1.72 ] 1030 988 967 958 953 945 945 718 705
w-3 50.0 1.92 1021 981 959 951 937 939 945 726 704
W-4 45.5 2.1 1013 967 945 924 N9 909 923 725 703
W-5 44.8 2.74 1030 990 954 937 933 928 931 727 705

*Not measured but obtained from P and saturated temperature-pressure relationship.

Note - All dota taken when system was stable and therefore accuracy of pressure should be as described in Section 5.2.1.

Subscript of P's denotes distance of manometer tap from the beginning of cooling.
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non-wetting condensing of mercury. Further testing, however, showed that wetting still
existed and progressed with time. Since the existence and development of the wetting is
of basic interest, observations were made and data taken for several days before termination
of this test. The above performance will be compared with the performance of tubes with
wetting condensing promoted by additives. Figure 36 compares pressure profiles during the
wetting and non-wetting conditions and compares each with Martinelli theory (See Section
4.2),

Continuing with the non-wetting testing, a 0.397 inch inside diameter by 8 foot Type 304
stainless stee! condensing tube was installed in the rig. An air cover gas was maintained in.
order fo maximize the non-wetting testing time. Contrary to our expectations, wetting was
noted within several hours. Similar results were obtained with the 0.4 inch to 0.2 inch
inside diameter by 7 foot Haynes-25 tapered tube. These results are very unusual when one
considers that de-wetting between mercury and metal surfaces has been observed after ex-
posure to air (Ref 49). Introduction of air into the loop was expected to create this type
of contamination and thereby cause the mercury to de~wet the surface.

The premature wetting obtained can be attributed to 'bseudo ~wetting'' between mercury
saturated contaminants or crud and contaminant on the surface. The problem was to determine
the cause of the '‘pseudo ~wetting'' and how it could be prevented. In order to continue
the testing and insure that sufficient non-wetting testing time would be available, the following
specific areas were investigated:

1. the causes of the premature (or ''pseudo-wetting'') wetting,

2. methods for eliminating premature wetting once obtained,

3. steps required to insure that non-wetting data could be obtained continuously
for at leost a period of two weeks.

To expedite this investigation three minature versions (Minirigs) of the full scale test rig
were made. A sketch of the rig is presented below.

Interface Control
| /
Valve Condensing

Degas Valve

1 Insulated

/ Boiler

¢
‘IT j \—Drain Valve
Q
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COMPARISON OF MEASURED VARIATION OF PRESSURE WITH LENGTH

WITH MARTINELLI FOR THE COMPLETE WETTING AND NON-WETTING
CONDENSATION OF MERCURY IN A 0.319 INCH ID, 316 STAINLESS

STEEL HORIZONTAL TUBE

° Run A-26; w = 2.08 Ib/min (No wetting observed)
B Run W-4; w=2.111b/min (Wetting* observed)
memm Martinelli: See Appendix C

20
\ Flow
19
@
9 h
a
a 18 ®
° ;_. *
1 '7‘-
From Martinelli =
17 t
s Condensing Length ]
] ] |
0 2 4 6 8 10
Length, feet
*Probably pseudo~wetting
FIGURE 36
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Opération of the rigs was fluoroscopically observed to detect any significant changes in
wetting in the condensing section. Table VI summarizes the operation of the rigs and compares
the operation with the full-scale rig.

The three Minirigs were run a total of about 1000 hours. All three rigs were purposely dirtied,
then cleaned, and the condensing section was replaced and rerun to determine if non-wetting
operation were possible after the rig had been contaminated. Minirig No. | was contominated
by Introduction of air after operation for about 500 hours. No wetting was observed on the
fluoroscope screen during the 500 hours operation whereas the introduction of the air caused some
wetting. A cleanedbut otherwise untreated Haynes-25type material was used in the condensing
section after the rig was cleaned. Non-wetting operation was achleved for about 150 hours,

Minirig No. 2 was contaminated by using dirty mercury and large amounts of air. The rig

was cleaned and a Haynes-25 type material spinel-coated tube was installed in the condensing
section. A green spinel coating is formed by high temperature ( ~* 1750°F) exposure in a
wet hydrogen atmosphere. Non-wetting operation was obtained for about 100 hours. The

rig was shut down and argon back filled over night and during weekends. Minirig No. 3

was also dirtied with dirty mercury and air. The rig was cleaned and a stainless steel spinel-
coated tube was installed in the condensing section. Due to poor cleaning the spinel coating
was not uniform, however, and possibly caused the wetting that was noticed upon initial
startup. A Haynes-25 type material spinel ~coated tube was then used in the condensing
section. Non-wetting operation was obtained for about 160 hours.

As a result of the Minirig testing the following procedures are now required to prevent
pseudo ~wetting while obtaining non-wetting mercury condensing data.

1. Air-mercury exposure in the rigs must be minimized.

2. When necessary, rig components should be cleaned with a dilute (20%) nitric
acid solution followed by water.

3. A Haynes-25 type material tube treated in a wet hydrogen atmosphere should
be used to provide non-wetting condensation for about 100 hours if (1) and

(2) are heeded.

4, Rig shut down should be minimized but if necessary a high purity argon cover
gas should be used.

6.3 Reduced Data

A digital computer pragram has been developed for the local and over-all reduction of
constant tube diometer data. Data inputs are total condensing length, flow rate, absolute
pressure level, local pressure readings and geometry. Average local and over-all saturation
pressures are then calculated and thermodynamic properties are calculated according to
Reference 50.



Local and over-all measured two-phase pressure drop ( APy, ) is calculated, corrected
for vapor momentum recovery to give total two-phase pressure drop (APypy ), and divided
by the vapor-only pressure drop ( A P ) for the same geometry and temperatuwre. Vapor
velocity is assumed to vary linearly with length in the data reduction. The ratio
APpr/aPg = -2 can then be used for experimental correlation and comparison with
Martinelli (see Section 4.1.2). In addition, local liquid and vapor Reynold's numbers are
calculated and the appropriate 2{ term calculated according to the equations of Section
4.1.2. An additional term Re, (Vg/)o)"as is calculated as this combination has
successfully correlated over-all two-phase pressure data at TRW (Ref 3, 5).

The computer program cannot presently handle the tapered tube data. Additional correlating

parameters calculatable from the inputs can be easily included. The computer program is
obtainable from either NASA or TRW.
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7.0 COMPARISON OF DATA WITH THEORY

The theory available for comparison with mercury condensing data is presented in Section
4, "'Theory and Analysis." At this time comparison between the ddata and theory is in~
complete. The comparisons available are nevertheless presented, although a more exten-
sive comparison is to be expected in the final report.

Section 4.2 presents a method for predicting pressure drop during the non-wetting condensing

of me rcury with low Froude numbers (i.e., when the ratio of gravity to inertia forces is
small). The most difficult phenomenon to account for in the non-wetting pressure drop pre-
diction is the effect of drops in transit. A rather complex computer solution isrequired

for the complete solution. To provide a check on the theory, the equations were made
amenable to hand calculation by means of several simplifying assumptions. Figures 37 and
38 compare the pressure profiles actually obtained with the profiles predicted by the theory
of Section 4.2 simplified by means of the following assumptions:

1. Droplet drag can be determined from the Stokes equation,
24 _ 24 Ay .
C.= Res, JISxa_li-¢
é T
2. Slip can be assumed to vary linearly with droplet size from zero to nearly one, or
- ér. - <S

c = .

éc - ée =)

3. The effect of the axial vapor velocity variation with length was neglected and
Equation 37 became a linear differential equation.

4, Only drops having slips from € =0to € = 0,96 were considered.

The limit of € =0.96 is effectively a correlating adjustment.

The low pressure gradient at the inlet of the 0.397 inch inside diameter tube data of
Figure 38 is tentatively attributed to the increased cooling effect caused by the two
water-cooled pressure taps used at the inlet during these tests. Otherwise the theory
appears to correlate quite well with the data.

Section 4.1 describes the application of Martinelli's data to the prediction of condensing
pressure drop. A comparison with wetting and non-wetting data was felt to be useful;
this is presented in Figure 36. Both non-wetting and pseudo-wetting pressure data are
presented for the 0.319 inch inside diameter tube. Appendix C presents the sample
calculations made to determine the pressure curve shown in Figure 36.
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COMPARISON OF SIMPLIFIED THEORY WITH DATA FOR THE
NON-WETTING CONDENSING OF MERCURY

Run ~ A-26 O - Measured data
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COMPARISON OF SIMPLIFIED THEORY WITH DATA FOR THE
NON-WETTING CONDENSING OF MERCURY
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APPENDIX A
WETTING AND NON-WETTING CONDENSING

The generai consideration of interfaces between solids and either liquid and/or vapor is not
simple. Considerations are required of surface roughness, non-homogeneity, and con-
tamination. Contamination may include very lightly held, physically absorbed molecules
or thin oxide layers. These phenomena are summarized by Bikerman in Reference 52.

The case of non-wetting mercury can be attributed to surface contamination (oxides) and/or
adsorbed gases. An example of the effect of adsorbed gases and/or surface contaminations
is the fact that mercury has been shown to wet glass that was heated under a vacuum

(Ref 53). Similarly metal that is normally non-wetting, such as stainless steel, when broken
in mercury to give immediate exposure to the mercury is immediately wetted.

With sufficient time and temperature mercury will dissolve adsorbed gases and remove the
oxide surface coating. In the interim, however, the surface will be non-wetting and non-
wetting condensation will occur. Non-wetting data were thus obtained from tubes that were
cleaned according to procedures commonly used for cleaning mercury Rankine cycle space
power systems. These procedures include sufficient exposure to oxygen to allow some form of
oxygen contamination. The oxygen pressure required to produce contamination is far lower
than the best obtainable vacuum for most metals of engineering importance.

Wetting condensation can be obtained by using magnesium and titanium additives to remove
contaminants. (Ref 54, 55) Both magnesium and titanium are "getters" of oxygen and break
down oxide films as well as remove adsorbed gases. As a result, a clean metal surface is
left for the mercury to wet. Actually, however, mercury containing titanium forms a
titanium intermetallic of some sort (iron, carbon, or nitrogen, and even mercury) which
serves as a barrier to mercury contact with the metal, and mercury wets this intermetallic.
(Ref 56). If the titanium intermetallic should be eroded, the clean metal surface remains
and should cause wetting condensation.

Wetting condensation can thus be maintained as long as oxygen and other contaminants are
kept from the surfaces. To prevent reversion to non-wetting, the surfaces to be preserved
should be exposed to mercury vapor and/or liquid only. As a poor alternative an inert gas
cover such as very high purity argon might be used.

Another form of wetting has been obtained in TRW experiments and can readily be observed
by placing contaminated mercury in a glass cup. A non-uniform and spotty mercury-like
substance will adhere to the glass. This form of wetting is pseudo~wetting in that it is really
wetting between mercury-soaked contaminants and the contaminated glass wall. Section 6.2
discusses the actual occurrence of "pseudo-wetting" during test. An obvious problem thus
exists., When "wetting" appears, Is it actual wetting or not and how do wetting and pseudo
wetting compare. This is a surface chemistry problem beyond the scope of this contract

but certainly worthy of consideration.
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APPENDIX B
NON-WETTING DROP MODEL DERIVATIONS

DROP DISTRIBUTION FUNCTION
Flow Rate

Let N(S,L0d§ be the number of drops per unit volume, having diameters between & and
d& , at distance L. .

.
The mass of one drop of diameter & s T_Té_ )

The mass of fluid per unit voulme, contained In drops having diameters between & and
d& atdistance L , is

TL N, L) 8 dé

The mass flow rate, at distance L. , of fluid contained in drops having diameters between

d and & +d8 is then

Z 3
'{,‘f—? Eg-“uf(J\L)N(&L)eS d§ (Eq B-1)
Let U (S O= e(S.L)u, (L) (Eq B-2)

Equation B-1 gives,

2 a2 3
dwe(8,L)= TEL u (LIN(S.L) (5,004 48 (Eq B-3)
The total ﬁvass flow rate of fluid contained in drops at distance L s
.;‘(Q
2.2 3
we (L = T2 p uv(l.)f N(,L) e(d, L) 8 dd (Eq B-4)
4.

L)

It is known that  d &.(L)/d L is always positive,

2 Dz
Let ¢,z 1"_2__4__&_ (Eq B-5)
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Thus, LW
w (L) = C,uv(L)/N(é\L)E(é,L)oSBc‘cg (Eq B~6)
g

<a

Sketch Showing Variation of Drop Size With Length

| — — - — o
! I — — — o
L . — e — ] - o ‘
— _ - /J)
' - A O/ : i
L=0o L L+d L
(V=4 8.0 Slu+d) =

S + d& <) =
J(<L\ + d&:—(L\JL

The rate of entrainment of liquid by vapor is d:l)iL(L) ]

The increase in drop flow rate between L and L +db s

duw ()= 54_‘3_5‘@ dL

This Increase of flow rate consists of drops having diameter between Jc and 5‘+d5<
and includes all drops in this size range.

At distance L. +dL the mass flow rate of drops having diameters between éc and
S.+d4, is, from Equation B-3,

3 _ duwg V)
Ciuy (ONCS ) €(8. )8, dé = S22 dL

or dw V)
N(S. D€ DS, = ‘TE‘T( _ ' dws
<, uv(qdq‘(__n Cu (V) d4c (Eq B-7)
Since éc Gy Aw‘(L) s« Wy(L) ond 48,0 are all positive finite

du du

quantities the product N (d..,L) € (Seal)  must be positive and finite. But it is
known that € (J“L)fo; therefore the values of the distribution function N (de\L) must
approach infinity as the drop size approaches the critical size for that particular distance L. .
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Continuity Relation

The mass rate of flow of drops in the size range & to 8 +d4 s the same at all values

of - provided that this size is less than the critical size in the range of L. considered.
In equation form,

dw (8.0 = dw, (8,1 §<.an(es )]

3 3
C g (LINCELL) €08, L) §'d8 = Cuy (LINCS,L)E(S,L) 84S

Therefore,

U LN LYE(4,L) = u (LN (S, L) € (8,1 5) (Eq B-8)

At L=L,. , l.e. where &= J((L), from Equation B~7,

duw L)

1 du
C L& | 4.0
g L L=L
c

(Eq B-9)

N(S,L) €8, L) =

d weO
\ 4dL

\
& u,(L) | d&
dL Ji=y
C

N(4,L)e(8.L) = (Eq B-10)

NOTE: The quantity Wy (L) N(A\L)G(J‘L)fls constant for all values of L. , at a fixed
value of & , It is not constant for all values of & at a fixed viaue of L  unless
a4 g (L) is constant for all values of & ,

L
d S, W
dL L=l
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In the expression for N (S.L) &(J_‘ (W , Equation B-10, the derivative AJCLG"
is not a directly measured quantity, However, since d w, (\\\= -d w_(_(\.\

48, (. du, QO déctud _ 4 dur(L) ddu)

dL - du duy wte, dL duy (Bq B-11)
Therefore, in Equation B-10,
d weW d weCD) .
dL dL - wbpey -
dd W T 4 dwel) 48wy 448U
v
Also,
2
s DLy _ &P
S 4 T Te
And, wy (b
t - UV(‘—(\ ! - UJva-c) ___L_ - Wae :X(L<) \
U O 7 U (LY L) T wy (O o ) u&co (L) XL ®y0)
Thus, Equation B-10 becomes, |
(Lc\ \
Sz ely_ A . (Eq B-12)
Nl D= e T e OO [, 3553 |
°d Wy, £

Alternatively, without involving the quantity w (L..) which is known only indirectly as

a function of :

=6 A ! ' ‘ Eq B-13
NEL= 7 & @D Lo T dédw (Ea B-19
- duy §

Or, in terms of the quality at .2

_ & oy [(TEA) ‘ ‘ (Eq B-14
N(S,O= 2 S (0 }J3€(J‘L\x(L\[_ EENTS)
duy Jdg
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DRAG ON A SINGLE DROP (of diameter & at distance L. )

Faa ~O—

——e +divection (mcvegsmi L)
- U,

2
FSA.__CA AsA ﬁv (uvg|) - CAASJ 'Pv(uv”u‘)'uv‘Uf|

29 22:
But,
-ue = u (V- FE)=u(i- €
Ascl 1‘%&
32 g, us Cq8UI-€)r-€l (Eq B-15)

(\-€)|1 - € | isused rather than (1 - e)z to account for proper sign when UK U

Newton's second law of motion is

MJc{L d Msd de 2duy -
S ey LN

The mass of a singledrop M sd = '“'% é

Combining Equations B-15 and B-16 yields

i_ € duv _ 3 v Ca -6V -€] i
TR il (Eq B-17)
éf_:ipv Cd (-6l -€] _Lci‘_’“\'g (Eq B-18)
L 4 4 4 € U d L
But \_(__-I_Evz(Tlszv)(4uJ Cl)():_\_ .C.i_)i
Udl \4wXATpp du) x dL (Eq B-19)



Equation B-19 becomes,

del V) _3 g Ca(&0[ - €@ VI-eS - Aoy, (¢ 5, 0{Eq 8-20)
dL 4% & e(S,L) Tl
Assume Cd is a function of the Reynold's number based on drop diameter and vapor

properties:
Reg = vp"u)'.“-e'é But | U,= 4—— X
A D PV
Res= 2 x(0li-€(§L)18

The differential equation for € as a function of L. , for a given drop diameter 6 is
then,

de _ 3 oy Cd4d (-Oh-€l _ 1
ET 4% & € X

where % = x (L)

and 4= Cd (%v 3 X(L)\ S .\6)

(Eq B-21)

ojo-
rlx

For a given condenser tube, handling a glven fluid, at a given flow rate per unit area, a
number of solutions must be obtained for various drcp diameters,

Start of Solution at € =0

There is a problem in starting a step-by-st? numerical solution of the differential equation
(Equation B-21), because the derivative G Is infinite when € is zero,

However, for small € the equation has the form e(\b
-

de Cd,, €| —
X358 Fc
This equation may be put in the form

z)... 3 oy Cd
L = 2%
with solution

Nk

which may be used to start the step-by-step solution (see sketch)
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TOTAL FORCE BETWEEN DROPS AND VAPOR (at distance L)

The total force acting on a single drop has been shown to be,

- 2 - - S E . - .

Fed = ;T-éc(’v ug C4d (- -€l (See Equation B~15)

The force per unit volume on drops having diameters between & and $+48 s then,
dF4(8,0) = Foa (§LIN(4,L) 48

2
= g—"i v S (L) Ca &N,V - € &)1 - e(§nl8dd
The total force per unit volume on agi{%ps at Lo s

Fa= 5 v a.s/cdus\n.)m&,n[ (g - e(6,0]8°d8
< S

Effect on Pressure Drop €o

4aP
P+dP =P+ dt T4 — T
Fv AV. - P+d4P

—
|
|

L

dV=AdL

If there are no effects other than droplet drag,

FvdV = AdP

gl o o

2

=& 0 fca (6 NE LY - € (8,01- e (50] 88
Jc (Eq B-22)

[N
o
The equation for the pressure drop due to drag has been written in terms of the drag co-
efficient C4(&,L) which, in view of the non-steady relative motion, is likely to be a

very complicated ( and perhaps unpredictable) function of local conditions. Since in an
onalytical treatment the drag equation must be solved first for every drop size, it is probably
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better to express the pressure drop due to drag in terms of the resulting drop velocity dis-
tribution, 1.e., in a form which does not explicitly involve the drag coefficient. Sub-
stituting from Equation B-17,

2 A dx
Ca(1-h-¢eld = 3,0\' :SE( + = ;-'-'—_6)
-4 S dx (Eq B~23)
) 'éf%‘ X dL
from the differential drag equation, &0

4P gui ( d

(dl—)jrqg c 2“‘7 N e(s L) ["‘L\e('s "Bé d(é B-24)
s
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APPENDIX C

SAMPLE CALCULATIONS FOR WETTING CONDENSING OF MERCURY

This section applies the recommendations of Section 4.1.2 to the pred!ction of the per~
formance of a horizontal wetting mercury condenser. The approach used is based on a

modification of the available adiabatic two-phase flow test results reviewed in Section
4.] .2‘

No wetting mercury data as such are available for comparison. However, a comparison of
the pressure profile resulting from the calculations below is made with some non-wetting
mercury condensing data in Figure 36.

To apply the modified adiabatic relations for pressure drop and liquid (or vapor) volume
fraction, consider an incremental condensing length,

] 1

1 X ' z
p Wdb o piap
|
“v\wv 1 ] uv'\-duv-\ UJV'.'JWV
i

s A

A

For steady state,

< F = outflow momentum - inflow momentum

[(P-(P+aF)] A - JE*A = (we + dwg) (We+dug + (W, +dw ) u,+du)
' - Wl —WyWy

or
“dPA = dP A+ dlw u) + dlwyuy)
T (Eq. C-1)
But, also
wzpu A s u RA (P<_.. _i-)
W, = e = ReYS G, 9_4_5.
ARy @ Rg (G- A
Likewise,
TRRY
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Thus

4P =dP 4 {J (’(R) +d ((V Fe)}

C.{. + Gv: G"I‘
C\V = XGT
G, = (-G,

Therefore,

_dP= 4P + [A (D"q ) + d(—":) (Eq. C-2)
b @_E‘(, ’ vaV

2 AR
Letting @ = TP and using finite increments

=T _[t=xY ?_’—J <
T MPW {[&Rj [r; Rf:l.+L'RV . LRJE

also

But
' 2 316 ) % Gz
AP =.f ALﬂ,uv :0'_ e AL % -_T'
Df———ir) P2 A
My
Thus,
2 0.316 AL 'izCaz
R‘Pz"—'q) D:'G.T‘M =
( Mv ) r c-3)
(1=xY ((l-x\ L ;] [
+ G { F{-Rf] L(°+R+ (-Rg¢ e~ RD
where

D
@ R ‘F ( G b ) Moy \ f’ v X}
The above equations are set up for the Morfmeih annular or mist flow regime parameters, For
different regimes @ AR, should be replaced with the two phase frictional pressure drop
for the particular regime.

*This expression is called the Blasius law. (See p 81, Ref 57)
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Sample calculation:

0.319 inch vy, *

Tube inside diameter = = 3.1 cubic feet per pound
-3
Condensing length = 94 inch Ue*= 1.25x10 cubic feet per pound
P, = 1030 miltimeters ( Topr, = 705°F )
mercury
w = 2.08 pounds per ( Wa = 193 feet per second )

minute

To determine the @ and Ry to be substituted in Equation C-3, determination of the flow
regimes existing in the condenser tube is required. This is uccomphshed by means of the
condenser line on Figure 15 which shows the variation of flow regime performance with
quality for the case being considered as well as another. To introduce quality, the
following relationships were used:

\ }

B: V__—v“"\/‘(_ =TT /,v (Eq. C-4)
(V +V(. )[\ + Ex (‘ X\]

Fr, = ;;P T *"" = (Eq. C-5)

Figure 15 shows that annular flow will exist to a quality of approximately 5%, after which
either slug or stratified flow will exist. Slug flow should exist because completion of
condensing would fill the tube and not allow stratified flow toexist at x =O.

Pressure drop and inventory may now be considered for the annular (quality varying from
100 to 5%) and slug flow regime (quality varying from 5 to 0%). Pressure fluctuations for

the slug flow regime may also be investigated.

For the first 18 inch increment, assuming a linear heat flux with length,

X, = 1.0
X = 3‘;_6'_3 = 0.905
X, = 0.809

*Assumed constant throughout tube. Variation in properties could be accounted for if
necessary although this is not usually required except when pressure levels are low.

93




To define the flow regime,

Re = 2WrX

v TTD/LLV
Rev‘.': 38,800
_R.e-f = 286 viscous
Eev = 35,100 turbulent

Ke = 31,500 turbulent.

Ve
To obtain Rﬂ and 942 , X| and szusf be calculated. Qh is, of course,
zero.
2 -0.1
Y = Re,, —*0-X) Uz 4
Nz Vz CV X ’;, /“V
-o.3
{

-3 -3
16 18712510 S55¢10
O4e B\3 3.1 4.29.18°

= (3|\soo)o

= 1.05x 107*
2
X = 0.01025.
vT,
From Figure 16,
R.. = 0.009
z
The average liquid volume fraction is then 0.0045. To obtain é , calculate

X_;_ 0.00664.

From Figure 16,

d =1.2

vT

The following values are then substituted into Equation C-3:

=122 | X, = 0.809
* = 0.905 Re, =0
AL = 18 inch R¢. = 0.009

X, = 1.0
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As a result, the pressure drop is

/- Friction

AP=2.02 - 0.86 = 1.16psi = 60.1 millimeters mercury.

\— Momentum

The chart below summarizes the remainder of the step by step calculations. The resulting
pressure profile is shown in Figure 36.

CALCULATION OF PRESSURE DROP

Incremental _ . - AP
et QA:?;;Y Ree| Rey | X | yedponism CID Re |m m:ac,
0-18 0.905 286 | 35,100 0.00664 \'al 1.20 | 0.0045 60.1
18 - 36 0.719 | 846 127,800 0.0138 vt 1.24 | 0.0116 42.8
36 - 54 0.531 {1410 | 20,600 0.0231 vT 1.29 1 0.0179 21,7
54 - 72 0.344 11970 113,300 0.0453 TT 1.58 | 0.0310 -0.3
72-9N 0.151 | 2540 | 6,050} 0.116 1T 1.93 | 0.0757 -6.9

Average R_‘ for 100 to 5% quality = 0.1448

Quality from 5 to 5%

Assume slug flow in the last 0.4 foot of tube. Pressure drop can be calculated according to
Equation 27.

41,9 £ (—“’—“&“ﬁ

A=
" e

This pressure drop can usually be expected to be negligible (i.e. less than 1 mm of Hg) as
it was In this case,
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To calculate liquid inventory from Equation 29,

W L | j’
R = 0. 83("v V{\-Q.SB{, +<‘—;—:l‘)tu;i‘
|
ool ]
x Uy

Taking %X~ 0.025, R, = 0.82and R."-‘-' 0.18.

Pressure fluctuations can be estimated by using Figures. 20, 21 and.22. Taking X = 0.025
gives ,B = 0.975.

To obtain the maximum amplitude, assume B = 0.9 for which X = 0.0036. From
Figure 20,

A

()

=52 P"Vwd = 0.0738 \b/\@

but

U= U [ + P—V \-x\l 5.88 Fiec

= o.02.5

From Figure 22 for D = 0.319 inch (8.10 millimeters), \k;“= (0.56 + 0.03) meter
per second = 1.94 feet per second.

Therefore, for water,

e
A = 0.0738 V(?j%) - 1 = 0.20 pound per square inch

For mercury, then,
1

+ + ,
- o, - 2.56
A= 020 s 103 624 pe!
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The frequency of this fluctuation, determined from Figure 21, for ﬂ = 0.9,

_ 0.4 * 12 inch per foot _ -
N= 5370 Tk (5.58 - 1.94) = 55 cycles per second

For the tube as a whole, the profile is given in Figure 36 . The liquid volume fraction is

Re = 0.95(0.145) + 0.05 (0.18) = 0.150.
Tg7v
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7w, ® T >

ANANNA
ﬂh—

M Mgh H M o U D

NOMENCLATURE

Area or constant
Displacement of the interface
Amplitude of interface displacement

A "
Wave amplitude where entrainment, or plugging (&), occurs

4“?’/Ae;
dB8/46*

Constant, complex wave velocity (wave celerity)
Drag coefficient

Propagation celerity (Figure 5)
Differential operator

Tube diameter

Base for natural logarithms

Constant

Friction factor, function to be determined
Moody friction factor

Force

Maximum growth rate factor (see Figure 8)
Froude number

Mass velocity

Gravitational constant, 32,2 ff/sec2
Latent heat of vaporatization

Constant of integration
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L Length
EL
L Breakup length
*
Ls Length for slugging
I Natural logarithm
Mass
Pressure oscillation frequency

Drop distribution function (see Section 4.2, Reduced Frequency (see Figure 21)

M

n

N

P Pressure
Q Heat transfer rate
Y Radius

R Volume fraction
Re  Reynold's number ,
Re{“ Film Reynold's number for neutral stability
sS Stainless steel

S Growth rate factor {see Figure 2)

T/  Condensing test section

w Velocity

We Interface velocity of liquid film

Weo  Velocity outside of boundary layer

U Specific volume
Volume
Vv Volume flow rate
Ve Vertical velocity component of interface
w Flow rate
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2
W, Film Weber number, W, = f’{_é Ua /o
% Quality, Wv/wy  or flowing quality

Y Distance normal to film surface

Greek Symbols

(>4 Wave number, 2T/
o ard /A
A S/p
r Condensate loading, Ib/sec-in of tube periphery
S Drop size, film thickness
A Finite differential
€ Slip % t/u,

e Time
P, Wave length

2 Viscosity
P Density
a
r

$

X
Y

Surface tension

Shear stress

1 (AP//_\L\TPR
(&¥/a L Y one phase

AP/AL
(AP/ ALY

Stream function (Equation 1), slug flow friction factor multiplier in Equation 27

Subscripts
C Critical, gravitational constant

d Drag
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Ye

sat

sd

TP

/s

Gas or vapor

Liquid, film

Fraction, friction
Heater

Imaginary

Liquid

Mixture

Maximum

Normal

Initial, zero gravity
Pipe

Real

Relative

Static, slug flow
Saturation

Single drop

Total

Turbulent

Two phase
Condensing test section
Volume

Vapor

Wall
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Interface

Great distance outside of boundary layer
Drop

Viscous

Surface tension
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