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ABSTRACT

A program to investigate the mechsnism of the critical heat flux condition
from the standpoint of flow regimes has been initiated at Dynatech for the United States
Atomic Energy Commission. This report covers the work done on this investigation
in the first year.

Available data for adiabatic steam-water flow were utilized to construct a
flow regime map for the anticipated test conditions. An analysis indicated that the
test section should be free of system hydrodynamic instability.

The experimental facility was extensively modified so that it would be
suitable for obtaining flow regime and critical heat flux information. Flow regime
data were obtained for an 8 foot long, 0.4 inch diameter heated tube at 1000 psia over
a range of flow rates and inlet subcoolings. By means of an electrical resistance
probe, the flow regimes of bubbly and slug flow were reasonably well delineated.
These data are compared with the adiabatic predictions. Critical heat flux data were
also obtained and were found to be in agreement with available data. For the entire
range of test conditions, the flow was found to be stable as predicted.
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Section 1

INTRODUCTION

Dynatech Corporation is conducting an investigation of the mechanisms
of the phenomena which cause critical conditions in forced convection boiling sys-
tems. This work is being performed under Contract No. AT (30-1) -3304 for the
Atomic Energy Commission. This report presents the results of this investigation
over the period from December 15, 1963 to December 15, 1964.

The critical condition is associated with the physical phenomena occurring
when the heated surface of a tube containing a two phase flowing mixture undergoes
temperature oscillations or a large temperature rise with only a small increase in
heat flux. In accordance with the present consensus of most boiling investigators,
the term "critical heat flux" is used in this report to designate the heat flux which
exists at the onset of this condition. Of course, alternate terms such as "burnout, "
"departure from nucleate boiling, " "hydrodynamic crisis, " and "boiling crisis"
are still being used by some investigators to designate the same general occurrence.

In order to be able to develop a comprehensive prediction of the occurrence
of critical conditions, it is necessary to know the mechanisms which cause them. In
an analysis of the mechanisms of critical conditions, the flow regime is a crucial fac-
tor. Since the flow regime is a description of the location of the liquid and vapor in
time and space, a knowledge of this is necessary for any model of the critical condi-
tion. This is perhaps best shown by an example. Several models assume that the
flow regime is spray annular in character. The liquid flows in an annular ring ad-
jacent to the wall and the vapor flows in the center with droplets of liquid dispersed
in it. The droplets are entrained from the liquid film and are redeposited into the
film in a continuous dynamic process. The critical condition is said to occur when
the number of droplets deposited on the film are not sufficient to make up for the
liquid being evaporated and entrained into the vapor core. The liquid film disappears
at this point and the tube temperature increases rapidly with heat flux. In this model
there are many difficult steps such as the mechanisms of droplet entrainment and
deposition. Prior to this, however, it is imperative to know that the basic flow
regime model is valid.

Most of the information available for flow regimes has been obtained for
adiabatic conditions. The primary purpose of this program is to obtain experimental
flow regime information for heated tubes and to determine guides for the prediction
of these flow regimes so that reasonable flow regime models can be used in analyses
of the critical condition.

Another phenomenon which is important in determining critical conditions
is the presence of flow instabilities. These can take many forms. The one which is
simplest and appears to have caused much erroneous data is system hydrodynamic
stability. This instability is caused by the dynamic interaction between flow rate and
fluid density. Changes in flow rate produce changes in density. Both these effects
alter the distribution of system pressure drop and thus may induce self-excited
oscillations. These instabilities are dependent upon the gross structure of the flow
system rather thanits detailed structure. An instability of this type may manifest
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itself as an oscillation in inlet flow rate or a flow rate which is impossible to main-
tain. This type of instability is highly dependent on the test system. For this reason,
any study with the instability present is not necessarily applicable in general. The
problem of assuring system hydrodynamic stability is to be investigated here for a
particular system, that which is to be used in obtaining experimental data.

The specific objectives of the first year were:

1. To conduct analytical studies directed towards predicting
flow regimes in heated tubes and analyzing the system
hydrodynamic stability of the test facility.

2. To modify the test facility originally constructed at
Dynatech for the AEC under Contract ATO (30-1) -2907.
The modification was to consist of converting from ac
to dc power, and adding flow regime instrumentation
and a burnout protection device.

3. To conduct flow regime and critical heat flux experi-
ments in heated tubes at 1000 psia.

The work towards these objectives is discussed in the following sections.
In Section 2 the analytical work is presented. This includes a flow regime prediction
for the experimental conditions which were to be tested. The modification of the
experimental facility is discussed in Section 3. The experimental procedure and
results are presented in Section 4.

2
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Section 2

ANALYTICAL WORK

2. 1 Introduction

In this section the analytical work performed on flow regimes and flow
oscillations is discussed. The work on flow regime is devoted to two-phase flow
regimes in general and applies, as far as is possible, the present knowledge to our
experimental system. Flow oscillations are discussed for a system with special
constraints, and the analysis is applied to our particular system at conditions where
critical heat fluxes may occur.

2.2 Flow Regimes

2. 2. 1 General Discussion

Knowledge of the flow regime existing in a heated channel is necessary
for true evaluation of the heat transfer process. Investigators working on critical
heat flux recognize the need for knowledge of flow regimes, but because of the diffi-
culty in obtaining data, they are forced to work without this knowledge. The experi-
mental part of this program is directed towards obtaining further information about
flow regimes in heated tubes up to the critical heat flux. In this section the avail-
able information on flow regimes, as applied to the experimental conditions to be
tested here, are examined.

Because of the different descriptions of flow regimes by different
authors, it is important to specify what one means by a flow regime. A flow regime
is generally specified by a description of the distribution of the two phases. It is
more a qualitative rather than a quantitative description. The more common flow
regimes have come to have rather standard names, and the boundaries between the
different regimes have been correlated to some extent for adiabatic flows. It is
found that the flow regime is influenced by many factors including tube size, tube
orientation, liquid and gas velocities, and fluid properties.

Several of the flow regimes which may be encountered in flows of
interest in burnout in vertical upflow tubes are listed below:

1. Bubbly Flow: This is a flow characterized by a
continuous liquid phase with small vapor or gas
bubbles dispersed somewhat uniformly throughout
the tube. Bubbly flow generally occurs at low
qualities.

2. Slug Flow: The liquid phase is continuous in this
phase as in bubbly flow but much of the gas is flowing in
long, cylindrical, bullet-shaped bubbles. Between the bubbles

3
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there are slugs of liquid which may or may not have
bubbles in them. This regime is quite often seen in
adiabatic gas liquid systems. However, in heated
systems the long bubbles may not be as uniform or
cylindrical as they are in adiabatic flows. A flow
which has large,irregular bubbles of vapor with some-
what continuous slugs of liquid between them may still
have some of the useful properties of a more ordered
flow, so any flow which has this characteristic will be
called a slug flow here.

3. Froth Flow - This is a regime quite similar to bubbly
flow and might be considered the same regime. It will
be considered here to be a flow where the bubbles are
extremely small and appear to be, as the description
would indicate, a froth.

4. Annular Flow - In this regime the liquid flows on the
wall as an annular film. This film is not necessarily
smooth and is usually quite wavy. The gas or vapor
flows in the center of the tube.

5. Fog or Dispersed Flow - The gas or vapor phase is
continuous with small drops of liquid dispersed within
it. It is implied that there is no film on the wall.

6. Spray Annular - This is a combination of fog and annu-
lar flow. Some of the liquid flows in an annular film
and some flows as small droplets in the vapor core.

The above flow regimes appear to be quite well described and distinct.
However, these are not the only regimes which may exist. Many different combi-
nations of these regimes can and have been observed to exist. For instance, in
going from slug to annular flow there is another regime which is a transition re-
gime which is called semi-annular flow or churn flow.

The flow regime maps and correlations which are presently available
are generally for adiabatic flow. Several characteristics of heated flows are different
from thoseof adiabatic flow. Some of these characteristics are:

1. Vapor is continually formed along the tube. This
creates a volume flow rate which continuously in-
creases along the tube and causes the flow regimes
to be different in different sections of the tube.

2. Bubbles may be generated and break up. The forma-
tion of bubbles is part of the vapor generation process,
but in addition to increasing volume flow rate, the
bubbles may break up the continuous liquid and in
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general stir up the flow. If bubbles are not gener-
ated, the mechanism of heat transfer is different.
In this case, the heat transfer from the wall to the
fluid is a purely conductive process without nuclea-
tion.

The above effects strongly influence the flow regime. However, the
same general types of flow regimes do occur in both heated and unheated flows.
Evidence of this can be found in References (1) and (2). Since the forces other than
those caused by heating should be the same in heated or unheated flows, it is reason-
able to use the adiabatic correlations to make a first attempt at mapping the flow
regimes. These correlations must then be examined to determine the effects of heat
addition.

There are many parameters involved in determining flow regimes.
Rather than discuss flow regimes and their transitions in general, our particular
system will be discussed. This system will have the following characteristics:

1. Steam-water @ 1000 psia

2. 0.4 inchID tube

3. 2-8 ft test section length

4. Vertical upflow in the tube

For a system which is specified in this much detail, one can draw a flow regime map
using coordinates of mass velocity G and quality X. Significant parameters such as
tube length and heat flux are neglected, but these cannot be predicted from the avail-
able correlations in any event.

2. 2. 2 Prediction of Flow Regimes from Adiabatic Correlations

Bubbly Flow

The bubbly flow regime is shown on Figure 1 as the region on the left.
This regime occurs in the low quality range. At the higher velocities it is bounded
by a dispersed flow while at the lower velocities it is bounded by a slug flow.

The transition from a bubbly to a slug flow cannot be readily determined
but probably occurs in the area around the dotted line. This transition is known to be
strongly dependent on fluid purity and length of tube in adiabatic flows. Furthermore,
it has been shown by Hsu and Graham (Ref. 2) that the boundary is even further com-
plicated by heat addition. For these reasons it does not appear reasonable to attempt
to predict this transition to any greater accuracy than to say the transition occurs in
the area around the dotted line.

The transition to a dispersed flow is taken from the correlation of Baker
(Ref. 3) for horizontal tubes. At these high velocities the gravity effect should be
sufficiently small so that using a correlation from a horizontal tube for a vertical tube
case should be reasonably valid.

5
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Slug Flow

Slug flow is bounded at low quality by bubbly flow and at high flow rates
by annular or spray-annular flow. The transition correlations available should give
a reasonable estimate of the transition to annular flow, but the transition to spray-
annular flow is open to question. The transition to annular flow is calculated from
the correlation of Haberstroh and Griffith (Ref. 4). For tubes of about one-half inch
in diameter this correlation should be reasonably valid, They determined the transi-
tion to be a function of V* f and V* where these quantities are defined as:

V f=- --- (1)
A / g D

Qo.
V*g-- -Q-(2)

Af~\F g D ~pf/pg

where:
Qf is volume flow rate of liquid,

Q is volume flow rate of vapor,

A is cross sectional area of pipe,

g is acceleration of gravity, and

D is diameter of pipe.

The correlation for the transition line for V* 1.0 is:

V* = 0. 9 +0.6 V* f(3)
g

On a plot of V'g versus Vf, if V*g falls below the transition line of Equation (3), the
flow is slug flow, and if V*g falls above the line, the flow is annular flow. At some
critical V*f above 1, the transition line takes a sharp rise and is no longer correlated
by Equation (3). This sharp rise was attributed to a transition to a spray-annular
rather than an annular flow. Unfortunately, this critical V*f was not correlated. The
calculated transition is indicated as a solid line up to a point where the value of V*f
would be 1 on Figure 1. From then on, the transition line given by Equation (3) is
indicated as a dashed line. This latter line is shown only to indicate where the transi-
tion might be. It can be considered a transition to an annular or spray-annular regime.

Annular and Spry-Annular Regimes

The transition from an annular to a spray-annular regime occurs at some
critical. velocity for a given quality. Above this velocity the drops are torn from the
liquid annulus and spray-annular flow is formed. A correlation for this initial entrain-
ment is given by Wallis (Ref. 5). Wallis proposed a critical Weber number at which
entrainment begins. The Weber number is defined by:

N = V D(5)We Q

7
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where Vg is the superficial gas velocity (volume flow of gas per unit area of pipe),
Pg is the gas density and c- is the surface tension. Wallis' critical Weber number
was found to be 150 over a range of pipe sizes. This critical Weber number was
calculated and is plotted on Figure 1 as the transition between annular and spray -
annular flow. Note that this transition line intersects Equation (3) at about the limit
of validity of Equation (3) This is the sort of evidence used by Haberstroh and
Griffith to state that the range of validity of Equation (3) to predict the transition
from slug to annular flow is limited to the region where the transition is to pure an-
nular flow rather than to spray-annular flow.

Dispersed Regime

Dispersed flow is predicted to occur at high velocities and high qualities
by the correlation of Baker (Ref. 3). The transition lines from bubbly flow to dis-
persed flow and from spray-annular flow to dispersed flow as given by Baker are
shown in Figure 1. The latter transition is actually given by Baker as one between
annular flow and dispersed flow, but since the flow in this region is predicted to be
spray annular rather than annular, this is considered a spray-annular to dispersed
transition.

There is some controversy as to whether true dispersed flow occurs.
At CISE (Refs. 6 and 7), it has been found that adiabatic flows which mapped in the
dispersed flow regime on the Baker correlation had an annular film with liquid drop-
lets in the core. Further, it was stated (and it appears reasonable) that there should
always be some sort of liquid film on the wall in an adiabatic flow provided that the
fluid wets the wall.

Because of this experimental evidence, it is assumed that the region
shown to be a dispersed flow is really a spray-annular flow in an adiabatic flow with
a wetting fluid. The effects of heating on this region are discussed in the next section.

2.2.3 Effects of Heating

Heating affects almost all of the regime boundaries. As stated before,
heating shifts the location of the boundary between bubbly and slug flow. For exam-
ple, heating may suppress bubbly flow to the point where there is no bubbly flow at
all. The flow near the entrance of a heated tube may go directly from single phase
to a slug flow.

Heated flow data are available for the slug to annular transition. Tippets
(Ref. 1) photographically observed a heated flow in a rectangular channel (2.1" x
0.5") with water at 1000 psia. He observed transitions from slug to annular or
spray-annular flow at approximately the following conditions:

Mass Velocity Quality

lbm/ft2-hr

1.44x106  0.0

0.72 x 106 0.10

0.18 x 106 0.30

8
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We can plot his data directly on the flow regime map or we can go through
the correlation of Haberstroh and Griffith to plot the transition. The latter method
appears more reasonable because it should allow somewhat for a diameter and change
of geometry effect. To do this one defines a hydraulic diameter for a rectangular
channel in the normal way:

4 Af

D = (5)e w
p

where Af is the cross sectional area of the pipe and wp is the wettedperimeter.

This hydraulic diameter is used to calculate the values of V*g and V*f at
which the transition occurred. Using these values of V*f and V* , the value of mass
velocity and quality for transition were calculated for the presen 0. 4" tube. These
points are shown on Figure 1. It can be seen that the correct trend in the transition
line is predicted by Equation (3). Furthermore,the correlated data fall reasonably
close to the predicted transition line.

The annular and spray-annular regimes should be strongly influenced by
heating. If nucleate boiling should exist, it would cause the annular film to be a bubbly
mixture. Also, the presence of nucleate boiling should increase the likelihood of the
presence of spray in the core. That is, the transition from annular to spray-annular
flow should occur at lower quality for a given mass velocity. Because of the impor-
tance of this problem, a study was made of the present state of the art in predicting
nucleation in forced-convection boiling. That study is described in Appendix A. 1.
The conclusion is that we cannot at present predict nucleation in the quality region
with any confidence.

The region of dispersed flow on the map has received the most attention
from investigators attempting to describe critical heat fluxes. Several of the models
used are discussed in Appendix A. 2. There it is shown that various models of the flow
regime and mechanisms of critical heat flux can be used to predict critical heat fluxes
if suitable experimental constants are obtained. One model uses an annular flow which
disappears at the critical heat flux. Another uses a dispersed flow without a wall film
of liquid. A critical heat flux is said to occur when sufficient numbers of liquid droplets
no longer reach the wall. A more precise description of the flow regime in this
region appears to be required.

In working with a flow regime map such as that shown on Figure 1, it is
desirable to know the regions where critical heat fluxes will occur. For illustration
purposes a typical correlation (Ref. 14) was chosen to predict the regions of critical
heat flux for the present system. Assuming an inlet subcooling range of 0 - 3000F and
lengths of 2 - 8 feet, these regions were predicted for mass velocities of 0. 4 x 106 and
4. 0 x 106 lbm/ft2 -hr. For the present system it is seen that the critical heat flux
would be expected to occur in either the bubbly or dispersed regime.

Premature critical heat fluxes for the lower mass velocities could occur
in the slug or annular regime. Tippets (Ref. 1) attributed low values of the critical
heat flux to instability characteristic of slug flow. Therefore, in addition to the high
velocity - high quality regions (annular, spray-annular or dispersed), it is important
to study this slug flow region.

9
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2. 3 Stability in a Two-Phase Heated Channel

2. 3. 1 Introduction

The problem to be investigated is the stability of flow in a heated channel
operating with water in both the liquid and vapor phases. It will be assumed that the
heat input is uniform along the channel, that the inlet and exit pressures are constant
and that the vapor and liquid properties are invariant since the variations in pressure
and temperature will be small with respect to the mean operating levels. Due to the
boiling mechanism the conditions in the channel are basically unsteady. For the con-
figuration and conditions being studied here, this unsteadiness should result in high-
frequency, low-amplitude variations. Some systems, for example, boilers for liquid
metal power plants and nucleation instabilities, can produce low-frequency, high-
amplitude oscillations. Apart from. the instabilities that are produced by the boiling
or heat transfer mechanism, a two-phase system can be unstable as a result of sys-
tem hydrodynamics, i. e. , pressure drops, transport times, etc. The latter instabili-
ties are of interest here and in the analysis discussed below the heat transfer process
will be assumed steady.

Both static and dynamic stability will be investigated. Static instability
at a specified operating condition implies that a disturbance of any size will cause
the system to move in a nonoscillatory manner to a different statically stable opera-
ting condition. If a system is dynamically unstable at some operating condition, any
disturbance of this condition will grow in an oscillatory manner with an exponentially
increasing amplitude until limited by the energy inputs to the system. Since disturb-
ances are always present in a real system, the operating conditions for which a sys-
tem is either statically or dynamically unstable cannot be obtained in general.

The dynamics of heated two-phase flows are not understood in sufficient
detail to analytically describe the flow accurately. Some of the areas that cannot at
present be described accurately are flow regimes, slip ratios and pressure drops.
Even if sufficient information concerning these areas were available, the dynamic
equations of the system which are nonlinear, mixed, and partial-differential could
not be solved in closed form. Two general, analytic approaches can be used to study
the system dynamics: one is to use an approximate numerical solution of the dynamic
equations using a digital computer, and the other is to approximate the actual system
with a simpler model so that the dynamical equations of the model can be solved either
by hand or with computers. The latter approach will be used in the present study.

2, 3. 2 Modeling

The analysis begins with the selection of a model. Since conclusions re-
garding actual system performance will be obtained from analysis of the model, this
first phase of the study is of prime importance. Therefore, all previous experience
gained from studies of similar systems must be called upon to select a model whose
performance will typify the performance of the real system and whose dynamic behavior
will be simple enough to allow analytic formulation and solution.

10
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Based upon the experience gained in many similar stability studies per-
formed at Dynatech, the distributed parameter system has been modeled as shown in
Figure 2.

q0 First Heat Addition -

Required to
Remove Subcooling q2 Third HeatAddition

Flow ~___

p- Subcooled Adiabatic
let Pressure PI Frictionless Frictionless P Outlet Press

Section Section
Gravity - -__

Inlet L . Lsc L-0pExit

Restriction Restriction
1 Second

Heat Addition

ure

Figure 2. System Model

The model consists of:

1. A fixed inlet pressure,

2. An inlet restriction where all the liquid phase
friction losses are lumped,

3. A frictionless, constant-length section where
subcooling is rooved,

4. A heat input node where half of the two-phase
heating is added without any mass or energy
storage,

11
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5. A two-phase frictionless adiabatic section,

6. Another heat input node where the remainder of the
two-phase heating is added again without any mass
or energy storage,

7. An exit restriction where all of the two-phase
friction losses are lumped and,

8. A fixed exit pressure.

Since the system pressure level is large with respect to the pressure
variations to be considered in this study, the fluid properties are assumed to be
constant. Therefore, we can justify lumping the inlet pressure losses because in
a constant-property, single-phase flow there is no difference between distributed
and lumped pressure losses. The lumping of the two-phase friction losses at the
end of the heated section is somewhat justified since most of the two-phase loss oc-
curs at the end of the heated section where the quality and fluid velocities are the
highest.

The assumed model is useful only for predicting system hydrodynamic instabili-
ties . Instabilities resulting from the heat transfer mechanism or transitions in
flow regime cannot be studied with the assumed model. Any model which includes
all the mechanisms for stability is too complicated to be of practical value.

2.3.3 Dynamics

To determine the dynamics of the model the continuity and energy equa-
tions are formulated for each section of the model and the momentum equation is
formulated for a control volume enclosing the fluid within the model. These equa-
tions are then linearized by assuming each of the dependent variables to be composed
of a constant steady state value plus a perturbation and then neglecting products of
perturbations. After the perturbation equations are Laplace transformed, the char-
acteristic equation of the model is obtained by eliminating all but one of the dependent
variables. This analysis is described in detail in Appendix A-3.

The result of this analysis is the following characteristic equation:

[A+ BTs+Ce-T] Q1 =o (6f

where:

v L pq
A = 2 f ss + 12ss _ 1ss + fg

vA 2 Q2
iss v A g0  Q2ss 2 vfhf Q2ss

g
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+ Pf 2ss 1 + 1
Q2ss vf q2

+ 1
hf Q2ss

g

Vf q2 Q1ss
+ 1 v(Q +ls

2 \lss hf Q2 s /
vfg0 A fss

L
Q + sc

B = 1ss L <qp 2ss

vfAf g0

Qv fL~q v qy
C - Q2ss / 1ss+1 + f2ss g

vfAf 2 c2ss 2 vfhf Q2
2ss 2ss hf Q 1ss

g

+ 1 vf q1q2
f 2 h h Q
vf ~f f \gQ52

and where the symbols used above are defined as follows:

A = flow area

A , B, C = coefficients in characteristic equation

gc = gravitational constant

hf = heat of vaporization

Lsc = length of subcooled test section

L p = length of two-phase test section

Q1 = Laplace transform of perturbation in inlet volume flow rate

Qlss = steady state inlet volume flow rate

Qs = steady state volume flow rate in model just after
first two-phase heat addition

13
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q = first two-phase heat addition assumed to be half
of the total two-phase heat input

q2 = second two-phase heat addition assumed to be half
of the total two-phase heat input

s = Laplace operator

v = specific volume of saturated liquid

v g = specific volume of saturated vapor

vf =v -v
g g f

r = delay time Af L O/Q2ss

Lpf 1ss = inlet friction pressure loss at steady state

Apf2ss = exit friction pressure loss at steady state

The dynamic stability of the model is determined by the location of the
zeros of the characteristic equation (Equation 6). Because the model is believed to
be conservative, the stability of the actual system is assured if the zeros of the
characteristic equation all have negative real parts.

Due to the transcendental nature of Equation (6), it is somewhat difficult
to determine the location of the zeros in general terms. However, using a Nyquist
plot as described by Truxal in Reference (32), the stability chart given in Figure 3
has been determined. In this figure the stable and unstable regions have been indi-
cated as functions of B/(A + C) and C/(A + C).

2. 3. 4 Results of Stability Calculations

Based on the foregoing analysis, estimates of test section stability have
been made for an 0. 4 inch diameter tubular test section 8 feet long, operating verti-
cally at 1000 psia. Four operating conditions were examined: maximum mass flow
with zero subcooling, maximum mass flow with 77F subcooling, low mass flow with
zero subcooling, and low mass flow with 231* F subcooling. Stability was estimated
for these conditions with the test section operating at an estimated critical heat flux.
The four conditions were chosen so as to bracket the range of test conditions.

The heat flux input to the test section for the four conditions mentioned
above was estimated with the correlation of Reference (14). The two-phase steady-
state friction pressure drops for the four operating conditions were calculated with
the homogeneous flow method and also with the Martinelli-Nelson method. The
maximum difference between the two methods was found to be less than 27%. The
steady-state single-phase friction-pressure loss was assumed to be the pump head,
100 psi, which does not vary over the range of test flows, minus the two-phase
friction-pressure drop.

14
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The results of the calculations as well as pertinent intermediate values
are presented in Table 1. Each of the operating conditions is also plotted on the
stability chart - Figure 4. As can be seen from this figure, all four of the condi-
tions considered fall in the stable region. Since the coefficient B in the characteris-
tic equation is a measure of the inertia of the system, it can never be negative.
Hence, there is no need to be concerned about the closeness of the points to the
ordinate line. The distance of the points from the curve in the first quadrant is, how-
ever, a measure or the stability of the system.

Based upon the calculations described above, it is safe to conclude that
the test section will be free of system hydrodynamic instabilities. However, it can-
not be concluded that the test section will be completely free of oscillations since the
analysis has not included such effects as local hydrodynamic instabilities such as can
occur in annular flows, or instabilities due to the nucleate boiling mechanism, or flow
regime instabilities. A complete study of instability in a heated two-phase flow is
well beyond the present state of the art. We have, however, eliminated one possible
cause of instability by placing a large single-phase pressure drop just upstream of
the test section and we have assured ourselves that this single-phase pressure drop
will produce the desired result by the analysis and calculations discussed above. It
is not necessarily desirable to eliminate the instabilities which may occur locally.
Since we have no provisions for measuring the local instabilities, they shall not be
considered further.

2. 4 Summary of Analytical Work

The extent of present knowledge on flow regimes is not adequate to com-
pletely specify adiabatic flow regime. Heating causes even greater problems. How-
ever, the first estimate of a two-phase flow regime can probably be made with
adiabatic correlations. The area of greatest confusion and probably of greatest con-
cern with regards to the critical heat flux is the problem of distinguishing annular,
spray-annular and dispersed flow. Another problem is in determining whether
bubble nucleation occurs in a given flow. A third area of concern is the possibility
of premature critical heat flux occurring in the slug flow regime.

System hydrodynamic stability has been analyzed and it has been deter-
mined that this type of instability should not exist. The presence of oscillations
caused by other types of instabilities such as flow regime change instabilities has
not been studied, however, and their presence cannot be precluded. Furthermore,
these latter instabilities cannot be detected with the present experimental equipment.
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Table 1

RESULTS OF STABILITY CALCULATIONS

Mass Flow Rate,#/hr-ft x 10-6 G 4.0 0.4

Subcooled Enthalpy, Btu/#hsc 0 100 0 300

Heat Flux Btu/hr-ft q/A x 10 -6 0.546 0.790 0.247 0.361

Single Phase Friction,lb/in

pf lss 82.9 84.7 98 98

Two-Phase Friction,lb/in2

'Lpf 2 ss 17.1 15.3 2 2

Subcooled Length,ft. Lsc 0 4.23 0 2.75

Two-Phase Length,ft. Lp 8 3.77 8 5.25

Subcooled Heat Rate, Btu/hr
qo x 10-5 0 3.5 0 1.05

Two-Phase Heat Rate, Btu/hr

(q1 + q2 ) x 10- 6  .46 .314 .208 .198

Volume Flow Rate, ft3 /sec

Qlss x 10 2  2.1 2.1 .21 .21

Q2 ss x 102 6.3 4.9 2.09 2.0

Characteristic Equation
Coefficients

A 13.8 13.5 134.8 134.8

B .40 1.43 .040 .24

C 13.3 .93 1.61 1.61

Stability Plot Parameters

B/(A+C) . 026 . 099 0+ 0+

C/(A+C) .088 .065 .018 .018
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Section 3

EXPERIMENTAL FACILITY

3.1 Introduction

The experimental facility is a steam-water loop capable of operating
up to 1100 psia with a heating capacity of 200 kw. This loop is a modification
of a steam-water loop which had been used previously at Dynatech for the AEC.
The major components of the loop are shown on Figure 5 and discussed below.

3.2 Surge Tank and Pressure Control Valves

The pressure in the loop is to be maintained by the steam valve in the
line from the surge tank. The water valve is set initially, and the steam valve is
controlled automatically to maintain the proper pressure. The steam valve can
control to approximately 1 psia but the speed of response is very slow. Therefore,
data is often taken under a quasi - steady condition when pressure has not quite
reached equilibrium.

When working with low quality steam from the test section, sufficient
steam is not available to ensure proper operation of the steam valve. In this case,
heaters in the surge tank are used to provide additional steam.

3.3 Condenser

The steam and water leave the surge tank separately. The pump by-pass
flow is mixed with the water from the surge tank to prevent flashing and provide suf-
ficient pressure drop through the water control valve to ensure proper operation of
the steam valve. The mixed liquid is then combined with the steam flow from the
surge tank. The amount of cooling is controlled by the flow of coolant which is
sprayed onto the coils of the condenser and boiled off. Test section inlet tempera-
tures as low as 2500F can easily be obtained by this method.

3.4 Pump, Demineralizer and Flow Measurement

These items are standard equipment and require little explanation. The
pump is a Bingham centrifugal pump with a head of 340 feet at 100 gpm. The de-
mineralizer is a Barnstead Still and Sterilizer Company unit. With this unit it is
possible to obtain resistivities of the order of ten million ohm-cm. The unit must
operate at room temperature and pressure so the demineralizing must be done prior to
operation. The resistivity is then checked prior to and after test runs. The flow
measuring devices are standard ASME orifices. Two are used to allow for a low flow
and a high flow range. These orifices were calibrated cold and no significant devia-
tions from the published coefficients were found. Thus the published coefficients
were assumed correct and all errors were attributed to the readability and drift
of the pressure gages which is + 1 inch of water for 0 - 100 inches of water and
+2.5 inches of water for 100 - 250 inches of water.
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3.5 Inlet Control Valve

Directly ahead of the test section there is a valve across which a
major part of the pump head is absorbed. This, as is indicated in Section 2.3,
eliminates system flow oscillations. To be certain that this is the case, a dif-
ferential pressure transducer is placed across the valve so that any oscillations
in flow are recorded.

This inlet valve plus the surge tank at the downstream end of the test
section give flow conditions in the test section which are essentially independent
of the rest of the loop. The conditions are then constant inlet mass flow and a
constant downstream pressure.

3.6 Test Section

The present test section is a uniform cross-section stainless steel tube
of 0.4-inch nominal inside diameter and length of eight feet. Shorter test sections
may be used by inserting spacer lengths upstream from the inlet control valve. The
test section is heated by passing dc power up to 200 kw through the tube.

The pressure drop in the test section is measured with a differential
pressure transducer. The pressure level in the test section is measured with a
Heise gage which measures to + 1.5 psi.

The outer wall temperature is measured at one point on the test section.
This is to be increased to two points in future work. This is done with (chromel-
alumel) thermocouples which are electrically insulated from the test section. An
annular guard heater is used to ensure that the outer tube wall temperature is ac-
curately measured. This temperature instrumentation is used primarily to detect
temperature excursions near the normal burnout location. The temperatures at the
test section inlet and outlet are measured with chromel - alumel thermocouples.

3. 7 Flow Regime Probe

An electrical resistance probe is used, to determine the flow regime at the test
section exit. This probe is simply a wire placed in the center of the tube. The wire
is covered with teflon tubing except at the very tip. The teflon serves as both a non-
wetting substance and electrical insulation. The circuit diagram for the probe is
shown in Figure 6. When there is a bridge of water across the tube at the test section
exit, there is essentially a closed circuit between the probe and the tube wall. This
results in the maximum voltage signal to the oscilloscope or recorder. Steam passing
between the probe and the tube wall increases the resistance and gives a lower voltage
signal.

3.8 Sight Section

In addition to the flow regime probe a sight section has been installed. This
may serve to back up the readings of the probe in the future. The flow regime in the
heated channel should propagate at least a small distance down from the test section and
into the sight section.
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The sight section is made of a double-walled construction. A thin,
replaceable quartz tube is used to give the proper geometry. This is placed
inside a larger steel and quartz pressure vessel filled with water.

3.9 Powe r Supply

The dc power to the test section is continuously variable from 15 to
200 kw. It is provided by a Richardson-Allen transformer rectifier unit, which
in turn is fed by a Sorgel 225 kva three-phase saturable reactor. The reactor
serves as a power controller. This system has been designed to have less than
one percent ripple at minimum power and substantially less at higher power.
Figure 7 schematically indicates the basic components. The power is determined
by measuring the test section voltage and current. The current is measured with
the aid of a calibrated shunt.

3. 10 Burnout Protection Device

3. 10. 1 Introduction

A system is provided for protecting the test section from physical burnout.
A functional block diagram of this system is included in Figure 7. It consists of a
detection device, a dc amplifier, and a trigger unit. At the burnout condition, a
portion of the heater tube on the downstream end experiences a temperature rise and
consequently a change in its electrical resistance. By constantly comparing the
upstream resistance with the downstream resistance, such a change in temperature
can be detected by the accompanying change in downstream resistance. The ratio
of downstream resistance to upstream resistance is compared by means of a
Wheatstone Bridge circuit.

Since the heater tube is an integral part of the detection device, the dc
power supplied to the heater tube is also used by the detection device as a dc voltage
for direct comparison of the upstream and downstream test section voltages. A change
in the voltage ratio produced by a change in resistance of the downstream end causes a
voltage to appear at the output terminals of the detection device. This signal is then
amplified through the dc amplifier and when its amplitude reacnes a predetermined
value, the trigger unit is actuated. The output of the trigger unit operates the ac
circuit breaker. The opening of the circuit breaker interrupts the input power and
discontinues heating of the test section.

3. 10.2 Detection Device

The detection device, shown in Figure 8, is a Wheatstone Bridge which
constantly compares the ratio of the downstream resistance, R1 , with the upstream
resistance, R2. The comparison ratios are selected by means of choosing the value
of resistance, R4 , through a selector switch. The ratios are arranged so that each
step of increasing resistance permits a shorter section of downstream length to be
compared. R3 is a 1000-ohm helipot used for continuous nulling of the bridge signal.
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3.10.3 do Amplifier

The output signal from the detection device is small in magnitude. A do
amplifier is used to amplify this small signal to the level required by the trigger unit
and recorder. The do amplifier is a Dana Model 2200 which is an all-solid-state,
wideband, low-drift-and-noise do amplifier with its own power supply.

3.10.4 Trigger Unit

The trigger unit shown in Figure 9 is a silicon-controlled rectifier switch
together with its power supply. This unit operates in such a manner as to trip the ac
circuit breaker when a burnout signal is received from the amplifier. A predetermined
burnout signal can be selected by adjusting the variable gage resistor. When the silicon-
controlled rectifier is switched on, the relay is energized and actuates the trip circuit
of the ac circuit breaker. The normally closed reset switch is provided as a means
of turning off the silicon-controlled rectifier.

3. 10.5 Solenoid Valves

In order to protect the differential pressure transducers from both over-
pressure and reversed pressure during a physical burnout of the test section, solenoid
valves are placed in the transducer pressure lines as shown in Figure 5 . These
solenoid valves are actuated by the trigger circuit of the burnout detector.

3. 11 Shut-off Valve

The shut-off valve between the sight section and the surge tank is an air-
operated valve to be used in case of an actual physical burnout. This valve and the
orifice selection control valves are closed immediately upon the occurrence of a
physical burnout. This valve and the connecting line from the sight section to the
surge tank are sufficiently large so that the pressure drop between the two should
be very small.

3.12 Recorders and Overall Accuracy

The thermocouples from the test section, with the exception of one wall
thermocouple, are read through a Speedomax multiple channel thermocoupler re-
corder. The thermocouple at the test section exit was calibrated while connected
to the recorder with an ice-water bath, a boiling-water bath, and a molten tin
apparatus. No error was detectable within the readability of the instrument (~ 2F).
During operation with low quality exit conditions, the thermocouples read 545 0 F
at 1000 psia exit conditions which further confirms the accuracy of the thermo -
couples. The thermocouple at the test section inlet is of the same type and should
be about as good. A heat balance performed during operation confirmed this.

In addition to the test section thermocouple, other thermocouples in the
loop were fed into the Speedomax recorder. These were primarily for monitoring
purposes and no great accuracy was required of them.
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A Beckman Type R eight-channel recorder was used to record voltage,
current, pressure transducer, and wall thermocouple signals as well as the flow
regime probe signal. The voltage and current readings are accurate to + 1.0 volts
from 0 to 50 volts and + 2 volts from 50 to 100 volts and + 15 amperes from 0 -
1500 amperes and + 30 amperes from 1500 - 3000 amperes. The transducer out-
puts should be valid to + 1.0 psi. The probe output is more qualitative than quanti-
tative and no accuracy need be placed upon it.

3. 13 Future Instrumentation

Two instruments which should give further information about the flow
were considered. One was an isokinetic probe to determine the distribution of
vapor and liquid flow in the center of the tube. The second was a radioactive beam
to determine void fractions. These two instruments are discussed below.

The preliminary design of an isokinetic flow-sampling unit is shown in
Figure 10. The purpose of this unit is to remove a sample of the flow at any point
in the corss-section of the tube without disturbing the flow. The sample is cooled
in a heat exchanger. The amount of heat required to cool the sample together with
the sample flow rate then establishes the relative amounts of liquid and vapor that
existed in the sample as it entered the sampling probe.

In order to ensure that the sample obtained is truly representative of
conditions in the flow, the static pressure just inside the sampling tube must be
balanced with the static pressure at the wall of the test section tube at the same
cross section. The sample vapor flow rate is extremely sensitive to this pressure
balance, so much so that it appears to be a very difficult if not impossible job to
accurately sample vapor flows. However, the liquid flow appears to be relatively
insensitive to the exact balancing of pressure. Measurement of just the liquid flow
rate is sufficient reason for building such a probe.

A schematic of the proposed extraction circuit is shown in Figure 11.

The radiation attenuation technique can also be used for measuring void
fractions. Two methods are available, the one shot average void technique and the
traversing local void technique. Ferrell (Ref. 8) has recently developed an improved
scheme of shaping the radiation beam to obtain better accuracy with the one shot
technique. His experiments indicated a maximum error of about 5% using lucite of
different shapes and in different orientations as the attenuating medium. A device
similar to his apparatus could be used in our facility with the exception of a stronger
radiation source to account for the thicker tube walls. Zuber and Staub (Refs. 9, 11,
and 12) have built and used a traversing apparatus for measuring voids. This is much
more difficult to build than the one shot apparatus. However, it does give information
about void distribution and thus flow regime. An apparatus similar to the one built by
Zuber and Staub could be built for our use but it would have less precision because of
greater tube wall thickness. It is estimated that the maximum error would be of the
order of 10% at a radius of 0. 8 times the tube radius. This is caused primarily by
positioning error and thus cannot be improved by a stronger source.

Due to the complexity of these instruments it is feasible to consider only
one of them for the present system. The isokinetic probe appears to give more use-
ful information for this program and will be constructed during a future phase.
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Section 4

EXPERIMENTAL RESULTS

4. 1 Experimental Program

The purposes of the experimental program were: (1) to obtain some of
the flow regime information required to test prediction techniques, and (2) to ensure
compatibility of our critical heat flux data with that obtained by other investigators
under similar circumstances. Flow regime and critical heat flux data were taken
with the experimental facility described above under the following conditions.

Tube Diameter 0. 4 inches
Tube Length 8 feet
Mass Velocity 0. 4 x 106 - 2. 0 x 106 lbm/ft2 -hr
Pressure 1000 psia
Inlet Temperature 3000 F - 500* F
Exit Condition Subcooled to almost Saturated Vapor

The choice of these conditions is based on the following conditions:

1. Tubes should be as large as possible to allow use
of the flow regime probe.

2. The maximum amount of power available for test
section heating is 200 kw.

3. A range of flows is desired to go from a possible
slugging flow to a dispersed flow.

4. Much critical heat flux data is already available at
1000 psia for comparison.

The results of the flow regime tests are presented in Section 4. 2 and the
results of the critical heat flux tests are presented in Section 4. 3.

4.2 Flow Regime Test Program

4. 2. 1 Operating Procedure

The flow regime tests were conducted at constant flow rate and inlet tem-
perature while varying the test section heat flux. Recorded data consisted of test
section outlet pressure, test section pressure drop, inlet valve pressure drop, flow,
power, inlet and outlet fluid temperatures, wall temperatures, and recorder and
oscilloscope traces of the flow regime probe output. Of these measurements the
pressure drops, probe output and wall temperature are valid dynamic measurements
since rapid oscillations in the quantities can be followed by the instruments. When
the desired flow rate and inlet temperature had been established, the heat flux was
adjusted so that the flow regime trace on the oscilloscope indicated a bubbly flow.
The heat flux was then increased to the highest value at which bubbly flow could be
identified. The heat flux was then increased until slug flow could first be distin-
guished. The heat flux was further increased un t i1 the point at which the slug
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flow trace disappeared. Additional increases in flux produced no change in probe signal
due to the presence of a dispersed flow. At the highest flow rates, slug flow was not
observed and the transition from bubbly to dispersed flow was recorded by taking data
at the last bubbly flow point and again at the first dispersed point. Data was also
recorded occasionally well into the bubbly flow, slug flow, and dispersed flow regimes.

4.2.2 Flow Regime Results

4.2.2.1 General Discussion

The flow regime probe, as discussed previously in this report, measures
the electrical resistance between a probe in the center of the tube and the tube wall.
The presence of a continuous liquid core indicates a very low resistance and the
presence of a vapor core gives a very high resistance. The probe is useful in de-
termining differences in flow regimes when the time behavior of liquid flow in the
core of the tube is characteristic of the flow regime. The bubbly and slug flow regimes
are thus distinguished from annular, spray-annular or dispersed flows. The probe is
not designed to distinguish between the latter three flow regimes. The data is thus
reported in terms of bubbly, slug and dispersed flow. The latter term is used to cover
the three regimes of annular, spray-annular and dispersed flows.

This classification of flow regimes into bubbly, slug and dispersed flows
is not meant to imply that other, more complex regimes are not present. The data
is interpreted simply in terms of bubbly, slug and dispersed flows which would give
the same flow regime traces as obtained in the current experiments. Thus we do
not rule out the presence of such flow'regimes as "churn" and "semi-annular" as
discussed by Zuber and Staub in Reference 13 and Haberstroh and Griffith, Reference
4. Indeed the transition regions found between the slug and dispersed regimes may
well substantiate the presence of such complex flow regimes as "churn" and "semi-
annular" flow.

The flow regime data are tabulated in Appendix B . Test section pres-
sure drop is also listed there. Only those cases in which pressure drop exceeds 3.5
psi are listed since, with the present instrumentation, it was not possible to determine
pressure drops below this value. The plus or minus value refers to the pressure os-
cillation about the average pressure drop. The pressure drop across the inlet valve
is not recorded here but in all cases the oscillations were small, indicating that there
were no large inlet flow oscillations. It is of interest to note that the oscillations
coincided with the blade frequency of the pump.

4.2.2.2 High Mass Velocity Data

At mass velocities of 1.6 x 106 lbm/ft -hr and 2.0 x 106 lbm/ft2-hr, the
change between these two flow regimes occurred at qualities around 0. 10. The change
was by no means a sudden transition, but a gradual change from bubbly to dispersed
flow. Traces from the flow regime probe are shown on Figure 12 for the bubbly,
transition from bubbly to dispersed, and dispersed flow regimes for a mass velocity
of approximately 2 x 106 lbm/ft2 -hr.
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The data for these mass velocities are shown on Figures 13 and 14.
The data are plotted using coordinates of heat flux and exit quality to indicate anypossi-
ble effects of inlet temperature on the transition from bubbly to dispersed flow.

Lines of constant inlet temperature are determined from first law
considerations and are plotted as shown. The data show the broad transition
region as discussed above and furthermore indicate that the inlet temperature
does not affect the transition to any significant degree. Another interpretation
of the data presented in this manner is that there are varying lengths of the tube
in which boiling with net vapor generation is taking place. (This is hereafter
called boiling length.) For an inlet temperature of 5000 F most of the tube is in the
boiling length. For an inlet temperature of 3000 F only a small fraction of the
tube is in the boiling length. There appears to be no significant alteration in the
transition caused by the boiling length.

4.2.2.3 Low Mass Velocities

At the lower mass velocities of 0.8 and 0.4 x 106 lbm/ft2-hr the flow
regimes were bubbly, slug, and dispersed with transition regions between them.
Typical flow regime probe traces are shown in Figure 15. Noticethat the bubbly flow
shows sharp valleys indicatinga trend towards slug flow. Also notice that the two
traces called slug flow have a large variation in slug and bubble lengths. The longer
valleys indicate the presence of very long bubbles or what some call a "semi-annular"
flow.

The data for these mass velocities are shown on Figures 16 and 17 on the
same coordinates as above. It can be seen that the transition regions are somewhat
narrower than the transition from bubbly to dispersed flow at higher flow rates.

The interesting feature of the flow regimes at these mass velocities is
the shifting of the bubble to slug transition to the left with decreasing heat flux. As
discussed above for the higher flows, higher heat fluxes at a given exit quality correspond
to longer boiling lengths. Thus, the transition from bubbly to slug flow is dependent
not only on quality but also on boiling length. The trend is that for shorter boiling
lengths higher qualities are required for the bubbly to slug transition. Another interesting
feature of the bubbly to slug transition is that it can occur at negative qualities or in sub-
cooled flow. This shows that subcooled boiling contributes a significant quantity of vapor
and should also be included in determining the relationships for the bubbly to slug transition.

The above results all appear reasonable and were not unexpected. The data
show that our reasoning was correct and also gives us quantitative results for our quali-
tative reasoning. One factor, the liquid purity, which should be important in the bubbly
to slug transition was not tested in any systematic manner. However, the data for one
mass velocity, 0.4 x 106 lbm/ft2 -hr, were taken from two different experimental runs.
Start-up procedure was the same in all cases so it is difficult to say whether there was
any significant difference in liquid purity. From the results of the experiments, it is
not apparent that therewere any differences.
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The transition from slug to dispersed flow occurred at a quality of about
0. 15 for both mass velocities. This transition was more difficult to locate exactly
and little could be determined about the effects of boiling length upon it. From the
data there is no apparent effect.

4.2.2.4 Intermediate Mass Velocities

At an intermediate mass velocity of 1.2 x 10 6 lbm/ft2 -hr, some of the
characteristics of both the higher flows and the lower flows are apparent. The data
are shown on Figure 18 for the mass velocity. It is seen that at the higher fluxes
corresponding to the shorter boiling lengths the flow goes from a bubbly flow to a
dispersed flow while at the lower fluxes the flow goes from bubbly to slug to dis-
persed flow. The reasons for such a behavior might be that the slug flow requires
a long developing length. At the higher fluxes the two phase boiling region is too
short for this and the flow goes from bubbly to dispersed flow before the slug flow
gets a chance to be established.

4.2.2.5 Comparison of Flow Regimes with Predictions

All the data discussed above are plotted on one figure in Figure 19. Also
shown on this figure are the flow regime transition predictions discussed in Section
2. The only line left out on Figure 19 is the transition from bubbly to slug flow.
This has been omitted because the prediction was little more than a guess to show the
region where it would exist.

It can be seen that the data at mass velocities of 1.6 and 2. 0 x 106 lbm/ft2 -hr
appear reasonably consistent on these coordinates of mass velocity versus quality. This
is expected because Figure 13 and 14 showed little effect of inlet temperature or boiling
length. Also the transition to a dispersed flow occurs in the area of the prediction of
Baker (Ref. 3).

The data at the lower mass velocities 0.4 and 0.8 x 106 lbm/ft2-hr are seen
to have flow regimes overlapping. This is caused as discussed above by the varying in-
let temperatures and occurs primarily in the transition from bubbly to slug flow. The
transition from slug to dispersed flow does not overlap as much. This too has been
discussed above. It can be seen that his latter transition occurs in the region as pre-
dicted by the correlation of Haberstroh and Griffith (Ref. 4).

At the intermediate mass velocity (1.2 x 106 lbm/ft2-hr) the transitions
are somewhat jumbled. This is caused by the various transitions which had been observed,
bubbly to dispersed and bubblyto slug to dispersed.

The above data show that it may not be too difficult to predict at least two
of the transitions from existing adiabatic correlations. These are the bubbly to dispersed
transition and the slug to dispersed transition. Of course, it is not yet quite certain which
of the three possible dispersed flow regimes actually exists at the transitions, but it is
strongly expected, at least for the slug transition, that the transition is to an annular
or spray-annular flow. Further experiments are required to verify this.
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4. 3 Critical Heat Flux Test Program

4. 3. 1 Program Objectives

Critical heat flux data were taken during the final phase of the present
program to provide a final check on the reliability of the instrumentation and stability
of the loop over a wide range of operating conditions. Flow conditions were similar
to those covered in the flow regime study. Under these conditions, all critical heat
fluxes occurred in the dispersed regime.

4. 3. 2 Operating Procedure

Exit pressure, flow rate, and inlet temperature were maintained constant
while slowly increasing the test section power. The operational definition of the
critical heat flux was established by the burnout protection system. The detector
sensitivity was normally set so that the test section power would be interrupted when
the average wall temperature rise receded 200F for a one percent increase in power.
Manual interruption was used to verify the accuracy of this sensitivity setting.

The critical heat flux was calculated from test section voltage and current
at the trip point. The average heat fluxes obtained in this manner were found to be in
excellent agreement with the local heat fluxes calculated from current and local
resistivity. It appears reasonable to use the exit quality to characterize the critical
heat flux condition since the protection device was actuated by events in the last 10
percent of the test section.

4. 3. 3 Critical Heat Flux Results

The data, which cover the low velocity, high quality range of the system,
are presented in the usual form in Figure 20 and are tabulated in Appendix B. The
test conditions for the two highest mass velocities were closely bracketed by several
studies, including Reference (15) and Reference (16). Since the correlation of
Reference (14) adequately describes critical heat flux data of these studies, it was
used to illustrate that the present data are indeed reasonable. The present data for
the lowest mass velocity are also in agreement; however, in this case no data for
reasonably similar test conditions were included in the correlation.

Extensive Soviet data presented in Reference (17) and Reference (18) were
interpolated and compared with the present data for the two highest velocities. These
data were found to be considerably higher than the present results. The only explana-
tion for this disagreement that can be offered at present is that much of the Soviet data
were taken with very short test sections.

It is noted that considerable scatter will be present in all low-velocity,
high-quality data for subcooled inlet conditions. Due to the small slope of the heat
flux versus exit quality operating line, a very small error in the heat flux contributes
to a substantial error in the exit quality.

With the critical heat flux protection system in operation, the test section
power was interrupted before any significant wall temperature excursions were noted
on the continuous recorder. Without the protection system, wall-temperature
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excursions were recorded; however, there was no significant oscillatory behavior and
no sharp decrease in the wall temperature prior to burnout as noted by other investiga-
tors (Ref. 6). The circuit was manually tripped when at constant power setting the
wall temperature had increased about 40'F and the rate of increase was approximately
10*F/sec. It is believed that the present thermocouple-recorder combination would
have been fast enough to catch any oscillatory behavior. As seen in Figure 20, the
data for manual operation are in excellent agreement with the data for automatic
operation.

The pressure drop in the test section and across the inlet flow valve were
recorded at critical heat flux conditions. No oscillations were seen in these pressure
drop measurements.

4. 4 Experimental Accuracy

An error analysis was performed to determine the maximum error that
could enter into the calculation of the mass velocity, heat flux, and exit quality due
to the errors that can exist in the basic data. The errors that can exist in the basic
data are listed below:

1. Test section voltage + 1.0 V for 0 - 50 volts
+ 2.0 V for 50 - 80 volts

2. Test section current + 15 amps for 0 - 1500 amp
+ 30 amps for 1500-2500 amp

3. Orifice pressure drop + 1.0 in. H 2 0 for 0 - 100 in. H0
+ 2. 5 in. H2 0 for 100-250 in. H20

4. Test section inlet temperature + 2F

5. Test section exit pressure + 1. 5 psig

The error in mass velocity is always less than + 1. 5% except at the lowest
flow rate of 0.4 x 106 lbm/ft2 -hr where the error is + 2. 5%. In terms of the data which
are presented on Figure 21 the error is hardly noticeable. The error in heat flux is
shown on Figure 21. The error in exit quality is shown on Figure 21 as a function of
heat flux with mass velocity as a parameter. The most significant errors in this quantity
arise from errors in mass velocity and heat flux. The heat flux and exit quality errors
are shown in absolute terms rather than percentages so that the errors in these quanti-
ties can be quickly superimposed on the data of Section 4.

4. 5 Summary of Experimental Work

Flow regime information has been obtained for steam-water mixtures flowing
vertically upward in a heated tube. A single tube of 0.4 in. diameter and 8-ft length was
considered. System pressure was maintained at 1000 psia and a range of flow rates and
inlet subcoolings were considered. By means of an electrical resistance probe, the flow
regimes of bubbly and slug flow have been reasonably well delineated.
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Critical heat flux data have been obtained for three flow rates and have
been found to check well with the data of other investigations. Throughout these
high power runs the flow was found to be stable as predicted.
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Section 5

FUTURE WORK

These investigations of the flow regime in the vicinity of the critical heat
flux are being continued. It is the purpose of the program to refine the flow regime
information so that analytical models can be selected to describe the critical heat
flux conditions which agree with the physical occurrences in the test section.

In order to provide greater definition of flow distribution than is possible
with a core resistance probe alone, two additional instrumentation approaches will
be used:

1. A modification of the resistance probe will be used to
determine the presence or absence of a liquid film on
the wall.

2. An isokinetic sampling probe will be used to determine
the relative flow rates of liquid and vapor in the core
flow.

In the first part of the continuing program, the low quality slug and bubbly
flow regimes will be mapped in detail. It appears that slug flow has a tendency toward
local instability with the possibility of "premature" critical heat fluxes. The limits
of this regime, with heating, should be thoroughly established so that operation in this
region can be avoided. Since the mechanism of critical heat flux in the bubbly regime
is different from that in other regimes, this region should also be delineated.

Once the slug and bubbly flow regimes have been mapped in detail, the
annular and dispersed regions will be investigated. It will be determined whether
the conditions at "normal" critical heat fluxes can be described best as "annular, "
"spray-annular, " or "dispersed."

With the above established in some detail, the steam pump portion of the
loop will be added to the basic water loop to extend the range of exit quality and tube
diameter. After the addition of the steam pump, the results obtained with subcooled
inlets and with quality inlets will be compared for the 0.4" ID tube. If the critical
heat fluxes and the flow regimes are unchanged with quality inlets, we can be assured
that there is no essential difference between quality and subcooled inlet.

Having established the validity of using inlet quality, an experimental
program will be run on a larger tube using inlet quality as appropriate to extend the
range of the test program. This phase of the program will permit greater detail in
the evaluation of flow regime and will enable consideration of diameter effects.

Circular tubes are planned for the major portion of the proposed investiga-
tion. This is the basic shape for which both adiabatic flow regime critical heat flux
studies have been made. Therefore, it is relatively easy to compare data with other
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investigations. The final portion of the program will employ a more complex geometry,
as might be expected in a reactor. By investigating the geometry effect on flow regime,
it is hoped that flow regime predictions made for circular tubes can be extended to
realistic reactor configurations.
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APPENDIX A

A. 1 Nucleation in Forced Convection Boiling

Most of the quantitative models of two -phase critical heat flux have postulated
that it occurs when there is an insufficient amount of liquid at the wall. The amount
of liquid at the wall is assumed to be controlled by the diffusion of droplets in one
manner or another. Lacey et al (Ref. 19) have proposed other possible mechanisms,
including the possibility of the liquid film in annular flow being broken up by nucleation
of bubbles to cause critical heat fluxes. To investigate this possibility, nucleation and
its suppression in forced convection boiling was studied and is discussed here.

Hsu (Ref. 20) considers the nucleate boiling process to be similar to the
transient heating of an infinite slab. The thickness of this slab (thermal boundary
layer) determines the size range of cavities which will be activated at a given wall
temperature and also the minimum wall temperature at which nucleation begins. Un-
fortunately, the only way to determine the thickness of the thermal boundary layer is
to use data from nucleation initiation studies.

Bergles (Ref. 21) circumvented this problem by relating the heat flux just
prior to the initiation of nucleation to the temperature gradient of the liquid adjacent
to the wall. His analysis is supported by experimental evidence in the subcooled
boiling range. Since there is nothing in the analysis which requires subcooling, it
would seem possible to predict incipient nucleation in the quality region using Bergles'
criterion. Bergles' criterion will be discussed below with respect to data and correla-
tions for nucleation in forced convection boiling with quality.

Other investigators have found that in forced convection boiling with quality
there are regions where nucleation exists and where it is suppressed. Data taken by
Dengler and Addoms (Ref. 22), Collier and Pulling (Ref. 23), and Bennett et al (Ref. 24)
have the characteristics shown on Figure A. 1. 1.

1. (q/A) is directly proportional to(Tw - Ts) at a constant
quality up to a certain maximum (Tw - Ts).

2. At a given (Tw - Ts), (q/A) increases with increasing
quality.

3. If one should operate at a given quality with increasing (q/A),
one would operate along a constant quality line until the maxi-
mum (Tw - Ts) is reached. If (q/A) is increased further, one
would operate on the line connecting the maximum (Tw - Ts)Is.

The limiting (Tw - Ts) line is quite similar to the fully developed nucleate
boiling line for a tube. This similarity led these investigators to state that the limiting
(Tw - Ts) was caused by nucleate boiling. They considered that at (Tw - Ts) less than
the fully developed nucleate boiling values, the mechanism of heat transfer was forced
convection without nucleation and that at (Tw - Ts) which fell on the fully developed
nucleate boiling line, nucleate boiling was the mechanism.
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It is useful to compare the correlations of the above investigators with
the criterion of Bergles. The correlation of Collier and Pulling is the most easily
compared and this comparison is shown on Figure A. 1. 2. The incipient nucleation
curve of Bergles for water at 30 psia is on the left. The interpretation of this line
is that for (Tw - Ts) to the left of the line there is no nucleation and for (Tw - Ts)
to the right of the line, nucleation exists. The correlation for (q/A) versus (Tw - TS)
for a quality of 0. 10 at 30 psia is shown also. It intersects the fully developed
nucleate boiling line for water at atmospheric pressure as obtained by Bennett,et al.
The curve for one atmosphere rather than 30 psia is used because this is the only
data available. The curve for 30 psia should not be far from this curve.

The incipient nucleation line of Bergles is seen to be far to the left of the
fully developed nucleate boiling line and the data for the departure from forced convec-
tion heat transfer. This is to be expected. The incipient nucleation prediction predicts
when the first bubbles leave the surface and a higher (Tw - Ts) is required for fully
developed nucleate boiling. However, the forced convection correlation,which
supposedly takes no account of nucleation, falls largely in a region where some nuclea-
tion should be present by the prediction of Bergles. Examination of the data for the
correlation of Collier and Pulling would show that there is a small region of departure
from the forced convection correlation line at (Tw - Ts) close to the fully developed
nucleate boiling line. This is evidence of some nucleation occurring in the region to
the left of the fully developed nucleate boiling region. Unfortunately,it is difficult to
locate the starting point of this nucleation with respect to the Bergles criterion.

In contrast to the work discussed above, there is also experimental evi-
dence which indicates that nucleation may never exist above very low qualities. This
is the work done by Sachs and Long (Ref. 25) using Freon 11. Sachs and Long obtained
heat transfer data at atmospheric pressure with saturated liquid at the inlet of an
annular test section. They visually observed the flow and also obtained heat transfer
data. They found that nucleate boiling occurred near the entrance of the test section
but it occurred for only a short distance. Near the end of the test section the flow was
always an annular flow with no observable nucleation. Some of their data for heat flux
as a function of (Tw - Ts) taken near the exit of the test section is shown on Figure
A.1. 3.

It was found from data taken near the entrance of the test section that the
(Tw - Ts) was slightly higher there than at the exit of the tube. Thus a curve a little
to the right of the curve shown would represent a curve when nucleation is known to
exist at low qualities (less than .01).

The data of Sachs and Long and the correlation of Collier and Pulling have
similar features. At constant heat flux there is nucleation at low qualities and as
quality goes up, nucleation ceases. There are basic differences, however. The
primary one is that nucleation was visually observed to cease at very low qualities
(less than .01) in the data of Sachs and Long. The data and correlations of Collier
and Pulling indicate that nucleation ceases at increased (q/A) with increased quality
and the observed qualities were much higher than .01. Furthermore, the data of
Sachs and Long shows that data with a very steep slope of (q/A) versus (Tw - Ts),
which might be interpreted as a fully developed nucleate boiling curve, may not have
nucleation at all.
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The criterion of Bergles for initiation of nucleation is also shown on Figure
A. 1. 3. This shows that at temperatures much higher than predicted by Bergles
nucleation may not take place.

It can be seen that the prediction of nucleation is not entirely resolved. There
are several interesting possibilities. One is that no appreciable nucleation exists
until the fully developed nucleate boiling (T - Ts) is reached or is very closely
approached. The second is that nucleation egins as predicted by Bergles' criterion,
although its effect on heat transfer may be small. The third is that nucleation never
occurs in flows with other than very low qualities. With these three possible criteria
in mind we can examine a given set of expected critical heat flux conditions and deter-
mine the presence of nucleation from each of them. The present case of flow in a
circular tube of 0.4 inch diameter with water at 1000 psia is appropriate. It is assumed
that on a plot of (q/A) versus (Tw - Ts) the region to the left of the fully developed
nucleate boiling curve is described by the Dengler-Addoms correlation. This correla-
tion, at the very least, should give the correct order of magnitudes and the correct
trends. Further, assume that when the Dengler-Addoms correlation lines intersect
the fully developed nucleate boiling line, nucleate boiling begins. Note that we are
essentially assuming that the criterion for nucleation is as described by Collier and
Pulling while the heat transfer coefficient correlation is that of Dengler and Addoms.

The correlation is plotted on Figures A. 1.4 and A. 1. 5. On these graphs, in
addition to tube size and pressure, the flow rates must be specified. Then (q/A) may
be plotted as a function of (T - Ts) with quality as a parameter. Figure A. 1.4 is
for mass velocity of 0.4 x 10b lbm/ft2 -hr and Figure A. 1. 5 is for a mass velocity of
4 x 106 lbm/ft2 -hr. The fully developed nucleate boiling line is shown on these
figures as well as the incipient nucleation lines of Bergles. The graph is interpreted
as follows: assume that we have a flowing quality of 0. 5 at a mass velocity of 0.4 x
106 lbm/ft2 -hr and a heat flux of 1. 5 x 105 Btu/hr-ft2 . It can be seen that the Dengler-
Addoms correlation would intersect this heat flux to the right of the fully developed
nucleate boiling curve. Thus we can say that nucleation must be occurring and the
actual temperature must correspond to the fully developed nucleate boiling line. On
the other hand, if the heat flux were 4 x 104 Btu/hr-ft2 , the Dengler-Addoms correla-
tion would intersect the heat flux to the left of the fully developed nucleate boiling line.
Then we would say that nucleation was suppressed. Note that this also means that
the wall temperature is less than it would be if the same heat flux were occurring
with fully developed nucleate boiling. The region of critical heat flux may be calculated
by some correlation such as by Macbeth (Ref. 14). These lines are shown on Figure
A.1.6 and also on Figures A.1. 4 and A. 1. 5. From Figure A.1.4 and A. 1.5 it can be
seen that at lower qualities, nucleation may be occurring at critical heat fluxes while
at higher qualities nucleation may not be occurring. It is also of interest that at the
lower flow rate (G = .4 x 106 lbm/ft2 -hr) nucleation might be occurring up to critical
heat flux qualities of around 0. 9. At the higher flow rate (G = 4 x 106 lbm/ft2 -hr) the
nucleation is suppressed somewhere around a critical heat flux quality of 0. 2. At
either flow rate, nucleation is predicted for most of the expected critical heat fluxes.

We next consider that the Bergles criterion is valid and look at the same
expected critical heat flux points. If we consider that the correlation of Dengler and
Addoms is still valid, the expected critical heat flux points would all fall far to the
right of the incipient boiling curve. The criterion that nucleation only occurs at the
lowest qualities would say that all but the lowest quality critical heat flux points would
not have nucleation.
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This diversity of answers demonstrates that we cannot predict the
presence of nucleation without further information. Until better criteria for nuclea-
tion can be established, little can be said about the effects of it on an annular film
in particular and on critical heat flux in general.

A.2 Critical Heat Flux

Several critical heat flux models have been developed which apply to the
region of annular, spray-annular and dispersed flow in the literature. Three of
these are discussed below.

The model of Reference (26) consists of the following assumptions:

1. Assumption of a spray-annular flow.

2. Assumption that a potential flow stability analysis and
use of turbulent mixing length theory will determine
film thickness.

3. Assumption of turbulent diffusion of droplets in core
to liquid film.

4. Assumption that a critical heat flux occurs when the
liquid going to the film is not sufficient to make up for
liquid leaving the film.

5. Assumption that entrainment of liquid from the liquid
film to the core is zero at the critical heat flux.

Using this model, Tippets was able to obtain an equation for critical heat flux which
contains three arbitrary constants. These constants were obtained from experi-
mental data. Two of the constants were found to be reasonably constant while the
third was allowed to vary with geometry. However, rather than dwell on those, it
is more instructive to look at the results of the analysis and determine its physical
meaning. Take Equation (23) of Reference (26):

(k3 k) u (1 +Pg/Pf)
6- 3= 2(A .2-1)

Pg v*L2 (1 +Pf/P

This is the equation for film thickness with two constants k3 and k. From the defini-
tion of v*L, we have:

v*L oPf (A.2-2)

Now for a circular pipe,

(-z D(A.2-3)
STPF
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Substituting Equation (A. 2-3) into Equation (A. 2-1), we get:

v*L2_ 14 dz (A.2-4)
*L p 4 d /TPF

Substituting Eq. (A..2-T4) into Eq. (A. 2-4), we get:

k3k4 o- 1+ P/Pf
6 =Pg[d)(A.2-5)

gP \z + lpg/p 2fg
f TPF

which can be rearranged to:

_ (D4-+ !P p)2 d

k3k = d 1 ( gP d8 - (A.2-6)
34 j41 - (1+ Pf P) J dz TPF

In a given system the term in the first bracket on the right should be a constant.
Thus, the second bracket must be a constant also. This is to say that film thick-
ness varies inversely as the pressure drop.

Whether this is so or not may be checked by using adiabatic nitrogen-
water data taken at CISE as reported in Reference 27. The film thickness times the
pressure gradient from that source is plotted on Fig. A.2.1 as a function of liquid mass
velocity with gas mass velocity as a parameter. The product varies almost propor-
tionally with liquid mass velocity at a given gas mass velocity. Also, the product re-
mains almost constant with gas mass velocity at the lower liquid mass velocities. The
variation in the product shows that Tippets' film thickness prediction should not be
correct.

It may be argued that the film thickness measurement may not be valid.
It was measured by measuring the electrical resistance between two axial sections
in a tube. This is subject to errors from bubbles and waves. However, the trend
in the data should be correct and the conclusion made above should not be invalidated
by these possible errors.

The data of CISE is for adiabatic flow. This should not influence the
validity of the comparison because the basic analysis for film thickness does not take
heat addition into account.

The critical heat flux model of Isbin et al (Ref. 28) is another model utili-
zing the spray- annular flow regime. This model has the following major assumptions:
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1. The flow is spray annular.

2. Droplet diffusion from core to film.

3. Re-entrainment of liquid from film.

4. Critical heat flux occurs when the film disappears.

By assuming a functional form for the droplet diffusion coefficient and for re-entrainment
and by using mass and energy balances, these investigators are able to determine critical
heat flux in terms of what they state to be three arbitrary constants for a given system.
As pointed out in the discussion of the paper, it can be argued that there are actually six
arbitrary constants.

This approach is a much less detailed one than that of Tippets, but gives
results which appear as good so far as matching data is concerned. One difficulty with
the analysis appears to be in the form of the mass transfer coefficient. Single phase
turbulent flow experimental correlations give:

k ~-Gm (A. 2-7)
g

where m is some positive fraction, generally close to 0. 8. In this work, m is taken
as -0. 5. Thus, the mass transfer coefficient is inversely related to mass velocity.
This anomalous behavior is not entirely clear.

Goldmann et al (Ref. 29) utilize a droplet diffusion model also, but use a
dispersed fog flow regime instead of a spray-annular regime. The liquid flows in this
regime only as droplets disperse in the continuous vapor. A critical heat flux is said
to occur when the rate of liquid diffusion to the wall is no longer sufficient to absorb
the heat flux.

The Chilton-Colburn analogy is used to relate the mass transfer coefficient
to the friction factor in a pipe as follows:

k

- (A. 2-8)u 2
g

where ug is the gas velocity in a pipe. The parameter k Vu is calculated from criti-
cal heat flux data using an assumption of zero slip and i ploted against a Reynolds
number based on total mass velocity, tube diameter and gas viscosity. There is wide
spread in the data but it does fall in the region of f/2 for a smooth tube as Equation
(A. 2-8) would predict. The wide spread in the data is attributed to the gross approxi-
mations which were made concerning slip between the gas and liquid phases.

If the form of the critical heat flux equation used by them is examined
more thoroughly, a greater insight into the value of the model might be obtained. For
the condition of no slip, the equation is:
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k

cr = (1 - X) Gh (A. 2-9)
g fg

or

r = ( (1 - X) Ghf (A. 2-10)

g

The value for friction factor used by them is:

f f~-~~\-0.2
2 = .023 -. 2 (A. 2-11)

g

Substituting Equation (A. 2-11) into Equation (A. 2-10), we get:

_cr = 2 x .023-0. 2 (1 - X) Gh (A. 2-12)
crYg/f

g

.046(D~- 0 . 2  0

= . 046 -. 2(1 - X) Go.8 hf (A.2-13)
g g

This would imply that at a given quality in a given system the burnout flux will in-
crease with G. Much of the data in the literature do not follow this trend.

Each of the above flow regime models for critical heat fluxes have the
common characteristic of determining the flux of droplets to the wall. Goldmann
et al assume a diffusion coefficient very much the same as a molecular diffusion
coefficient. Isbin et al assume a diffusion coefficient which varies inversely with
mass velocity. Tippets examined in much greater detail the turbulent flows taking
droplets to the wall and the stability of the film thickness on the wall. He was then
able to obtain an expression which allowed the droplet transport to the wall to de-
crease with increasing mass velocity.

The differences in the analyses lie in the assumption of a liquid film on
the wall or a dry wall and the degree of detail in analyzing the model. Goldmann et al
treat the dry wall case and Isbin and Tippets treat the liquid film case. The model of
Isbin takes the gross effects into account and Tippets examines the liquid film in
detail.

For the reasons stated above, none of the models for critical heat fluxes
appear entirely adequate, although each appears to be able to predict critical heat
fluxes with the proper choice of constants. The visual data of Tippets indicates that
a spray-annular model is valid at least under some conditions. It does not appear,
however, that the exact mechanism for the critical heat flux in spray-annular flow has
been explained.
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A. 3 Stability Analysis

The analysis begins with the selection of a model. Since conclusions
regarding actual system performance will be obtained from analysis of the model,
this first phase of the study is of prime importance. Therefore, all previous
experience gained from studies of similar systems must be called upon to select
a model whose performance will typify the performance of the real systems and
whose dynamic behavior will be simple enough to allow analytic formulation and
solution.

Following the selection of a model, the dynamics of the model will be
analyzed; the continuity, energy, and momentum equations will be formulated for
the model. These dynamic equations will be linearized by restricting the study to
perturbations about some mean operating point. Then, the perturbed equations
will be transformed and algebraically manipulated to obtain the characteristic
equation of the model. From a study of the characteristic equation a stability
criterion will be established.

A, 3. 1 Modeling

Based upon the experience gained in many similar stability studies
performed at Dynatech, the distributed parameter system has been modeled as
shown inFig. A. 3-1 . The model consists of:

1. a fixed inlet pressure,

2. an inlet restriction where all the liquid phase friction
losses are lumped,

3. a frictionless, constant-length section where subcooling
is removed,

4. a heat input node where half of the two-phase heating is
added without any mass or energy storage,

5. a two-phase frictionless adiabatic section,

6. another heat input node where the remainder of the two-
phase heating is added again without any mass or energy
storage,

7. an exit restriction where all of the two-phase friction losses
are lumped and,

8. a fixed exit pressure.
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required to
remove subcooling

Subcooled Adiabatic
I Frictionless Frictionless

Section Section

Inlet +- Lsc
Restriction

2 third heat addition

p

+---LOpExit
Restriction

q second heat
addition

Figure A.3.1. System Model

Since the system pressure level is large with respect to the pressure
variations to be considered in this study, the fluid properties are assumed to be
constant. Therefore, we can justify lumping the inlet pressure losses because in
a constant-property, single-phase flow there is no difference between distributed
and lumped pressure losses. The lumping of the two-phase friction losses at the
end of the heated section is somewhat justified since most of the two-phase loss
occurs at the end of the heated section where the quality and fluid velocities are
the highest.

The assumed model is useful only for predicting hydraulic type in-
stabilities. Instabilities resulting from the heat transfer mechanism or transitions
in flow regime cannot be studied with the assumed model. Any model which includes
all the mechanisms for stability is too complicated to be of practical value.

A. 3.2. Dynamics

The flow in the model is assumed to be one-dimensional.- Thus the
continuity, momentum, and energy equations are formulated in terms of the mean
parameters of the flow at any cross-section. The system model is reproduced in
Fig. A. 3.2 in somewhat more detail than was presented in Fig. A. 3.1 to help locate
the parameters which are important in the derivation.

A. 3. 2. 1 Continuity

The premise that mass cannot be created or destroyed leads to the
continuity equation which for a control volume states that the time rate of change
of mass within a control volume must equal the net flux of mass across the control
volume boundaries.
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Figure A. 3. 2.Mode1 Used in Analysis

Subcooled Frictionless Section

If we look at a control volume that includes the inlet restriction and the
subcooled frictionless section, continuity implies that the mass flow out of the control
volume equals the mass flow into the control volume since the fluid is incompressible
and there is no change of phase in this section. Also, since the density of fluid
entering and leaving the control volume is assumed to be the same, the volume flow
rates entering and leaving must be equal.

First Two-Phase Heat Addition

Since there is no mass storage in the zones where two-phase heating is
occurring, continuity results in the following:

2P2 Q1Pf (A y 3-1)

But,

P = Pf -YPfg (A. 3-2)

Hence,

Q2 Pf -Q2y2 fg Q1 Pf . (A.3-3)

Adiabatic Frictionless Section

In the adiabatic frictionless section the density and volume flow rate can
vary with both time and distance. Therefore, continuity in this section requires that:
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at A az (A.3-4)
f

Using Equation (A. 3-2), this expression can be rewritten:

t AfPfg f Pfg az Q fg azj (A.3-5)

Second Two-Phase Heat Addition

Continuity for this section is very similar to that derived for the first two-
phase heat addition section. The result is:

Q4 Pf - Q4 y 4 Pfg =Q3 ~Pf - Q 3y 3 Pfg (A. 3-6)

A..3.2.2 Energy

The energy equation simply equates the time rate of change of stored
energy to energy, heat, and work fluxes. In the present study no shaft work is in-
volved; hence, the change of stored energy is a function only of enthalpy and heat
fluxes.

Subcooled Frictionless Section

The amount of heat required to remove most of the subcooling in this sec-
tion is determined from a steady state energy balance.

qsc p Qlss (hf - Ah - hL) = PfQlss (hsc -h) (A. 3-7)

where Ah is a small enthalpy included in the analysis to maintain single-phase condi-
tions up to the first two-phase heat addition section during very small flow excursions.

Since the heat flux is uniform along the total heated length, L, the sub-
cooled length Lsc is:

(hs -zAh)p PQ1  L
L = (sc h lss .A. 3-8)sc q

Also, since

q = qsc + q1 + q2  (A. 3-9)

and
q= q2 (A. 3-10)

A-18
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q -sc

1l q2 2

First Two-Phase Heat Addition

reduces to:

but,

and

There is no energy storage in this section. Hence, the energy equation

q= h2 p2 Q2 hfkfQ1 + Ah PfQ1

h2p2Q2 = hf (1 - y2 ) pf Q2 + hg y2 Pg Q2

h = h +hf
g f fg

therefore,

= hf [Q2 Pf -Q 2 Y2 PfgPf Q 1] + hfg y2 pg 9Q2 + AhpfQ1 (A. 3-15)

From continuity, Equation (A. 3-3),we seethatthe term in the brackets is zero; hence,
the energy equation reduces to:

(A. 3-16)
q= hfgpy2 Q2 + A h pfQ1

Now it can be shown that the second term on the right-hand side of this equation is
much smaller than the first term on the right in most cases. Hence, in the analysis
to follow,the second term is neglected.

Adiabatic Frictionless Section

Since the pressure level has been assumed to be constant and also, since
there is no heat input to this section, the energy relation takes the following form:

pfhf(1-y)+pghg y
1 a

A az pf hf (1-y) +PghgY] Q

(A. 3-17)

A-19

then

(A. 3-11)

(A. 3-12)

(A,.,3-13)

(A. 3-14)

a
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or,

h+ph) =- ( - yp)h+p h y -- (ph -p hPfghfpghg)at A f - fg(P f g fg YJ z Af ( g fg Pfg f) &z

(A. 3-18)

Now, using the continuity equation, Equation (A. 3-5), this reduces to:

=z 0 . (A. 3-19)

Therefore, in the adiabatic frictionless section the volume flow Q does not vary with
distance and, hence, disturbances in Q propagate with infinite speed in this section.
The final result of the energy equation is that:

Q3 Q2(A. 
3-20)

Second Two-Phase Heat Addition

The energy balance for this section is similar to the balance for the first
two-phase heat addition, the one exception being the quality of the flow entering the
section. The energy balance can be written as:

q2= [(1 -Y 4 ) Pfhf + y4 pghg Q4 - [(1 -y 3 ) Pf hf+ y3 pghg Q3

(A. 3-21)
or

q [Q4 Pf-~Q3 Pf + Q3 y3 Pfg ~ Q4 Y4 pfg hf+y4 pghfgQ 4 y3 pghfgQ 3

(A. 3-22)
Using continuity Equation (A. 3-6), we can rewrite the energy balance:

y4 Q4 y 3 Q 3 - Pghfg (A.3-23)
g ~Tg

A.3.2.3 Momentum

The momentum equation written for a control volume which completely
surrounds the fluid within the model takes the following form:

I Inertial O + Net flux of momentum = (P - P0 ) - Z friction0p - Bouyancy ApAf

A -20
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Inertial Ap

The only significant inertial pressure drops in the model are assumed to
occur in the subcooled frictionless ratios and the adiabatic frictionless section.
Inertial pressure drop in the former can be expressed simply as:

LscPf dQ 1
I1 A gc d t (A.3-24)

In the adiabatic section the inertifll pressure drop takes the following form:

1
pI2 - g Af

2 c f o
a -Qdzat (PQ)d

From the energy equation, Equation (A.3-19), we see that the volume flow Q is not a
function of z. Therefore, we can rewrite Equation (A. 3-25) as:

_ 1 _ 2

I g2 A at

LI

0

Q2
p3dz + g

gc f

Lq5

& dz
at

0 (A. 3-26)

Also, we can rewrite the continuity equation, Equation (A . 3-4) as:

a Q_ _ 2 p
t ~ gcAf az

Combining Eqns. (A. 3-4) and (A. 3-26), the inertial pressure drop Ap2 can be written:
T , 2

1 _ _

2 gc A f at (kf - Pfy) dz +

0

2

Pc A Pfg (Y3 Y2 )

Momentum A p

The pressure drop due to a net flux of momentum is equal to the difference
between the momentum flux out of the control volume and the momentum flux into the
control volume divided by the cross-sectional area of the flow.

A -21
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{ 1P 2
Pf Y4) Q4

(1 ~ y4)Af

2
p(y 4 Q4 )2

+ A Pf
y4 ff

Friction A p

Friction pressure losses are lumped at the entrance and exit of the test
section. The entrance friction pressure drop is:

2APfl= kf1 Q(A. 3-29)

where k.1 is a constant evaluated from the steady state system friction losses. The
two-phase friction pressure drop lumped at the exit is expressed as:

Apf2 = kf2 (Pf - Y4 Pfg) Q4
2 (A . 3-30)

This formulation for the two-phase friction pressure drop has been chosen because it
is simple and also because it should accurately indicate the changes in Apfe that occur
for small changes in volume quality and/or volume flow rate when the constant kfe is
evaluated for the mean conditions about which y and Q are changing.

Buoyancy

Since the test section is vertical, there is a static drop in pressure be-
tween the entrance and exit equivalent to the weight of fluid in the test section.
Therefore,

ApB PfLsc

L$b

0

f ^y Pfg) dz

L0#

Pf(Lsc+LO)-Pfg d z.

0

(A. 3-32)

A. 3.3 Stability

To obtain an estimate of system stability the equations developed in the
previous section must be solved. Due to the high degree of nonlinearity in these
equations an analytic solution is beyond the present state of the art. These equations
can be solved with either a digital or analog computer. However, this process is time
consuming and expensive. An alternate,somewhat simplified approach has been selected

A -22

1
m gc Aof

Q1
Af (A . 3-28)

or
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for the present study; the formulated equations are linearized by considering only
perturbations of the dependent variables about their mean values; the Laplace trans-
forms are then taken of the linearized equations; the transformed equations are
algebraically manipulated to obtain the characteristic equation of the system; and
finally, the locations of the roots of the characteristic equation are investigated to
determine stability.

A. 3. 3. 1 Linearization

The linearization is accomplished by assuming each of the dependent
variables to be composed of a constant mean value plus a perturbation value, i. e. ,
for example:

Q -QLss + A Q

These expressions for the dependent variables are then substituted for the dependent
variables in the formulated equations and all terms that involve products of perturbations
are assumed to be negligible.

The foregoing procedure results in the following linearized equations,
since the dependent variables occurring in these equations are all perturbations; the
prefix A has been dropped.

Continuity

(Pf y2ss Pfg) Q2 -Q 2ss jfg y2  p 1Q 1  (A. 3-3L)

Q
- 2ss ky

a t A f az (A. 3-5L)

(Pf - y4 55 Pfg) Q 4 - Q 4 55 Pfgy 4  (Pf- y2ss Pfg) Q 3 - Q2 s PfgY3
(A, 3-6 L)

Energy

hfgpgy2ssQ 2 + hfg pgQ2 5 y2  0 (A. 3-16L)

Q3 = Q 2  (A. 3-20L)

y4ssQ4 + Q4ss 2ss Q3 Q2ssy 3 =0 (A.3-23L)

A-23
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Momentum

PI + 2 + APm +2APf1+ Apf-APB = 0

_ Lscpf dQ1
A fg dt (A. 3-24L)

_ f 2ss Pfg) L 4

gc AfSf

2dQ2  @ 2ss fg
dt + 2 y3 y 2

g9 Af

m 
Pf

2 g Q 2
(PfQ1ss g0A ~ mss (1 y 4ss 4s

-(p Q21ss+ gc2 ms) (1 2 }4ssy4
+ 2 Pf (1 - )y4ss2 4ss 4ss + 2 py24ssQ4ss -4ss] Q4

+ l- 2 p (1 -y4ss 24ss 4ss

-2 pf Q1 5 (1 - Y4ss) 4ss Q

+ 2 pg y4ss 4s4s2+ 2PgY 4 ss (1 Y4ss)] Y4

1

gc Af (1 - y4ss 4ss
(A. 3-28L)

pf =
1

2 0 p1
lss

Q1s s

2

f= 2 kf (Pf ~ 4ss Pfg) Q4 kf P fgQ 4ss4

2A p
= 2ss

Q4ss
Q4

2ss

Pf - y4ss Pfg
y4

Lo

ApB Pfg y d z

0
A-24

A pI
2

(A 3-27L)

(A' 3-29L)

(A. 3 -30L)

(A 3 -32L)
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A. 3. 3, 2 Characteristic Equation

To obtain the characteristic equation of the system, the linearized
equations are manipulated to eliminate all but one dependent variable. However,
before this procedure can be followed an additional equation relating hold-up
volume quality to flowing volume quality must be established. This relation
depends upon the distributions in phases and velocities across the flow channel.
Therefore, it cannot be obtained from the model due to the assumed one dimen-
sionality of the flow. There are, however, many relationships available such as
those presented by Bankoff (Ref.30) and Levy (Ref.31). The analysis to follow can
be carried out with any of the available expressions; however, for the sake of
simplicity, only the homogenous flow case (y = y) is presented.

For the homogeneous case, continuity in the adiabatic section, Equation
(A. 3-5L),becomes:

V =_ 2ss (A:3-5L)
t Af az

inertia in the adiabatic section, Equation (A. 3-27L), becomes:

-
2

0 f ~2ss Pfg L pd Q2 + Q2ss Pfg
2= g0 Af dt gAf 2  ( 3 - 2 ) (A.3-27L)

and momentum, Equation(A. 3-28L), becomes:

z (pf-y 4 ssPfg)Q4ss fgQf4ssQ42flss
wpm 2  4A2 ~ 2 Q 1  (A 3-28L)

c Af gc A g Af

The perturbed variables by definition have zero initial values. Therefore,
Laplace transforming the linearized equations simply results in all of the perturbed
variables being replaced by their transforms and all of the time derivatives being re-
placed by the Laplace operators. If we now consider the transformed linearized
variables to have the same symbols as the variables before transformation, the only
equations that will change after the transformation are those equations that contain
time derivatives - Eqs. (A. 3-5L), (A. 3-24L), and (A. 3-27L).. The new form of the
equations that change are:

_ 2ss _

Y A f 8z(A.3 -5L)

1 = f s(

A-25
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and, P
f 2ss fg L psQ2

2 gc f

2

+ ~2ss fg (.3)L

g Af

Equation (A.3-5L)cannow be integrated between z = 0 and z = LO to yield:

-TS

Af L4
T 

Q
2ss

(A. 3-33)

This relation,which is a consequence of the distributed nature of continuity in the
adiabatic frictionless section,indicates that disturbances in volume quality,and hence
density,propagate with a mean velocity of Q2ss/Af in this section. Hence, variations
in volume quality and density at Sec. (A. 3. 3)of the model are delayed from the varia-
tions at Sec. (A. 3. 2)by the delay time T.

The characteristic equation can now be obtained by first manipulating the
continuity and energy equations to obtain expressions for the volume flow rates and
volume qualities in terms of the inlet volume flow rate Q:

Q2  Q 1  
(A, 3-34)

y2 Q 2  Q(A.3-35)
Q2ss

Q3  Q1  
(A. 3-36)

y~s-T5s

y3 = - es (QA. 3-37)
Q2ss

Q4 = Q1 
(A. 3-38)

2ss y4ss -

4ss1

2ss ' -Ts

4es

A-26

where:

(A. 3-39)

(A. 3-27L)
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then substituting these expressions into the momentum or pressure drop equations
and approximating the term (1 - e-Ts)/T s which appears in the bouyancy pressure
drop APB as (1 + e-TS)/2 the following characteristic equation is obtained

[A+BTs + C e T s] Q=O (A. 3-40)

A 2 Plss

Ass
+Q2ss

v A ge

(1_ iss + ___ q _

Q2ss 2vfhfgQ

+"f2ss 1

2ss fgq2  +1

hfg Q2 ss

+ 1
vgge Af2

vfgq 2 Q 1 ssE ss + hfg Q 2 ss

L

B _ iss + L 2ss
2

VfAf g0

C2sC - - 2

vfAf gc

+pQ

+ 2ss

Q2ss

+ 1+ Af2

v g gcA2

Qiss

Q2ss

fg q
1

hfgQlss

fg q 1

h fg

)+

(fg q 2

h Qfg 2ss

f Lq

22 v h Q 2ss

+ 1

A -27
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The assumption used in the buoyancy expression was made to reduce the order of
the characteristic equation. Since the buoyancy term is not very important when
compared to the friction and momentum pressure losses, this assumption will not
change the results significantly.

A. 3. 3.3 Stability

The dynamic stability of the model is determined by the location of the
zeros of the characteristic equation, Equation (A. 3-40). Because the model is be-
lieved to be conservative, the stability of the actual system is assured if the zeros
of Equation (A. 3-40) all have negative real parts.

The location of the zeros of Equation (A. 3-40) can be determined most
easily with a Nyquist plot (Ref. 32). Using this method, the stability plot given in
Figure A. 3.3 has been determined, In this figure the stable and unstable regions
have been indicated as functions of B/(A + C) and C/(A + C).

A-28
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2.0

I.6

1.2

B
A +C STABLE

.8

.4
UNSTABLE

0 .4 .8 1.2 1.6 2.0

FIG.A-3.3: STABILITY OF SYSTEM WITH CHARACTERISTIC
EQUATION A+tBrs+Ce-TS =0 WHERE B Z 0
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Nomenclature for Section A. 1

Q/A - heat flux

Tw - wall temperature

T - saturation temperature
5

x - flowing mass quality

G - total mass velocity

P - pressure

D - diameter of pipe

Nomenclature for Section A. 2

D - di-ameter of pipe

Pf - density of liquid

p - density of gas

- - surface tension

G - total mass velocity

X - flowing mass quality

6 - liquid film thickness

k3 - constant in Equation (A.2-1)

k4 - constant in Equation (A. 2-1)

v*L - liquid friction velocity defined by Equation (A. 2-2)

T - wall shear stress

(3 T - two-phase friction pressure gradient
/TPF

k - mass transfer coefficient
g

m - defined by Equation (A. 2-7)

A -30
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Nomenclature for Section A. 2 (continued)

u - gas velocity

f - friction factor

(bcr - critical heat flux

h - enthalpy change from saturated liquid to saturated vapor

p - gas viscosity

GL - superficial mass velocity of liquid

G L - superficial mass velocity of gas
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Nomenclature for Section A. 3

Af - flow area

A , B, C - coefficients in characteristic equation

gc - gravitational constant

h - enthalpy

Ii - mean enthalpy in subcooled section

h - h - h
fg f g

h - h- h
sc f L

k - constant in friction pressure drop relations

L - total length of heated test section

Lsc - subcooled length

Lp - two-phase length

p - pressure

Q - volume flow rate

q - total heat input

qsc heat required to remove subcooling

ql - first two-phase heat addition

q2 - second two-phase heat addition

s - Laplacian operator

t - time

v - specific volume

v - v-vf
fg gof

x - flowing mass quality (vapor)

y - flowing volume quality (vapor)
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Nomenclature for Section A. 3 (continued)

- hold-up volume quality (vapor)

- space coordinate

- difference

- density

- hold-up density

- pf-Pg

- delay time - Af Lp/Q2ss

Subscripts

z -

3 -

4 -

B -

f -

fi -
fl -

f2

g -

I -

location just after first two-phase heat addition

location just before second two-phase heat addition

location just after second two-phase heat addition

bouyancy

saturated liquid

inlet friction loss

exit friction loss

saturated vapor

inlet

- inertia in subcooled section

- inertia in adiabatic section

- liquid

- momentum

- outlet

- refers to evaluated at steady state

A-33
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APPENDIX B

Table 1

FLOW REGIME DATA

Mass
Run Velocity
No. Date Quality (lbm/hr-ft )

x 106

x 106

x 106

x 106

x 106

x 106

x 106

x 106

x 106

x 106

x 106

x 106

x 106

x 106

x 106

x 106

x 106

x 106

x 106

x 106

x 106

x 106

x 106

x 106

x 106

Heat Flux
(Btu/hr-ft2 )

372, 000

393, 000

428, 000

436, 000

238, 000

243,000

289,000

314, 000

339, 000

116, 000

128,000

166, 000

187, 000

62, 200

67, 900

94, 500

120, 000

138, 000

157,000

187,000

217, 000

212, 000

212,000

271,000

295, 000

*

Pressure
Drop
(psi)

4. 5 + . 5

4.5 + . 5

5. 5 + . 5

6.0 + .5

3. 5 + . 5

3. 5 + . 5

3. 5 + . 5

4.0 + .5

4. 5 + . 5

3. 5 + . 5

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

12-

12-

12-

12-

12-

12-

12-

12-

12-

12-

12-

12-

12-

12-

12-

12-

12-

12-

12-

12-

12-

12-

12-

12-

12-

Exit
Pressure

(psia)

999

1000

1000

1001

1001

1002

1001

1001

1001

1001

1001

1001

1001

1001

1001

1000

1001

1001

1001

1003

1001

1001

1001

1002

1002

B-1

2-64

2-64

2-64

2-64

2-64

2-64

2-64

2-64

2-64

2-64

2-64

2-64

2-64

2-64

2-64

2-64

2-64

2-64

2-64

2-64

2-64

2-64

2-64

2-64

2-64

.045

.068

. 114

.120

.002

.013

.103

.151

.196

.003

.029

.166

.254

-. 022

.007

.105

.215

-. 004

.021

.080

. 165

.034

.015

.089

.128

1.22

1.22

1.22

1.22

0. 817

0. 817

0. 817

0. 812

0. 812

0. 408

0.413

0.411

0.406

0. 399

0. 399

0.402

0. 392

0. 814

0. 804

0. 808

0. 801

1.20

1.21

1.20

1.20

.5

.5

. 5

. 5

. 5

. 5

. 5

. 5

3.5 +

3. 5 +

3.5 +

4.5 +

4.5 +

4.0 +

5.0 +

6.0 +

**

Flow
Regime

B

T (B-D)

D

D

B

S

S

D

D

B

S

S

D

B

S

S

D

B

T (B-S)

S

D

T (B-D)

B

D

D



Table 1 (continued)

Run
No.

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

1

2

3

4

5

6

7

8

9

10

Date

12- 2-64

12- 2-64

12- 2-64

12- 2-64

12- 2-64

12- 2-64

12- 2-64

12- 2-64

12- 2-64

12- 2-64

12- 2-64

12- 2-64

12- 2-64

12- 2-64

12- 2-64

12- 2-64

12- 2-64

12- 2-64

12- 2-64

11-24-64

11-24-64

11-24-64

11-24-64

11-24-64

11-24-64

11-24-64

11-24-64

11-24-64

11-24-64

Quality

.147

.014

.037

.037

.107

.158

.196

.247

-. 023

.005

.111

.181

.223

.275

-. 027

-. 006

.164

.234

.322

.029

.029

.060

.063

.062

.158

.223

.236

.026

.087

Mass
Velocity

(lbm/hr-ft2 )

1.22 x 106

1.21 x10 6

1.23 x 106

1.22 x 106

1.20 x 106

1.22 x 106

1.22 x 106

1.21 x 106

0.810 x 106

0.808 x 106

0. 804 x 106

0.804 x 106

0. 804 x 10
6

0.797 x 106

0.408 x 106

0.408 x 106

0.409 x 106'

0.409 x 106

0.404 x 106

Heat Flu
(Btu/hr-f )

333, 000

94, 500

109,000

109, 000

166,000

214, 000

241,000

278, 000

50, 400

62,200

120, 000

155, 000

178, 000

204,000

32, 100

37,600

83, 100

102, 000

124,000

386, 000

386, 000

435, 000

435, 000

435, 000

553, 000

629,000

639,000

320, 000

372, 000

B -2

*

Pressure
Drop
(psi)

6.0 + .5

4.0 + .5

4.5 + .5

4.5 + .5

5. 5 + . 5

6.5 + .5

7.5 + .5

8.5 + .5

3.5 + .5

4.0 + .5

4.5 + .5

4.5 + . 5

5.5 + 1.0

6.0 + .. 5

7.0 + 1.5

7.5 + 1.0

7.5 + 1.0

12.5 + 1.0

15.0 + 1.0

15.5 + 1.0

5.5 + .5

7.5 + 1.0

2.02

2.02

2.02

1.99

2.05

2.07

2.06

2.01

1.65

1.63

x 106

x 106

x 106

x 106

x 106

x 106

x 106

x 106

x 106

x 106

Exit
Pressure

(psia)

1001

1001

1001

1001

1000

1001

1003

1004

1001

1001

1001

1001

1001

1003

1001

1000

1001

1001

1001

1000

1000

999

1001

997

995

997

999

1000

1005

**

Flow
Regime

D

T (B-S)

S

S

S

T (S-D)

D

D

B

S

S

T (S-D)

D

D

B

S

S

D

D

B

B

T (B-D)

T (B-D)

T (B-D)

D

D

D

T (B-D)
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Table 1 (continued)

Run
No.

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

Date

11-24-64

11-24-64

11-24-64

11-24-64

11-24-64

11-24-64

11-24-64

11-24-64

11-24-64

11-24-64

11-24-64

11-24-64

11-24-64

11-24-64

11-24-64

11-24-64

11-24-64

11-24-64

11-24-64

11-24-64

11-24-64

11-24-64

11-24-64

11-24-64

11-24-64

11-24-64

11-24-64

11-24-64

11-24-64

11-24-64

B-3

Quality

. 157

.011

.086

.042

.061

.102

.137

.022

.016

.086

.131

-. 011

.077

.169

.229

.028

.010

.174

.042

.022

.063

.062

.084

.102

.139

.200

-. 001

-. 003

.023

.060

Mass
Velocity

(lbm/hr-ft2 )

1.62 x 106

1.64 x 10 6

2.11 x 106

2. 12 x 106

1.62 x 106

1.60 x 106

1.64 x 106

1.62 x 106

1.53 x 106

1.47 x 106

1.51 x 106

1.48 x 106

2.05 x 106

2.02 x 106

2.03 x 106

2.06 x 106

1.63 x 106

1. 56 x 106

2.07 x 10 6

1.66 x 106

1.61 x 106

1.57 x 106

1.61 x 106

1.57 x 106

1.60 x 106

1.59 x 10 6

1.22 x 106

1.24 x 106

1.22 x 106

1.22 x 106

Heat Flux
(Btu/hr-ft

450,000

289,000

694, 000

602,000

507,000

544,000

594, 000

480,000

159, 000

206,000

271, 000

122, 000

249, 000

345, 000

428, 000

187,000

111,000

261, 000

414,000

320, 000

345,000

345, 000

378, 000

378, 000

428, 000

480,000

84, 800

84, 800

111, 000

134, 000

*

Pressure
Drop
(psi)

9. 5 + . 5

5. 5 + . 5

8.5 + 1.0

6. 5 + . 5

6.5 + .5

7.5 + 1.0

9.0 + .5

5. 5 + 1. 0

5.5+ .5

7. 5 + . 5

8.5+ .5

5.0 + .5

11. 5 + . 5

16.0 + .5

19. 5 + . 5

8.0 + .5

6.0 + .5

11. 5 + 0

7.5 + 1.0

5.5 + 1.0

6.0 + .5

6.0+ .5

7.0 + .5

7.0 + .5

8.5+ 1.0

10.0 + .5

3. 5 + . 5

4.0 + .5

4.0 + .5

4. 5 + .5

Exit
Pressure

(psia)

1007

1007

1005

998

1000

1000

999

1001

1002

1003

999

1000

1005

1007

1007

998

1003

1009

1003

1003

1004

1004

1004

1004

1005

1006

1004

1006

1005

1004

**

Flow
Regime

D

B

T (B-D)

B

T (B-D)

T (B-D)

D

B

T (B-D)

T (B-D)

D

B

T (B-D)

D

D

B

B

D

B

B

B

T (B-D)

T (B-D)

T

D

D

B

B

T (B-S)

S
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Table 1 (continued)

Quality

.097

.128

.161

.201

.212

.300

.301

-.015

-. 018

-. 007

.033

.008

.061

.086

.098

.140

.153

.210

.011

Date

11-24-64

11-24-64

11-24-64

11-24-64

11-24-64

11-24-64

11-24-64

Heat Flux
(Btu/hr-ft2 )

162,000

192, 000

222,000

263,000

263,000

326, 000

326,000

Run
No.

41

42

43

44

45

46

47

* + value refers to oscillation about the average pressure drop

** B - bubbly

S - slug

D - dispersed

T (B-D) - transition, bubbly to dispersed

T (B-S) - transition, bubbly to slug

T (S-D) - transition, slug to dispersed

B-4

Mass
Velocity

(lbm/hr-ft2 )

1.20 x 106

1.21 x 10 6

1.22 x 106

1.22 x 106

1.21 x 106

1.20 x 106

1.20 x 106

0.402 x 106

0.403 x 106

0.403 x 106

0.409 x 106

0.409 x 106

0.404 x 106

0.404 x 106

0.400 x 106

0.399 x 106

0.399 x 106

0.399 x 106

0.416 x 106

*

Pressure
Drop
(psi)

5. 5 + . 5

6.0 + .5

6.5 + .5

7.0 + .5

7.5 + 0

10 + .5
10 + .5

Exit
Pressure

(psia)

1004

1004

1004

1005

1004

1007

1005

64, 900

64, 900

67, 800

79, 800

73, 500

86, 300

93,000

96,200

10 7, 000

111,000

126, 000

67, 900

1

2

3

4

5

6

7

8

9

10

11

15

12-

12-

12-

12-

12-

12-

12-

12-

12-

12-

12-

12-

9-64

9-64

9-64

9-64

9-64

9-64

9-64

9-64

9-64

9-64

9-64

9-64

**

Flow
Regime

S

S

T (S-D)

D

D

D

D

B

T (B-S)

T (B-S)

S

S

S

S

S

T (S-D)

D

D

T (B-S)

1003

1000

1001

1000

1001

1001

1001

1001

1001

1001

1001

1000
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Table 2

CRITICAL HEAT FLUX DATA

Date

12-3-64

12 -3-64

12-3-64

12-3-64

12 -3-64

12 -3-64

12-3-64

12-3-64

12-3-64

12-9-64

12 -9-64

12 -9-64

Quality

. 461

. 484

. 397

. 573

. 874

. 973

. 633

.685

. 923

. 936

. 965

. 912

Mass
Velocity

(lbm/hr-ft2 )

1.23

1.21

1.24

0. 837

0.460

0.405

0. 822

0.767

0.413

0.396

0. 383

0.406

x 106

x 106

x 106

x 106

x 106

x 106

x 106

x 106

x 106

x 106

x 106

x 106

Heat Flux
(Btu/hr-ft2 )

596, 000

467, 000

674, 000

553, 000

400,000

339, 000

488, 000

400,000

284, 000

314,000

314, 000

320, 000

*Manual Trip

B-5

Run
No.

1H

2F

3E

4A

5D

6A

7A

8A

9A

12

13*

14*

Outlet
Pressure

(psia)

1001

1000

994

995

993

999

998

1000

999

1011

1007

1005
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