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Abstract

A calculation procedure, embodied in a computer code, was
developed to calculate the convective subcooled boiling (SCB)
pressure drop of water flowing in small diameter vertical or
horizontal tubes under the condition of high heat fluxes. The
present investigation is an extension of previous work
performed by C.T. Kline in 1985. The computer code, presented
then and now, numerically integrates the single-phase and
separated-flow-model pressure drop equations from the inlet to
the outlet of a heated tube.

Efforts in this study were concentrated on identifying
weaknesses in Kline's best code version and investigating his
recommendations for future work. The calculation procedures
for each flow regime in the tube were modified to give better
overall results. New work focused primarily on the partially-
developed boiling(PDB) and fully-developed boiling (FDB)
regimes. The pressure drop predictions from each code version
were compared to the experimental pressure drop results from
the experimental investigations of Dormer/Bergles,
Owens/Schrock, and Reynolds.

Because flow properties in SCB usually change so rapidly
along the tube length, only a computer code which numerically
integrates the governing flow equations can hope to yield
accurate SCB pressure drop predictions.

The final computer code version was validated against
experimental pressure drop data for water over the ranges of
pressures from 2 x 105 to 28 x 10° Pa (29 to 406 psia), inner
wall surface heat fluxes from 0 to 12.2 MW/m2 (0 to 3.87 x 106
Btu/hrft2), inlet mass velocities from 2500 to 10,000 kg/mZs
(512 to 2048 1lb/ft2s), inlet subcoolings from approximately 10
to 200 °C (18 °F to 360 °F), tube diameters from 1.5 to 4.6 mm
(0.0591 to 0.1811 in), length-to-diameter ratios 49 to 127,
and for vertical and horizontal tube orientations.

While there was variation in the degree of accuracy from
run to run, the final code version provided generally good
agreement with the experimental pressure drop data at a better
success rate than Kline. We estimate the predicted pressure
drop uncertainty range of Kline's best code version to be
around -30% to +45%, excluding a few pathological cases. Our
new code version will generally provide designers with
accurate solutions with maximum uncertainties of about 120%
for the SCB pressure drop calculation of water in small
diameter tubes.



Objective(Preface)

The aim of this research was to produce a subcooled boiling
computer code which will be useful for design engineers in the
power plant and process industries. Although this code was
developed on a Digital VAX-780, the code is primarily intended
to be run on an IBM PC/AT or compatible microcomputer.
Simplicity, user-friendliness, and wide applicability make
this code an important tool in the today's engineering design

process.
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1. Introduction

The phenomenon of convective subcooled (nucleate) boiling,
abbreviated SCB, is often utilized in the design of high heat
flux cooling systems. Subcooled nucleate boiling occurs when
the cooling fluid at or in the near-wall (heating surface)
region exceeds the local saturation temperature while the bulk
temperature of the fluid remains below the saturation point.
In SCB, vapor bubbles generated at the heated surface are in a
non-equilibrium state, either recondensing as they enter the
bulk of the fluid or remaining as vapor in the near-wall
region. In the case of forced convective flows through tubes,
the heat transfer coefficient in SCB is commonly many times
that of the single-phase liquid coefficient. Because of this
and the fact that the cooling fluid never fully vaporizes,
designers are able to transfer the same amount of heat with
smaller pumping systems than would be required using only
single-phase liquid cooling. Three common applications of SCB
heat transfer are high-field electromagnets, high temperature
pressure transducers, and particle accelerators.

The design of SCB cooling systems is complicated due to the
techniques needed for accurate estimation of system pressure
drops. Because of non-equilibrium thermal and hydraulic
conditions of the flow, the full analytical solutions are not
yet available. This approach would require solution of local
instantaneous equations for the vapor and liquid phases of the

flow and associated interface conditions. 1In light of these



facts, researchers have made substantial efforts to quantify
the actual SCB physics by constructing purely empirical
equations based on experimental results. However, strictly
empirical approaches are often too restrictive for general
design use and can give the user a false sense of accuracy.
Hewitt [1] demonstrates the typical accuracy of one such purely
empirical pressure drop correlation in his figure number 2,
reproduced in this paper as figure 1.1,

In his paper, Hewitt suggests that a phenomenological
approach to formulating a solution has advantages over purely
empirical approaches, in that one gains a better understanding
of the physical occurrences, and that a model developed under
such conditions can have a wider range of applicability. The
application of this approach is best manifested in a computer
code which integrates of the basic flow equations using
verified empirical equations to describe needed flow
quantities. Such a computer code was developed by Hoffman et.
al.[2] in 1975. Hoffman's code was one of the first efforts
to calculate the pressure drop while taking into account large
pressure drop gradients and changing flow properties. The
current investigation is a third generation improvement of
that early code version with emﬁhasis on improved accuracy
over a wider range of flow conditions and more flexibility for
the designer.

The specific focus of the present research is to calculate
the SCB pressure drop in small diameter tubes, under the

conditions of fully-turbulent forced convection, at relatively



high heat fluxes, and at relatively high pressures. The final
code version is to be validated against experimental data from
the open literature. The goal of this research is to
formulate a computer code which can return pressure drop
predictions which agree with selected experimental data to
within a difference of approximately % 20%.

This new work is a direct extension of C.T. Kline's M.S.
Thesis[3] completed in 1985. His most promising code version,
SR-2F, is modified to better predict the SCB pressure drop as
compared against experimental results. The investigation
follows Kline's recommendations for future work, but also
identifies weaknesses in his final code version. Sensitivity
studies of the major SCB regimes indicated where we (the
current investigators) should concentrate our efforts.
Comparison of the computer code results with experimental data
indicated which SCB models worked the best and which ones had
shortcomings. The experimental database, which includes data
from the investigations of Dormer and Bergles[4], Owens and
Schrock(5], and Reynolds (6], allows for evaluating code
modifications with reasonable certainty of the conclusions
drawn. However,\due to the enormous amount of test data
available from just these three investigations, and the time
constraint of this research program, a small, representative
group of experimental data runs was first selected for
comparison; additional data were then compared to the code as
time permitted. The major emphasis of this current study is

to use as much information from the previous authors, while



including new developments in this field, without turning this
investigation into another scoping study of SCB correlations.
The degree of success in defining the model and choice of
empirical equations will be clear from either the good or poor
agreement with the experimental data.

A brief review of the pertinent literature will be
presented in chapter 2; the reader should refer to Kline's
Thesis[3] for a more complete review. The theoretical
formulation and flow model will be presented in chapter 3.

The results of modifications to Kline's best SCB pressure drop
calculation procedure will be presented in chapter 4. For
this investigation, Kline's SR-2F computer code version, and
associated correlations and assumptions, will also be referred
to simply as Kline's SCB model.

The process of modifying Kline's model can be traced
through the listing of the over 53 separate code versions
formulated(see appendix I). Listing of the constituent
equations for each code version is shown there.

The code version containing the overall best combination
of correlations is ASCB53. It will be shown that this
version, except for three pathological cases, predicts
pressure drops which agree with the selected experimental data

to within about +20%.



2. Review of the Pertinent Literature

The review of the pertinent literature for this research
consists of twé parts: pressure drop correlations, and
experimental data for checking the computed pressure drop
results.

Kline[3] formulated a computer code to step-wise integrate
the basic governing equations for SCB flow through small
diameter tubes with a uniformly applied outer tube wall heat
flux. He investigated various empirical equations from the
open literature for the flow parameters needed to completely
describe the SCB region(i.e. non-equilibrium void fraction,
two-phase friction factor multiplier, and non-equilibrium flow
quality). Kline's extensive survey of correlations led to the
construction and evaluation of several SCB pressure drop
models. The corresponding computer code versions for each
model were compared to the experimental data of Reynolds({é6],
Mendler[7], and Dormer and Bergles[4]. The code version best
matching the selected experimental data, designated SR-2F, was
recommended; the accuracy was quoted as being +20% based on a
selected set of experimental data but was actually only good
to about -30% to +45% for his entire compiled experimental
data set, excluding a few pathological cases.

Kline's computer code was designed to predict the SCB
pressure drop of water flowing in a heated tube with the

following assumptions:



(1.) Forced-convective flows through horizontal and‘vertical
heated small diameter tubes under steady-state
conditions..

(2.) Circumferentially and axially uniform applied outer heat
flux.

(3.) The working fluid(water) enters in a subcooled state and
all fluid properties are well defined.

(4.) Entrance and flow development effects on the velocity
and thermal boundary layers are neglected(i.e. fully-
developed, turbulent flow is assumed at the inlet).

In addition to the pressure drop, his code also returned
the bulk, inner and outer wall temperatures profiles, the
transition point between single-phase liquid(SPL) and SCB
regimes, the transition between the partially developed
boiling(PDB) and fully developed boiling(FDB) regimes, and
critical heat flux levels from four different correlations.

Kline found that for vertical tubes, the gravity pressure
drop term dominated in both the SPL and SCB flow regimes; the
momentum pressure drop term dominated in all horizontal runs.
He found the best agreement when using the Kroeger and
Zuber{8] flow quality model, the Zuber et. al.{9] void
fraction model, and a two~phase friction factor multiplier not
equal to one. Kline also found that if the onset of
significant net vapor generation (OSNVG) could be accurately
predicted, the calculated SCB pressure drop matched the
experimental data with reasonable accuracy. Of most

importance, Kline showed that most combinations of available



SCB pressure drop equations and correlations did not give
accurate pressure drop predictions.

In 1964, Dormer and Bergles([4] developed a graphical SCB
pressure drop correlation after extensive experimentation.
These investigators measured the pressure drop in heated,
small diameter, horizontal tubes under a variety of flow
conditions and correlated their final results in a single
graph (AP/APgat vsS. qQ"/Q"sat). Smooth tubes of diameters 1.57,
2.39, 3.07, 4.57 mm (0.062, 0.094, 0.121, and 0.180 in) were
tested with an electrically heated equivalent applied heat
flux ranging from 0 to 17.3 MW/m2 (0 to 5.5 x 108 Btu/hrft?).
Length to diameter ratios varied from 25 to 200. Exit
pressures were set at 2.068, 3.447, and 5.516 bar (30, 50, and
80 psia); mass velocities varied from 1520 - 19750 kg/m2s (311
to 4045 1lbn/ft2s). All runs were operated with inlet and
outlet temperatures below the local saturation value and heat
fluxes below the estimated critical wvalues. Each curve in
their graphical correlation, reproduced here as figure 2.1,
represents the correlated pressure drop results for a
particular test section over a range of flow conditions. An
example is shown in figure 2.2. The final curve representing
T.S. 25(a) on figure 2.1 is a beét curve fit to all the data
on figure 2.2. Based on the data scatter on figure 2.2, it
may be estimated that the single curve represented on figure
2.1 has an associated uncertainty band of +10% to x15%. This
correlation was developed for a specific range of flow

conditions; the pressures were quite low being no greater than



about 5 atmospheres. The authors do not state whether the
correlation can be extrapolated outside the range of their
experiments.

More recently, Jia and Schrock[10] proposed a procedure for
calculating the SCB pressure drop in small diameter tubes:;
their calculation procedure is essentially a modification to
Kline's model. 1In their research, Jia and Schrock surveyed
different SCB correlations needed to completely describe the
frictional, gravitational, and acceleration pressure gradient
terms. These terms were integrated along the tube length to
calculate the pressure drop. Their model differs from Kline's
in a few ways. Jia and Schrock defined the linear attached
wall void profile for the PDB regime using the Levy[20]
equation for determining the bubble size and corresponding
wall void at OSNVG, in contrast to the Rouhani[21] expression
used by Kline. In conjunction with this new wall void value,
they also proposed that the attached wall void roughens the
flow passage in PDB causing an increase in the friction
factor. The Hirata[25] equation was used to model this
effect. Jia and Schrock also spent considerable effort in
more accurately defining the distribution parameter needed in
the void fraction equation for the FDB regime. Their model
used the Hancox and Nicoll([ll] correlation which relates the
distribution parameter to the local void fraction. Finally,
the onset of nucleate boiling (ONB) was defined using the
Bergles and Rohsenow[12] correlation for the wall superheat at

that point. Jia and Schrock compared their predicted results



with the experimental data of Dormer and Bergles[4], Owens and
Schrock[5], and Reynolds{6]. Their presented results agree
reasonable well with the experimental data.

Because of the practical constraints of this research
program, each code modification could only be compared with a
select group of experimental data. This group of experimental
runs needed to be carefully chosen so that changes in the
calculation method could be quickly and directly evaluated,
with confidence that the results would be representative of a
larger data set. In addition, these test runs needed to cover
a wide range of flow conditions in order to assure that the
final code version would have a wide range of applicability.

The experimental data selected for comparison to the code
results of this investigation appear to meet these conditions.
The data selected comes from the testing programs of Dormer
and Bergles[4], Owens and Schrock[S5], and Reynolds[6]. A
careful selection of individual experimental runs was made
from each of these programs for comparison to each computer
code version developed in the present investigation; those
choices will be discussed in section 2.3. The full data sets
of each testing program are described next.

(a) Dormer/Bergles Test Data(4]

Perhaps one of the most complete sets of experimental data
for the conditions of high heat flux and low pressure comes
from the experimental testing program of Dormer and Bergles.

These authors performed pressure drop tests for water in
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horizontal tube sections under the following geometric
conditions:

Tube A: Type 304 Stainless Steel
Heated Lengths: 0.0584 m (2.3 in) L/D = 25
0.1249 m (4.9 in) L/D = 50

Dj = 2.388 mm (0.094 in)

Do = 3.048 mm (0.120 in)

Tube B: Nickel Steel
Heated Lengths 0.112 m (4.41 in) L/D = 25
0.230 m (9.06 in) L/D = 50
0.457 m (18.0 in) L/D = 100
Di = 4.585 mm (0.1805 in)
Do = 5.359 mm (0.2110 in)

Tube C: Type 304 Stainless Steel

Heated Lengths 0.074 m (2.92 in) L/D = 25
0.150 m (5.90 in) L/D = 50
0.301 m (11.85 in) L/D = 100
0.454 m (17.86 in) L/D = 150

Di = 3.073 mm (0.121 in)

Do = 6.350 mm(0.250 in)

Tube D: Type 304 Stainless Steel
Heated Lengths 0.151 m (5.94 in) L/D = 100

0.229 m (9.00 in) L/D = 150
0.306 m (12.06 in) L/D = 200
Dji = 1.575 mm (0.062 in)
Do = 3.175 mm (0.125 in)
Pressure drop measurements were taken over the following range
of flow conditions for each test section:

Heat Fluxes: 0 - 17.35 MW/m2
(0 - 5.5 x 108 Btu/hrft2)

Exit Pressures: -2.06 - 5.52 bar
(30 - 80 psia)

Inlet Temps: 10 - 62.8 °C
(50 - 145 °F)

Inlet Velocities: 1.52 - 18.29 m/s
(5 - 65 £ft/s)

Dormer and Bergles performed mostly overall pressure drop

tests for a wide range of parameters, although a few pressure
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drop distribution tests were conducted at the beginning of
their testing program. The majority of the test runs were
made at 75 °F or 80 °F because they considered this temperature
to be representative of most cooling systems operating at a
few atmospheres pressure. Their results were presented
mostly in the form of total pressure drop vs. heat flux plots,
with a few pressure drop vs. tube length curves. Pressure
drop data used in this investigation was read from enlarged
photocopies of these graphs with an estimated uncertainty of
+1%. Although Dormer and Bergles did not run pressure drop
tests for every possible combination of flow conditions, their
experimental program is one of the most extensive covering
high heat flux, low pressure conditions. A plot of the flow
parameter space, along with the full flow conditions for their
testing program, is given in appendix D.

(b.) Qwens and Schrock(5]

In their experiments for vertical flow in heated tubes,
Owens and Schrock produced a substantial amount of pressure
drop distribution data over a higher range of pressures, but
lower range of heat fluxes than Dormer and Bergles. Tests
were conducted for water on two sections fabricated of 347
stainless steel. The geometric.conditions were:

Test Section IV: Heated Length: 0.406 m (16 in)

Dy = 4.63 mm (0.1824 in)
Do = 6.386 mm (0.2514 in)
Test Section VII: Heated Length: 0.381 m (15 in)

Dj = 3.000 mm (0.1181 in)
Do = 4.684 mm (0.1844 in)



12

Pressure drop measurements were taken over the following
range of flow conditions:

Heat Fluxes: 0.67 - 4.0 MW/m2
(0.21 - 1.27 x 106 Btu/hrft?)

Exit Pressures: 3.4 - 27.9 bar(increments of 3.4 bar)
(50 - 400 psia(increments of 50 psia))

Inlet Temps: 93.3 - 194.4 ©°C
(200 - 382 °F)

Inlet Mass

Fluxes: 830 - 5322 kg/m2s

(170 - 1090 1b/ft2s)
Their testing program was constructed to assure maximum
coverage of the flow parameters of heat flux, mass flux,
pressure, tube diameter and degree of subcooling for the given
equipment and time limitations. The pressure drop
measurements at each of the eight pressure taps were presented
in tabular form. Pressure values between these taps were
estimated from a plotted curve fit of the data with an
estimated uncertainty of +2%. This set of experimental data
is particularly useful because the range of pressures match
those of typical SCB cooling systems, although the heat fluxes
values where not as high as those of Dormer and Bergles.
Pressure drop distribution data of this testing program was
particularly useful in our code validation procedure by
helping us to evaluate our predictions of the ONB and OSNVG
locations along the tube, and hence, the predicted pressure
drop profiles in each of the flow regimes. This was not
possible from the overall pressure drop vs. heat flux curves

of Dormer and Bergles.
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(c.) Reynolds(6]

The final experimental data used in this investigation
comes from the testing program of Reynolds. The total
pressure gradient for water flowing in a horizontal uniformly
heated tube was measured for a limited range of conditions.
The Reynolds program was of a smaller magnitude than the
previous two, being limited to a single test section with the
following dimensions:

Heated length: 1.829 m (6 ft)

Di = 9.525 mm (0.375 in)

Do = 12.7 mm (0.50 in)

Material - AISI 347 Stainless Steel

The range of flow conditions were:
Heat Fluxes: 0.41, 0.55, 0.69, 0.82, 0.96 MW/m?
(0.13, 0.17, 0.22, 0.26, 0.30 x 10%
Btu/hrft?)

Exit Pressures: 3.07, 4.1, 5.13, 6.86 bar
(45, 60, 75, 100 psia)

Inlet Temps: 93.3 - 194.4 °C
(200 - 382 °F)

Inlet Mass
Fluxes: 2121, 2651, 3181 kg/m?s

(434.4, 543.0, 651.5 1b/ft2?s)
Pressure drop measurements (referenced to the inlet pressure)
were measured at seven locations along the length of the tube
and presented in tabular form. The seven experimental data
points were plotted directly on the predicted pressure drop
vs. tube length curves generated in this investigation as a
means of comparison because a smooth curve fit of the

experimental data was not possible. Accurate interpolation

between the experimental data points was not possible. Since
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this was one of the earliest published works devoted to
quantifying the pressure drop in SCB, it appears that Reynolds
and his researchers may have restricted the range of flow
parameters for their experiments because of technological

limitations of their equipment.

. . . .
2*3__%hQ1QeTQﬁ_;xngx;menLal_Da:a_tn_be_uagd_;n_lhzs

For the most part, these three sets of experimental data
provide a pool of comparison data roughly covering heat fluxes
0 - 17 MW/m2 ( 0 - 5.39 x 106 Btu/hrft?), pressures 2 - 28 bar
(30 - 405 psia), and mass fluxes 830 - 18,250 kg/m2s (170 -
3740 1b/m2s). Because of the enormous amount of data presented
in these sets(over 1500 individual runs), it was not feasible
to compare each computer code modification to every
experimental run. It was thus necessary to select a
representative set of runs(the basic data set) for use in the
code modification procedure and once satisfied with the
results, compare the final code version to additional selected
experimental data.

(a.) DRormer and Bergles Data JSelected

As reviewed earlier, Dormer and Bergles presented their
pressure drop results in two formats, pressure vs. length and
total pressure drop vs. heat flux. Each pressure vs. length
curve represents the results of a single test run under a
single set of flow conditions. Each total pressure drop vs.
heat flux curve, in contrast, represents a collection of

pressure drop results for a single test section over a range



of heat fluxes, but with the same inlet fluid velocity, same
inletvtemperature and same exit pressure. The selected runs
have been given designations based on their D&B figure
numbers. Letter suffixes were assigned when more than cne
curve was taken from a figure.

Basic Data set: Figure 1lla, 1l1lb, 1lc¢, 11d, 17, 19, and 28.

Additional Data: Figure 19a, 19b, 24.

D&B figures 17,19, 19a, 19b, 24, and 28 are overall pressure
drop results for varying heat fluxes which represent a
collection of 115 individual runs; figures lla thru 11d are
pressure drop distribution results for four specific runs.

The selection of these individual experiment runs from this
data set was relatively simple. Because Kline chose data from
all but one of the figures listed above for his investigation,
choosing those runs for this study allowed for direct
comparison and evaluation of the new modifications to Kline's
best computer code version. The individual runs corresponding
to these figures have an inlet temperature of 26.7 °C(80 °F)
because most of the D&B test runs were limited to an inlet
temperature of 26.7 ©°C(80 °F). Despite this restriction, the
runs chosen do cover most of the range of pressures and mass
velocities of the experimental p?ogram. The additional
experimental runs were purposely chosen as figures where Kline
showed poor agreement between his predictions and the |
experimental data, or figures which had an exceptionally large
FDB region as indicated on the overall pressure drop versus

heat flux plots.

15
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(b.) OQOwens and Schrock Data Selected
Basic Data set: Runs 182, 210, 245, 253.
Additional Data: Runs 208, 215, 255.
All of these data runs are pressure distribution results along

the tube length.

The first four experimental data runs were selected for use
in this investigation primarily because Jia and Schrock[10]
chose to compare their pressure drop calculation procedure to
these runs. Improvements presented by Jia and Schrock to
Kline's model could be evaluated using these common runs. 1In
order to better sample the range of flow conditions of the
Owens and Schrock data, especially at high q”" and high G,
three additional runs were selected. The only flow conditiocn
which was not sampled well by these choices was the inlet
temperature. The runs selected all had inlet fluid
temperatures below 96 ©C(204 °F), despite the temperature
ranging to 194 °C(317.2 °F) for other data of the Owens and
Schrock investigation. However, the choice of lower
temperature runs could not be avoided. Higher temperature
runs corresponded to only lower heat flux values., Since we
were interested mainly in high heat flux conditions, only
lower temperature range runs were available for selection. No
high heat flux and high temperature runs exist in this
experimental program because all runs were required to have a

subcooled boiling condition at the exit.



(c.) Reynolds Data Selected

Experimental runs from this testing program were again
chosen primarily because Kline used them in his investigation.
Since the range of flow conditions of the Reynolds program is
covered in the Dormer and Bergles testing program, these data
runs are only of limited interest to us. Consequently, this
data was not used to evaluate aﬁy of the computer code
versions produced during the modification process. Only two
runs from the Reynolds experimental program were selected for
comparison to the final code version ASCB53. They appear in
appendix H.

Basic Data set: Runs 115, 129.

Additional data: none
These two runs have mass velocities of greater than 2500 kg/m?s
(512 1b/m2s) because during the modification procedure, it was
discovered that runs with G < 2500 kg/m?s, the uncertainty in
our code predictions in the SPL and PDB regimes was larger
than +20%. Consequently, these runs really have no function
other than to show if the final code version results of this
investigation are any worse than the already adequate results
of Kline's best computer code version SR-2F.
2.4 Transformation of the Data Into Usable Forms

The flow conditions of Dormer and Bergles runs selected had
to be transformed into parameters which could be entered
directly into the code. For each run, Dormer and Bergles
specified the inlet wvelocity, inlet temperature, and exit

pressure. The computer code needs the inlet mass velocity,

17
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inlet temperature, and inlet pressure as inputs. The exit
pressure was converted to an inlet pressure by adding the
experimental preséure drop result quoted for the corresponding
heat flux of that run to the exit pressure. The inlet mass
velocity was calculated by multiplying the quoted inlet
velocity by the inlet density corresponding to the inlet
temperature and inlet pressure found from the compressed
liquid tables. It is presumed that this density was used by
Dormer and Bergles in transforming their measured mass flow
rate to an inlet velocity.

All flow parameters, except the inlet temperature, for each
run of the Owens and Schrock data were given directly. Values
for the fluid temperature were given as a function of a non-
dimensional SCB length instead of more straight forward as a
function of 2. The subcooled boiling length was defined to be
the region where the inner wall temperature remains
approximately constant up to the OBB point (see figure 3.2).
Since the beginning of this region never coincided with the
inlet of the tube, the inlet temperature for each run selected
had to be found by linearly extrapolating back from the given
temperatures further down the tube.

Since the two Reynolds runs used for comparison of the code
were also selected by Kline, all the flow parameters needed at
the tube inlet were taken directly from Kline's work.

A complete list of the flow conditions for each of the

selected data runs appears in Appendix D.
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3. Review of Equations and Procedures Used in the Final
Computer Code

Fifty-three computer code versions were constructed in the
process of finding the best match to the entire set of
selected experimental data runs used in the code wvalidation
procedure. The final set of SPL and SCB equations and
correlations used in the final code version(ASCB53) will be
presented in this chapter. The important candidate
expressions examined in the formulation of the final code
version will also be briefly discussed in this chapter. Refer
to figure 3.1 for a schematic of the code calculation logic
and to figures 3.2, 3.3, and 3.4 for the temperature and vapor
void profiles assumed in the new model. Major details
describing the modification process of Kline's SR-2F code will
be presented in chapter four.

3.1 Flow Regimes Possible in the Tube

The computer code models the flow of water through a small
diameter, uniformly heated tube. Three different flow regimes
are possible in the tube depending on the flow conditions and
the applied surface heat flux.

(a.) Single phase liquid (SPL)

In the SPL flow regime, no boiling of the fluid occurs;
everywhere, the fluid remains below the saturation
temperature. Standard SPL heated flow correlations, of which
many exist in the open literature, are applicable for

calculation of the pressure drop in this regime.



(b.) PRartially Developed Boiling (PDB)

The PDB flow regime is bounded by the onset of nucleate
boiling at the sﬁart and by the onset of significant net vapor
generation at the end. Vapor bubbles generated in a non-
equilibrium manner stay attached to or slide along the heating
surface. Those bubbles which do try to leave the surface
condense in the cooler bulk fluid. Since the non-equilibrium
vapor void and non-equilibrium flow quality are so small in
this regime, and almost negligible, they can be ignored for
most purposes. Only the blockage effect that the bubble layer
has on the mass velocity and hydraulic diameter is considered.
This regime is often described as the first half of the
subcooled boiling region.

(c.) Eully Developed Boiling (FDRB)

The second half of the SCB region is known as the fully-
developed boiling regime. It is marked by the onset of
significant net vapor generation at the start and by the onset
of bulk boiling(saturated boiling) at the end. In this
region, the non-equilibrium void and non-equilibrium flow
quality increase rapidly along the length of the tube. This
affects the flow patterns and thus the local pressure drop.
The intensity of local boiling is highly dependent on surface
conditions, local subcooling and physical properties of the
liquid and vapor phases. In the FDB region, the inner wall
temperature reaches an approximately stable threshold value
necessary to sustain the generation of vapor bubbles from the

wall. There is no sharp physical distinction between the end
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of the SCB region and the beginning of the bulk boiling flow
regimes. The non-equilibrium void fraction and flow quality
models fair gradually into the equilibrium void and flow
guality models of the saturated boiling regime.

The equations used in the pressure drop and heat transfer
calculation procedures are described next.

In the SPL flow regime, the pressure drop gradient
equations derived from the basic equations under steady flow
conditions are given as

"dP] _ 12 fgo G2 vg)
dZlfric D

e

dP ] 2 4_

[ dZ]accel ¢ dz (vez vell
-QE:
.dz.grav

-gsineg—z[pz-pll

where f¢o is the SPL heated friction factor of Fanning
definition, O is in degrees, point 2 is the exit of the
differential flow element, point 1 is the entrance of the
differential flow element, and all other parameters are in SI
units.

These terms are numerically integrated along the tube
length using the local water property data to yield the
pressure drop.

The equation used to calculated the SPL heated friction

factor is
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feo - Hwall n
Tiso Hbul

where the isothermal friction factor for fully-developed

turbulent SPL tube flow is given by the Fanning definition as

fiso = 0.046 Rep ~0:2 for 2300 < Rep < 106
fiso = 0.0246 Rep ~9-155 for Rep >106
for smooth tubes only.
Under the conditions of heating, the isothermal friction
factor of a liquid must be adjusted for the effect of fluid

viscosity variations in the boundary layer. Sieder and

Tate[22) introduced an expression of the form f/fis0 = (uw/ub)n

where n equals 0.14 for water. The exact value of n for water
is of considerable speculation. Dormer and Bergles{4] were
able to correlate their test data with n = 0.35. Owens and
Schrock's[5] investigation found values of n ranging from 0.3
to 0.6, with the average being 0.4. Owens and Schrock argue
that more of the liquid near the wall is affected by the
heating than previously believed, resulting in more effect on
the viscosity ratio. Thus it was initially decided to use the
expression with n = 0.4. In contrast, Kline chose to use the
Petukhov[23] equation for the heating adjustment. Both
expressions will be examined in this investigation. It will
be shown using the final code version that an exponent of 0.3
instead of 0.4 will yield better agreement with the
experimental data selected for this investigation. Thus, the

equation used in the final code version is
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J;EL i I:E!-gél-:|0.3
fiso  |mpuie]

Many correlations are known to exist for the SPL heat
transfer coefficient. Kline chose a correlation adequate for
design from the G.E. Heat Transfer Data Book[28]. The
equation for the heat transfer coefficient at any Z location
is .

0.0685 m
-0.53
h = 0.11125 £i0 Cpt G [—13-‘-’1-] [Pr] [M]

4
10 Hwall
where m is a constant given as a function of Re number

interpolated between the following:

Re m

2,100 0.14
12,500 0.02
25,000 0.05
50,000 0.08
1,000,000 0.08

where fjso is the isothermal friction factor for a SPL of the
Fanning definition as listed before and all parameters are in
ST units.

With the heat transfer coefficient known, the inner wall
temperature at any given Z location along the tube can be

easily calculated from the definition of the film drop,

”
ATfiim = (Twall - Tbulk) = ‘ai‘;'
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where Tpylx comes from the steady state energy balance
equation at the particular Z location, temperatures are in °K,
q" is in W/m2 and h is in W/m? K.

This calculation procedure is continued along the tube until
the ONB point is reached.

The onset of nucleate boiling marks the beginning of the
subcooled boiling region. There exists sufficient
A superheating of the wall (heating surface) over the local
saturation temperature, to allow the growth of vapor bubbles.
This is an inherently non-equilibrium thermodynamic condition
which occurs only in the near-wall region. The two
correlations considered in this investigation are from Bergles
and Rohsenow([12], and Davis and Anderson[13]. Both are based
on Hsu's[1l4] model of formation of a bubble from a surface
cavity in a thermal boundary layer. Hsu's model is
illustrated in figure 3.5.

The Bergles and Rohsenow correlation is an empirical fit to
Hsu's equations governing growth of a bubble on a heated
surface. The solution is for the special case where surface
cavities of all sizes up toO rerit, are assumed to be available
for nucleation at the given g". 'It corresponds to the
tangency point of equations 1l (the vapor temperature of the
liquid at the top of a bubble at the bubble nucleation
condition) and 2 (the approximated linear expression describing

the temperature gradient of the fluid away from the wall) in



figure 3.5, designated rc¢rjt. Their correlation gives the wall

superheat at ONB as

. ]0.463po.0234

- —_—
ATga¢ (ONB) 0'556[1082 p1.156

where ATgsat(oNB) iS8 in °C, g" is in W/m?, and p is in bar. The
equation is valid only for water over the pressure range 1 to
138 bar.

Davis and Anderson proposed an equation which is an
analytical solution to the intersection of the two equations
using Hsu's model. Under the assumption that the wall
superheat is not too high and using other simplifying

assumptions, they were able to express the wall superheat at

ONB as
B q" Imax-active
ATsat (ONB) Imax-active * ke
2 O Tgat Vv B k¢l0-5
where B = [ i:: q]. Tmax-active = [‘1;;] for the

special case where rpax active is different from rerit in £fig.
3.5, and all parameters are in SI units.

Davis and Anderson also point out that the use of rpmax-
active equal to rerit from above may be incorrect if the actual
heating surface does not have a sufficiently wide range of
active cavity sizes available for nucleation. This would
indicate that the formation of bubbles on the surface would
not initiate until higher superheat values and consequently
higher wall temperatures shown as (T'w)ons on figure 3.5. 1In

such cases, an estimate of rpax-active derived from experiments
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on the heating surface may inserted into the equation for
better prediction of the wall superheat at the ONB condition.

FOr Imax-active €qual to rerit, the Davis/Anderson equation
compares well with the Bergles/Rohsenow equation and
adequately predicts the ONB point from the experimental data
of Bergles and Rohsenow[12]. The Davis/Anderson correlation
is used in the final code version because it can easily be
modified for fluids other than water and is valid for the
conditions of rpax-active different from rerit. Refer to
Collier([24) for a more detailed discussion of the phenomenon
of ONB.

If the inner wall temperature in the SP; regime remains
below that of the value calculated using the Davis and

Anderson ONB correlation for wall superheat,

. - Tals 4 B + I Tmax-active
wall (ONB) sat Imax-active ke
then the flow is considered to remain in the SPL state. Once

the wall temperature reaches or exceeds T'wall(oNB), the code
switches to the PDB calculation procedure.

In the PDB regime, the SPL pressure gradient equations are
assumed to be applicable if adjusted to account for the flow
blockage resulting from the growth of the vapor bubble layer
along the wall. The same frictional and acceleration pressure
gradient equations can be used if the hydraulic diameter and
effective mass velocity are substituted for the tube diameter

and mass velocity, respectively. The modifications are given
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for a uniform bubble layer around the inside of a round tube

as

4 0.5
Dhyar = D [_Aea::]

n
G
1- 0wa11(2)

Geff =

where Peff = A(l- 0Oyal11(2))

2 Z - ZoNB
Owall(Z) = Oy a)1 at OSNVG ZosNve — ZONB

The gravity pressure loss gradient is also modified slightly

to account for the blockage effect.

dp . d
[EE]grav =g sin 8 &EZ [Pz - pl]}(l - Owall)

With these minor changes, the PDB gradient terms are
integrated along the tube length to calculate the pressure
drop along the tube.

The attached wall void(or bubble layer) in the PDB regime
is assumed to grow linearly along the tube, from ONB, under
the competing effects of evaporation and condensation. The
corresponding wall void fraction profile starts at zero at ONB
and grows linearly to a value approximately 67% the size of a
bubble at OSNVG as shown in figure 3.4. This bubble size at
OSNVG can be given by the Levy[20] equation(which we did not

use in our final code version)

6 D 0.5
Yosnvg = 0.015
t;all
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fro G2 v
where Tyall = [ 3.0 ], ffo is the SPL heated friction factor

given before and the attached wall void is given as

Tt Yosnve
Ow (OSNVG) = - Dn

if the bubbles are idealized as being packed in a square array
with a diameter to pitch ratio of 0.5.

The Levy model is derived from a force balance on a vapor
bubble about to depart the heated wall in forced convection.
The proposed model is said to compare satisfactorily with the
void measurements at OSNVG of Rouhani([21l] to within plus or
minus 30 percent(Levy[20] p. 956). We have not yet found any
models in the open literature for the bubble layer profile in
the PDB regime except that of a linear one.

Alternately, the wall void at OSNVG can be given by the
Rouhani[21] correlation

Phd 4
- - - -4
Owall at OSNVG = F " = p [1.59 x 1074 P

-0.237]

where P is in bar and D is in meters. The Rouhani equation
assumes that the average vapor thickness on a heated surface
covered with small bubbles can be given as

d = 0.67 Ryq
where the bubble radius is described empirically as

0.000237
[P(bar)]°'237

Kline's model used the Rouhani equation. It will also be used
in our final code version with the assumption of linear bubble

layer growth in PDB.



It has been proposed by Jia and Schrock[10] that the
attached bubble layer in PDB causes a surface roughness
greater than the plain wall roughness. It is described by the

Hirata([25] equation(using the Fanning friction factor

definition)
0.25
68 e(z :
fise = 0.0275 [g + —%—7-]
and

e(z) = 0.75 Y(z),
Y(2z) = 0.15[6 D Twa111%-% (from Levy),

fro G2
Twall = ["ig———iz.o A4 ] (from Levy),

and all parameters are in SI units.

This set of equations was used by Jia and Schrock in
conjunction with the Levy model for the bubble size at OSNVG.
In contrast, Kline used the SPL friction factor to model the
surface friction in the PDB region, so that the friction
pressure gradient is only adjusted for the effect of blockage
on the flow. The two approaches for defining this friction
factor will be studied. Only the SPL friction factor, with
the Rouhani model for the bubble size at OSNVG, is used in our
final code version.

The inner wall temperature in the PDB regime is assumed to
follow a linear profile from ONB to OSNVG for simplicity. It
will be shown later that the pressure drop solution is not
sensitive to the shape of the inner wall temperature profile.

The wall temperatures at the end points can be found from the
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Davis and Anderson ONB correlation as discussed earlier and
from the Jens and Lottes equation for the wall superheat in

the FDB regime. These equations are

B Q" Tpax-active
— +
Imax-active ke

ATgat (ONB) =

gu 0.25 -(——-B——g)
ATsat (0FDB) = 25 [105] e 62 x 10

where Tyall = Tsat + ATsat, ATsat and Tgat are in °K, P is in Pa,
and q" is in W/m2.

With the inner wall temperatures known at the end points,
the inner wall temperature at any location Z in the PDB region
is given by a simple linear relationship as

Twal11(2) = m(Z - Zonp) + Tw(ONB)

Tz (OSNVG) -~ Tw (ONB)
where m =
2osNvG ~ ZONB

Once the wall temperature is described, the heat transfer
coefficient can be calculated from the definition of the film

drop temperature given in the form

”
h = —&— for any Z location in the PDB region
ATfilm

where q" is in W/m?2 and ATgjim is in °K.
3.5 E . £ ] . f Signifi N v
Gepneration (OSNVG) :
The onset of significant net vapor generation point defines
the break between the low and high subcooled boiling regions.
The OSNVG is characterized by the significant detachment of

vapor bubbles from the heated surface. Bubbles, which were

either coalescing or condensing at or near the wall in the PDB



regime, now have sufficient energy to stabilize in the vapor
form and drift toward the core of the flow. This rapid
increase in void fraction causes a sudden increase in the
pressure drop. Two candidate expressions for the OSNVG point
are given by Saha and Zuber([15] and Shah([16].

Saha and Zuber formulated a general correlation predicting
the subcooling of fluids(water,freon-114, freon-22) at the
OSNVG condition as

"AD .
ATsub (0SNVG) = 325 Ror for Pe < 70,000

”
A
ATgsyb (OSNVG) = 0.0025 G cpt for Pe > 70,000

where all parameters are in SI units.

It will be shown using the final code version, that
agreement with experimental data is improved if the Saha/Zuber
correlation is modified for tube diameters less than 7 mm.

" A D
ATgub (OSNVG) = %5-5—?; for Pe < 70,000

”"
ATsub (OSNVG) = E_%;;é§{ for Pe > 70,000

where the subcool Stanton number(St), as defined by Saha

and Zuber, is given as a function of the applied heat flux g"
and the local Peclet number as

St = 0.0065 + m(70,000 - Pe)

" -1.03
where m = -3,952 x 10-9[;3_63—-EBE] , and all parameters
.0 x

are in SI units.
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In addition to the Saha/Zuber correlation, which Kline
chose to use in his model, a promising alternate expression

for OSNVG given by Shah[l6] was examined,
[AT /

sub { )]o - 2.0
[ATgat (2) JosNve

[ATgyub (Z) 1.25
or LA = 6.3 x 104 B, . whichever is less.
| ATsat (2) Josnve

This correlation is valid for water and other organic
fluids over the range of pressures 1 to 138 bar, and tube
diameters 2.1 to 27.1 mm. Shah states that this is a general
correlation fit to experimental data with an uncertainty of
+30% and that a more accurate correlation would have to take
into account detailed surface geometry, concentration of
dissolved gases, and the previous flow history.

Shah also gave a correlation for the inner wall temperature
superheat in the transition region from the PDB to the FDB
flow regimes. They are included here since Shah introduced
them with his OSNVG correlation.

qll

FDB regime: ATgat (2) = Yo Fre
(o] o
. . - q" _ ATayb (2Z)
PDB regime: ATsat (2) Yo heo Yo
where Y, = 230 B.9-5 for Bo > 0.3 x 10-4

Yo = 1 + 46 B%5  for Bo < 0.3 x 1074
Bo = q"/ G ifg
ATsar (2) is the wall superheat in °K

and all other parameters are in SI units.
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The G.E. Heat Transfer Data Book{29] recommends that for a
designer's use, the Shah and Saha/Zuber correlations are
comparable. However, we found that better agreement with the
experimental data was obtained using the modified Saha/Zuber
correlation.

While in the PDB calculation mode, the subcooling at every
numerical integration step(i.e. ATgyb(2) = Tsat ~ Thulk) is
checked against the calculated OSNVG subcooling. When the
local subcooling equals or is less than the Saha/Zuber
prediction, the code switches to the FDB pressure calculation
procedure.

3.6 Equations for the Fully-Developed Boiling Regime

In the FDB regime, two-phase flow exists in the tube but
is of a non-equilibrium nature. Variations in flow topology
influence the pressure drop along the tube and in turn, the
pressure drop influences the rate of vapor formation and flow
topology. Pressure drop calculations are very complex, but
are very important. As indicated in figures 3.6 and 3.7, the
pressure drop in the FDB regime is quite significant compared
to that in the SPL and PDB regimes.

The pressure drop calculation is accomplished by use of the
well-known separated flow model for two-phase flow. It is
assumed that the equilibrium void, «, and flow quality, X,
models that one would normally use in the saturated boiling

regime, can be replaced by their non-equilibrium counterparts,

a' and x'. The pressure gradient terms derived from the model
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of vapor and liquid flowing in a round tube at different

velocities are(see Collier([24] p. 27)

Fdp ] 2 feo G2 vE 2
A2 leric 5 [0¢,]
Ld4 {fric

- 2 2
[dp IPPYY- U L/ N S 1 M
LdZ Jaccel dz o' (1L - a')
r4p] _ a' (1 - a')]
—— - a—— + ———————
[dZigrav g sin 0 [Vg vE

where f¢f, is the Fanning SPL heated friction factor from
i s 2 . .
before, 0 is in degrees, @', x', and [¢f°] are non-dimensional,

and all parameters are in SI units.

These terms are numerically integrated in the computer code
taking into account fluid property variations at each step
along the tube length under the following assumptions:

a. The liquid and vapor phases of the flow are steady and
can be treated as one-dimensional.

b. Local attainment of thermodynamic equilibrium between
the phases, although this is not completely accurate.

c. Negligible liquid and vapor compressibility.

d. The physical flow properties remain constant over the
differential element length.

e. The use of empirical correlations to relate the two-
phase friction multiplier, ¢§°, non-equilibrium flow
quality, x', and non-equilibrium void fraction, @', to
the independent variables of the flow is accurate in

describing the actual phenomenon.



35

The derivation of the separated flow equations is given in

Kline([3] and Collier(24]. The models for the non-equilibrium
void fraction, &', the non-equilibrium flow quality, x', and

s e 4 2
the two-phase friction factor multiplier, ¢f°, for separated

flow are described next.
The non-equilibrium void equation is given by Zuber et.
al.[9], later rewritten by Kroeger and Zuber{8] as

x'(2)

a'(z) =

Col - ) u, .
{ o(Ps = Pg }x'(Z) + [Co + :__gl__J Pq
Pf f inlets pg

where Co is the distribution parameter, Eéj is the drift
flux velocity, uf jnlet is the inlet fluid velocity, x'(2) is
the non-equilibrium flow quality and all parameters are in SI
units.

As indicated, a'(Z) is a complex function of the non-
equilibrium flow quality, liquid and vapor densities, ligquid
and vapor velocities and distribution profiles of the two
phases. Kline found generally good pressure drop predictions
using this equation so it will be continued to be used in this
investigation, except with modification of the distribution
parameter Co, and drift flux velocity ugj.

The distribution parameter used in the correlation, to
account for non-uniform radial void and velocity, is
determined by characteristics of the flow. Many authors
assume this value to be a constant in the range of 1.13 to 1.3

for simplicity. Kline chose to use the value of 1.13
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recommended by Kroeger and Zuber(8]. Hancox and Nicoll([1l1l]

introduced a model for Co which varies with the void fraction.

The expression is.
l1- exp(- Co1 ')
1- exp(-Co1)

Co = ](1 + Co2) - Coz Q'

where Cp1 = 19
Coz = 1.164 - 1.6534 x 10°7 P + 7.5098 x 10-15 p2

and all parameters are in SI units.
This relationship was derived from experimental radial void
data and hypothetical radial velocity profiles. Hancox and
Nicoll state that, from its basic definition, C, must have a
value near zero at the start of the significant wvoid
region(i.e. OSNVG), since the void previous to that point is
concentrated in the low-velocity, near-wall region. At the
other extreme, Hancox and Nicoll state that Co should approach
unity as the averaged void fraction approaches unity. Co
actually exceeds unity at intermediate values of void
fraction. Kroeger and Zuber([8] concur with this theory but
recommend that in absence of experimental data on flow
profiles in the SCB regime, a constant Co should be taken for
the entire tube section. Both the constant and variable
approaches will be addressed in this investigation. It will
be shown that reasonably good pressure drop agreement is

achieved using a constant value of C, = 1.25. This value is

used in the final code version.
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The drift flux velocity(or weighted mean drift velocity)

needed in the &' (2) equation is given by Kroeger and Zuber(8]

as

g6 (Pg - Pa) 0.25
gy = 1.41 [ — ]
Pt
where all parameters are in SI units.
The drift flux velocity describes the relative velocity
between the liquid and vapor phases of SCB flow. It is a

relatively minor parameter in the void fraction equation which

contributes a small term for vertical flows. An almost

identical equation was proposed by Dix([17]. It is given as
.28
- g O (pf = Pg)
Ugy = 2.9 2
Pt

where all the parameters are in SI units.

This expression differs from the Kroeger/Zuber equation in
that the leading constant is 2.9 instead of 1.41. A
comparison of the two leading constants will be made in this
investigation. A leading constant of 1.41 is used in the
final code version.

The non-equilibrium flow quality expression needed in both
the acceleration and gravity SCB pressure drop gradient
equations can be based on either the Kroeger and Zuber([8] or
Levy[20] equations.

Kroeger/Zuber:

V(2 Cpf ATsub(osnvg) (2% = TV
x -
ifg = Cpf ATsub(osnvey (1 = T7)
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where ATSUb(OSNVG) = (Tgat - Tbulk)OSNvG’ 2* and T* are

given below, and all parameters are in SI units.

Levy:
x (2
x'(2) = x(2) - x exp [—S—L - 1]
OSNVG XoSNVG

iosnve = if,sat _ _ %ot [ATaub(2) ] oswve

where x -
OSNVG lfg lfg

i(z) - iflsat

ifg

x(2) = the equilibrium flow quality =

and all parameters are in SI units.

Both equations were evaluated by Kline. He found that only
the Kroeger/Zuber expression yielded acceptable pressure drop
results. Refer to Kline[3] for further discussion of the two
correlations. Because the relationship between the calculated
SCB flow properties is so complex, both equations will be
reinvestigated in combination with some of the other parameter
correlations not reviewed by Kline. - The Kroeger/Zuber non-
equilibrium flow quality equation was chosen for use in the
final code version.

The non-dimensional temperature profile, T*, used in the
Kroeger and Zuber([8] non-equilibrium flow quality equation
above is given as

T = 1 - exp[-2Z+)
or T* = tanh([Z*]

Z - ZosSNVG

where 2t = .
20BB ~ Z20sNVG



The authors state that either form is applicable, although
their plots indicate slightly higher flow quality values are
predicted with the exponential form. 1In his investigation,
Kline chose to use the hyperbolic expression. We will examine
the exponential form, as well as the hyperbolic form for
completeness. The hyperbolic form was chosen for use in the
final code version.

The two-phase friction factor multiplier is needed to
complete the description of the the frictional SCB pressure
gradient term in the FDB regime. This quantity was described
by Martinelli and Nelson[18] in a graphical correlation which
is approximately given in equation form by Chisholm[19]
as (using n=0.2)

ol

20 =1+ @2 -1 [Bx@%%1 - x2)%° + x(2)18]

kd
dz
where Y2 = [EETﬂZ

dz fo

- () 63

and B is given for smooth pipes by

Y < 8.9 B = 2.364

y>8.9 p=2%
¥
where all parameters are in SI units.
The two-phase friction factor multiplier relates the SCB
frictional pressure gradient to the SPL gradient. The

Martinelli/Nelson multiplier assumes that both liquid and

39
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vapor phases are in the turbulent flow regime. The
Martinelli/Nelson multiplier and the homogeneous
multiplier(used by Kline) can differ by as much as a factor of
two at very low pressures and flow qualities. At higher
pressures, the Martinelli/Nelson and homogeneous multipliers
give comparable values. The Martinelli/Nelson multiplier will
replace the homogeneous multiplier in the final code version.
In the FDB region, the inner wall temperature remains at an
approximately constant value as shown in figure 3.2. The
temperature can be calculated from the Jens and Lottes FDB

wall superheat equation, ATgat (OFDB)r USing

Twall = Tsat + ATgsat (OFDB)
w70.25 -("'1L-1p
where ATgat (0FDR) = 25 [130_6] e 62 x 10° ., As in the PDB
regime, the heat transfer coefficient is calculated after-the-
fact using the film drop equation.
The end of the FDB flow regime is reached when the bulk

temperature, calculated from the steady state energy balance

equation,
T - Ty s + 4 9%vg Do 4,
bulk b(inlet) G cpt Diz ’

is equal to the local saturation temperature which is
calculated at every integration step. This marks the onset of
bulk boiling:; no calculations are made in the saturated
boiling regime.
3.7 D {nati f the Fl Regqi he Tube Inl

The flow regimé at the beginning of the tube section is

determined by evaluating the ONB and OSNVG correlations at the



inlet. The local saturation temperature and inlet subcooling
are calculated from the inlet flow properties. The inner wall
temperature is calculated using the liquid film drop equation
with the heat transfer coefficient calculated from the SPL
heat transfer coefficient equation. If the inner wall
temperature calculated from the film drop equation equals or
exceeds that value calculated from the ONB correlation, the
code starts to calculate the pressure drop using the PDB
procedure at the tube inlet. The attached wall void is
assumed to increase linearly from zero at the inlet to the
value at OSNVG. Similarly, if the calculated inlet subcooling
is less than or equal to the value calculated from the OSNVG
correlation, the code starts to use the FDB calculation
procedure at the tube inlet, ignoring the PDB calculation
routine. The attached wall void is assumed to be at the OSNVG
value at the tube inlet and linearly decreases to zero at 2 =
0.25 Zgar. It is assumed that flow and thermal boundary layers
are fully developed and the the flow is fully turbulent. No
tube development effects are considered in this model.
3.8 Code Qutput

After the code calculation has reached the end of the tube

or the OBB point, whichever comes first, the calculated

pressure drop, fluid and wall temperatures and flow properties

along the tube are written to an output file. The basic
output format of Kline's code was retained, but modified for
easier reading and included output of more calculated flow

quantities. During the code validation phase, additional
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output files were added to store pressure and pressure drop
values for comparison to the experimental data. By saving the
pressure drop vs. heat flux and pressure drop vs. length
output in ASCII files, plotting of the experimental results
and code predictions on the same graph was easily
accomplished.

The procedure for code validation and the results will be

presented in the next chapter.
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4. Results and Discussion

The results and discussion of major computer code
modifications to Kline's model are presented in this chapter.
Some of the new correlations and solution approaches
identified in the literature search were implemented in
revised code versions. The resulting pressure drop
calculations were then compared with the selected experimental
data to see if there was a general improvement in the pressure
drop predictions. The following discussion of the
modifications to Kline's SR-2F code is done in the logical
sequence of flow regimes, taking advantage of the benefit of
hindsight. However, the actual modification procedure, shown
in the log of code versions assembled(appendix I), occurred in
a somewhat different order. First, a couple of minor logic
errors in Kline's SR-2F code were corrected. Next, the FDB
regime was modified. The PDB regime was then modified, with
the changes to the SPL regime worked in somewhere between the
two. As a result, there may be a few occasions where more
than one modification is illustrated in the figures. After
the formulation of 53 code versions, we actually adopted only
12 major modifications to Kline'; SR-2F code. These 12 major
modifications are described in the following sections.

Two types of special plots were used to evaluate the
results of a particular code version. The first is a plot of

the calculated pressure vs. the tube length. 1In order to make
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this plot, the pressure at each 2 location was stored in a
data file during the numerical integration process in the
code. The second type is an total (overall) pressure drop vs.
inner wall heat flux plot. 1In this situation, the total
pressure drop after each run was stored together with the
applied heat flux level in a data file. A series of about 20
runs were made at increasing heat flux levels for each overall
pressure drop vs. heat flux curve of the selected Dormer and
Bergles data. With the calculated results from a particular
run(pressure vs. length) or series of runs(total pressure drop
vs. heat flux) in a data file, and with the experimental data
for the same flow conditions also in a data file, the
experimental and calculated files were combined to enable
plotting for graphical comparison. The fractional difference
between the experimental and calculated values was also
included in the resulting data file. 1In total, over 3200
individual computer code runs were made during this study,
yielding predicted pressure drop data for comparison to the
experimental data. Because of the magnitude of data to
evaluate, data comparison by computer was the most logical
choice, although the resulting printout from each run was
saved for later review. A small; but representative, portion
of the results are presented in this report.

The code modification procedure consisted of running each
code modification for the runs of the basic experimental data
set and reviewing the pressure drop and fractional difference

results. Once an evaluation was made from the computer



generated plots, we proceeded with the next change. The final
code version, ASCBS53, was checked against both the basic data
sets and the additional data sets described in section 2.3 and
Appendix D.
1.2 Fl Reg] R $ he T 1 p L
Heat Flux Plots

For the overall pressure drop vs. heat flux plots, the
identification of flow regimes along the tube is only partly
possible. Each point on the curve represents the pressure
drop of one run. Consequently, more than one flow regime may
be predicted to occur in the tube for that particular run.
The significant regions of this type of plot are (1.) the all
SPL region, (2.) the combination of SPL and PDB region, (3.)
the all PDB region, (4.) the combination of PDB and FDB
region, and (5.) the all FDB region. .See figures 4.1 and
4.1.1 for a typical illustration. The regions were marked
only on figures presenting the results of the final code
version. Region 1 is bounded by g"=0 and the point W, where
the ONB point is predicted to occur at the tube exit. Region
2 is bounded by point W and point X, where ONB occurs at the
tube inlet. Region 3 is bounded by point X and point Y, where
OSNVG occurs at the tube exit. ﬁegion 4 is bounded by point Y
and point Z, where OSNVG occurs at the tube inlet. Region 5
is bounded by point Z and the heat flux which causes bulk
boiling to occur at the tube exit. The last two regions on

this type of plot correspond to individual runs having large
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FDB regions in the tube and hence large overall pressure
drops.
4.3 Single Phase Liquid

The only change made to Kline's model in the SPL regime
calculation procedure was the replacement of the Petukhov[23]
single-phase liquid heated friction factor equation with the
widely-used viscosity ratio power law(VRPL). This equation,
also used by Jia and Schrock[10], adjusts the isothermal
friction factor to account for variation of fluid viscosity in
the boundary layer. The two equations are given as

Petukhov: =—— = & |7 - BRulk
fiso 6 Hwall

Viscosity Ratio Power Law: fifso - [ﬁ::ijn

(VRPL)

_ Owens and Schrock[5] recommended using a value of n=0.4 for
water.

Computer runs using both equations were made using the flow
conditions of the selected experimental data. A typical
comparison of predicted overall pressure drop curves usingbthe
two expressions, along with the experimental data, is shown in
figure 4.2. The difference in the use of the two equations
appears to be small. Both yield fractional differences from
the experimental data generally within #20%, with the VRPL
with n=0.3 giving slightly better results in the FDB

regime(i.e. q" greater than about 1.0 x 106 Btu/hrft2). At

first, we were satisfied with Kline's choice of the Petukhov



equation, but the following discovery prompted a search for an
alternative heated friction factor equation.

We found that there were some combinations of flow
conditions which caused the Petukhov equation to become
invalid during the pressure drop calculation procedure. For a
few of the high heat flux Dormer and Bergles runs, the ratio
Mbulk/Mwall became greater than 7.0, which caused f/figo to be
negative. Because of this problem, it was decided to use the
VRPL correlation as a substitute for the Petukhov equation.
Both Dormer and Bergles[4] and Owens and Schrock[5] found this
form of equation to give results which matched the
experimental SPL pressure drop fairly well. However, the
optimum value of n given by different researchers varies.

Many values of the exponent n have been suggested. The
lower and upper limits seem to be given by Sieder and Tate[22]
n=0.14 and Owens and Schrock([5)] n=0.4, respectively. Dormer
and Bergles{4] correlated their experimental data with a value
of n=0.35 as shown in figure 4.3. It was deduced from that
figure that for L/D > 32, a better value of the exponent would
be 0.3. The selected experimental data listed in section 2.3
all have L/D's 2 49. Figure 4.2 compares the predicted
pressure drop results using n-O.é, 0.4 and the Petukhov
equation; all give comparable results. It was found that
f/fiso = (Mwall/Hbulk)®:3 is an acceptable choice resulting in
slightly better overall pressure drop predictions than the

Petukhov equation for most of the selected experimental data
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and which avoids giving negative values of the friction
factor.
4.4 Onset of Nucleate Boiling

The beginning of the partially developed boiling region is
marked by the onset of nucleate boiling. 1In Kline's work, he
assumed that the PDB regime started at point P for simplicity
as indicated on figure 3.2. This assumption is not entirely
correct because the ONB point is defined by Bergles and
Rohsenow[12], Davis and Anderson[l13] and others to occur at a
superheat ATgsat(onp) different than that of the approximately
constant value ATgat (OFDB) ©ccurring in the fully-developed
boiling region. The superheat is usually lower although there
are conditions where it is larger. Two expressions evaluated
for ONB were

Bergles and Rohsenow:
" 0.463 p0.234
ATsat (oNB) = 0-556['_9"—1082 pl.lss']

Davis and Anderson:
B_ + 35 Imax-active

Imax-active ke

ATgqat (ONB) =

as previously reviewed.

The pressure drop predictions using the Bergles/Rohsenow
equation are plotted together with the pressure drop results
of Kline's code in figure 4.4. The calculated pressure drops
are only very slightly different. Kline's code using point P
effectively delays the start of the PDB regime, in relation to

the starting point calculated by the Bergles/Rohsenow
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equation, and hence delays the increase in the pressure drop
slightly at gq" = 0.7 x 10% Btu/hrft?.

Runs using the Davis and Anderson ONB equation were also
made for the flow conditions of the basic experimental data
set. The first set of runs used the maximum-active cavity
radius equal to the critical radius. This assumption should
yield approximately the same ATgat(oNB) for water as the
empirical Bergles/Rohsenow equation. As shown in figure 4.5,
the pressure drop predictions are virtually identigal for the
0&S vertical tube run. The location of the ONB point along

the tube calculated from the Davis/Anderson equation using

z -2
ferie iS within 10% (calculated from —B{R&A) — CONB(BSR)) ¢
crit * ( ZONB (B&R) )

the value predicted by the Bergles/Rohsenow equation. This
slight difference appears to have little or no effect on the
overall pressure drop prediction.

The only apparent difference in the two correlations
occurred for the flow conditions of D&B Fig. 28. The overall
pressure drop predictions using the two equations are shown in
figure 4.6. For the individual code runs with gq" between 1.8
x 106 and 2.7 x 106 Btu/hrft2, a jump in the predicted overall
pressure drop curve occurred. This jump, caused by a
numerical error problem in the ONB computational scheme for
only the smallest tube diameter(l1.57 mm) runs, is less
pronounced using the Davis/Anderson equation. A possible
solution to this peculiarity is suggested in chapter 5. It

was surmised that the Davis/Anderson equation resulted in less



of a‘jump because it is less sensitive to the changing
pressure distribution along the tube than the Bergles/Rohsenow
equation. ATgsat(onNB) calculated from Davis/Anderson is only
indirectly a function of the local pressure through the local
properties; the Bergles/Rohsenow equation is a direct and
strong function of pressure. Thus, the Davis/Anderson
equation appears to be an acceptable alternative to the
Bergles/Rohsenow equation.

If it is known that the maximum-active cavity radius for
the specific tube surface, rmax-activer i8 less than the
calculated critical radius, rerit, then rpax-active should be
used in the Davis/Anderson ONB equation. When it is known
that rpax-active iS greater than rerijt, then rerit should be used
in the ONB equation. The critical cavity radius should be
used when no information on the maximum active cavity radius
is known.

Based on this study, the Davis/Anderson equation was
selected for the prediction of the onset of nucleate boiling.
It is also noted that since the correlation was derived using
the analytical model of Hsu[l4] for bubble nucleation, it is
applicable to fluids other than water.

In the PDB regime, a number of changes to Kline's model
were examined. As before, all modifications were checked
against runs of the basic experimental data set.

First, a new inner wall temperature profile was defined for

the PDB regime. From figure 3.2, the actual (most probable)
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inner wall temperature distribution in the PDB regime can be
either approximated by (l1.)the idealized but rather crude
profile extending the SPL profile to point P; becoming the
constant FDB value after point P, as used by Kline[3] or
(2.)the linear profile from ONB to OSNVG used by Jia and
Schrock[10]. The temperature profile only affects the
calculation of the pressure drop through Hyall, so that
investigation of more refined temperature profiles did not
seem necessary. A sensitivity study was conducted to measure
the impact of the two profiles; only the frictional pressure
drop term was examined because, as shown in figures 3.6 and
3.7, it is the largest pressure drop term in the PDB regime.
The predicted frictional pressure drop results using the two
temperature profiles are shown in tables 4.1 and 4.2 instead
of through computer generated plots because it was difficult
to distinguish and properly evaluate differences in the two
profiles from pressure drop distribution plots. For the
horizontal run D&B Fig. llc(table 4.1), the maximum difference
in pressure drop is only about 2.5% between the two profiles.
For the vertical 0&S Run 253(table 4.2), the maximum
difference is approximately 3%. The difference in predicted
pressure drop is small because the change in Hya11 between the
two profiles is minor despite differences in the two
temperature profiles of up to 12 °C.

Although it appears that either profile can be used in the
final code version, the linear profile was selected because it

results in a slightly higher, more conservative pressure drop
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prediction and is closer to the actual temperature profile.
It should be noted that the choice of inner wall temperature
profile in the PDB regime only strongly affects the
calculation of the heat transfer coefficient, which is an
after-the-fact calculation in this model anyway, and hence is
not critical in accurately predicting the pressure drop. It
has only a small effect on the CHF prediction using the
Gambill correlation.

The second modification to Kline's PDB model was based on
results of a sensitivity study of the attached wall void
profile in PDB. Kline assumed a linear attached wall void
distribution from point P to OSNVG. The wall void fraction
started at zero at point P and linearly increased to the value

given by the Rouhani correlation at OSNVG as
Oy (OSNVG) ™ E%r[l.SS x 10-4 p-0.237
1

A linear profile(shown in Fig. 3.4) is also assumed in this
investigation except that the "true™ ONB point is used and the
Rouhani equation is multiplied by a reduction factor for very

small tubes. The modified Rouhani equation is
4 K
O (osNve) = —Di=9{1.59 x 1074 p=0-237)

The predicted pressure drop resﬁlts using selected Kreq of 0.5
and 0.75 are shown in figure 4.7 for a run with the smallest
tube diameter. This was the worst case of pressure drop
agreement in the PDB regime for our experimental database

because of the numerical problem encountered in the SPL~PDB



transition regime, but it illustrates the improvement possible
using Kred.

In reducing the value of the attached wall void at OSNVG,
the attached bubble layer(flow blockage) is also reduced. A
reduction of 0.75 appears to yield pressure drop values which
are somewhat closer to the experimental data in the all PDB
region of the plot(q" = 1.8 x 165 to 2.6 x 106 Btu/hrft2?), and
more importantly, which match the experimental pressure drop
values better than without a reduction factor in the steep
portion of the experimental curve(g" = 2.75 x 10€ to 3 x 10§
Btu/hrft2). This is important because this steep region
corresponds to individual runs with large FDB regions and
pressure drops which are the most difficult to accurately
calculate.

When larger tube diameter runs of the basic experimental
data set were examined(using the Rouhani equation with Kred =
0.75), the predicted pressure drop results tended to be
slightly less than the experimental data in the all PDB and
steep regions of the overall pressure drop vs. heat flux
curves. A variable reduction factor for different tube
diameters was formulated as a first attempt to improve the
Rouhani equation. It is presentéd in figure 4.8.

The reduction factor was formulated by estimating the
percentage of reduction of the Rouhani equation and hence flow
blockage needed to better match the experimental pressure drop
data for a particular diameter tube. Figure 4.9, for a tube

diameter of 2.39 mm, shows that the non-adjusted pressure drop
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curve only needs a slight reduction factor to improve the
agreement in the all PDB regime. The pressure drop results
using the finalized variable reduction factor are also shown
in figure 4.11; Kred equals 0.863 for this tube diameter. This
reduction factor only slightly reduces the overprediction in
the all PDB regime while still maintaining good agreement in
the steep FDB region. For the largest D&B test section, tube
diameter of 4.58 mm, no reduction of the bubble layer seemed
necessary.

This scheme only showed a significant difference for the
smallest diameter tube of Fig. 4.7. Use of this variable
reduction factor kept the difference between the predicted and
experimental pressure drop in the PDB regime to within about
1+20% and greatly improved the agreement in the FDB flow
regime. Further refinement of this reduction factor is
recommended but left for future researchers.

Since the pressure drop calculation is sensitive to the PDB
blockage model, the alternate Levy equation for the attached

wall void fraction at OSNVG,

R YosnvG
Owall = 6 p

0.5
gD
where Yosnvg = 0.015[ ]
Twall

was also examined.
Jia and Schrock[10]) claimed good agreement with the

experimental data using the Levy equation in combination with
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the Hirata et. al.[25] enhanced friction factor in the PDB
regime to account for the wall bubble layer.

The levy equation for the PDB attached wall void was first
tried without any friction enhancement, and the pressure drop
results were compared to the Rouhani equation(with Kreq=1l.0) as
shown in figures 4.10 and 4.11. Overall pressure drop results
are shown in figure 4.7. In those three figures, the Levy
equation without friction enhancement predicts a smaller wall
void than the Rouhani equation, resulting in lesser predicted
pressure drops. For example, the attached wall void fraction
at OSNVG for figure 4.10 was 53.1 times less than the Rouhani
wall void fraction at OSNVG. Even with this large difference,
the relatively small effect on the pressure drop predictions
in Figs. 4.10 and 4.11 makes it difficult to choose between
the two models. However, Hino and Ueda([26] state that the
Levy equation underpredicted the actual wall void fractions
they measured in their photographic studies. Because of their
findings, we elected to use the Rouhani equation for the wall
void fraction in the PDB regime.

The final investigation in the PDB regime dealt with the
Hirata et. al.[25] isothermal enhanced friction factor used by
Jia and Schrock([10] in their research. The equation is(using

the Fanning friction factor definition)

0.25
68
fiso = 0.0275 [Q + %]

These authors suggested that the friction factor in the PDB

regime should account for the friction caused by the non-
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equilibrium growth of the attached wall bubble layer. On a
local level, the growth and collapse of individual bubbles
causes an effective roughness greater than that of the wall
surface roughness. Kline adjusted the flow for the blockage
effect in his model but assumed the bubble layer to produce
the same friction as a smooth wall surface. When Hirata's
enhanced friction factor was incorporated into the code, along
with the Rouhani attached wall void fraction model, the
predicted PDB pressure drop was slightly greater than the
experimental values for all the runs of the basic experimental
data set. Typical results are shown in figures 4.12 and 4.13.
Both figures indicate that the friction enhancement proposed
by Hirata et. al. should not be used in conjunction with the
Rouhani attached wall void equation because it results in
poorer agreement with the experimental data.

Since Jia and Schrock report good results with the Levy
void fraction profile in combination with the Hirata et. al.
bubble layer friction factor, it was decided to try that
combination of equations. As shown in figure 4.14, the
pressure drop distribution along the tube nearly matches the
distribution from the code version using the Rouhani
expression with just the smooth wall friction factor assumed.
The enhanced Levy pressure drop distribution is within less
than 1% of the Rouhani pressure drop distribution in the PDB
regime. This result was typical for all the runs of the basic
data set. This, however, did not change our decision to

continue using the Rouhani model in the PDB regime, because
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Hino and Ueda[26] report that the Levy equation predicted
values of wall a' much less than the actual qbserved wall void
in their photographic studies.

It is also worth noting that the the Rouhani model, as
implemented in our code, does have some enhanced friction
compensation in the PDB regime due to the blockage effect of
the attached bubble layer. When the mass flux increases due
to the blockage effect, the frictional pressure gradient is

increased approximately as the square of the mass flux.



1.6 Q t of Signifi t Net V. G i
The onset of significant net vapor generation is a very
convenient and important definition in current SCB models, but

it is clearly not a very precisely defined location which
experimentalists can easily measure because the interpretation
of "significant™ has not been quantitatively defined.
Nonetheless, accurately predicting the location of the OSNVG
point along the tube is paramount in being able to accurately
predict the pressure drop in the FDB regime. The initiation
of steep pressure drop increases on the overall pressure drop
vs. heat flux curves approximately corresponds to the
appearance of the OSNVG point at the tube exit. Kline found
that if the prediction of the OSNVG point could be made to
coincide with this change in slope of the overall pressure
drop vs. heat flux curve, the calculated pressure drop agreed
satisfactorily with the experimental pressure drop data of
Dormer and Bergles. Considerable effort was placed on the
method of calculating the OSNVG point.

The two most promising general correlations found in the

open literature come from Saha and Zuber[15] and Shah[16].

”
Saha/Zuber: ATgat (OSNVG) = 0.0022[9;;2] for Pe < 70,000

”
ATgsat (OSNVG) = 153.8[535‘;] for Pe > 70,000
P

Shah: The lesser of:

[ATsub(z)]o 2.0
ATsat(z) SNVG )
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Because Kline showed only partial success in matching the
experimental pressure data in the FDB regime with the
Saha/Zuber correlation, the Shah correlation was examined as
an alternative. Pressure drop distributions along the tube
using both correlations are preéented in figures 4.15 and
4.16, along with the experimental pressure drop data. The
predicted OSNVG locations in the tube for the two code

versions are

Run: Shah Saha/Zuber
D&B Fig. 11b 0.11529 m 0.094246 m
0&S Run 210 0.32065 m 0.24912 m

As can be seen, the OSNVG point predicted by the Shah
correlation is much further downstream of the Saha/Zuber
prediction. For figures 4.15 and 4.16, this effectively
delayed the start of the FDB regime and caused extreme
underprediction of the pressure drop in the FDB regime.

The overall pressure drop vs. heat flux results for the
largest tube diameter are shown in figure 4.17. For this
case, the Shah correlation gives results which are about as
good as the results using the Saha/Zuber correlation.
However, the predicted pressure drop results for the rest of
the basic experimental data set runs(i.e. smaller tube
diameters) indicated the same tendency of the Shah correlation
to toward underpredict the experimental pressure drop in the

FDB regime as indicated in figures 4.15 and 4.16.

59



60

Before abandoning the Shah correlation in favor of the
Saha/2uber correlation, it was decided to incorporate the heat
transfer correlations given by Shah for the PDB and FDB
regimes, hoping that it would improve the afore mentioned
results. The results shown in figures 4.18 and 4.19 are
essentially the same as in figures 4.15 and 4.16. The heat
transfer correlation only affects the wall temperature
profile, which has a very minor effect on the predicted
pressure drop, as mentioned in section 4.5.

At that time, it was decided to continue using the
Saha/Zuber correlation for OSNVG, but investigate the
possibility of modifying the correlation for greater accuracy
over the range of flow conditions of the selected experimental
data set. Figure 4.20 is one of the worst of a few poor cases
in Kline's M.S. Thesis([3] which show large differences between
the predicted and experimental pressure drops. Our attempt to
modify the Saha/Zuber correlation focused on inclusion of some
type of diameter or heat flux effect.

Jia and Schrock and others speculated that the Saha/Zuber
OSNVG correlation could be improved if an adjustment for small
diameter tubes were included. As shown in figure 4.21, it
appears that for tube diameters 9 mm and below, the Saha/Zuber
correlation would be better represented if the high Peclet
number part of the correlation(i.e. Pe > 70,000), represented
by the solid horizontal line, were reduced from a subcool

Stanton number, St, of 0.0065 to 0.0057. This represents a

reduction in the horizontal part of the correlation by 12.3%.



In a similar analysis, Kline estimated the OSNVG points for
a number of Dormer and Bergles experimental runs and plotted
them along with the Saha/Zuber correlation as shown in figure
4,22, Kline assumed that the point where the slope of the
total pressure drop vs. heat flux curves started to increase
rapidly approximately coincided with the appearance of the
OSNVG point in the tube(at the exit). Kline estimated this
point from the overall pressure drcop vs. heat flux curves and
plotted the corresponding OSNVG conditions against the
Saha/Zuber[15] correlation. A few of these estimates are
shown on Fig. 4.22. It appeared from Kline's work that some
type of reduction(for small diameter tubes) of the subcool
Stanton number, which defines the high Peclet number part of
the correlation(Pe > 70,000), could improve the Saha/Zuber
correlation.

Initially, a sensitivity study for the amount of reduction
of the subcool Stanton number was undertaken. The constant St
value at the OSNVG condition for Pe > 70,000 was reduced by
10% and 20% for all tube diameters(i.e. St = 0.0059, 0.0052,
respectively). These two conditions were tested for all the
runs of the basic experimental data set. Typical results are
shown in figure 4.23. After reviewing all of the predicted
pressure drop results, it was estimated that reduction of St
for Pe > 70,000 of somewhere in the neighborhood of 5% to 10%
would be the best overall compromise choice for all the tube
diameters, heat fluxes and flow conditions of the comparison

experimental data.
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However, rather than settling on a single reduction factor,
we looked for a modification which would better match each
curve of the selected experimental data set. The parameters
heat flux, tube diameter, temperature and fluid velocity were
each studied for the Dormer and Bergles data points plotted in
figure 4.22. It appeared that with only a few exceptions, the
data points with approximately the same heat flux fell on
straight lines as indicated for one heat flux(approximately
9.0 x 106 MW/m2) in figure 4.22. The modification equation
shown on figure 4.24 yielded the best improvements, of
anything we examined, in the pressure drop prediction in the
FDB regime. If the subcool Stanton number calculated by the
modified equation in the high Pe region dropped below the -40%
limit, St would take on the value at that limit (i.e. 0.0039).

A typical comparison of the modified and unmodified
Saha/Zuber correlations is shown in figure 4.20. The results
were encouraging enough that this modification was
incorporated into the code. Other predicted pressure drop
results calculated using this modification are shown in
figures 4.25 thru 4.30(for final code version ASCBS53). It can
be seen that the pressure drop results in the FDB regime
appear to match the experimental.data quite well. Figures
4.25 and 4.26 show a slight improvement in the prediction
using the modified correlation over that of the unmodified
Saha/Zuber correlation(used by Kline's best code version SR-

2F).
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Although not every run of the experimental data set showed
outstanding agreement with the experimental pressure drop
data, the modified Saha/Zuber correlation provided either a
more accurate or somewhat more conservative(i.e. higher total
pressure drop) estimate of the OSNVG point than the unmodified
correlation for all runs except that in figure 4.27. It was
decided that this modification to the Saha/Zuber correlation
would be used as an interim adjustment until more research can
be done.

Accurate prediction of the pressure drop in the FDB regime
is made difficult by non-equilibrium phenomena affecting the
flow quality, void fraction, and phase velocities. A
combination of changes were made to Kline's FDB model in order
to formulate a code version which predicted pressure drop
profiles that better matched the steep experimental profiles
in the FDB regime.

Kline assumed a constant attached wall bubble layer (vapor
void) thickness at the OSNVG value in the entire FDB regime.
(However, due to a coding error, it actually grew slowly.) He
did not investigate the effect of using any other types of
profiles. Since vapor bubbles léave the wall surface in the
FDB regime, it would be reasonable to conclude that no
attached wall vapor void should exist after some transition
region. The vapor void that was previously confined to the
wall in the PDB regime becomes incorporated into the flow void

fraction described by the &' equation. The use of a function
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to represent the transition between the PDB wall void and the
FDB flow void was investigated to see if better agreement with
the experimental data could be achieved.

A sensitivity study of various attached wall void profiles
in the FDB regime was performed. Candidate profiles are shown
in figure 3.4. 1In summary, a constant profile, three linearly
decreasing profiles and the no void profile were evaluated
with runs from the basic experimental data set. The
termination points for the constant void profile #1 and
linearly decreasing void profiles #2, #3, #4 , and no void

profile #5 can be simply described by the equation

Ztermination = ZosnvG + %TZOBB = 20sNvG)
where N equals 0, 1 , 2 , 4, or o0 respectively.

Typical pressure drop distribution results along the tube
using the different profiles are given in figures 4.31 and
4.32 for horizontal and vertical flows conditions. The
pressure drop distribution results of the linearly decreasing
profile corresponding to N=2(profile #3) and the no void
profile (#5) were not plotted on figure 4.32(0&S Run 253) for
clarity. These figures show that the less the amount of wall
void in the FDB regime, the greater the FDB pressure drop.

It was difficult to choose only one particular profile
because, in some cases, the best profile would be different
for each run depending on the tube diameter and flow
conditions. However, the constant profile(#1) caused an

underprediction of the total pressure drop of almost 35% from
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the experimental data for the smallest diameter tube(i.e. D&B
Fig. 28), so it was eliminated from consideration. The N=4
profile(#4) provided a FDB pressure drop distribution which
almost matched the experimental data in figure 4.32 and
resulted in a conservative overprediction in figure 4.31. The
predicted pressure drop results from runs using the conditions
of the rest of the basic experimental data set indicated that
the N=4 (#4) profile was a reasonable first approximation.
Because the N=4 (#4) blockage profile gave adequate pressure
drop results and because it is a reasonable transition model
from PDB to FDB, it was selected for use in the final code
version. However, this profile is not optimized so further
study is needed. No other justification for its use can be
given because, so far, we have found no information in the
literature on how to model this attached wall void transition.
As recognized by Kline, and as seen in figures 3.6 and 3.7,
the acceleration pressure drop term is the dominant term in
the FDB regime. Thus, this term needs to be accurately
predicted in the code in order to match the steep pressure
drops of the experimental data in the FDB regime. It was

discovered that the separated flow acceleration pressure

. dp : cy .
gradient term, [-—] was extremely sensitive to the wvoid

dZJaccel’
fraction in FDB, more so than the flow quality. Sudden
increases in the non-equilibrium void fraction near the tube
exit for some of the calculated runs triggered large

acceleration pressure gradients which resulted in large



overpredictions of the overall pressure drop as shown in
figure 4.33. The void fraction and flow quality calculated at
the tube exit for the run of q" = 2.68 x 106 Btu/hrft2 using C,
= 1.13 were 0.88 and 0.0091, respectively. We speculated that
the void fraction value calculated may be out of the range of
the Zuber et. al.[9] equation. However, since Kline found
reasonable success with the Zuber et. al. equation for
describing the non-equilibrium void fraction, it was decided
to continue using that expression in the final code version,
but modify the critical parameters in that equation in order
to obtain better pressure drop predictions.

Probably the most crucial parameter in the non-equilibrium
void fraction equation is the distribution parameter Co. This
value varies depending upon the two-phase flow pattern
occurring in the tube. Kline assumed this value to be equal
to 1.13. It is assumed that Kline chose this value because
Kroeger and 2uber([8] recommend, that in the absence of
experimental data on void fraction profiles, a value of Co =
1.13, corresponding to bubbly flow, should be utilized. (The
photographic studies of Hino and Ueda[26]) confirm bubbly flow
to exist in the FDB regime.) However, Collier({24] recommends,
that for tube diameters less thaﬁ 5 em, and reduced pressures
Pred < 0.5, Co equal 1.2 for bubbly-turbulent flow. 1In
addition, the original authors, Zuber et. al.{[9], advise the
use of Co = 1.25 for circular ducts if no experimental data
exists. Because such speculation exists, different values of

Co were compared in the code.
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First, a sensitivity study was performed on the
distribution parameter. Values of C, equal to 1.13 and 1.3
were utilized in the computer code with typical results shown
in figures 4.33 and 4.34. The void fractions calculated at
the tube exit for the run with q" = 2.68 x 10% Btu/hrft? of

figure 4.33 were

Cq [+ A8
1.13 0.88
1.3 0.36

This very large difference shows the sensitivity of the code
to Co and to the void fraction at high heat fluxes.

These figures show that the slope of the steep portion of
the overall pressure drop vs. heat flux curves can be
controlled by the choice of Co,. Note that the results shown in
figures 4.33 and 4.34 do not use the modified OSNVG
correlation as discussed previously. However, if the OSNVG
points were properly predicted, then adjustment of Co is all
that would be needed to alter the slope of the overall
pressure drop vs. heat flux curve to better match the curve of
the experimental pressure drop data. It was difficult, as
expected, to select a single value of Co which resulted in the
predicted pressure drop matching.the experimental data well
for all the runs of the experimental data set. Figure 4.34
shows'that good agreement would be obtained for that run with
1.13 < Co < 1.3. The choice of C, seemed to be particularly
sensitive to the tube diameter. Figure 4.33(D = 2.39 mm)

shows a greater difference from the experimental data than
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does figure 4.34(D = 4.58 mm). This suggests that Co, may have
a functional dependence with tube diameter. This possibility
is left for investigation by future researchers.

Another possible way to estimate the distribution parameter
was suggested by Jia and Schrock([10]. They used the Hancox
and Nicoll([ll] equation to calculate Co. Hancox and Nicoll
proposed an equation for Co that is a function of the void

fraction:

' l-exp(-Cgo1 @
Co = l-exp(=Co1)

)](1+Coz) - Co2 @ .

Hancox and Nicoll reasoned that Cg should vary from zero at
zero void fraction to unity at a void fraction of 100%, with
values greater than 1.0 in between. This seems to be what
other authors have proposed as well., However, when included
in code version ASCB48, the correlation produced somewhat
poorer pressure drop predictions as shown in figures 4.35 and
4.36. Pressure drop predictions using Co = 1.25 are also shown
in these figures. The calculated pressure drop distribution
along the tube using the Hancox/Nicoll equation for Co is less
than the experimental values. Pressure drop results using the
conditions of the rest of the basic experimental data set were
similar; all underpredicted the éxperimental data, in some
cases by as much as 20%. This underprediction was a result of
the Hancox/Nicoll equation predicting high values of C,, For
figure 4.33(at q" of 8.45 MW/m2 and exit pressure of 2.07 x 10§

Pa), Co peaked around 1.8 at Z = 0.112 m and decreased to about

1.7 at the tube exit(Z = 0.125 m). These values of C, were
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typical for the relatively low pressures of our selected
experimental data set It appeared that these values were much
too high, because Zuber and Findlay[27] state that Cg; should
range from 1.0 to 1.5 for fully established flow profiles.

(It was discovered that for higher pressures(over 28.0 x 103
Pa), the Hancox/Nicoll equation seemed to give more reasonable
values of Co.)

Since figures 4.35 and 4.36 show reasonable success at
matching the code predicted and experimental pressure drop
profiles along the tube with Co = 1.25, and because the
Hancox/Nicoll equation showed little promise for improving the
pressure drop predictions in the FDB regime at pressures lower
than 27.6 x 105 Pa, the constant value of Co equal to 1.25 was
used in the final code version as the best compromise over the
range of conditions of the basic experimental data set.

Other parameters which affect the Zuber et. al. void
fraction equation are the non-equilibrium flow quality, non-
dimensional temperature profile(thru the Kroeger/Zuber flow
quality expression), and the drift flux velocity. Expressions
other than those investigated by Kline were evaluated to see
if the prediction of the void fraction &', and hence the FDB
pressure drop, could be improved;

An expression for the non-equilibrium flow quality is given
by Levy as

x'(2) = x(2) - XosnNvg exp [5%%%%; - 1] .



Kline evaluated the use of this equation in the computer code
but neglected to combine it with the Zuber et. al. void
fraction equation and some of his other code improvements.
Because the equations for these parameters are so complex, the
result of combining the various expressions is very difficult
to predict beforehand. Changes to the computer code were made
to include the Levy equation; the results are shown in figure
4.37. When it was discovered that the Levy equation
dramatically overpredicted the pressure drop in the FDB
regime, no further comparisons to the experimental data were
attempted. It was decided to continue using the Kroeger/Zuber
flow quality expression since the Levy equation gave
disappointing results.

In presenting their correlation for the non-equilibrium
flow quality, Kroeger and Zuber[8] suggest using either

T* = 1 - exp[-2*] or

T* = tanh[2*]
to describe the non-dimensional temperature parameter T*,
Kline elected to use the equation of the hyperbolic tangent
form but never addressed using the other equation. The
exponential form was substituted into the computer code
yielding the results shown in fiéure 4,38. The exponential
form of T* overpredicts the FDB pressure drop. No other runs
were made after the discovery of such poor results. The
results indicate that only the hyperbolic tangent form of T*
should be used in the final code version of this investigation

to insure agreement with the experimental data.
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The last parameter investigated in the Zuber et. al. void

fraction equation was the drift flux velocity'ﬁgj. Kline used

the expression given by Kroeger and Zuber{8]

(P£ = Pqg)
pe2

0.25
(o]
'Eéj = 1,41 [g ] for vertical tube flows.

This term in the ' equation was inadvertently left in Kline's
model for horizontal flows even though it should have been set
to zero; however, the term made a negligibly small
contribution in all cases he examined. (Unal(28] and Jia and
Schrock([10]) state that for horizontal bubbly flows, Ugj should
be equal to zero.) To check the significance of a zero ugj
term for horizontal flows, it was set to zero for the
horizontal tube run D&B Fig. lla. The pressure drop
distribution along the tube was almost identical to the case

where the term was non-zero. This was due to the fact that

S
;;:it::'was much less than Cy in the right-hand side term in

the denominator of the &' equation. To be physically correct,
the code was changed to set Eéj to zero for all horizontal tube
runs.

Although little or no effect on the pressure drop
predictions was expected, the effect of changing the leading
coefficient on the ﬁgj equation Qas also studied. The original
authors of the void fraction equation, Zuber et. al.([2%],

suggest the use of

0.25
g o (ps - Pg)]

gy = 1.18 [ >



It was not until a later paper in which Kroeger and Zuber(8]
suggest using the same equation except with a leading constant
of 1.41. Dix also suggested the use of the same equation for
vertically oriented tubes, but with a leading cocefficient of
2.9. It was decided to check the sensitivity of the Ugj term
in the void fraction equation by comparing the Kroeger/Zuber
and Dix coefficients. Runs using each equation were made
using the conditions of the vertical experimental data runs of
the basic data set. Typical predicted pressure drop
distributions are shown in figure 4.39; they appear to be
insensitive to the choice of the coefficient. It was decided
to continue using the Kroeger/Zuber equation since it was
suggested by one of the same authors who formulated the void
fraction equation being used in the final code version.

The final change to Kline's FDB model was to substitute the
Martinelli and Nelson{18] two-phase friction factor multiplier
for the homogeneous multiplier used by Kline. Although the
use of the homogeneous multiplier was not entirely correct, it
was a convenient and simple equation available from the
literature. The Martinelli/Nelson equation is a more
consistent choice for use in the frictional pressure gradient
of the separated flow model. The calculated Martinelli/Nelson
multiplier at the tube exit for the run shown in figure 4.40
differs only by -6% from the homogeneous multiplier, leading
to a difference in the total frictional pressure drop of about
the same amount. The resulting change in the total pressure

drop using the two multipliers, shown in figure 4.40, is small
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because the acceleration pressure drop was found to be the
dominant term in the FDB regime. The very slight difference
in pressure drop distributions between the two multipliers is
best seen on the fractional difference plot of figure 4.40.
It appears that either expression for the multiplier is
satisfactory. However, the Martinelli/Nelson multiplier was
chosen for use in the final code because it is the more
correct separated flow two-phase friction factor multiplier.
4.8 Limitations of the Final Code Version(ASCBS53)

The final code version is a selection of the best
equations, correlations and changes examined in this
investigation. For the most part, it satisfies our goals set
at the beginning of this investigation to formulate a code to
calculate pressure drops which agree with the selected
experimental data sets to +20%. However, the current
‘calculation procedure exhibited a problem when changes in the
non-equilibrium void fraction and flow quality were extremely
large with each integration step (even though a minimum of
1000 steps were used in these runs). These large increases
caused corresponding overprediction of the total pressure drop
as seen in figures 4.26 and 4.41 at very high heat fluxes.

Although the problem was parﬁly solved by modifying the
distribution parameter in the Zuber et. al. void fraction
equation, the maximum error due to this anomaly still exceeded
+20% for a few runs. Figures 4.41 exhibits this peculiar
behavior even though the predicted OSNVG point seems to

correspond to the start of the steep slope of the experimental
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data curve. Figure 4.42 shows the same trends for specific
heat fluxes in the pressure drop vs. tube length format. 1In
this case, the calculated OSNVG point seems to match the point
where the experimental data curve starts to turn downward. It
was initially thought that a limit on the exit subcooling
could eliminate the cases where this was a problem, because
the large increases in void fraction and flow quality seemed
to occur for runs where the flow was calculated to be near the
OBB point. However, this was not successful because there was
no definite trend relating exit subcooling and the amount of
pressure drop overprediction.

Closer investigation revealed that all the runs with large
overprediction of the pressure drop had quite large
acceleration pressure gradient terms(due to large calculated
void fractions). For figures 4.26 and 4.41(the worst
overprediction cases), the calculated acceleration gradients

at the tube exit were

Eig. No, Run Conditions gq" (Btu/hrft2) (dP/d2)
4.26 D&B Fig. 24 3.93 x 106 -6.5813 x 108 Pa/m
4.41 D&B Fig. 17 2.68 x 106 -1.2757 x 107 Pa/m

It appeared that for all the runs with fractional differences
between the predicted and experihental pressure drops of
within +20%, the absolute value of the pressure gradients
never exceeded 3.0 x 10% Pa/m. This limit was selected so that
the code would have a maximum upper deviation in the pressure
drop prediction of +20%. If the calculated acceleration

pressure gradient exceeds 3.0 x 10® Pa/m, the code will print a
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warning to the user that the calculated pressure drop may
overpredict the actual pressure drop beyond that Z location.
The code still continues its calculations to the tube exit (or
to the OBB point).

The only other limitation of the code occurred for some
vertical tube runs with flow mass velocities less than about
2500 kg/m2s(512 1b/ft28). In these cases, the pressure drops
in the SPL and PDB regimes were overpredicted despite the
overall pressure drop being very close to the experimental
value as seen in figures 4.43 and 4.44(the only exception
being figure 4.45). It was discovered that if the gravity
term was deliberately set to zero in these runs, the predicted
pressure drop in the SPL and PDB regimes matched the
experimental data to within 1% error, but the overall pressure
drop would be extremely underpredicted. This was especially
puzzling because Jia and Schrock showed good agreement for the
conditions of the runs shown of figures 4.43 and 4.44 using
almost the same calculation procedure. Since we could not
explain those discrepancies, a lower user input limit of 2500
kg/m2s was set in order to obtain pressure drop predictions
with uncertainties of no more than about +20%. The cause and
solution of this problem is left for future researchers.

Some additional features were added to make the computer
code more useful for designers. This work inclﬁded adding
approximations for one-sided heating, and adding a
CHF (critical heat flux) correlation following review of

several subcooled boiling CHF correlations in the literature.



4.9 _ QOpne-Sided Heating Approximations

The model and correlations used in this code have assumed
uniform axial and circumferential applied heat flux. However,
many applications exist in the physical realm for one-sided
heating. Two of the most common one-sided heat flux profiles
used in modeling the actual situation are the
circumferentially uniform heat flux on one half side and the
cosine distribution on one half side. Under the effects of
one-sided heating, the locations of average ONB, OSNVG, and
OBB points along the tube are significantly changed from that
of the circumferentially uniform heating case, and affect the
pressure drop differently. The present correlations were
modified by multiplying them by constant adjustment factors
based on physical reasoning. These adjustments are presented
in appendix E. The adjustment factors are only a "best guess"”
and must be verified against one-sided heating experimental
pressure drop data, when such data becomes readily available.
4.10 Prediction of Critical Heat Fluxes

In the design of SCB cooling systems, the calculation of
the critical heat flux(CHF) is as important as accurate
prediction of the pressure drop. The process of comparing
various CHF correlations to the éxperimental data was
performed by Professor M.A. Hoffman. Hoffman compared many
subcooled boiling CHF correlations in the iiterature to the
CHF correlation of Gambill([30], which is based on a very
extensive experimental database. He finally concluded that

the Gambill CHF correlation was the best general correlation
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to use because it had the broadest range of applicability with
about the same uncertainty as many other more restrictive
correlations. It was also found to vary in a similar way,
with uATgyp, to the Rousar{3l] correlation, which is valid for
high uATsyp approximately greater than 850 m°C/s. The Rousar
correlation was based on a broad set of experimental data from
the Aerojet Corporation. At higher uATgyp, the Gambill
correlation constitutes a somewhat more conservative subcooled
boiling CHF prediction than the Rousar correlation. For
design purposes, Hoffman recommends that a minimum CHF safety
factor of 2.0 should be applied to the Gambill correlation.
Refer to appendix F for further discussion of the Gambill

CHF correlation.
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S. Conclusions and Recommendations

Significant progress has been made to develop a reliable
computer code to numerically integrate the SCB pressure drop
equations for small diameter tubes under high heat flux
conditions. Such a code is necessary in the design of SCB
cooling systems because of the large pressure gradients and
changing fluid properties occurring along the tube length.
The current computer code is an extension of Kline's work
performed in 1985. The calculation method uses the separated
flow model developed for two-phase flow, but adapted to the
non-equilibrium conditions of SCB using correlations for the
two-phase non~equilibrium flow properties recommended by many
authors. Kline's best code version was improved and computed
results were checked against a wide range of experimental
data. The important findings and recommendations for future
research are now presented.

The computer code results indicated that the frictional
pressure drop term dominated in the SPL and PDB flow regimes
for both horizontal and vertical tube orientations. The
acceleration pressure drop term dominated in the FDB regime
for both orientations. The gravity pressure drop term was
only significant in the SPL and PDB regimes, but still was
less than one fourth of the frictional pressure drop. Kline's
conclusion that the gravity pressure drop term is dominant in
the SPL and PDB regimes is only applicable at low mass

velocities(i.e. less than approximately 1500 kg/m2s).
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The heated SPL friction factor is important in the
calculation of the pressure drop because it is also needed in
the PDB and FDB pressure drop equations. The Petukhov
correlation used by Kline was replaced with that of the
viscosity-ratio power law equation, with an exponent of 0.3,
because of the limitations incurred with the use of the
Petukhov equation. This small change resulted in slightly
better pressure drop predictions in the SPL and PDB flow
regimes without degrading the agreement in the FDB regime.

The onset of nucleate boiling, as well as the onset of
significant net vapor generation, need to be accurately
predicted if the calculated pressure drop is to match the
experimental data well. It was found that the
Bergles/Rohsenow ONB correlation, and the Davis/Anderson ONB
correlation using the critical radius value, gave almost the
same pressure drop results. The Davis/Anderson correlation
was selected because it was less sensitive to changes in the
local pressure and may be used for coolants other than water
with some modification. The Saha/Zuber OSNVG correlation was
selected and modified slightly for heat flux dependance at
high Peclet numbers to yield better overall agreement between
the predicted and experimental pfessure drop data.

Modeling of the attached wall bubble layer in the PDB and
FDB regimes was also found to be very important. The type of
profile chosen was most sensitive for the smallest diameter
tubes. A linear wall void profile in PDB increasing from zero

at ONB to the value given by the Rouhani equation at



OSNVG (modified for small tubes), seemed to yield good results
overall. A linear decreasing profile from OSNVG to a point 2
= Zosnvg + %%Zogg - Zosnvg)» where N=4, seemed to work well.
However, no justification can be given for the choice of N=4,
gsince no information has been found in the literature to
indicate how to model the bubble layer in the PDB-FDB
transition region.

In the PDB regime, the attached bubble layer may cause the
effective friction factor to be greater than the smooth wall
friction factor. However, it was found that no enhancement of
the PDB friction pressure gradient due to the PDB bubble layer
roughness should be employed when the Rouhani bubble layer
profile is used. In the final code version, the only
enhancement to the PDB friction pressure gradient is that of
the blockage effect on the mass flux.

The non-equilibrium void fraction is very important in the
prediction of the pressure drop in the FDB regime. Sharp
increases in the void fraction at high heat fluxes for a few
runs caused large overprediction of the pressure drop. This
problem was partly solved by selection of a better
distribution parameter Co. The constant value of 1.25 chosen
for bubbly-turbulent flow resulted in the best agreement to
the runs of our selected experimental data set.

Two limits were applied to the final code version(ASCB53)
in order to keep the uncertainty range of the calculated the

pressure drop along the tube to about +20%. The first
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requires that the mass flux input by the user be greater than
2500 kg/m2s. For G < 2500 kg/m2?s, the SPL and PDB pressure
drops may be greatly overpredicted. The second is a limit on
the size of the acceleration pressure gradient calculated at
any Z location along the tube. It was found that in order to
keep the uncertainty of the pressure drop predictions to about
+20%, the acceleration pressure gradient must be less than or
equal to about 3.0 x 10% Pa/m. A large increase in the non-
equilibrium void fraction at low subcoolings is the major
cause of the large acceleration gradients. When the code
calculates acceleration pressure gradients above 3.0 x 106
Pa/m, a warning is printed on the hardcopy output that the
calculated pressure drop may overpredict the actual pressure
drop beyond that Z location.

It is estimated that Kline's uncertainty in his pressure
drop predictions was about -30% to +45%, with deviations of
pathological cases to as much as +90%.

OQur final code version has been validated to give agreement
with the selected experimental database for water in smooth

tubes to about +20% over the ranges

G 2500 - 10,000 kg/m3s
Pin 2 x 105 - 28 x 105 Pa (29 - 406 psia)
Q"inner 0 - 12.2 MW/m2 (0 - 3.87 x 10% Btu/hrft?)

ATgyub-in 10 - 200 °C (18 - 360 °F)

L/D 49 - 127
D; 1.5 - 4.6 mm (0.0591 - 0.1811 in)*"
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[.g_z] < 3.0 x 106 Pa/m (132.62 psia/ft)
accel

for vertical and horizontal tube orientations.

**We also ran the code using the conditions of two
Reynolds([6] experimental data runs(inner tube diameter equal
to 9.5 mm). The agreement was only fair as shown in appendix
H. Kline showed good agreement using SR-2F, but he misplotted
the experimental data points on for those figures. He had
mistakenly plotted the experimental pressure at locations
along the tube length that were all 1/2 foot off. When
corrected, the plotted results of his best code SR-2F also
showed only fair agreement with the experimental data. As a-
result, we cannot recommend using the code for inner diameters
above 4.6 mm until it is verified against more large tube
experimental data.

Much has been accomplished in this study to produce a well
validated computer code. However, there were areas which
could not be addressed thoroughly because of the time
constraints of this research program. They are left for
future researchers.

Because the prediction of the onset of significant net
vapor generation is so crucial to accurate prediction of the
FDB pressure drop, a more extensive modification to the
Saha/Zuber correlation for small diameter tubes is needed to
further improve the code. It is suggested that the slope of
the modified correlation for Pe > 70,000 be made a function of

both heat flux and diameter.
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An extensive literature search for attached wall
void (bubble layer) models for the PDB regime and the PDB-FDB
transition regime should be undertaken. In the PDB regime, a
parabolic bubble layer growth profile may help to reduce the
jump in the predicted overall pressure drop curve caused by a
peculiarity in the numerical integration scheme occurring only
for the smallest tube diameter runs. In the FDB regime, a
linearly transition profile decreasing to zero at 1/4 the
distance between the OSNVG and OBB points may not be optimal.
The termination point may possibly be a function of tube
diameter.

The distribution parameter C, in the Zuber et. al. void
fraction equation needs to be optimized to better match the
steep slope portion of the overall pressure drop vs. heat flux
curves for all of the selected Dormer and Bergles data. The
functional dependance of Co on void fraction should be explored
in more depth.

Investigation into the cause and solution for why the
predicted pressure drop in the SPL and PDB regimes is larger
than the experimental data for mass velocities less than 2500
kg/m2s is also needed.

In order to make the code moie useful in design, the non-
equilibrium void fraction expression needs to be modified to
allow calculation at tube orientations other than just
horizontal or vertical. The modification will only effeét the

drift flux velocity term, which is a small term in the
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comparison to other terms in the void fraction equation in all
cases examined.
Other work which would extend the usefulness of such a code
would include
(1.) wvalidating the code for pressures greater than 2.8
MPa (400 psia) and heat fluxes greater than 12.2
MW/m2(3.87 x 10¢ Btu/hrft?).
(2.) properly verifying the presented one-sided heating
approximations against experimental data.
(3.) extending the correlations to working fluids other
than water.
{(4.) extending the code model to rectangular coolant

passages.
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Effect of Wall temperature profiles

Comparison in _PDB regime only

it iso tf iso P fric P fric

r4 using Twil | using Twi2 % change using Twil | using Twi2 % change

0.00000] 0.5503| 0.5503] 0.00| 0.00 0.00| 0.00]
0.00747 0.6495] 0.6340| -2.39| 974.64 950.38 -2.49
0.01494 0.6618] 0.6473} -2.19 1986.10 1938.70] -2.39|
0.02241 0.6738| 0.6603 -1.99| 3036.20| 2966.90] .2.28
0.02988] 0.6855] 0.6731 -1.80 4126.90] 4036.80] -2.18
0.03735 0.6969| 0.6856 -1.61 5260.30 5150.90( .2.08
0.04482 0.7080} 0.6979 -1.42 6438.80) 6311.40| -1.98
0.05229) 0.7189| 0.7099| -1.24 7664.90 7521.10! -1.88
0.05976] 0.7295|  0.7218 -1.06 8941.60| 8782.80 -1.78
0.06723] 0.7400} 0.7334 -0.89] 10272.00 10100.00] -1.67
0.07470] 0.7502 0.7448 -0.71 11659.00] 11476.00/ -1.57
0.08217 0.7602 0.7560| .0.54] 13108.000 12915.00] -1.47
0.08964 0.7700 0.7671 -0.38 14621.00] 14421.00/ -1.37
0.09711 0.7797 0.7780 -0.22] 16205.000 16000.00 -1.27
0.10458 0.7892 0.7886 -0.07]  17865.00] 17656.00 -1.17
0.10707] 0.7923 0.7922, -0.02] 18435.000 18226.00 -1.13

Twil: Linear Temperature Profile from ONB to OSNVG(ASCB47)
Twi2: Idealized Temperature Profile Used By Kline (ASCBS1)
Table 4.1 Data from D&B Fig. llc Comparing Effect of Inner

Wall Temperature Profiles in PDB on Pressure
Drop Predictions
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Effect of Wall temperature proliles
Comparison in SPL & PDB reqime only
i1 _iso f/t iso P fric(m)l P tric(e)|
Z using Twil | using Twi2 % change using Twil | using Twi2 % change
0.00000 0.7471 0.7471 0.00 0.00 0.00 0.00]
0.02286 0.7640] 0.7640 0.00 886.51 886.51 0.00|
0.04572 0.7794 0.7794 0.00 1781.70 1781.70 0.0N
0.06858| 0.79334 0.7933] 0.00} 2684.80} 2684.80] 0.0N
0.09144 0.8060f 0.8060 0.00 3595.30 3595.30| 0.00|
0.09060| 0.8099 0.8099| 0.00 3900.40 3900.40| 0.00|
0.10668 0.8164 0.8137 -0.33 4206.90 4206.20| -0.02
0.12954 0.8312 0.8242 -0.85 5143.10 5128.00 -0.29|
0.15240 0.8453| 0.8335 -1.39 6105.40 6055.90 -0.81
0.17526 0.8585| 0.8418| -1.95 7094.60 6989.50 -1.48
0.19812 0.8710| 0.8574 -1.57 8111.20 7941.10 -2.10
0.22098] 0.8829] 0.8704 -1.41 9156.10 8925.20 -2.52
0.24384 0.8940| 0.8829 -1.25 10230.00 9942.80 -2.81
0.26670 0.8980[ 0.8947 -0.37 11392.00 11062.00 -2.90
0.28956 0.9069| 0.9059| -0.11]  12614.00]  12262.00 -2.79]
0.30480 0.9126[ 0.9131 0.06 13454.00 13101.00 -2.62
Twil: Linear Temperature Profile from ONB to OSNVG(ASCB47)
Twi2: Idealized Temperature Profile Used By Kline (ASCBS1)
Table 4.2 Data from O&S Run 253 Comparing Effect of Inner

Wall Temperature Profiles in PDB on Pressure
Drop Predictions
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dP/dZ gradients in PDB for D&B Fig. 11a
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Figure 3.6 Typical dP/dZ Gradients for Horizontal Tube Flows

Using Final Code Version ASCBS3
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dP/dZ gradients in SPL & PDB for O&S Run 253
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Figure 3.7 Typical dP/dZ Gradients for Vertical Tube Flows
Using Final Code Version ASCBS53



Pressure Drop

ONB at tube exit

ONB at tube inlet

OSNVG at tube exit

OSNVG at tube inlet

q" inner wall

Figure 4.1 JIdentification of Flow Regimes for Dormer

and Bergles AP vs. q" Curves
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Pressure Drop vs. Length Along Tube
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Appendix A

A Listing of the Final Computer Code

Version ASCBS53

The following computer listing includes the main
program and all the supporting subroutines
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A0 ONOHOANONONONHON

anon

AN On 000 ann

PROCRAN ASCESIO

SesssascsnantsnesassCOMPUTER CODE SENIES ASCHEssacnassnssnesinssnnsnnsane

DATE LAST EDITED 11/%/68

REVISION BY: C. WOND & M A HOFFMAN

CHANOES TO MANE ASCE3JD MORE USER FRIENDLY AND COMMENTED OUT
FORMAAS FOR NONESSENTIAL CALCULATIONS -~- THIS 18 THE FINAL CODE
VERSION QDINO TO LIVERMORE

SRR A AN TR RRCARRRRNRGRRNRNGRERERGUBRGRUSHINNBBINENBRRIBIES

THIS PROGRAN CALCULATES PREBESURE DROUP, PUMPINOG POMER REOQUIRED AND
THE CHF(CRITICAL HEAT FLUX) FOR WATER FLOW IN ROUND TUBES WITH
UNIFORM AXIAL HEAT FLUX. 1T CAN PROVIDE RESULTE FOR THE SINOLE-
PHASE LIGUID FLOW REOIME AND/OR THE SUBCODLED BUILING FLOW REGIME.

THIS CODE WAS DEVELOPED FOR THE LANRENCE LIVERMORE NATIONAL
LABORATORY BY:
PRINCIPAL. INVESTIGATOR: PROFESSOR MYRON A. MNOFFMAN
ORADUATE STUDENTS: CHARLES KLINE(1983), CHRISTOPHER WONG(1986)
DEPARTHMENT OF MECHANICAL ENGINEERING
UNIVERBITY OF CALIFORNIA. DAVIS. CA 93416
OCTONER 1908

GRS ANNINEIECNNRNEEENRNRRPENNRNINESRTNNNRNINNRTRENNRIRONREORENNNNES
*sseDIMENSION ALL STEPWISE BTORAOE REOISTERS

DIMENBION WDPDXA(S1). MDPDXF (31 )., NDFDXO(31)
DIMENSION WTP(31), WIP(31), WCO(91)

DIMENSION AP123(31). OP123(91),FP123(31)

DIMENSION WXNEZ(31). MXET(91), VOIDS(31), WOIDB(91)
DIMENSION CPS(31). DTUBS(91),FE(31),08¢31)
DIMENSION HE(31),.RE(31), KWS(91), MUBE(31 ), PHILOB(31)
DIMENSION PRDS(91). PREBBE(91), 00AMBE(91)

DIMENSION RESSB(91), RHOS(31), ANOVIS(31), MAEB{31)
DIMENBION TES{31), TPFFR(31). TEATBII1), PEB(31), 8TANB(S91)
DIMENSION TWIS(3t), THOB(31), UVDTEEB(31)

DIMENBION XUDXB(31). WH(31), VeS(31)

DIMENSION TONSS(31). JAXFB(91)

DIMENBION QUNIF (0. DPRES(30)

DIMENSION RCRITS(91), SFS(31)

*ossDIMENSION ALL STEAN PROPERTY VARIABLES

DIMENBION RTSAT(182). RPRES(162). RHF (182). RHO(162). RARHOV(182),
& RHFO(102)

DIMENSION RTEM(41), RCPF (A1)

DIMENSION INPUT EDITOR VARIABLES

DIMENBION A(14),BF(10).8D(10)

*800B8EY REAL VARIABLE DECLARATIONS

REAL L. MUB. MUM. INTPP, R, KB, K. KWE, KHZ. KNI, NUBS. MAE. KLOSS, LU

*80sBET LOCICAL VARIABLE DECLARATIONS

LOQICAL LNEX. LNOP

*8seDECLARE CHARACTER VARIAPLES

8%1



CHARACTER ANSWER. DATAFL®1S, DATFL2519, DATFL3#19, TSTRe)
(4
C ®swsEXTERNAL DECLARATION FOR FUNCTION PP FOR SUBROUTINE Z0INTI6
C

EXTERNAL ZAXFLX

[
C *asaBECINNING MEGSAOE SENT TO SCREEN
c

WRITE(S. 1)

FORMAT { 1M1)

PRINT », 8ce-1A°
PRINT »,
PRINT =,
PRINT »,
PRINT »,
PRINT =,
PRINT =,
PRINT &,
PRINT o,
PRINT o,
PRINT @,
PRINT »,
PRINT o,
PRINT
PRINT
PRINT
PRINT
PRINT
WRITE(Y. 79)

READ(3. B2) ANSHER

IF (ANSMER €G. '8°)007T0 412

WRITE(S, 1)

PRINY &, © ~

PRINT », * ¢

PRINT &, ¢ *

PRINT s, ¢

PRINT &, ‘800000000 sssstsantansonsinstninsnssssositessssssnessansnse
LENSSENOSRRNARNGBRENNEN

PRINT &, ° THIS CODE WAS DEVELOPED FOR THE LAWRENCE LIVERMORE NATIO
&NAL LABORATORY BY: *

DTN Y

A Subcooled Flow Boiling’
Design Code’

L N I I I R

L R S Y

(C) University of California, Davis, 1988°

PRINT », ¢ PRINCIPAL INVESTIGATOR: Professer Myren A. Hoffman’
PRINT o, ’ ORADUATE STUDENTS: Charles Kline(1983), Christopher
& Wong(1988)

PRINT e, Depertment of Mechanical Engineering’

PRINY », * University of California. Devis. CA 93416°

PRINT &, ‘604000000 000000000000a00ausssttnnanaieteuntianensssnonnense
LONONRERENENENINRINNEEN’
PRINT &, ¢ *
PRINT @,
PRINT
PRINT
PRINT
PRINT
PRINT
PRINT =,
WRITE(D, 73)
READ(93, 82) ANSHER
.

.

.
’
.
.
.

L N N R Y

6v1



PRINT o, * *
WRITELS, 2)

2 FORMATIYY, "WELCOME TO THE SUBCOULED FLOW BOILING DEGION CODE 86CB-1

&A°/

$. T3 ‘(VENSION 1A - WNevember, 1988)°/. 79, ‘for the IBM PC/AT (or com

Spatibles) end the VAX 11/780°/)

WRITE(S, &)

PRINT &, Thie program calcvlates proessure drep., pumping power
& roquired and the °

PRINT o, * CHF(Critical Heat Flux) Peor water flow in reund tube
s with uniform oxianl’

PRINT @, * hoat Plus. It can pravide resvites for the single-ph
Gase liquid flow’

PRINT e, ’ reogime and/er the subceelod dolling Plow regime *
WRITE(S, &)

WRITE(S. @)

WRITE(Y, ») :

PRINT @, ’ You sheuld he able te run SCEB-1A by responding te the pr

Sompts. Try ¢!’
PRINT o, * *

PRINT &, ’ For mere Inforastien. refor te the SCO-1A Cede Manual.

&It containg an csomple.
PRINT o, *
PRINTY », ° *
PRINY o, " *
PRINT &, ° *
WRITE(S, 79)
READ(3. §2) ANDWER
[+
C 20038TART INPUT FILE EDITOR
[

[
C #0009ELECT INPUT FILE OPERATION
c
412 WRITECS, 1)
PRINT », © *
PRINT @, * *
MRITELS. )

I FORMAT(79MO 0400400000000 0Rlnstntscsstinnsstisionsnselatanesesnnes

[TITIIT LI IY YT YT 2T YY)

WRITECS. &)

FORMATI(IIHNO PLEASE SELECT OPERATION)

WRITE(S, 3

FORMAT(2ISHMO §) UBE AN OLD DATA FILE)

URITELS, &)

FORMAT(28HO 2) REVISE AN OLD DATA FILE)

WRITE(S. 7)

FORMAT(2THO 3) CREATE A NEW DATA FILE)

WRITE(S. &)

FORMAT (4JH0 ENTER & OF YOUR CHOICE - YO EXIT, ENTER O)

PRINT o, * Optien (1) or (2) is recommended’

WRITELS, D)

READ(Y, #) NCHOICE

IF(NCHDICE EQ O) THEW
PRINT &, ‘eenesPROORAM EXECUTION INTERRUPTEDSSSNS '
00t10 999

ENDIF

82 FORMAT(AL)

a v ¢ @

c
C SovaENTER DATA FILE NAMES

0ST



[4

nann

NN

an0n

WRITE(S. 1)

12 FORMAT(IX, ‘PLEABE ENTER INPUT FILE NAME IN THE FORN:  INPonn. DAY
& USE CAPITAL LETTERB /. 9X, ‘{nnn MAY BE ANY COMBINATION OF FROM 1§
&0 9 NUMBERES OR LETTERS) )

READ( Y, 83, ERR=900) DATAFL

83 FUORMAT(ALS)

WRITE(S. &)
WRITELS. J0)

30 FORMAT(IX, ‘ENTER THE NEW OQUTPUT FILE NAME IN THE FORM: OUTams DAY
&~ UBE CAPITAL LETTERS’)

PRINT &, ° (mmm MAY BE ANY COMBINATION OF FROMN § TO 5 NMUMBERS OR LE

GTTERG) *

WRITES. 20)

READ(3. 31, ERR=900) DATFLI
31 FORMAT(ALY)

WRITE(S, 13) DATAFL
13 FORMAT({1BHO WORKING ON FILE . A19)

TIMEQUY LOOP

DO 208 =1, 100

201 CONYINUE

\ 4

S8SaTRANGFER OF EDIT CONTROL

COTO(400. 401, 402) . NCHOICE
PRINT o, ° ([MPROPER OPERATION SELECTION’
OT0 99v

220s0FTION #1:USE AN OLD DATA FILE

400 WMITE(S. 1)
14 FORMAT(29M) ACCESSING OLD DATA FILE)
00 214 I=1, 100
2148 CONTINE
o0v0 411

eassOPTION 62:EDIT AN OLD FILE

401 WRITEIS. 1))
15 FORMAT(I9H] RECOVERING OLD DATA FILE FUR UPDATING)
WRITE(S. @)
PRINT o, ° sne CAUTION: CODE RESULTES ONLY VALID IF INPUT PARAMNETERS
& ARE WITHIN VERIFIED
PRINYS, ¢ LINITE - SEE INBTRUCTION MANUAL FOR THEBE LI
Wi T3ese’
WRITE(S. o)
OPEN(2. FILE=DATAFL, ERR=903, STATUS= 'OLD ‘)
READ(2, #) (A(]). 1=1. 1)
403 WRITE(S. 21) Al
21 FORMAT(IN, ‘1) HEAT FLUX AT O DEOS BASED ON OUTER DIAN. (W/1G2)°,
& T163.1PE11 @)
WRITE(3.22) A(D)
22 FORMAT(IX. '2) TYPE CIRCM HEAT FLUX PRFL(O-UNIF, 1-HALF UNIF, 2-HALF
LCOBY ', T43. 1PELL &)
WRITE(S.23) A(D)
23 FORMAT(IX, *D) TUBE INLEY MASH FLUX (KO/M2-8)°, 769, IPELL. &)
WRITE(S. 24) Ate)
240 FORMATC(IN, “4) TUBE INLET BTATIC PRESOURE (PA)°’, T49. 1PELL. Q)
WRITE(S. 23) A(S)
23 FORMATUIN. °9) TUBE INLEYT BULK FLUID TEMPERATURE (DEC K)°, T69,
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& IPELL Q)
WRITELD. 24) AtS)
26 FORMAT(INR, ‘4) HEATED TUBE LENOTH (M) °, T43, IPELL &)
WRITE(S.28) A7)
FORMAT(IN, ‘7) OQUTSIDE TUBE DIAMETER (M), T43. IPELIL. &)
WRITE(D. 29 AL
29 FORMAT(IN, ‘@) INBIDE TUBE DIAMETER (M) ‘. 749, IPELL. 4)
WRITELS, 32) A(Y)
32 FORMAT(IN, ‘?) INLET PRESSURE LOBS COEFFICIENT NLOBS’, T49, IPELL. 4)
HRITE(S. I ALIO)
33 FORMAT(IN. ‘10) TUBE ANOLE FROM HORIZIONTALI(EITHER O OR 90 DEO)‘,
& T63. IPELIL. O)
WRITE(S. I9) AlIL)
33 FORMATCIN, ‘18) RADIUS OF ONB MAX ACTIVE CAVITY (M) (O=RCRIT UBED)
& S T43.1PEIL. &)
WRITE(D. Ib) ACLD)
36 FORMAT(IK, "13) NUMBER OF CALCULATION STEPS 2(1-1000. 2-2000)°.
& 763 IPELIL &)
WRITE(S. I7) ALY
37 FORMATCIN, ‘137 PRINT FULL WATER/STEAMN PROPERTY DATA?(L-NO. 2-YEB) '’
& 769, IPELS. Q)
WRITE(S. 840 DATFLI
86 FORNMAT(LIN. *14) OUTPUT STORADE DATA FILE NAME CHOBEMN AS°.
& T64.A13)

WRITE(. J0)

30 FORMAT(19H0 ENTER 6 TO CHANOE)
WRITE(S. 9)

9 FORMAT (2240 TO EXIT, ENTER O)
READ(S. ®) o

IF(J ©7. 14) QOTVO 999
IFtJ EQ 0)THEN
QOTO 404
ELSEIF(J LE 1J)THEN
WRITE(S, 39)
39  FORMAT(IAHO ENTER NEW VALUE NOM. . . )
READ(3, &) A(D)
WRITE(Y. §)
QOT0 403
ELBEIF(J EQ 14)THEN
URITE(S, 30)
READ(Y, J1) DATFLDI
WRITE(S. 1)
00T0 402
ENDIF
404 READ(2. #) A(14)
00 230 I=1.At148)
READ(2. &) BF (1), BD(D)
230 CONTINUE
WRITES. 170)
170 FORNMAT(H0HO DO YOU UISH TO CHANGE ANY TUBE MATERIAL DATA PAIRS? Y
“OR M)
READ(Y. 62) ANBVER
IFC(ANBVER EQ. 'N’). OR (ANSMER. EQ. 'n’})00TOD 413
WRITE (D, 40)
40 FORMAT(4JHI NOW UPDATING TUBE MATERIAL DATA PAIRS. .. )
HRITE(S.07)

87 FORMATIIN, "HALL THERMAL CONDUCTIVITY R NEEDS TO DE INPUT AB A FUNC
GTION'/, 1K, ‘OF TENPERATURE. OBTAIN A THERMAL CONDUCTIVITY VB TEMPE
GRATURE '/, IX. ‘CURVE FOR TUBE MATERIAL UBED AND PICK UP TO 10 DATA P
GOINTE FROM '/, X, ‘CURVE FOR ENTRY. ‘/)

(A



409 WRITE(D. 41)
41 FORMAT(IX, ‘PAIR®’, 7X, ‘“TEMP’, 7X, ' THERMAL CONDUCTIVITY’)
DO 202 I=t.A(14)
WRITE(S, 42) 1.BF(1).BD(D)
42 FORMAT(1HO, 2X. 13, T9. 1PE9 2, IX, '‘DEQ K‘, T29.E9. 2. 1K, 'W/M-R ")
202 CONTINUVE
WRITE(D, 68)
68 FORMAT (J0HO0 ANY CHANGES TO MARE ? Vv OR N)
READ (9, 82 ) ANBWER
IF((ANBWER. EQ. ‘N°). OR. (ANSKHER €@. ‘n‘))00T0 413
WRITE(S, 78)

78 FORMAT(39H0O DO YOU WISH TO ADD ANY DATA PAIRS(TOT MAX 10 PRE)? Y O

&R N)

READ(9. 82) ANDWER

IF((ANBWER.EQG. ‘Y’). OR. (ANSKHER. €0. ‘y ‘) ) THEN
WRITE(S. 79)
79 FORMAT(28HO HOW MANY ADDITIONAL PAIRS?)

READ(Y, &) NEWPAIR
NEWNUMB~A(14) *NEWPAIR
DO 204 J=A(14)+1. NEUNUD
WRITE(D, 88)

- ;) FORMAT(1X, ‘INPUT TEMPERATURE(DEO K) AND CORREGPONDING THERMAL /.
& 11X, ‘CONDUCTIVITY(W/M-KR) ON SAME INPUT LINE SEPARATED BY A COMSA‘/
& IN, '(E. Q. J303.8.14 7) THEN HIT RETURN REY --DO NOTV INBERT ANY',
& 1X, ‘OPACES’/)

WRITE(S, 69) V
&9 FORMAT(2X, ‘ENTER NEW PAIR & ', 12, '~-NOW''‘'‘)
READ(9, #) BF(J), BD(Y)
204 CONT INUVE
AU14) =NEWNAD
0aTO 403
ENDIF
WRITE(3. 80)
80 FORMAT(92H0 DO YOU WIBH TO CHANOE ANY DATA PAIR VALUES? Y OR N)
READ(3. 82) ANSWER
TFC(ANBWER. EQ. 'N°) OR. (ANSWER. EG. ‘'n‘))00TO 410
WRITE(3. 43)
43 FORMAT(29HO ENTER PAIR NUMBER TO CHANGE)
WRITE(D. 9)
READ(3, #) J
IF((J. EQ.0) OR. (J. OT. A(14)) ) THEN
WRITE(D.®) ° wss NO PAIRS CHANGED - CONTINUINOG »ae’
€010 410
ELBE
WRITE(S, 80)
READ(S. =) BF(J), BOD(Y)
0010 409
ENDIF
410 WRITE(S, A7)
47 FORMAT(40HO DO YOU WISH TO DELETE ANY DATA PAIRS ?)
READ(3, 82) ANSWER
IFC((ANBWER. EQ. ‘'Y’'). OR. (ANBUWER. EQ@. ‘y ‘) )THEN
WRITE(S, 48
48 FORMAT (24H0 ENTER PAIR ® TO DELETE)
READ(S, ») NDELETE
DO 203 J=NDELETE.A(14)
BF(JS)=BF (U-1)
W(J)=BD(J-1)
AlL4)=A(14)-1
205  CONTINUE

(30!



Q070 409
ENDIF
413 CLUBE (UN]IT=2)
WRITE(S, 171
171 FORMATI(I7HO ENTER NEW INPUT FILE NAME FOR STORING THE MODIFIED FIL
)
WRITVE(D. 11)
11 FORMAT(A0HO NODTE: THIS FILE MUBT NOT ALREADY ER1IGT)
WRITE(S: 1)
READ(Y. B0, ERR=902) DATFL2
OPEN(Q, FILE=DATFL2, ERR=903. BTATUB= 'NEW ‘)
WRITE(Q. o) (ALJ), J=1.1D)
WRITE(D, @) ACLIQ)
DO 233 J=1, A(14)
URITELD, &) BFLJ). DD
233 CONTIME
CLOBE (UNIT=2)
QOTO A1t
[
C 400s0PTION 03 CREATE A MEW FILE FROM SCRATCH
C
402 OPEN(2, FILE=DATAFL. ERR=Y01. BTATUB= '‘NEV ‘)
WRITE(S, &9
49 FORMAT(26H] CREATING A MEW DATA FILE)
WURITYE(S. 30}
350 FORMATIIAH0 ENTER VALUE AFTER TEXT APPEARS)
WURIVE(S, »)
PRINT o, ° se0 CAUTION: CODE REBULTE OMLY VALID IF INPUT PARAMETERS
& ARE WITHIN VERIFIED’
PRINTS, ¢ LINITS - SEE INSTRUCTION MANUAL FOR THESE LI}
SHiTReas
WRITE(S, &)
WRITE(S, 31)
91 FORMATIIN, ‘1) HEAT FLUX AT O DEOS BASED ON OUTER DIAM. (W/M2) )
READ(S. @) Atl)
MRITE(D. 32
92 FORMAT(1X. °Z) TYPE CIACH HEAT FLUX PROFILE(O-UNIFORM. §-HALF UNIFOR
& 2-HALF COBINE ‘)
READ(S. s) ALD)
WRITE(S. 3
93 FORMAT(IX, ‘3) TUBE INLET MASE FLUX (RO/M2-8)°)
READ(S. o) A(D)
WRIVE(Y, 30
54 FORMAT(IX, ‘4) TUBE TMLET BSTATIC PRESIUE (PA) ‘)
READ(I: #) ALY)
WRITE(S, 99)
33 FORMAT(IN, °9) TUBE INLET BULK FLUID TEMPERATURE (DEOQ W) °)
READ(I. &) A(Y)
WRITE(S, 38
56 FORMAT(IX, ‘4) HEATED TUBE LENOTH (M) ‘)
READ(S, ¢) A(S)
WRITE(Y, W)
98 FORMAT(IX. °7) OUTEIDE TUBE DIAMETER (M) °)
READ(Y. ®) A7)
WURITE(S. 3™
5% FORMAT(1X, ‘®) INBIDE TUBE DIAMETER(N) °)
READ(9. ») A(D)
WRITE(S. &)
62 FORMAT(IX, ‘9) INLET PRESSURE LOSS COEFFICIENT NLOBS ‘)
READ(3. ) A(Y)

VAR



ann

WRITE(S, 63)
63 FORMAT(1X, ‘10) TUBE ANOLE FROM HORIZONTAL(O OR 90 DEO) ‘)
READ(S, &) A(10)
HWRITE(D, 63)
63 FORMAT(IX, “11) RADIUS OF ONB MAX ACTIVE CAVITY (M) (O=RCRIT USED)’
&)
READ(S3,#) AC1S)
WRITE(D, 83)
83 FORMAT(IX. “12) NUMBER OF CALCULATION STEP8?(1-1000, 2-2000)’)
READ(3. &) A(1D)
WRITE(S. 6&)
&6 FORMATIIN, *13) PRINT FULL WATER/BTEAM PROPERTY DATA?(1-NO 2-YES) ')
READ(3. 8) A(1D)
WRITE(D, 87)
WRITE(S, 67)
67 FORMAT(IX, ‘14) TOTAL MUMBER OF DATA POINTS YO BE INPUT ‘)
READ(Y, @) Al14)
DO 203 I=1,A(14)
WRITE(S, 08)
WRITE(D.69) 1
READ(S, #) BF(11,.80(1)
203 CONT INUE
WRITE(S, 7))
73 FORMAT(16HO END DATA INPUT)
HRITE(Q. #) (ALJ). =1, 13}
WRITE(2,#) A(14)
DO 240 J=1,A(14)
WRITE(2. %) BF(J). BDCY)
240 CONTINUE
CLOBE (UNITe3)
TINEOUT LOOP
DO 207 1=1,100
207 CONTINUVE

Ssa8ECHO BACK DATA

411 WRITE(D, 74)
78 FORMAT{J1HO DO YOU WISH TO VERIFY THE INPUT DATA FILE? Y OR N)
READ(9. 82) ANBWER
IF((ANBWER.EQ. 'N’). OR. (ANBWER. EG. *'n’)) 0OTO 450
WRITE(3. 81)
81 FORMAT(34H1I RECOVERING FILE FOR VERIFICATION)
WRITE(S, )
IF(NCHOICE. £0. 2) THEN
OPEN(2, FILE=DATFL2, ERR=903, STATUS=‘0LD ')
ELBE
OPEN(2, FILE=DATAFL. ERR=903, 8TATUS="0LD ‘)
ENDIF
READ(2. 8) (A(]), I=1.13)
WRITE(3, 21) Al1)
WRITE(I. 22) AtL2)
WRITE(S, 23) A(D)
WRITE(S. 24) A(4)
WRITE(D,23) A(D)
WRITE(S, 26) A(H)
WRITE(S, 28) A(7)
WRITE(S, 29) Al8)
WRITE(S, 32) A(9)
WRITE(S, 33) A(10)

GGl



anonNan

AN n

7

243

208

76

7”7

WRITE(S. 39) AlL11)

WRITE(3.34) A(12)

WRITE(3. 37) A(13)

WRITE(S. 84) DATFLD

WRITE(D. 73)

FORMAT (Z8HO MIT RETURN KEY TO CONTINUE)

READ(3. 82) ANSWER

READ(2. ®) A(14)

DO 249 I=1,A(14)

READ(2.#) BF(1),8D(])

CONTINUE

WRITE(D, O7)

WRITE(S, 41)

DO 208 I=1.A(14)

WRITE(D. 42) 1.BF(1),B0(T)

CONT INUVE

WRITE(Y, 78)

FORMAT(32HO 18 THIS WHAT YOU WANT?? Y OR N)

READ(S, 82) ANSWER

IFC(ANGWER. EQ. ‘N’ ). OR. (ANBWER. EQ. ‘n’) ) THEN
WRIYE(3. 77)

FORMAT (46HO CURRENT INPUT FILE SAVED-STARTING OVER AQAIN)

CLOBE(UNIT=2)
TIMEOUT LOOP
PO 213 1=1.100
CONT INVE

QOvT0 412
ENDIF
CLOSE (UNIT=2)

SsssEND INPUT FILE EDITOR

S8saMALIN PROORAN

4%
100

WRITE(S. 100}
FORMAT (201 INPUT COMPLETE. BTARTING CALCULATIONE)
OPENC], FILE= 'STMET. DAT ’, ERR=903, 8TATUB= 'OLD ")
IF(NCHOICE. EO. 2) THEN
OPEN(2, FILE=DATFLZ, ERR=903, S8TATUS='0LD )
ELSE
OPENC 2. F ILE=DATAFL, ERR=90J. BTATUB="OLD )
ENDIF
READ(2, ®) (A(1), I=1,13)
OPENLD, FILE=DATFLI, ERR=901, BTATUB= ‘NEW’)
OPEN(A, FILE=""HOUTOPH DAT ‘', EARR=901, STATUB= ‘NEW '}
INQUIRE (FILE="WFLX. DAT °, EX18T=LNEX, OPENED~LNOP )
IF (¢ NOT. LNEX)THEN
OPEN(7, FILE=‘WFLX. DAY, ERR=901, STATUB= ‘NEW ‘)
ELSEIF((LNEX) AND. (. NOT. LNOP))THEN
OPEN{7, FILE="WFLX. DAT’, ERR=904, 8TATUSB* ‘OLD ‘)
ENDIF
OPEN(S. FILE="UDRP. DAT ‘. ERR=901, STATUS="NEW ')
onAX=AL1)
NPRFL=A(2)
0=A(3)
PIN=A(4)
TBIN=A(D)
L=A(s)
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DOUT=AL7)
Di=A(®)
KLOBS=A(9)
THETA=A{10?
RCAV=A(11)
ISTEPS=~A(12)
1Xv=A(1D)
READ(2. ») ANQQ)
NRW=A(14)
NUNIT=2
CALL ZLOTBO(NRN. AAL. AA2, AAD, AAL, AAY. NUNIT. BF. BD)
00 220 1=1, 162
READ(1. #) RTSAT(I),. RPREB(1). RAHOVIE), RHF (1), RHO(T)
€ 109 FORMAT(FI0 4,F13 4,F13 O.FI13. 3. F12. D)
RHFO(II*RHG (1) -RHF L])
220 CONTINUE
D0 221 1=1.4%
READ(1, &) RTEN(TI), RCPF (1)
C 111 FORMAT(2FI12 Q)
221 CONTINUE
MRITE(D. 1)
HRITE(D. 11D)
113 FORMAT(IX, JO(IH-8), * 1ruUTS ‘0 22(IN-9)7/)
WRITE(I, 114) GMAX, NPRFL. Q. PIN. TBIN
114 FORMAT(IX., "APPLIED MEAT FLUX AT O DEGS DASED ON OUTER DIANM. °,
10(8H-), tH=, IPELL. 4, 2X, ‘W/N2°/
3. ‘TYPE OF CIRCUMFERENTIAL MHEAT FLUR PROFILE(D. 1.0R 2}, 7(IN-),
K=, 12/
3N, ‘TUBE IMLET MABS FLUX, © (DABED ON JNNER DIAN ), 1201H-), I1H=,
IPELL. &, 2N, ‘RO/N2-8°
/3K, ‘TUBE JTNLET STATIC PRESBURE ‘., J2{1H-), 1K=, E11. 8, 2X, 'PA°/
3, ‘INLET BULM FLUID TEMPERATURE ', JO(IM-), IH=,E11 &, 2X.
‘RELVIN‘/)

WRITE(D. 119) L. DOUT. DI, (DOUT-DI)/2.

113 FORMAT(IX. "HEATED TUBE LENOTH’, 80C(1M-). I1H=, IPEL] 4. IX. ‘METERS '/
& 9 ‘OUTSIDE TUBE DIAMETER. DOUT ‘. J1(1H-), IN=. E11 4, 2X.

& ‘METER®’/

& IX, ‘INSIDE TUPE DIAMETER. DI°, JACIN-), IM=, EN1. 4, 2N, ‘HETERS */
& 33X, "TUBE WALL THICKNESS °, J9(1H-), I1H=, E11. 4. 2X, ‘METERS ' /)
WRITECD, 119! RLOGS, THETA, RCAV

119 FORMAT(SX. ‘INLET PRESOURE LOSS COEFFICIENT, RLOES ‘. 200 1H-), 1H=,

Fi1. %

3X, ‘TUBE ANOLE FROM HORIZIONTAL PLANE ‘. 26(1H-), IH=,. F11. 9, 2X,

‘DEOREES '/

9K, ‘RADIUE OF ONB MAX ACTIVE CAVITY FROM USER (O=RCRIT UBED) ‘.

20IH-), 1H=, IPELL. 4. 2X. ‘METERE /)

WRITE(D, 114) LGTEPS, INY

116 FORNBAT(IX. ‘NUMBER (F CALCULATION STEPS?(1-NO. 2-YEB)’,

& 17C1H-), =, 12/
& 3N, ‘PRINT FULL WATER/GTEAM PROPERTY DATA?(1~1000. 2-2000) ‘3(1H-),
& 1He, 12)
HRITELD. 117} DATFL]
117 FORMAT(3X, ‘OUTPUT STORADE DATA FILE CHOUEN AB‘, 24(1M-), tH=,
& 1X.A19/)
WRITE(D. 1)

198 FORMAT (10X, ‘THERMAL CONDUCTIVITY AB A FUNCTION OF TEMPERATURE '//
& 11X, ‘PAIR @°, 2%, ‘TEMPI(DEQ N) °, I, ‘THERMAL CONDUCTYIVITY(W/H-R)
&7

DO 297 1=1,A(14)
WRITE(3, 199) 1. BF(1).BD(])

rrerPrrer
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199 FORMATIIHO. 10X, 13, SX, IPE9 2. 10X.E9. D)

297 CONTINUE
CALL ITSAT(PIN, RPRES. RTBAT, TSAT, IHI, 1LOW, NEXIT)
WRITE(D, 40)

44 FORMAT(/10X, ‘LINITE OF VALIDITY: ‘712X, ‘PARMETER, 14X, "UNITS . 11X,
&  ‘MAIN CODE’, 14X, ‘OAMBILL CHF CORRELATION ', 10X. ‘VALUES FRON THIS
&RUN‘/)

WRITE(D, 43) L/D1.DL. 0. PIN, GMAX
43 FORMAT(10X. ‘L/D1°, 33X, ‘49.0 TO 127.0°, 23X, *>=23 0°. V113, F3. 2/
10%, ‘INMER DIAM. DI°, 9X. ‘(METERS) ’, 6X, ‘0. 0013 YO O 0044°. 16X,
‘0 002 7O 0.008°, V113, Fb. &/
10X, "MASS FLUX, G@°,11XK. “(RQ/M2-8)°, 7X, ‘2300 TO 10000°. 21X,
‘3 TO 10873°,. T113.FO. 2/
10X, ‘INLETY PREGSURE ‘., 9X. " (PA) *, 9N, ‘2. OE+03 TO 20. OE+03°, 12X,
‘2 9E+04 TO 2 O7€+07°, 7110, 1PELL. &/
SOX. ‘UNIFORM MHEAT FLUX', 6X, " (MN/M2) °, 12X, O TO 12 2E+06°, 12X,
‘3. 2€+03 TO 1. 18€+00°, T110.El11 Q)
WRITE(D, 233) TEAT-TRIN
233 FORMAT( 10X, *IMLET DELTA-T SUBCOM. °, 2X. “(DEG@ R}, 11X, 10 YO 200°,
& 23% °0 TO 263°,. V110, F6. 2)
WRITE(D. 234) TRIN
234 FORMATUION, *INLET BULR TEMPERATURE“, 1X. ‘(DEO N} ‘, 6X. "OREATER THAN
$273.0°, 20X, ‘SAME °, 24X, F& 2/. 46X, '‘LEBS THAN 644 0°/. 46X. ‘LEBE THAN
&TSAT CORRESPONDING /7, 46X, ‘TO INLET PREBSURE ‘' /)
D0 226 A.INE=1,9
WRITE(D, 227)
227 FORNAT(IXN, © )
226 CONTINUE
WRITELD, 04)
64 FORMAT(//71R, IV(IH-8))

saseiNITIAL CALCULATIONS

Ri=1.0
RF=1.0
IF(IOTEPS E0. 1) THEN
STEP8=1000. 0
ELBE
STEPr8+2000. 0
ENDIF
NETEPS~ETEPS
DiHV=D1
MU= (DOUT-DI} /2.
XMDA=J. 1419920601eD140. 29
DEFF=Dioe2 /DOUT
D=L /8TEPS
CHDV=CHD (X)
GAN=OMAXSZOINT16(0. . L. ZAXFLX. 10} /L
CALL IRHO(TEIN, PIN, RHD)
VIN=Q/RHO
QOR«Q
THETA=THETA®(D. 14199/180 O)

S0eBEY FLAOB/COUNTERS

NN=0

AP =0

NC=0

NEX ] V=0
N={NBTEP8/50-1)

861
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aca

aaan

[ Xz KN X;)

MONBOEF =0
MBDBEF =0
MO8 =0
10RAD=0
19F =0

sveeBEY ONE-SIDED MNEATING FACTORS

IF(NPRFL. EG. O) THEN
WFi=1.0
Wwa=-1 0
W3i=1 O
WFa4=) O
WF3=1.0
ELSE IF (NPRFL. EO 1) THEN
Wi=0 3
WF2=1 0
Wa=1 O
WFa=0 9
WF93=0. 93
ELSEIF INPRFL EQ 2) THEN
WFi1=0 3183
WF 2=0 B&6
WFO=0. 866
WFa=0 2737
WF3=0 2797
ENDIF

SeeeSET INITIAL VALUE OF TEMPERATURES AND FPREBOURES

THO=TRIN
THI=TRIN
THIZ2=TRIN
THO2=TBIN
T8=TBIN

Sss02ERD ALL BTORADE RECISTER VARIANLES

00 222 1=1.91
HWANEZ(¢1)=0.
HXEZ(1)=0.
vOi108(1)=0.
WDPDXA(T)=0.
WOPDXF (1)=0.
WOPDXQ(1)=0.
UTP(1)=0.
WIP(] =0,

222 CONYINUE

®e0eBET OFDS® COEFFICIENTS

JENB-LOTTES CORRELATION
C100-0 79}
C200=0 23
€C300=-1. 609€-07
THOM CORRELATION
C100=0 02232
2000 9
€300=~-1 1309€-07

66T



[
C

Aa00 aacnoanNnanaonn 000 co0n

ano

Cc
c
C

sseatil PHASE FRIC MATIPL BET TO ONE - SEE BUBROUTINE IUBSF2
TPFF=1 0
S80e8ET NON-EQUILIBRIUM QUALITY TO ZERO BEFORE BURBLE DEPARTURE

XNEGX=0. 0
vOiDp=0. 0
11P=0 O
1P=0 O

SessCALCIRATE PRESSURE DROP IN UNMEATED SECTION

PRESS~F IN-KLOUS*02s2 /(2. *AND)
CALL IVISC(TE, RHD. MW)
CALL ZTLCMCTD, AHD. )
CALL ICPF(TB.RTEN, RCPF,CP, NEXIT)
IF(NEXIT. E@. &) OOTVO 800
CALL IHOMDOFF (Q. OOR. Di. DIHY, MUB. CP, K, RED, REDF, PRE. F )
DPFRICUN=(QueQ /(2 SRHD) IS (& wr e U/DI)
DPORAVUNSRHDSY. B075LUBIN(THETA)
DPUNHT=DPFR I CUNSDPORAVUN
PRESS~PRESS-DPUNHT

€0esGTART MAIN LOOP
DO 239 N=|, NBTEPS+]

2000 INITIALIZE CONVEROENCE COUNTERS

N&~0
N300=0
NI=-0
N7=0
N?=0
LEAV=0
I1TER=O

*80eCALCULATE INITIAL ELEMENT VALUES

MU=

ANU=N)

RUD A= XNUSDX

GMARPP=GMAX S ZAXFL N ( XUDK )
INTPP=I0INT16(0. . RUDL. ZAXFLK. 10)
CALL ICPF(TD. ATEN, RCPF, CP, NERIT)
IF(NEXIT. €. 1} OOT0 @00

CALL IRHO(TD. PREDS. RHOUP )

TB=TH N { (OMAROUF | 2. 141 398DOUTHINTPP ) / (CPSXHDA) )
CALL IRHO(TD, PREDS. RHD)

VFe) O/RN0

CALL IVISC(TD. RHD, W)

CALL ITLCW(TD, AHD. %)

SossRECINE DETERMINATION

IF (M. 7. 1) GOTO 437

CALL IRHO( TWL, PRESS, AHOM)

CALL IVISC(TWI. RHONW, M)

CALL ITBAT(PRESE. RPRES. RTOAT, TEAT, IMI, ILOW. NEXIT) '

091
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IFI(NEXIT. EQ. 1) OOTO 800
IF(NM. EQ. 1) THEN
TSATIN=TSAT
ENDIF
AHFQ=RHFOG(ILOW) ¢+ ( ( {RHFO(IH] ) -RHFO(ILOM) ) & (PRESB-RPRES(ILOM) ) ) /
& (RPRES(IHI)-RPRES(ILOW)))
RHOV-RRHOV(ILOW) + ( ( (RRHOV( IRT ) -RRHOV( ILOW) ) # (PRESB-RPRES( ILOW) } )/
& (RPRES(INI)-RPRES(ILOW)))
VO=1. O/RHOV
XEQZ=~CP# {THAT-TD) /XHFO
CALL THOMOOFF (@, OOR, D1. DIHY, MUB, CP. K. RED. REDF, PRE. FDUS)
CALL IHTCOEFF (XUDX. RED. REDF. PRD, FDWNEB. CP, O, MUB. MUM, RH. TD. OMAXPP,
& DOUT, DI. PREBS. H. TWI. TWO. RHOW. NS, LEAV)
IF(LEAV. EQ. 110070 @30
CALL IONB (GMAXPP. DOUY, DI. PREBS. C100. C200. C300, TBAT. T8, XHFOQ. R,
& RHOV. RCAV, WF3, SURF,. RCRIT. DTUL. DTAD. DTBR. TWIONS )
IF(THI. OE. TWIOND ) THEN
JAP =]
XOND=XUDX
TWl IN=TUHI
THIOND IN=TWIONS
HIN=H
TBONS=TE
MONBBEF=1
#800eSET UP FOR SHAH PDB ROUTINEwsse
TFLU=TD
H3=H
CHNBNNNNNISERNINEINENNNESENRENS
ENDIF
*980SHAH OBNVO
BO=QMAXPP %F 2/ (QORSXHF Q)
IF(B0. OE 0. JE-04) THEN
810=230. 0+80020. 3
ELBE
810=1. 0+44. 0=80%+0. 3
ENDIF
DTBATBD=GMAXPP oW F 2/ (He810)
SHED1=6. JE+O4880081_ 23
SHED2=2. 0
IF (BHED1. LT. SHBD2 ) THEN
DTSDOHBD=DTSATED«8HED1
ELOE
DYSISHBD=DTSATED+SMED2
ENDILF
B80BAHA/ITUBER OBNVC
PE=REBSPRD
IF(PE. LT. 70000. O) THEN
DYSESI=(DI*QMAXNF2oDOUT) / (D18R8433. O)
ELSE
DTEDSI=(GMAX«F 20D0UT ) /7 (D1 200RCP 0. 0069)
ENDIF
CALL IMODFDD(QMAX. WF2. DOUT, DT, QOR. k. CP. PE. PESTR, DTEBST)
DTBUB=TBAT-TD
BTAN= {QNAXSWF 20DOUT ) /(D1 SOONECPsDTHUN )
IF(DTSUD. LE. DTBPBZ ) THEN
IF(DTBUR LE. DTSBSHED) THEN
NC=1
IRD=XUDX
DYSUB IN=DTBUS
TSATIN=TBAT

191



naon

a00n

nonon

CPIBD=CP
DTSBSZ IN=DTEDSL
DYSHED IN=DTBISHBD
TO0D=-70
MRDPEF=1
ENDIF

enesREQIME CONTROL

437 1IF(NC EQ. 1) THEN

QOTD 432

ELBEIF(JUMP. EQ. 1) THEN
C0To 43¢

ELSE .
CALL IRHOD(TWI. PRESS. RHOW)
CALL ZIVISC(THI. RHOW. M)

ENDIF

e8eeSINGLE PHABE LIQUID RECIME

CALL IHDMOOFF (@. QOR. D1. DINY. MUB. CP. R, RED. REDF. PRD. FDWE)
F=(FDWUBS (MAI/NUB) 260. J)
Fe (FOUSS (MA/MNUB ) 200. J) oRF oCFF ( XUDX )
CALL INTCOEFF (XUDX. RER. REBF, PRD. FDWE, CP, 0, MUB, MAL. RH. TD, GMAXPP,
& DOUT, DI. PRESE. H, TWI. TWO, RHOW. N3, LEAV)
IF (LEAV. EQ. 110070 @%0
DPDXF=-(3. O8F#Qe0)/ IRHOSDINHY)
DPDXA=-((Q9Q)/DX)8( (1. O/RHO)-(1. O/RHIAP) )
DPDXO=-9. BO7BINI{ THETA) #( (RHO*RHOUP ) /2. O)
IF((ABB(DPDXA). OE. J. OE+06). AND (IO0RAD. EQ. 0)) THEN
TORAD=XUDX
ENDIF
IF (ARG (DPDXA). OE. . OE+06) THEN
10RAD=1
ENDIF
DP Y= (DPDXFeDX )+ (DPDXASDX )+ (DPDXOSDX )
IF(NM. OT. 1) THEN
PRESO«PRESS+DPX
FPA36=FP4346+ (DXSDPDXF)
AP436=AP434+ (DN DPDXA)
OP4346=0P4346+ (DX2DPDXO)
ENDIF
CALL ITBAT(PRESS. RPRED. RTBAT, TBAT, IH], ILON. NEXIT)
IF(NEXIT. EQ. 1) 0OTD 900
XHFQuRHFO ( ILOW) ¢ ( { (RHFQ(THE ) -RHFO(ILOW) ) o (PREBS-RAPRES( ILOW) ) )/
& (RPRES(IHII-RPREB(ILOWI))
RHOV=RRHOV( ILOMW) ¢ { ( (RRHOV( IHT ) ~ARHOV( ILOW) ) 8 (PRESS-RPRES(ILOW) ) ¥/
& (RPREB(IHI)I-RPRES(ILOW)))
V@et. 0/RHOV
XEQLI=~CPo (TEAT-TD)/XHFO
DTOUR=TBAT-TS
CALL ZONS {GMAXPP. DOUT. DI1. PRESE. C100. C200, CI00, TBAT, TD. XHFO, K.
& RHOV, RCAV, WF 3, GURF. RCRIT. DTUL, DTAD, DTBR, TWIONS)
IF(TWI. LT. THIOND) THEN
Q0T0 780
ELOE
WRITE(D. 127) xUDX. TH, THI, THAT
127 FORMAT(SOX. ‘NUCLEATE BOILINO ONB OCCURS AT’,I1PE1L. 4.
& * METERS /10X, ‘DR K TEMP=',0PF10. 4. K’/10X,
& ‘INNERWALL TEMP=',.F10 4, ' K°/10X, 'BAT TEMP=',F10. 4, * K‘/)
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JUMPe |
He (QNAXPPS (DOUT/D1) ) /7 (TRIOND-TD)
[ H=(CABVYIRED. PRE) *GMAXPP S (DOUT/D1) )/ (THIONS-TS)
THI=THIOND
DYSUBONE=TSAT-TD
TEAONS=TH
C #s088ET UP FOR BHAM PDBscas
[ TFLU=TD
4 HI=H
 S8s000030880000800000800000
0070 700
ENDIF
[
C 200sPARTIALLLY DEVELOPED BOILING REQINE
[
L S0aaBAHA/TUBER MODEL FOR FPDBD ELEMENT (eess

491 CALL IRHD(TWI. PRESH. RHIW)
CALL IVIBC{THI., RHON. FMUM)
PE=REBSPRD
IF(PE LT 70000 0) DTSBOI=(D]*QMARMI2°D0UT )/ (DI#RS433 0)
IF(PE. OE. 70000. O) DYBREI=(QNAXSWF2eDOUT ) /(D] 200RCPS0 004S)
CALL IMODFBD(OMAK, WF2. DOUT. DI. QON. K. CP. PE. PESTR. DTBRETZ)
CUNERSINSOENNEEIENENINENNRGIININNRNERRS
S8HAH NODEL FOR PDD REQINME ELEMENT jeses
431 CALL IRHO(TSAT, PREBS. RHOW)
CALL IVISC(TBAT, RHOM. MN)
PE=REDPRE
IF(PE. LT 70000 O) DTSISLI=(DI*GNARNFIeDOUT?/ (DISNS493 0)
IF(PE QE. 70000. 0) DTBISI=(ANAXSWF2eDOUT ) /(D1 eQORECP20 0043)
NP=ND+ §
IF(NY. OT. 30) THEN
N
WRITE(D. 124) XUDX
WRITE(D. 126) TB. TH1, THO, GNAXPP
cOoT0 8%0
ENDIF
CALL ZILEVY(TD. DI. OOR. RHO. MUB. YENVO. 20DVO)
180v0=0 0
IF(D] LT 3 J604E-03) THEN
AHFC=0. 1798#(D1/1 DE-03)+0. 3271
ELOE
RHFC=1.0
EMDIF
100VO=RIHFCe (0. 002439353, 14139eD1) /(3. 14139eD1sD10. 25+FREBSse0. 237)
TFLU=TBAT-DTSOST
CALL 2CPF (TFLU. RTEN. RCPF, CP1, NEXTIT)
IFINEXIT. E®. 1) QOTD 800
CALL ICPF(TBIN. RTENM, RCPF, CPQ, NEXIT)
IF(NEXIT. EQ®. 1) QOTO 800
100=XNDAS (CP14CP2) 80 Je{TFLU-TRIN)I /{3 141 39sDOUTHANAXSWF 1)
c IBDOF=(QONeCPeD1) /4. o { (TBATIN-TBIN) /7 (QMAXPPOWF 1)1 /(3. oH})
WVOID=28DVOS ( (XUDX-XOND ) 7 (IBD-XNONE ) ) o4F 3
AEFF=(3 14199sD1sD1s0 29)e(1 O-WVOID)
O=AMDA/ AEFF
DIHY=((AEFFe4. 01/3. 14199)000. %
CALL ZHOMOOGFF (0, OOR. D1, DIHY, HUB,. CP, K, RED. RENF. PR, FDWE)
C CALL ZLEVYZ(XUDX, XONB. I0D. YONVO, DI, RED. FLDWS)
C seaseSHAH PDP MODEL ELEMENT 2eess

a0 ANAAO0N OB
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IF(ITER. EQ. 1)007T0 431
GSENNASEELNGEEEORNERTSRINRNEERNE

Fo(FDUSe{(MAI/MUB) 080 )

F=(FDNB® (MUN/MUB ) »80. 3)aRF =CFF ( XUDX )
DPOXF=- (2. 08F8Q8Q)/ (RHOSDIHY) & TPFF
OPDXA=~( (Q®0)/DX)e( (1. O/RHO)I-(1. O/RHOUP) )
DPDX0=~9. QOTABIN(THETA) & ( (RHDSRHOUP ) /2 0) 8 (1. 0-WVOID)
IF ((ABS(DPDXA). OE 3. OE+064). AND. (10RAD EQ. 0))THEN

IORAD=XUDX
ENDIF
IF(ABB(DPDXA). OE. 3. OE+06) THEN
TORAD={

ENDIF
OPX=(DPDXFaDX )+ (DPDXA®DX )+ (DPDXQOSDX )
IF(NN. OT. 1) THEN
PREGE=PREGE+DPY
FPASL=FP434+ (DXeDPDXF)
APA36=AP 436+ (DXSDPDXA)
OP4346=CP436+ (DXeDPDXO)
ENDIF
CALL ITSAT(PRESS. RPRES. RTEAT, TOAT, IHI. JLOW. NEXIT)
IF(NEXIT E@. 1) 60OTO 800

0 0000

XHFO=RIFO( ILOW) + ( { (RHFOCINI I -RHFO(ILOW) ) S (PREBS-RPREB(ILOM) ) )/

&  (RPRES(INI)-RPRES(ILOW)))

RHOV=RRHOV( ILOW) ¢ ( ( (RRHOV{ IHI ) -RRHOV( ILOW) ) # (PRESS-RPRES( ILOMW) ) )/

& (RPRES(IMI)-RPRES(ILOW)))
VO=1_0/RHINV
XEQI=-CPa(TBAT-TR)/XHFO
C #0008ANA/IUBER MODEL ELEMENT 2esse
DTAL=C100%( (GMAXPP « (DOUT/D1) ) #2C200) #EXP {CIO0PRESS)
C TUI=TBAT+DTA
THIBD*THAT+DTA
XMX=(THIDD-TWHIONS) /7 ( ZBD-XONB)
THI=XNX® ( XUDX -XOND ) + TWIOND
He (QMAXPP* (DOUT /DI ) /7 (THI-TE)

H=(CASY (RED. PRS ) *GMAXPP* (DOUT/DI ) ) 7 (TWI-TB)
0880003580000 RRRRERR RS
S00e8AHA/IUBER FORMULA FOR SUBCONLING AT O8NVOesse

PE=REB*PRE
IF(PE. LY. 70000. 0) DTBBSI~={(D1eQMANNIF2oDOUT )/ (DI*N4433 0)
SF(PE. OE. 70000 0) DTSIEI=(OMAXNIF2eDOUT )/ (DIS0ORSCPSO 0063)
CALL IMODOFBD(GMAX, WF2. DOUT. DI, OOR, K, CP, PE, PESTR, DTO88BZ2)
DTBUB=TBAT-TS
STAN=(GHAXSWF 28DOUT ) /7 (D1 «OORSCP2DTEUS )
IF(DTBUD. LE. DTB8OI) THEN
T81=79AT-DTS8S2
NCe1
PRINTY e, '~-YIPEE’
WRITE(J. 129) XUDX
129 FORMAT(10X, "BUBBLE DETACHMENT VIA SAHA-TIUBER AT‘, IPEL1. 4.
& ‘ METERS')
WRITE(D, 130) TH. TEAT, DTHUB

0on oo

] /710X, ‘DTOUB=",F10. 4. ° R’)
G OSE0NRNRNASENNSANINRRRREENERNRENEIRNNNESERSRNES
sssesBHAH FORMULA FOR SUBCOOLING AT BDeess
DTSATRD=OMAXPP ol 2/ (HFO*810)
SHBD1=6. JE+04080001. 23

AN NONN

-
ann

CALL SHAHPDSE (REB. REDF. PRD, FDUS, CP. 0. OOR, MURB. M. RH, TEAT, TBATIN,
&  TBIN, QMAXPP, XHFC. XUDX. DI, DOUT, HJ. H, TW1, RHOW. ITER, HFO, 810)

130 FORMAT(I0X, ‘BULK TEMP='.F10. 4. ° R°/710X, 'BAT TEMP=',F10.8.° R’
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000N ann

o000

SHED2=2 O
IF (BHBD) LT SHED2)THEN
DTSBSHBD=DTSATBD*SHBD1
ELSE
DTEPEHBD=DTHATBD+SHBD2
ENDIF
DYSUB=TBAT-TS
IF(DTBUN. LE. DTSBSHED) THEN
TSH=TBAT-DTSBSHBD
NC=}
WRITE(D, 169} XUDX
169 FORMAT (10X, ‘DUBBLE DETACHMENT VIA SHAH SCP AT’, 1PEL1L. 4,
& * METERS ‘)
WRITE(3, 130) TH. THAT. DTS
130 FORMAT(LIOX. ‘BULK TEMP=’,F10. 4. ° R’'/10X. ‘BAT TEMP=',F10. 4,
L] /710X, ‘'DTEUB

®88eSAHA/TURER MODEL. ELEMENT Jesss
CALL ZCPAVER(AVCP. TSAT, T8Z. RTEM. RCPF, NEXIT)
IF(NEXIT EQ 1) OQOTO 800
REQI=-{AVCPaDTSISI)/XHFO
SOBNNRNRSERBORESARVEBERNEISNABRRES
ae8eSHAN PDB MODEL ELEMENT Jenes
CALL ICPAVER(AVCP, TSAT. TBH. RTEM, RCPF, NEXIT)
IF(NEXIT. EQ. 1) QOTC 800
XEQZ=-(AVCPaDTEREHED) / XHFO
VRPN NBBARSEERERARRNRANRINNGSEEN
XNEOZ=0. O
CPIBD~AVCP
I90=XUDX
TOBD=TD
DTSUEPD=TBAT-TH
VO1D=1.0E-19
DPUPF =DPDXF
AUP 101, O/RHO
DPUPO=-9. BO7e¢SIN(THETA)sRHO# (1. 0-WVOID)
I8AT=(CRAVCPs (TSAT-TBIN)SDI )/ (4. OsGMAXSWF 1 & (DOUT/D1))
ENDIF
6070 780

*aseFR LY DEVELOPED BSOILING REOIME

492 CALL IRHO(TNI. PRESS. RHOW)
CALL ZVISCUTUL, RHOW, M)
I90VvO=0. 0
IBDVO=(0. 002433+3. 141390D1)/(3. 14139D1aD]#0. 29+
& PREBSe0. 237)
IF(DI.LT. 2 OE-03)THEN
WXXi=(IBAT-20D)/4. 0+18D
WVOID=IPDVO® ( (HXXE-XUDX) /7 (UXX1~-20D) ) oliFY
ELSE
WVOID=20DVOe ( (IBAT-XUDX)/ (1SAT-28D) )
ENDIF
IF(WWOID. LE 0. 0)THEN
WwvoiD=0. 0
ENDIF
AEFFw(3. 14139sD1aD1s0 23)0(1 O-WNVOID)
0=XMDA/ AEFF
DIHY=((AEFF®#4.0}/3 14199)920. 3
CALL ZHOMOOFF (Q, OOR. DI. DIHY, MUB. CP, K. RED. REDF, PRE, FDWE)
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Fe(FDWBe (MAI/MUN) #00. I)
Fe(FOWI® (IMA/MUE) ¢20 I)aRFoCFF (XUDX)
CALL ZICPAVER(AVCPL, TBAT. TBIN. RTEM, RCPF. NEXIT)
IF(NEXIT. EQ. 1) 0OTO 000
1SATe(QSAVCP I ( THAT-TBINI D1 )/ (4. OQMAXSWF 12 (DOUT/D1))
IP=(XUDXK-IBD)/{ISAT-18D)
CALL TUBSFI(TBAT, T8. AVCP, XHFO. RHO. O, DI. DIHY. DX, RHOV, IP. CP 28D,
& ODTSBSI, THETA, F, TPFF, AUP 10, DPUPF, DPUPQ, VIN. DPDXO. DPDXA, DPDXF,
& DPX1,VOID, IA10, TOPF. IDPO, XNEQZ, XEQZ. ZTP, CO. WF4)
PRES1=PRESS+DPX L
CALL ITBAT(PRESI.RPRES. RTSAT, TEBATL, IHI, ILOW, NEXIT)
IF(NEXIT £@. §) QOTO 800
XHFQoRHFO( ILOW) + ( ( (RHFO(IH] ) -RHFOCILOW) ) 8 (PREGE -RPRES(ILOW) ) )/
& (RPREB(IHI)-RPRES(ILOW)))
RHOVaRRHOV ILOW) + ( { (RRHOV( THT ) -RRHOVIILOW) ) (PREB1-RPRES( ILOW) ) )/
& (RPRES( INI)-RPRESUILOW)))
VO=1. 0/RHOV
IF(TD. GE. TBAT1 ) THEN
WRITE(D, 132}
132 FORMAT(IX. 'TEAT OCCURS DEFORE TUBE EXIT’)
WRITE(D. 133) XUDX, T8, TBAT1
133 FORMAT(IZX, ‘BULK BOILING POBITION=’, IPELL. 4, ' METERB '/
& 12X, ‘BUAAR TEMP='.E11 4.’ K’/712X, 'BAT TEMP=",E12. 4, ' R’/)
IF (NN LY. NSTEPS) THEN
1088=XUDX
NOSe=1
ENDIF
NEXIT=)
TBAT=TBATY
QOTO 800
ELBE
TBAT=TSATE
PREBE~PREBI
FPA36~FP 4364 (DPDXF #DX)
AP&36=AP 4364 (DPDRASDX)
QP 436=0P 436+ (DPDXOWDX)
IF(CABB(DPDXA). CE. 3. OE+06). AND. (IORAD. EQ. 0) ) THEN
TORAD=XUDX
ENDIF
IF(ARS(DPDXA) . OE. J. OE+06) THEN
JORAD=1
ENDIF
DPUPQ=TDPO
DPUPF =1DPF
AUPLO=TALO
S8ssJENS/LOTTES OR THOM MODEL FOR FDB REQIMEswss
DT A =C100# ( (GMAXPP® (DOUT /D] ) ) 84C200) SEXP (CIOO*PRESS)
THI=TEAT+DTA.
H= (@MAXPPS (DOUT/DL) ) 7 (THI-TB)
He(CABY (REB. PRD ) *@MAXPPa (DOUT/DI NI /Z(THI-TD)
G EBESSEINRRNSIRNNSNANENNERINRINENINSIRENSNERRNS
#0s85HAH MODEL FOR FDB REGIMEsaes
CALL SHAMNFDS ( XUDR, REDBF, PRE, FDWE, CP. ©, OOR, DI, MUB, MU, RN,
& GMAXPP, XHFO, TEAT, TBATIN, TD, TDIN, H, THI )
NN EONRENNNINISNNNNERESNSENRERY
DTOUR=TBAT-TD
PE=RED*PRD
GTAN= (QNAX SUF 2eDOUT ) /(D1 8QORSCPEDTOUS )
ENDIF
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C sassCALCULATION OF THERMAL CONDUCTIVITY CDEFF

[

X X 1) a0 (/R

;]

c

134

780 Né&=N&+1

IF (N6 OV. 30) THEN
=KW
WRITE(J, 134) XUDX

FORMAT(1X., ‘30 ITERATIONS - OUTER WALL TEMP LOOP NOT CONVEROCENT

] ‘AT POBITION =°, IPE1L 4, ° METERS ')
WRITE(J, 126) T8, TWL. THO, GNAXPP

126 FORMAT(IX, ‘BULKR TEMP='. 1PE10 3, ' K INNNER WALL TEMP=’,E10. 3.
] ‘R OUTER WALL TEMP=',E10. 3, ' K HEAT FLUX=',E10 3,

& ’ WATTS/M2°/)
070 8%0
ELSE
KueTF I TITUOD. AAL, AAQ, AAD, AA4, AAT)
FUT=(DI/DOUT)ee2. O
DT=GMAXPP#DOUTSALOO (1. O/FVT)/ (4. O#RW)
TUO=TH1+DT
KU2=ZF IT(THO. AAL. AA2, AAD, AAS, AAS)
PRINT &, ‘Né=’, N&
PRINT &, ‘RHQ=‘, KW2
ENDIF
IF(ABS(1. O-HW/KN2).  OT. 1. OE-02) OOTO 780

*8eaCRITICAL HEAT FLUX CORRELATION

VEL~0/RHO
UDTSUBVEL®(TBAT-TS)
ROUBAR ‘8 CORRELATION
GROUS=8. 34E +04+8. JLE+0IsUDTEUS
CAMBILL 'S CORRELATION
AQ=9% 81
SION=IBURTE(TBAT)

BERNATH'S CORRELATION TO EVALUATE WALL TEMP AT BURNOUT CONDITIONS
THBO=37. O*ALOG (PRESH/6871 0)-354. O« (PRESS/ (PRESS+103369. 0) )-VEL/

& 12192
TUBO=TWR0+273. 19

... VALUES OF R AND NP ARE . 14 AND . 026 REBPECTIVELY
QCAMB=0. 140XHF OSRHOV* (B10MeAQS (RHO-RHOV) /RHOVE 2 0)#e0. 23
& (1 O+ (RHO/RHOV)e#0. 923+CP2DTBUB/ (23. 08XHFOQ) ) +0. 02481 /D1®

& REN*#0. B*PRBOe(1.0/3 0)e(THBO-TB)
IF(DI. LT. 6. 0)THEN
GCAME=GCANBS (0. 008/D1)#e0. 3
ENDIF
IF((NPRFL_E®. 1) OR. {NPRFL. EQ. 2))THEN
ACANR=0Q0ANBS1. 3
ENDIF
IF (OMAX. EQ. 0. 0) THEN
CHFEF=0. 0
ELSBE
CHF SF=QOAMB /OMAX
ENDIF
IFCISF LY. 1) THEN
IF(CHFBF. LT 2 O)THEN
19F =}
CHF Z=XUDX
ENDIF
ENDIF

C #2esSTORE COMPUTED VARIABLES EVERY 20TH STEP
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436 N=Ne+y
IF (N QE. NBTEPS/30) THEN
800 N=O
NNN=NNN+ {
HHE (NNN ) =0t
KE (NNN ) =)
RHOB (NNN ) =RHO
HUBS (NNN) =MUS
MUAIS (NNN ) =M
QB{NNN I =Q
TAXFS (NNN) =JAXFLX ¢ XUDX )
TOATE(NNN)=TBAT
TRS(NNN)=TD
CPE(NNN)=CP
VFB(NNN ) =VF
VOB (NNN) =0
CFHS (NNN)=CFH( XUDX )
CFFB(NNN)=CFF ( XUDX)
CABYH (NNN)=CASY (RED, PRD )
THIG(NNN) =TH]
THOB (NNN) = THO
c AROUVES { NNN) =GROUS
QOAMES (NNN ) =GOAMD
OF 8 (NNN) =«CHF BF
FBI(NNN) =F
HB (NNM) =
PHILOB (NNN) =F /FDWS
PES (NNN) =PE
STANG (NNN ) »BTAN
RHOVE (NNM) =RHOV
FPI2I(NNN) ~FP436
AP LI (NNN) =AP 36
OP12I(NNN) =OP 436
DTBUBE (NNN) =DTHBUD
UDTSEE (NNN) =UDTHUS
TONBE (NNN) = THIOND
XUDXE (NNN ) = XUDX
PRESSS (NNN) =PRESS
REDS (NNN ) =REDF
PRES (NNN) =PRS
TPFFB (NNN) =TPFF
RCRITO(NNN) =RCRIT
HDPDXA (NN ) =DPDXA
WOPDXF (NNN) =DPDXF
WOPDXO (NNN) =DPDXO
c IFINC. OE. 1) THEN
WXNEZ (NNN) =XNEOZ
HXEZ (NNN)=XEQZ
VOIDE (NN =VOTD
WVOIDS (NNN) =WVDID
WTPINNN)=ZTP
HIP(NNN) =P
HCO(NNN) =CO
c ENDIF
IF(NEXIT. €Q. 1) 00TO 8%
ENDIF
223 CONTINUE
[ PRINTY », '~~~ DPa’, PIN-PRESES (NNN)
[

nna
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SasaFRACTIONAL PRESSURE DROP AND PUMPINO POMER

830 PFRAC»(PIN-PRESS)/PIN
CALL IRHO(TSE, PRESS. AHO)
PPUMP=]. 141094 (PIN-PRESS)#DIse2 000/ (4. OSRHD)
IF (NPRFL. EO. 0) THEN
PTHERM=GMAX s DOUT & XUDX
PTHERM=0MAX®CHD ¢ XUDX ) *DOUT & XUDX
ELSEIF (NPRFL. EQ. £ ) THEN
PTHERM=0MAX 0. 32DOUT» XUDX
PTHERMN=GMAX 80. 3¢CHD{ XUDX ) #DOUT #XUDX
ELBEIF (NPRFL. E@. 2) THEN
PTHERNM=0QMAX20. 3+DOUT # XUDX
PTHERM=GMAX 0. 34CHD { XUDKX ) #DOUT # XUDX
ENDIF
IF(PTHERN. LE. 0. O) THEN
PRATIO=0. 0
ELBE
PRAT IO=PPUMP /P THERM
ENDIF
IF(XUDX. E@. O) THEN
PPUMPA=0. O
ELOE
PPUMPASPPUMP / (NUDX S (D1+2. O2BM) )
ENDIF

*assPREDICTION OF ONB, DD, OB IF NOT OCCURING IN TUBE

TR PI=(TRS()-TRIN}/(L/30. O)
IF(TRSLPL. EQ. 0. 0)00T0 234
TEBLPE=(TBE(NNN)-TES(NNN-1))/(L/30. O)
IF(TOBLPE. €£Q. 0. 0)00TO 254
IF(ARP LY. 1) THEN
TOOND=TWIONB- (GMAXPPSDOUT) / (HeD1)
XONS=(TBOND-TDIN) /TOBLPESL
INREON=]
WRITE(D. 172) XNONG
172 FORMAT(/10X, ‘PREDICTED ONB OCCURS AT ‘. IPE11. 4. 2X, ‘METERS *)
WRITE(3, 173) TRONS
173  FORMAT(10X, ‘PREDICTED BULK TENP °, IPELIL. 4. 2X. '‘DEG R ")
ENDIF
IF (MONBDEF. EQ. 1) THEN
TRONS=TUIOND IN- ( GNAXPPeDOUT ) /7 (HINSDI )
XOND=(TRBONB-TBIN}/TBELPL
INREOM=2
WRITE(D. 172) XONG
WRITE(D, 173) TBONS
ENDIF
IFINC. LT. 1) THEN
TEOD=TEBATB (NNN)-DTEBEL
TORD=TBAT-DTHBEHED
IDD=(TROD-TBIN) /TOELPE+L
WRITE(D. £73) IBD
173  FORMAT(/t0X. ‘PREDICTED BD PT OCCURS AT ‘, IPE11. 4,2X, ‘METERS ')
WRITE(D, 179) TBBD
ENDIF
IF (MBDOEF. £0. 1) THEN
TO0D=TBATIN-DTERBZIN
TBOD=T8ATIN-DTSBSHIN
I8D=(TRBD-TOIN) /TEBSLPI
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INREOM=3
WRITE(D, $73) 290
WRITE(D. 173) T8BD
ENDIF
IF(MOBS. LY. 1) THEN
1008=(TSATS(NNN) -TBE(NNN) ) /TBSLPE+L
WRITE(D. 174) 1088
174 FORMAT (710X, ‘PREDICTED OP® OCCURS AT ‘', 1PE11. 4. 2X., 'METERS °)
ENDIF
WRITE(I, ) ’ EXIT GUBCOOLING = ‘, TSAT-TD

sessPRINT INSTRUCTIONS

2954 WRITE(D. 1)
WRITE(D, 137)
137 FORMAT(/1X. 20(2H-9), ° OUTPUTS ., 27(2H-%)//)
WRITE(D, §76)
176 FORNMAT(10X, ‘NOTE: IERO DEVELOPMENT LENOTHE ABOUMED AT MEATED INLET
&’/
IF((MONBDEF. LY. 1). AND. (MBDBEF. LT. 1)) THEN
MRITECD. 177)
177 FORMAT(IOX, ‘HEATED INLEY 18 IN THE OPL REOCIME (AT 2I=0. 0000E+00 M
GETERS) °/)
ELSEIF (MONBDEF. EQ. 1) THEN
WRITE(D, 192)
192 FORMAT(IOX, ‘HEATED INLET 18 IN THE PDB REOIME (AT I+0. COO0E+00 M
SETERG) ' /)
ELSELIF (MODPEF. EQ. 1 ) THEN
WRITE(D. 19D)
193 FORMAT(10X, ‘HEATED INLET 18 IN THE FDO REOIME (AT I=0. OOOOE+0O0 M
GETERS) °/7)
ENDIF
IF({MONBBEF . €4. 1 ) THEN
WRITE(D. 17@8) XONB. TRONS. TSAT IN-TBOND
178 FORMATUI10X, ‘ONS PREDICTED TO OCCUR DEFORE HEATED IMLET AT I=°,
& IPELS. 4, 2N, ‘METERG /13X, ‘PREDICTED ONB BULK TEMPERATURE=',
& E115.4.2X, ‘DEO K’/13X, ‘PREDICTED ONB DELTA-T SUBCOOL=’,
& E11.4,3X ‘DEO K’/
ENDIF
IF("BDBEF. €0. 1) THEN
WRITE(3. 179) 180, YEBD. TEATIN-TIED
179 FORMAT(10X, ‘OBNVQ PREDICTED TO OCCUR BEFORE TUBE INLEY AT 2=°,
& IPELL 4, 2%, ‘METERS /15X, ‘PREDICTED OBNVO BULK TEMPEWNATURE=",
& E11.4.2%, ‘DEO K'/13X, ‘PREDICTED DBNVO DELTA-T SBUSCOOL=".
& E11.4,.2% ‘DEO K’/)
ENDIF
IFC(MONBBEF. LY. 1). AND. (JANw. EQ. 1)) THEN
WRITE(D. 100) XONS. TRONS. DTBUBONS
100 FORMAT{ 10X, ‘ONB(ONSET OF NUCLEATE BOILEING) OCCURS AT I=’,
& IPELL 4, 2%, ‘METERB /15X, ‘ONB BIAK TEMPERATURE='.El11 4, 2X,
& °‘DEO K°/13X, "OND DELTA-T SUBCOOL=",E11.4,2X, ‘DEO K'/)
ENDIF
IFCONP. LT 1)THEN
WRITE(D, 196) XOND
196 FORMAT(I0X. ‘OND(ONBEY OF NUCLEATE BOILING) PREDICTED TO OCCUR AT
& I=’, IPEL1L. 4, 2X, "METERS /)
ENDIF
IFC(MBDBEF. LT. 1). AND. (NC. E®. 1)) THEN
WRITE(3, 1@1) IBD. TESD. DTOUSBD
101 FORMAT (10X, 'OSNVO(ONSET OF STONIFICANT NET VAPOR OEMERATION) OCC
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GURS AT . IPE1L. &, 2X, 'METERS ‘ /13X, ‘OBNVO BULKR TEMPERATURE=",
& E11.4,2% 'DEO K'/19X, ‘OSNVO DELTA-T GUBCOOL=',E11 4, 2X.
& ‘DEQ@ W°'/)
ENDIF
IF(NC. LT 1) THEN
WRITE(D, 197) 28D
197 FORMAT( 10X, ‘OBNVO(ONBET OF GIONIFICANT NET VAPOR GENERATION) PRE
&DICYED TO OCCUR AT 2=, IPEL1. 4.2X, ‘METERS‘/)
ENDIF
IF(MOBD. LY. 1) THEN
IFCCJUMP LY. 1) AND, (NC LT. 1))THEN
WRITE(D. 162) L
102 FORMAT(IOX. ‘HEATED EXIT (8 IN THE BPL RECIME AT 2=’, IPE11. 4,
& 2X, ‘METERS‘/)
ELBEIF(( NP EOQ. 1) AND. (NC. LT 1))THEN
WRITE(D, 183) L
183 FORMAT (10X, ‘HEATED EXIT I8 IN THE PDD REOIME AT 2=’ IPE11. 4,
& 2X. ‘METERS‘/)
ELBEIF(NC EQ. 1) THEN
WRITE(D. 184) L
1804 FORMAT( 10X, ‘HEATED EXIT 18 IN THE FDBD REQIME AT I~‘, 1PE11. 4.
& 2X, ‘METERS’/)
ENDIF
ENDIF
1F (MO0B. EG. 1) THEN
WRITE(D, 183) 1088, TROED
183 FORMAT(10X, ‘BULK BOILING OCCURS BEFORE HEATED EXIY AT Ia’,
L] IPELL. &, 2K, 'METERS /193X, ‘OB8 BULK TEMPERATURE='.E1t. 4,
] ax, ‘DEO k)
ELBSEIF((NOBN. LT  3).  AND. (ZO8D. OT7. 0. 0) ) THEN
WRITE(D. 186) 1000
184 FORMAY (10X, ‘OBB(ONBSET OF BULK BOLLING) PREDICTED VO OCCUR AT I=*
& JIPE1]. 4,2X, ‘METERS’/)
ENDIF
WRITE(D, 194) RCAV
194 FORMAT( 10X, ‘MAXIMUM ACTIVE BURFACE CAVITY RADIUS =, 1PE11. 4, 2X,
& ‘METERS’)
WRITE(D, 140) RCRIT
160 FORMAT(IOX, ‘CALCULATED CRITICAL GURFACE CAVITY RADIUB =°, IPEIL 4,
& 2X, ‘METERS°/)
IF(16F. EG. 1) THEN
WRITE(D, 189) CHFL
t89 FORMAT(LIOX, 'osssUARNINGesss CHF BAFETY FACTOR LESS THAN 2.0 AT 2
&=‘, IPE11. 4, 2X, ‘METERS’/)
ENDIF
IF(MOBS. LT. 1)THEN
WRITE(D, 187) CHFEF
107 FORMAT(LIOX. ‘EXIT CHF(CRITICAL HEAT FLUX) SAFETY FACTORe®,
& IPELL 4
ELBEIF(MOBS EOQ. 1)THEN
WRITE(D, 190) CHFSF
190 FORMAT(10X. 'CHF (CRITICAL HEAT FLUX) SAFETY FACTOR=', IPE1]. 4.
& 2%, ‘AT 089 POINT‘/)
ENDIF
IFCIORAD. €Q. 1) THEN
WREITE(D, 193) IGRAD, IORAD
199 FORBAT( 10X, ‘sosslARNINGssses DP/DI ACCEL > 3 OE+06 PA/M AT I=',
& SPELL. 4. 2X, 'METERS '/
L ] 10X, ‘PRESSURE DROP MAY BE OVERPREDICTED AFTER I=‘.Ei1 4, 2X.
1 ] ‘METERS /)
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ENDIF
WRITE(D, 138! PIN-PRESOBINNN), PFRAC. PPARP. PTHERN, PRATIO
138 FORMAT(//10X, ‘TOTAL PRESBURE DROP IN HEATED LENOTH', 22(1IH-),
IHe, IPELL. 4. 2X. ‘PA°/
13X, ‘FRACTIONAL PRESSBURE DROP IN MEATED LENQTH', 12(1MN-),
iH=.Eil. &/
19K, ‘PUMPING POMER FOR HEATED LENOTH, 22(1H-), IN=,El11 4,
2N, ‘HATTR '/
19K, ‘'THERMAL POWER RENOVED’., J201H-), 1H=, E11 &, 2X,
‘HATTO "/
19K, ‘PUMPING-TO-THERMAL POWER RATIO ., 23C(8H-), IH=. E11. 4/)
DO 230 A.INE=}, 21
WRITE(D. 227)
220 CONT INVE
MRITECD. 1)
WRITECD, 180)
140 FORNAT(TAY, "TNNER WALL °. T2, ‘OUTER WALL °, T98. 'CORE ‘, T123, ‘LOCAL °)
WURITEC(D, 1488)
141 FORMAT(TIO. ‘BATURATION’, T44, ‘BULR°, 797, ‘DELTA-TY', T7(, ‘TP *,
& T4, "TEMP. °, T96., ‘REVNOLDE’, V110, ‘LIGVID’, 7120, "HEAT TRANSFER ‘)
WRITE(D. 142)
142 FORMAT(TS, ‘POBITION’, T10, ‘PREBEURE *. T3, ‘TENP. ‘, T44, 'TEMW. °,
& 737, ‘SUBCO0OL ‘. T49. ‘AT O DEOS’. TB2, ‘AT O DEOS’, T97, ‘NUABER°,
& T110, "PRANDTL ’, ¥120, ‘COEFF ICIENT °)
MRITE(D, 18)
143 FORMATITS, ‘(METERS) *, T20, "(PA) °, TIZ. ‘(DEO K} °, 743, *(DEQ R} ",
& 737, "(DE@ R)°,T70, ‘(DEG W) ’, TO3. '(DEQ RK) . V96, '‘RE(D-EFF) ‘', V110,
& NUMBDER . TIZQA. " (N/M2-K) /)
WRITE(D, 144) (XUDXR(1),.PRESOS(I), TEATS(1),. TPE(1), DTEUNEI(]),
& TWIS(I),. THOB(L), RESS(I). PRESB(L). HB(1), I=1, NNN)
144 FORMAT(10(2X, IPELL. &)
WRITE(D, §)
WRITE(D, 143)
1689 FORMATITES. ‘LIS FANNING . Y0, *TUO-PHABE °)
WRITVELD, 186)
146 FORMAT(T1S. ‘FRIC. FACTOR’, TX), ‘H-N‘, 149, ‘DP/DL*, 138, 'DP/DL’. Y71,
& ‘DP/DL’. V83 ‘DELTA-P ‘. Y96, ‘DELTA-P . TI09, ‘DELTA-P’, 71322,
& 'DELTA P°)
WRITE(D. 147)
147 FORNAT(TS, ‘POBITION’, T10, ‘HEATING °. TI1., ‘FRICTION’, 743, ‘FRIC. .,
& T30, ‘ORAV. °, 171, ‘ACCEL. ’, TO4, 'FRIC. *, 197, ‘ORAV. *, 1110,
&  "ACCEL. °. 712d, ‘YOTAL ‘)
WRITE(D. 148)
148 FORMAT(TY, ‘(NETERE) ‘, T10. ‘ADBTED °, T30, ‘MA.TIPLIER °, T49,
& APA/NY)  TID, (PA/N) °. TTE, ‘(PA/I) . TBY, “(PA) . T9B, "(PA)°,
& T80, *(PA) . 7124, “(PA) /)
WRITE(D. 189) (RUDXBCI). FE(I), TPFFEIL), WOPDAF (1), WOPDNQ(L),
& HOPDXACI), ARBIFPIZICT) ), ARBIOPLIIC(ID ). ARB(AP12I(T) ), ABE(
& FPIZIIIOPI2I(1)+API2I(]) ), I~1. NNN)
149 FORMAT(IO(IN, 1PELS 4))
WRITE(D. 1)
URITE(D, §30)
190 FORMAT (T, ‘NON-EQUIL °, T44, ‘ATTACHED *, T33, ‘HALL BUBELE ‘. T72,
& ‘CORE‘)
WRITE (D, 191)
131 FORMAT(TIE, ‘NON-EQUIL °. TOD. ‘FLOW’, T84, ‘HALL °, T98. ‘LAYER’,
& 172, ‘MASS’, Y96, ‘OAMBILL . TIIt, ‘CWF ‘)
WRITE(D, 193)
1352 FORMAT(TS. ‘POBITION’, T20. ‘FLOW’, T3D, ‘VOID’, Y46, ‘VOID’, T37.
& "THICKNESS ‘', T72. ‘FLUX', Y97, ‘CHF *, T110, ‘SAFETY ")
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HRITE(D, 1O®)
180 FORMATI(TS, *(METERS) ', 739, "QUALEITY ', T31. 'FRACTION', T44, ‘FRACTION.
& V37, '(METERSB) ‘. T70. *({RO/M2-8) ‘', 796, *(W/M2) ‘. T110, ‘FACTOR /)
URITE(D, 191) (NVDXB(I). WXNEZ(T). VOIDE(]). WOIDB(]),
& DIewvOIDE(1)/4. 0.08(1), QCAMBS(1), BFB(1). I=1, NNN)
191 FORMAT(S6(2X. IPELL. 4). T94,.ELT 4.2X.E11 &)
WRITE(D. 1)
WRITE(D. 194}
196 FORMATITTO, ‘MA(THE) ’, T110, ‘SUBCOOL . T124. °‘CO*)
WRITE(S. 137
197 FORMAT(TS, *‘POBITION’, T19, ‘CPLTO) °. TR, "VWITD) °, T4, ‘VOITE) *, 197,
& ‘MUBITE), TAY. ‘AT O DECE’, TDS, ‘WD °, T99, 'PE',. T112, ‘BT, T12I,
& °‘DISTR’)
WRITE(D. 199)
199 FORNATITS, *(METERS) *. T30, ‘(J/RO~-R) . TIR, *(MI/NRO) *. TAS, ' (NI/RO) *,
& T97, "(NB/M2) *. T70, *(NB/M2)’°, TBI, * (M/M-R) ', THT7, "NUMNBER *. T110.
& NUMBER’, T123, ‘PARAM’/)
HRITE(D. 190) (XUDKS(1). CPBII), W), VOR(T). MABIT). MABII),
& KRE(I).PEB(L), STANS(1), HCO(]). I=1,. NNN)
198 FORMAT (102N, IPELL. 4))
IFLIRY EG 2)THEN
WRITE(D. 1)
WRITE(D. 101)
101 FORMAT(LAIX., ‘BAT . 14X, ‘SAT*)
MRITE(D, 102!
102 FORMATIRANR, ‘VAPOR ‘., 12K, ‘LIQUID’, 12K, ‘VAPOR ’)
WRITE(D. 10D
103 FORMAT(OX, ‘TBAT ', 18X, 'PBAT °, 12X. ‘DENSITY‘, 10X, ‘ENTHALPY°,
& 0N, "ENTMALPY )
WRITE(D. 104}
104 FORMAT(IOX, “ (W) *. 14K, " (PA) *, 12X, "(RO/M3} *, 1IR, ‘C(JI/K@) ’,
[} 12X, *CI/R0) ° /)
00 2399 iI=1, 182
WRITE(D. 106) 1. RTBAT(I). RPRES(1). RRHOVII), RIF(T) . RHO(T)
106 FORNAT(14,F10. 4,3K.F13 4, 21.F13. 0. 3X.F13 4, 3IX.FI13. 2)
233 CONTINE
WMRITE(D, §)
WRITE(D, 807
107 FORMAT(IOX. ‘SAT‘)
WRITE(D. 100}
108 FORMATIOX, ‘LIGUID’)
WRITE(D. 109)
109 FORNMATIOX, 'TBAT’, 13X, ‘8P HEAT’)
WRITE(D, 110}
110 FORMATIION. (KD, §3K. *(J/RO-N) ")
PO 236 1=1.41
MRITE(D. 522) L. RTEM(LI), RCPF(D)
112 FORMAT(IA.FI2 9. 10X.F12. D)
236 CONTINUE
ENDIF
WRITE(D. 199)
199 FORMAT(//7//3K, ‘000000000000 000000000000000000000000000000080000°,
& ‘sesntessnsess’)

SessWRITE DATA TO ORAPH FILE
D0 250 I=1,NNN

WRITE(S. 163) XUDKS(]1), TES(]), TBATO(L), TWIS(1), TWOB( 1) . PREBEBEI(])
163 FORMAT(IX. (2K, 1PEL] &)

WA
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250 CONTINUE
IF (. NOT. LNEX ) THEN
WRITE(7, 164) GNAX®(DOUT/DI), PRESSS(1)-PRESSS(NNN)
166 FORNAT(2(2X. IPE1Y. 4))
ELBEIF (LNEX ) THEN
00 292 1=1,350
READ(7. 1464, END=438) QUNIF(1). DPRES(1)
292 CONTIMUE
438 NREC=]-{
REWIND 7
GUNIF (NREC+ 1 ) »@MAX® (DOUT/DI )
DPRES(NREC+1)=PRESSS( 1) -PRESOS (NNN)
PO 233 1=1,NREC+)
WRITE(7, 166) GUNIF(1), DPRES(I)
293  CONTINUE
ENDIF
DO 231 I=1.NNN
WRITE(D, 167) XUDXB(1), PRESSS(])
167 FORMAT(I(2X, IPEIL1. 4))
231 CONTINUE

S8asEND ROUTINE

B899 CLOBE (UNIT=1)
CLOBE (UN] T=2)
CLOSE (UNIT=])
CLOSE (UNIT=4)
CLOBE (UNIT=7)
CLOUSE (UN1T=8)
PRINT =, * CALCULATIONS COMPLETE - END PROORAM’
COTU 99¢

900 WRITE(S.#) ° IMPROPER FILE NAME - EXITING PROORANM
ogvo Yve

901 MRITE(S.#) ’ ERROR OPENING FILE - EXITING PROORANM*
oOT0 e

902 WRITE(S,#) ° ERROR STORING CORRECTIONS — EXITING PROORANM’
QOTO 999

903 WRITE(S.#) ° ERROR OPENING DATA FILE - EXITING PROORAN’
oOv0 999

904 WRITE(S.#) ° ERROR OPENING OLD FILE FOR ADDITIONS — EXITING’

999 END

7Ll
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C sse THIS SUBROUTINE CALCULATES THE ISOTHERMAL FRICTION
C #as FACTOR(FANNING) AND RETURNS RED AND PRD

C

c

SUBROUTINE IHOMOOFF (0. QOR. D1, DIHY, MUB, CP. K, RED. RESF. PRS, FDWE)

REAL MUB. MU, K
RES=00R*D1/MN
RESF=QaDIHY/MUB
PRE=IUBSCP /N
1F (REBF. LE. 1. OE+06) THEN
FDWE=0. 0446/REBF»e0. 2
FOWE=. O79/REBFae0 23
ELBE
FOUB=0. 0246/REBF#20. 139
ENDIF

RETURN
END

9L1
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ses THIS BUBROUTINE CALCULATES FLUID ONLY HEAT TRANSFER
wse COEFFICIENT AND RETURNS INNER WALL TEMPERATURE
sss AND RHOW & MUW

SUBROUT INE IMYCOEFF ( XUDX, RES. RESF. PRD. FDWS. CP. O, MUB, MM, RH. T8,
& OMAXPP, DOUT, D1. PRESS, H, THI, THO, RHOW. N3. LEAV)

REAL MUB, MM
XPH=IXFPM(RED)
XHEO*0. 4434F DUSsCP o0 ((RED®0. 0001)800. 0683)a(PASA»(-0.33))

100 N3=N3+1

IF (N3. @T. 30) THEN
HeHQ
WRITE(D. 123) XUDX
HWRITE(D. 126) T9. THI, THD. QHAXPP
129 FORNAT(2X. ‘S0 ITERATIONG - INNER WALL TEMP LOOP NOT
& CONVEROGENT AT POSITION’, IPEL]. 4, ° METERS ‘)

126 FORMATILX. "SULR TEMP=', IPE10 3. * K INNER WALL TEMP="’,
€10.3, ° K OUTER WALL TEMP=‘,E10 3. ° K HEAT FLUXw",
E10.3, ° WATTS/M2°/)

LEAV=1
RETURN
ENDIF
H=XHBe { (MUB/MAI) so XPH) sRH
HeXHB® ( (MUB/MUN) 2 8 XPM) *RHECFH ( XUDX )

THI=TE+ ( (QMAXPP2DOUT )/ (HeD1 ) )

THUI=TR+( (OMAXPP#CAGY (RED. PRB) #DOUT) /(HsDI) )

CALL IRHO(TWI, PRESS. RHOW)

CALL ZIVIBC(TW1, RHOW. MUN)

H2=XHE® ( (MUB/MUM ) » 2 XPM) sRH

HI=XHEB® { (MUR/MUM} 8 XPM ) sRHeCFHI XUDX)
PRINT &, '‘H2=', H2

IF(ADS(]. -H/H2). OT. 1. OE-O3) THEN

0710 100

ENDIF

RETURN
END

LLT
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*20sBUBROUTINE TO CALCULATE THE WALL DUPER MEAT AT ONB UBINOG
THE DAVIS/ANDERSON. BEROLES/ROHSENOW. AND OFDS CORRELATIONS

SUBROUT INE TONS (OMAXPP, DOUT, D1, PRESS. C100, C200. C300. TESAT,
& TD. XHFO. K. RHOV. RCAV, WF 3, BURF, RCRIT, DT, DTAD. DTBR. THIONS)

REAL X

JENG/LOTTES OFD UBED BY KLINE
DY AL =C 1008 ( {QMAXPP #iF I (DOUT /D1 ) ) #8C200) SEXP (CIO0SPRESS)
THIONBA. =TSAT+DTIL

DAVIS/ANDERBON ONB WITH RCAV OR RCRIT
SURF=IBURTE(TE)
B=2 OsSURFaTBAT/ (XHFORRHINV)
RCRITe( (BeK) /7 ((OMAXPP+1 OE-0J)sWFJ))ea0. 3
IF(RCAV. EQ. 0. 0) THEN
DVAD=( (8. OSBURF *QMAXPPONFISTBAT ) / ( XHFQeXSRHOV) ) 880 3
ELSE
DTAD=(B/RCAV) + (GMAXPP aWF JsRCAV/R)
ENDIF
THIONBAD=TBAT+DTAD

BEROLES/ROHENON ONS CORRELATION
DYBR=0. 9968 (QMAXPPSWFI/ (1082. O (PRESE/1. 09E+03)0a1. 136))es
& (0 463%(PREBH/1. OE+03)8s0 0224)
TUIONBBR=TSAT+DTBR

THIONS=TWIONPAD

RETURN
END

8L1
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BUBROUTINE IMODFBD (GMAX, WF2, DOUT, DI. OOR, K, CP. PE, PESTR, DTE881)

THIS BUBROUTINE DETERMINES THE ADJWUSTED BD PREDICTION OF THE
SAHA-IUSER CORRELATION DABED ON TRENDS OF KLINE FIO 4 17A

IF(GNAX. EQ. 0. 0)00TO 10
PEBTR»70000. 0
PESTR=208292693. 33sD1+I7276. 34
IF(PE.LT. 70000. 0) THEN
DISPEI=(DI *GMARSDOUT )/ (DI *Xe433. O)
ELSEIF((PE. OE. 70000. 0). AND. (PE. LT. PESTR) ) THEN
DTSISI=(GMAXSDOUT )/ (D1 *00ReCP 0. 0069)
ELSEIF((PE. OE. PEBTR). AND (PE LY. 300000. 0) ) THEN
BOM=3. IJ64E-062D1 4. 1603E-09
STNN=0. 00463+8001s (PEBTR-PE)
DTSISI=(GMAX®DOUT )7 (D1 *00ORSCPeSTNM)
ELBEIF (PE. OE. 300000. 0) THEN
B0M=3. IV64E-06*DI-6. 1603E-09
STNM=0. 0063+0DMs (PESTR-300000. 0)
DTEREI={(OMAXSDOUT )/ (DI=00R=CP s8TIM)
ENDIF
ELBEIF({(PE. GE. 70000 0). AND. (D1. OE. 7. OE-03) ) THEN
DTSESI=({ONAXSDOUT) /7 (DI*OORSCP 0. 0043)
ELBEIF((PE. OE. 70000. 0). AND. (DI1.LT. 7. OE-0J) ) THEN
BDM=—{ ( (GMAXS (DOUT/DL) /1. OE+06)/30. O)ne(-1.03))ed. 9I2E-09
STNM=0. 0063+80Ms (PE-70000. O)
IF(STNM. LE. 0. 0039) THEN
STNN=0. 0039
ENDIF
DTBI8I=(OMAXSDOUT )/ (DI*QOR*CP#8TNM)
ENDIF
070 20
DTEN8I=0. O
CONT INUVE
RETURN
END

6L1
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THIS BUBROUTINE DETERNINES THE TWO PHAGE PRESOGURE ORADIENT (DPDX)

FOR

THE

200

SUSROUT INE ZUBSFI(TBAT, TH, AVCP, XHFQ. RHD, 0. DI, DIMY, DX, RHOV.
IP.CP2BD, DTENO1. THETA. F. TPFF, AUP 10. DPUPF. DPUPQ. VIN, DPFDXO.
DPDXA. DPDXF. DPX, VOID. IA10, ZDPF. IDPQ. XNEOL, XEQZ, TP, CO. WF &)

SEPARATED FLOW USINO THE ZUBER FLOW QUALITY MODEL.
IUBSER VOID MODEL. AND HOMOOENEOQUS TWO-PHASE FRICTION FACTOR

Ni=0
DYSUR=TBAT-T8
NEQZ=-(AVCPaDTHUD) / (XHFO) 8WF 4
TP=1-EXP(-IP)
TP=TANH(ZP)
IF(ABS((TP-2P)/1P) LE. 1. OE-10)THEN
TP=TP+1. OE-12
ENDIF
ANEGI=(DTABEIe (ZIP-TP)sCPIBD) / (XHFO+(DTEBESI# (1. 000-TP)e
CPIDD))a\WF 4
PRINT &, ‘IP=’, 2P
PRINT &, 'TP=’, TP
PRINT o, ‘CP=",CPIRBD
PRINT », ‘DTOUBEL=~ . DTBE82Z
PRINT &, ‘WFa="',WF4
PRINT &, ‘XNEQI='. XNEQZ
IF (XNEQZ EQ. 0. O) THEN
ANEQI=XNEQZ+1. OE-15
ENDIF
AS00=1. 4%
A300-2. 9
NieN1+]
IF(NI.QT. 190) THEN
WRITE(D, #) ‘NARNING -~ CO LOOP NOT CONVERQENT AT 130’
WRITE(D, @) ‘VOID=’,VOID
QUvY0 200
ENDIF
COtl=19
C02=0. 2
CO2=1. 164-1. 63I4E-07°PRESE+7. JOVEE-130PREAGS2. O
CO=(1-EXP(-CO1sVOID) )/ L1 -EXP(-CO1 ) 10 (1+C02)-CO20VOLD
CO=1. 23
XST=IHURTE(TBAT)
VOU=A300( { { (9. BO7 )= (RHO-RHOV)I & (XBT) )/ (RHO*RHO) )o2(0. 290) )
{GINCTHETA))
A100=(CO/RHD) * (RHO-RHOV) 8 ( XNEQZ)
A200= (RHOV/RHD) #CO
A00=(RHOV/RHD) ¢ (VOJ/VIN) 2 (SINITHETA))
VO1D=(XNEQZ) / (A100+A200+A00)
WRITE(S. ®) ‘VOID=",VOID
IF(ABS(L-VOID/VOID] ). OT. 1. OE-02) THEN
vOID=v0o1D1
QOT0 100
ENDIF
IA10={ { XNEGZSXNEQT ) / (VOIDORHOV) ) &
(((1. 00-XNEQZ)e(1 0O00-XANEQZ))/ L (1. 000-VOID)IS(RHD)))
DPDXA=-((000)/(DX) )8 (1A10-AUP10)
IDPO=—(9 007)*(SIN(THETA) ) o ((VOID#RHOV) ¢ ( (1. 000-VOID)*RHO) )
DPDXG=0 3¢ (2DPO+DPUPQ)

C meosns HOMOOENEOUS TPFF

VFei. 00/RHO
VO=1.  00/RHOV

08t



VFO=VQ-VF
CALL IVISC(TS.AHO. FVIS)
CALL IVISC(TSAT. RHOV, OVIS)
210=FVIg-0VIS
B100=XNEQL®(VFO/VF)
B200=XNEQI*(B10/0VIS)
8300=(1 00+9200)«#0 23
TPFF=i. O
TPFF=(§. 000+B100)/(BI00}?
WRITE(D. 300) TPFF
€300 FORMAT(’ TPFF = ‘,F20 10)
C ossnss N-N TPFF ssss
RECO=QeD1/0OVIE
REFO=QsDI/FVIB
FOO=0. 046*REOCO*#(-0. 2)
FFO=0. 044%REFQee (-0. 2}
DPDIFQO=(2. O*FOU®020)/ (DIsAHOV)
DPDIFFO= (2. OsFFQ#020)/ (DI*RHO)
OMA=(DPDIFOO/DPDIFFO)ss0 9
[ OMA=( (FVIS/OVIE)ne( -0 21¢(VO/VF))ee0 3
IF(OMA. OE. B. 9)THEN
C=21.0
c B=21 O/0MA
ELSE
C=2. 36400MA-1/0MA
c =2 3464
ENDIF
B=(Co0MA-Q. Osat 8+2 0)/(0MASS2 O-1)
sssse MN TPFF WITH CHIBHOLM CORRECTION
IF(OMA LE. 9. 9) THEN
IF(O LE. 300. O) THEN
=40
ELBEIF((0. OF. 300. 0). AND. (Q. LT. 1900 0) ) THEN
§=2400. 070
ELBEIF (0 OE. 1900 0) THEN
9=93. 0/0#20 9
ENDIF
ELBEIF((OMA OT. 9. 9). AND. (OMA. LT. 28. 0) ) THEN
IF(Q. LE. 400. O)THEN
89=320. 0/ (OMA0Q»0. 9)
ELBEIF (O OT. 600. 0) THEN
=21 0/70MA
ENDIF
ELBEIF (OMA. OE. 20. 0) THEN
B=1%000. 0/ (OMA®22 020280 )
ENDIF
TPFFol+(ONARS2. 0—1)08 (BWXNEGZI®20. 98(1-XNEQZ)an0. 9+XNEGLIs»1. 8)
TPFF=0. 78 TPFF
IDPF=—( (2. OSF ¢08Q) /{DIHYSRHO) ) sTPFF
IDPF=-( (2 OeFeQu0)/(DISRNO) )8 TPFF
DPDXF=0. 9% ( IDPF +DPUPF)
DPX=(DPDXF DX )+ (DPDXASDX )+ (DPDXOSDX)
- RETURN
END

a0
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SUBROUTINE ZLSTSG(NPT, AA, BB. CC. DD. EE, NINIT.F. D)

THIS 18 A SUBROUTINE THAT DOES A LEAST SQUARES CURVE FITY
ON A DATA SET. THE DATA IS READ IN THROUGH THE
SUBROUTINE IN PAIRS_ THE INDEFPENDENT(FREE) VARIABLE AND
THE CORREUPONDING DEPENDENTY VARIABLE.

IF THE INPUT CONSISTS OF ONE THROUQH FIVE VARIABLE
PAIRS. A CURVE FIT EQUAL IN ORDER TO ~THE NUMBER OF
INPUT VARIABLE PAIRS MINUS ONE~ RESWLTS.

FOR INPUT OF MORE THAN FIVE VARIABLE PAIRS A

FOURTH ORDER FIT RESULTS.

THE MAXIMUM NUMBER OF PAIRS ALLOWED 18 100.

THE SUBROUTINE I8 CALLED BY ILBTSO0(NPT.AA, BB.CC. DD, EE).
NPT~ 18 THE NUMBER OF PAIRS OF POINTS THROUOH WHICH
THE LEAST BOUARES FIT 18 DESIRED.

NPT~ MUBT BE BPECIFIED IN THE PARY OF THE CODE

CALLING ILSTBAINFT. AA, 88, CC. DD. EE).

AA, BD. CC, DD, JEE ARE THE COEFFICIENTS OF THE

FIV EQUATION, 1.E..

Y = AA ¢ BBaX 4+ CCoXuaQ ¢ DDsXsad + EEsXang

THE DATA I8 READ IN THROUGH THIS SUBROUTINE IN

THE FOLLOWING FORMAT)

READ(2, 2) FREE, DEP
2 FORMAT(2€E15. %)

EXAMPLE

READ(2. 4) NPT
4 FORMAT(1ID)
CALL ZILBTHO(NPT. AA, B8. CC. DD, EE)

AA, B8, CC, DD, JEE ARE NOW VARIABLES COMMON TO THE
PART OF THE CODE CALLING ZLSTS50 AND MAY BE USED IN
ANY MANNER ACCORDINOLY.

1V SHOULD BE NOTED THAT THIB SUBROUTINE HAB ANOTHER
SUBROUTINE INTERNAL TO IT ~ SUBROUTINE IGAUSEY(A. 8. X.N).
1CAUSSY SOLVES A SYSTEM OF LINEAR SIMULTANEOUS
EQUATIONS UBINOG OAUSSIAN EL IMNINATION.

IF THE EGQUATIONE READ IN TO 10AUSBY ARE NOT

LINEARLY INDEPENDENT. THE SUBROUTINE WILL PRINT OUT
“EQUATIONS ARE NOT INDEPENDENT~.

DIMENSION A(S.9),0(9), X(5), TF(9)
DIMENGION D(10),F(10)
00 81 NI=1.93
1 X(NT)=0.
D3 20 Ney, NPT
READ(NUNIT, 8 ) FREE, DEP
2 FORMAT(IPELL. 4, 2X, IPELD. &)
D(N) =DEP
20 F(N)=FREE
1F (NPY_EQ. 1100 TO N
IF (NPT OT_ 3100 10 61
NX=NPT
NT=2eNPT-1
00 10 &2
61 NT=9
NX=9

<81



40
30

30

70
&0

31

N
a9

TPU1 ) =NPT

DO 30 K=2,NT

TPIR)=O.

DO 40 I=i,NPY
TPOU=TP(R)I+F(L)we(K-1)
CONTINUVE

B(t)=0.

DO 30 J=t, NPT

BB (1)+D(J)

DO 40 L=2, NX

BiL)=0.

DO 70 M=1.NPT
B(L)=B(L)+D(MIwF(M)ne(L-1)
CONT INUVE

DO 31 I-1.9

DO 31 Re=g. 3

AlL. R)=TPLI+NR-1)

CALL 20AUSSY(A. D, X, NX)
AA=X (1)

CO 10 89

AA=D(1?

80=X¢2)

CC=x¢3)

DD=X(4)

EE=X(3)

RE TURN

END

€81



SUBROUTINE 10AUSBY (A, B, X.N)
SOLUTION OF SIMULTANEOUS EQUATIONS BY OAUSE EL IMINATION
DIMENSION A(3, 3),8(93), X(3)
BEOINNING OF ELININATION PROCESS
DO 28 Rwi, N
MOVING LARGEST COEFF ICIENT INTO DIAQONAL POSITION
AMAN=O.
DO 4 1=K, N
IF(ABSIA(L. K) ) -ABB(AMAX) )4, 8, 2
2 AMAX=A(I.R)
IMAX=]
4 CONTINE
TESTING FOR CONVERQENCE
IF (ARG (ANAX)-0. 1E~19)10, 10, 14
10 WRITE(D. 12)
12 FORMAT (' EQUATIONS ARE NOT INDEPENDENT ‘)
RETURN
EXCHANOING ROW INAX AND ROM W
14 BDTEMP=B(N)
BIR) =S IMAX)
BUINAX )=BSTEMNP
DO 18 J=0.N
ATEMP=A(NK, J)
AR, JI=ALTMAX, J)
18 ACLIMAX, J)=ATEMNP
SUBTRACTING A(I.K)/A(N.N) TINES TERM IN THE FIRST EON FAROM OTHERS
RPLUB=N 1
IF(R-NIJQ. 28, 20
22 DO 24 I-KNPLUS. N
B(1)=B(I)-BI(KISACT, R) /ALK, K)
ACON=A(]. R}
00 24 J=K. N
28 AL, JI®ALL, J)~-AIR. JI)SACON/AIR. 1)
20 CONTINUE
BACK SUBSTITUTION
L=N
32 BUM=0.
IF(L-N)34. 38, 38
34 LPLUB=L+1
DO 36 J=LPLUB:N
36 SUM=SUM+A(L, J)eX(J)
30 CONTINUE
X(L)=(RCL)-BUM) 7ALL. L)
IF(L-1)42. 42, 40
40 L=~}
0 70 32
42 RETURN
END
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C THIS

SUBROUT INE ICPF (TEMPR, RTEM. RCPF, CP, NEXIT)
SUBROUTINE DETERMINES THE I1SOBARIC SPECIFIC HEAT OF

C  SATURATED LIGUID FOR A OIVEN TEMPERATURE

100
10t

1039

C THiS
C HEAT

100

400

OIMENBGION RTEM(41). RCPF (A1)

00 100 =1, 4%

IFC(TEMPH. OT. RTENCT)) OO0 TO 100
Hl=]

ILOW=1-1

IF(ILOM LE. O) Q0 TO 101

CP=RCPF { ILON) + ( (L (RCPF { IHI ) —RCPF ({ 1LOW) Y o ( TENPR-RTEN(ILOW) ) )/

(RYEMCIHE ) -RTEM(ILOW) ) )
00 YO 109

CONT INVE

MRITE(J, 300) TEWPR

FORMAT(* ICPF SUBROUTINE: TEWP QUT OF TABLE RANOE
27319 - 643 K - TEMP K =°,F20.0)

NEXIT=1

RETURN

Enp

BUBROUTINE ZCPAVER(AVCP. T2, 71, RTEM. RCPF, NEXIT)

BUBROUTINE DETERNINES THE AVERAOE IBUBARIC SPECIFIC

OF WATER BETWEEN TWO TEMPERATURES

DIMENSION RTEM(41).RCPF (A1)

DTRANST2-T)

IDT=1FIR(DTRAN)

IFL{IDT LY. 1) Q0 TO 200

ICOUN-{

TRUNR=AINT (DTRAN?

1TOP=IFIX(2. 0006 TRUNK )

XOT=DTRAN/ (2. OOOSTRUNK )

XT=T14(0. J8RDT)

CALL ZCPF(RT.RTEM, RCPF. CPOUM. NEXIT)
IF(NEXIT EQ 1) OO0 TO 400

CONT INVE

RV=RT+XDT

CALL ZCPFINT. RTEN. RCPF, CPXT, NEXIT)
IF(NEXIT EG 1) OO0 TO 400

CPOUM=CPBUNCPXT

ICOUN=ICOUN+ |

IFCICOUN OE. 1TOP) QO TO 100

©0 70 30

CONT INUE

AVCP=(XDT*CPBUNM) / (DTRAN?

RETURN

CONT INUVE

AT=T1+(0. IoDTRAN)

CALL ICPFIXT, RTEN. RCPF, AVCP. NEXIT)

RETURN

END

GBI



SUBROUTINE IRHO( TEMPK. PRESS, RHD)

C THIS SUBROUTINE DETERMINES DENG1TY OF E1THER (A) COMPRESEED
C LIGID OR (B) BATURATED LIGUID FOR OIVEN VALUES OF TEMPERATURE
C AND PRESHSURE

400

403
412

TC1=647.3

PC1=2 2120€7

BPVC1=0. 00317

THETA=(TEMPK) /TC

BETA=PRESB/PCY

Al=0. 84368373403

AZ2=9. 362162162€-4

Ad=1. 720

A4=0. 07342270409

AJ=0. 04975830670

Ab=0. 6337134200

A7=1. 1 300000€-6

AB=1. 3108000003

A9=0. 1418800

A10=7. 002733169

AL 1=2. 999284926E-4

A12=~0. 20400

CAl 1=7. 9824692717

CA12=—0. 026146571842

CA13=0. 001322411790

CA14<0. 02204279034

CA19=242. 1647003

CAL4=1. 269716088E-10

CA17=2. 074836320€-7

CA18=2. 174020330€-0

CAL9=1. 105710498€E-9

CA0=12. 93441934

CA21=1. 3081 19072€-9

CAQ2=6. O474626330E-14

Yui. 0000-(AL1sTHETASTHETA) - (A28 (L (THETA) S8 (-6)))

UL=(ATJeYSY)~(2. O0#ALeTHETA) + (2 O0RAISBETA)

IF(UL. LE. 0 00000000) GO TO 400

0 TO 403

CONTINUVE

I=y

00 TD 412

I=Y+ (UL )ea(0. 500))

CONTINUE

€100=0. 000
IF(Z1.07 0.000) C100=CA110A8((1}58(-3 00/17.00})
C200=CA12+(CAI1IPTHETA) + (CALASTHETASTHETA) +
(CALIS8 ((AL-THETA) 20 (101 ) )+ (CALL/ AT+ ({LTHETA) 88 (19))))

CI00=(CA17+(2. 00sCAL1BBETA) +(J. OOCALIIBETASBETAY )/
(AB+ (LTHETA) e (1T1)))

CA00=CA20 ((THETA) #8 {10) )0 (AP {THETASTHETA) ) @
(€(-3. 0018 ({A10+BETAYSR(-4) ) )+ALL)

C300=(3. 00*CA21#(A12-BETA)*BETASBETA) + (4. OOOSCAINBETA*BETAS
BETAS((THETA)#a(~-20)))

RHO=1. 0000000/ ( (BPVC 1) # (C100+C200-CI300-C400+C300) )

RETURN

END
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SUBROUT INE ZVISC ( TENPH. RHOD, VIBC)

THIS SUBROUT INE DETERNINES DYNAMIC VISCOSITY OF €JTHER
(A)COMPREBBED LIQUID. (BISATURATED LIGUID, OR(CIBATURATED

C VAPOR FOR OIVEN VALUES OF TEMPERATURE AND DENSITY

DIMENBION B(6. )
T8=447 27

08-317. 763

AO=0 0101303
Al=0 0177624
A2«0. 0105287
AJe-0. 0034748
0¢1. 11=0. 301938
9¢1.21=0. 23%22
(1, 3)=-0. 274637
841.4)=0 1435839
Bt1, 3)=-0. 0270448
842, 1)=0 162000
9(2, 2/=0. 78939)
0€(2. 31=-0. 743539
9(2. 4)=0. 263129
(2. S1=~-0 0233093
93, 1)=-0. 13039
0¢3, 2)=0. 6736495
043, 31=-0. 9394%
B3, $)=0. 347247
9¢3. 3)=-0. 0267730
9¢4,1)=0 907919
84, 2)=s. 207932
9(4,3)=-0 68734)
94, 4)=0 213486
94, 3)=-0 0822904
943, 1)=-0. 931139
943, 2)=0 06706469
8¢9, J3)=—0. 497009
9(3. 4)=0 100734
9(9. 31=0. 0602292
9(é. 2)=0. 144543
2)=-0 08423370
J)=0. 199206
9¢6. 4)a-0 032932
9(s. 3)=-0. 0202999
TReTENPK

TieT8/TR
TT1=TR/TS
DD=AH00/ D8
UO=(TTINeD 3009/ (AD+(ATETTI+(AZRTTOTT)IS(AINTTeTTETT))
0100=00-1. 00000
7100=77-1. 00000
aur=0 00000

00 @3 1=1.4

DO 98 J={.3
1TPel-9

1DP=y-4
BUM=BUNS (B, JIS((TI00)ea(ITP) IS ((DI00)sa(IDP)))
CONT INUVE

CONT INVE
U100=DD=8UN
VISC~UO=EXP(UIO00) (1 OE-&)
RETURN

END
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SUBROUTINE 2TLCW(TEMPR, RHO. FROND)

C THIS SUBROUTINE DETERMINES THERMAL CONDUCTIVITY OF
C EITHER (A)BATURATED WATER OR (B)COMPRESSED WATER FOR OIVEN
C VALUES OF TEMPERATURE AND DENSITY

100
103

T8=447.3

AQ=] 02011E-2

Al=2 99621E-2

A2=1. 36146E-2

AJd=-4. 22444E-]

#0=-3. 97070€-1

B1=4.  00J02E-1

P2=1. 06000

Bi=-1.74307€-1

BR2=2. J9219

D8=317.7

D1e7. O1309€-2

D2=1. 18920€-2

D3=1. 69937€E-3

DA=-1. 02000

Cimg 4203%7€E-1

C2=-4. 11717

CI=-6 17937

C4=3 009746E-3

C3=0. 22994€-2

Cé=t. 00932€+1

TReTEMPR

TT=TR/T8

E10=77-1. 00000

E12=ABS(EL10)

DT8~E12+C4

JF(TT.LT. 1. 0000) €0 TO 100
@=1. 0000/078

oC T0 103

@=C4/((DTA)we(0. &))

CONT INUE

@=2. 00000+ (CI/t (DT80 &)))
R=@+1. 0000

0D=RHO/DS8

DO 1 =D8/RHD

E20=(C20((TT)I08(1 3)))+(CIe(DDI®eY))
E200-D4*EXP (E20)

E19=(0/R)e (] 0000-({DD)I*E(R)))
€190=DI08e((DD)#8(Q) ) eEXP(ELD)
EI@=Cile(l. O000-(DDea2 0))
E180=(DDesi. B)*EXP(EL1B)
EL70»((D1)/(TT8810))+D2
DLAM=(E § 709E 1 @0) +E 1 90+£200
E21=081+(DD+BP2) »(DD+BB2)
SLAMN=B0+(BEoDD) + (SIeEXP (E21))
ILAM=(TT800. S00)®(A0+(AL4TT)I+(ATTETT)I+(AJSTTaTTETT))
FROND=ZLAM+BLAM+DLAM

RETURN

END
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BUBROUTINE ITBAT (PRESH, RPRES. RTSAT, TBAT, IH1. I1LON. NEXIT)
C  THIS SUBROUTINE DETERMINES THE SATURATION TEMPERATURE FOR A
C OIVEN PRESBURE
DINENGION RPRES!182). RTSAT(162)
DO 100 I=i, 102
IF (PRESG. OV RPREN(1)) Q0 YO 100
IHI=1
ILOW=1-1
IFCILON. LE O) 00 TO 101
TOAT-RTBAT(ILOW) ¢ ( ( (RTBAT(THI ) -RTBAT (1LOW) ) @ (PREBS-RPRESIILOM) ) )/

& (RPREB!( IH] } -RPRES(ILOW) »)
€0 70 103
100 CONT INUE
101 WRITE(D. JOO) PRESE
300 FORMAT(’ ZTBAT BUBROUTINE: PRESS QUT OF TABLE RANOE: PREDS N/M2=‘
[ +F23 10)
NEXIT=1
109 RETURN
END

FUNCTION TOURTE ( TEWPK )
C THIS FUNCTION DETERNINES THE SURFACE TENBION AT THE
C LIGUID-VAPOR INTERFACE FOR A OIVEN TEMPERATURE

TC=647 13

TR=TEMWPR

Cl10=¢TC-TMI/TC

9=0. 2399

=-0 623

U=l 2%

C100=C 0oV

€200=1. 0000+ (B8eC10)

ISURTE=DeC 100+C200

RETURN

END
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FUNCTION TOINTI&(XMIN, XMAX. F, NINT)
C THIS I8 A 146 POINT GAUSSIAN INTECRATION ROUTINE.

DIMENBION U(B8).R(8).T(8)
EXTERNAL F
IF (NVEST-13379) 1, 2,1

1 NTEST=13379
U(1)=-9 89400933 -1
U(2)=-9, 44373023 -1
U(3)=-8. 63631202€-1
U(4)=-7. 33404408€-1
U(9)=-6. 17876284E-1
Ulb)=-4 980146777E-1
Ui7)=-2 81603991E-1
U(8)=-9 J0129098E-2
Ri1)=2 71324994E-2
R(QV=4 22333239E-2
R(J)1=9. 31383117€-2
R(4)=1. 24620971E-1
R{3)=]. 493939686€ -1
R(&)I=1 £9136319€-1
R(7)=] 826034131
R(B)=1. 89430610E-1

2 O=XNIN
AN=NINT
Da=(XNAX-XMIN) /XN
DA3=DQs. 3
DO 3 Net. 8

3 T(K)=DAYeU(K)

10INTI6=0.

DO 3 L=1,NINT
PH=Q+DQY
00 4 N=1.0

4 20INT16= ZOINT14+(F(PHATIN)) ¢ FIPM-T(N)))I®R(N)

3 G=Q+Da

IQINT16=Da3% TOQINTI1S

RETURN
END
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FUNCTION 2XFPMIRE)

THIS FUNCTION CALCULATES EXPONENT ON VISCOBITY RATIO

FOUMD IN BINOCLE PHABE FULLY DEVELDPED TURBULENT FORCED

CONVECTION (B8MODTH PIPE) HEAT TRANGFER CORRELATION VIA

OE RAD HEAT TRANBFER MANUAL VIR 1. PER UCD LISRARY

IFIRE. LY. 2100 0) INFPM=0 14

IF(RE. GE. 2100. 0. AND RE. LY. 12500. 0) ZIXFPM=_02+((0. 12/10400. 0)®
] 1123%00. 0-REN

IF(RE. OF. 12900 0. AND RE_ LT 295000. 0) IXFPN= 035-((0.03/12%00 O)e
& (23000. O-RE))

IF(RE. OE. 23000. 0. AND RE. LT 50000. O} IXFPr=_ 08-((0. 03/29000. 0)s
& (30000. O-RE))

1FIRE. OE. 30000. 0 2XFPIe=. 0B

RETURN

END

o000

FUNCTION ZFIT(T.A.8.C.0.E)
€ THIS FUNCTION EVALUATES THE LEABT SOUARES CURVE FIT AT A POINT.
C FOR THE CORRESPONDING TEMPERATURE AND COEFFICIENTS.
CosusoFOLLONING FORNM FOR 2FIT CHANOGED TO IMPROVE OPERATION. (LAPPA/7/78)
IFITm((((EBT)eDIST+C)uTeD)IOTeA
RETURN
END

FUNCTION ZAXFLX(X) ,
€ THIS FUNCTION OIVES THE AXTAL DISTRIBUTION OF THE HEAT FLUNX,
C NORMALIZIED TO UNITY AT THE MAXIMUM HEAT FLUX.

IANFL=]

RETURN

END
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Appendix B

Sample Video Screens Showing Input
File Editing Features of Code



SCB-1A

A Subcooled Flow Boiling
Design Code

(C) University of California, Davis, 19888

HIT RETURN KEY TO CONTINUE

‘!ISItttt!llt‘t!’t‘!!tt""t‘ttllltll.3tltl!lltltt‘tlll"l’.tttllltlttltt!l!ttl
THIS CODE WAS DEVELOPED FOR THE LAWRENCE LIVERMORE NATIONAL LABORATORY BY:
PRINCIPAL INVBSTIGATOR: Professor Myron A. Hoffman
GRADUATE STUDENTS: Charles Kline(1985), Christopher Wong(1988)
Department of Mechanical Engineering

University of California, Davis, CA 985818
tlt!tt!l!lttttttt“lttlltltltlt‘llt'tlttltltttttttllttllltltltltllttlllltllttll

HIT RETURN KEY TO CONTINUE

Screens #1 and #2
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WELCOME TO THE SUBCOOLED FLOW BOILING DESIGN CODE SCB-1A
(VERSION 1A - November, 1988)
for the IBM PC/AT (or compatibles) and the VAX 11/780

This progras calculates pressure drop, pumping power required and the
CHF(Critical Heat Flux) for water flow in round tubes with uniform axial
heat flux. It can provide results for the single-phase liquid flow
regine and/or the subcooled boiling flow reginme.

You should be able to run SCB-1A by responding to the prompts. Try it!

For more information, refer to the SCB-1A Code Manual. It contains an example.

HIT RETURN KEY TO CONTINUE

EEEXEEEETXAAXXRXERARERXEEETXRRRRAXXXER TR XXX B XA A XXZE XXX XXX XXAXREXXTRXREXK
PLEASE SELECT OPERATION

1) USE AN OLD DATA FILE

2) REVISE AN OLD DATA PFILE

3) CREATE A NEW DATA FILE

ENTER # OF YOUR CHOICE - TO BXIT, ENTER O
Option (1) or (2) is reccmaended

EXXEXXAEAXX XX BEXEEX XX EEE XX EXEEERXEEEX XXX AXX R EX A X AR XX A XL XX L XXX XX BN ERX XXX X

2

PLEASE ENTER INPUT PILE NAME IN THE FORM: INPnnn.DAT - USE CAPITAL LETTERS
(nan MAY BE ANY COMBINATION OF FROM 1 TO § NUMBERS OR LETTERS)

INP32.DAT

ENTER THE NE¥W OUTPUT FILE NAME IN THE PORM: OUTmma.DAT - USE CAPITAL LETTERS
(umm KAY BE ANY COMBINATION OF FROM 1 TO § NUMBERS OR LETTERS)

NOTE: THIS FILE KUST NOT ALREADY EXIST
OUT32.DAT

Screens #3 and #4
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RECCVERING OLD DATA FILE FOR UPDATING

*xx CAUTION: CODE RESULTS ONLY VALID IF INPUT PARAMETERS ARE WITHIN VERIFIDID
LIMITS - SEE INSTRUCTION MANUAL FOR THESE LIMITS=xx

HEAT FLUX AT O DEGS BASED ON OUTER DIAM. (W/M2) 5.4107E+08
TYPE CIRCHM HEAT FLUX PRFL(O-UNIF,1-HALF UNIF,2-HALF COS) 0.0000E+0Q0
TUBE INLET HASS FLUX (KG/M2-%5) 8.0715E+03
TUBE INLET STATIC PRESSURE (PA) 2.3580E+05
TUBE INLET BULK FLUID TEMPERATURE (DEG K) 3.0289E+02
HEATED TUBE LENGTH (M) 1.2450E-01
OUTSIDE TUBE DIAMETER (M) 3.0480E-03

2

0

0

o

1

D-IDNPWN -
N s N

INSIDE TUBE DIAMETER (M) .3878E-03
9) INLET PRESSURE LOSS COEFFICIENT KLOSS .000CE+00
10) TUBE ANGLE FROM HORIZONTAL(EITHER O OR 90 DEG) .0000E+00

11) RADIUS OF ONB MAX ACTIVE CAVITY (M) (O=RCRIT USED) .Q000E+00
12) NUMBER OF CALCULATION STEPS ?(1-1000, 2-2000) .0000E+00
13) PRINT FULL WATER/STBAM PROPERTY DATA?(1-NO, 2-YES) 1.0000E+00
14) OUTPUT STORAGE DATA FILE NAME CHOSEN AS QUT32.DAT

ENTER 8 TO CHANGE

TO EXIT, ENTER O
0

DO YOU WISH TO CHANGE ANY TUBE MATERIAL DATA PAIRS? Y OR N
Y

NOW UPDATING TUBE MATERIAL DATA PAIRS...
WALL THERMAL CONDUCTIVITY K NEEDS TO BE INPUT AS A FUNCTION
OF TEMPERATURE. OBTAIN A THERMAL CONDUCTIVITY VS. TEMPERATURE
CURVE FOR TUBE MATERIAL USED AND PICK UP TO 10 DATA POINTS FROM
CURVE FOR ENTRY.

PAIRS TEMP THERMAL CONDUCTIVITY
1 2.80E+02 DEG K 1.478+01 W/N-K
2 ©6.00E+02 DBG K 1.87B+01 W/M-K
3 1.00E+03 DBG K 2.378+01 w/M-K

ANY CHANGES TO MAKE ? Y OR N
Y

DO YOU WISH TO ADD ANY DATA PAIRS(TOT MAX 10 PRS)? Y OR N
N

DO YOU WISH TO CHANGE ANY DATA PAIR VALUES? Y OR N
N

DO YOU WISH TO DELETE ANY DATA PAIRS 7
N .

ENTER NEW INPUT FILE MAMB FOR STORING THE MODIFIED FILE

NOTE: THIS FILE MUST NOT ALREADY BXIST
PLEASE ENTER INPUT FILE NAME IN THE FORM: INPnnn.DAT - USE CAPITAL LETTERS
(nnn MAY BE ANY COMBINATION OF FROM 1 TO S NUMBERS OR LETTERS)

File Editing Screens

195



196

Appendix C

Sample Output File Printout from Computer Code



ol Sl Sl 2l 2L X St S DX 22 S T DL 2 24 b S S S B B T T B B B T BT T2 3 INPUTS EL R X B P P B 2R T B DX B B B DT EY Bl Tt 22 2l od 2ol J
APPLIED HEAT FLUX AT O DEOE DABED ON OUTER DIAM. ——~wo——=~— = 3 4107E+06 W/M2
TYPE OF CIRCUMFERENT IAL HEAT FLUX PROFILE(O.1.0R 2)-- ~—= 0
TUBE INLET MASE FLUX, O (NASED ON INNER DIAM. )---—-wcae—m- = & O719€+03 NKO/M2-8
TUBE INLET GTATIC PRESBURE 2. I%0E+03 PA
INLET BURR FLUID TEMPERATURE 3. 0239€+02 KELVIN

HEATED TURE LENOTH
OUTSIDE TUBE DIAMETER. DOUT
INSIDE TUBE DIAMETER, DI
TUBE WALL THICKNESS

2490E-01 METERS
0480E-00 METERS
JB76E-00 METERS
J020€E-04 METERS

UNL-

INMLET PRESBURE LOSS COEFFICIENY. RLOSBS 0. 00000
TUBE ANOLE FROM HORIZONTAL PLANE 0. 00000 DEOREES
RADIUS OF ONB MAX ACTIVE CAVITY FROM UBER (O=RCRIT UBED)--= 0. OO00E+00 METERS

NUMBER OF CALCULATION STEPS?(1-NO. 2-YE®) 3
PRINT FULL WATER/STEAN PROPERTY DATA?(1-1000, 2-2000)~~---= |
OUTPUT STORAQE DATA FILE CHOSEN AS OUTI2. DAY

THERMAL CONDUCTIVITY AB A FUNCTION OF TEMPERATURE

PAIR 8@ TEMP(DEG W) THERMAL CONDUCTIVITY(W/M-K)

1 2. B0E+0R 1. 47€+01

a 6. 00E+02 3. 87€+01

3 1. O0E+0J 2. J7€+01
LINITE OF VALLIDITY:

PARMETER UNITS MAIN CODE OAMBILL CHF CORRELATION VALUES FROM THIS RUN
L/01 49.0 70 127. 0 >=29.0 92 14
INNER DIAM, DI (METERS) 0. 0013 TO 0. 0044 0.002 T0 0. 000 0. 0024
MABS FLUX., O (RO/M2-8) 2500 TO 10000 3 70 10873 6071. 30
INLET PRESBURE (PA) 2. OE+03 TO 20. 0E+03 2. 9E+04 TO 2. 07€+07 2. 3980€+03
UNIFORM HEAT FLUX (/n2) O TO 12 2E+04 J. E+09 TO 1. 10E+08 3. 4107E+08
INLET DELTA-T SUBCOOL (DEQ W) 10 TO 200 0 TO 263 96. 06
INET BULK TEMPERATURE (DEQ K) OREATER THAN 273.0 SAME 302. 39

LESS THAN 644.0

LESS THAN TSAT CORRESPONDINO

TO INLET PRESSURE
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R -B NGB B B BB RN BN BB R-R-B-B-0-0-0-0-8 OUTPUTS

NOTE: ZERO DEVELOPMENT LENOTHS ASBUMED AT HEATED INLET

HEATED INLET 18 IN THE PDB REOGIME (AT Z<0. OO00E+00 METERS)

OND PREDICTED TO OCCUR BEFORE HEATED INLET AT I=-1. 9041E-O1 METERS
PREDICTED ONB BULR TEMPERATURE= 2 1379E+02 DEO K
PREDICTED OND DELTA-T SUBCOOL= 1. S290E+03 DEO K

OSNVO(ONBET OF SIONIFICANT NET VAPOR OENERATION) OCCURB AT 1. O749E-01 METERS
OBNVO BULR TEMPERATURE= 3 31326402 DEQ X
OSNVG DELTA-T SUBCOOL= 4. 4317E+01 DEO K

HEATED EXIT I8 IN THE FDB REQOIME AT I+ 1. 2450€-01 METERS

OUR(ONBEY OF BULK BOILING) PREDICTED TO OCCUR AY 2= 2 O4A32E-01 HETERS

MAKIMUN ACTIVE BURFACE CAVITY RADIUB = O. OOOOE+00 METERS
CALCULATED CRITICAL BURFACE CAVITY RADIUS = 1. 494646E-06 METERS

EXIT CHF(CRITICAL HEAT FLUX) BAFETY FACTOR= 2 3937€+00

TOTAL PREBOURE DROP IN HEATED LENOTM 2. 6089E+04 PA
FRACTIONAL PREBBURE OROP IN HEATED LENGTH--——-——-——— ~= 1. 1064E-01
PUMP ING POMER FOR HEATED LENOTHW 7. 9447E-01 MATTS
THERMAL POWER REMOVED 2. 0932€+03 WATTE
PUMP INQO-TO-THERMAL POWER RATIOC J. B4F4E-04

R B 2 BN B B B BY B B Bl ST B T B B B S T R Sl Bl Bt 2ad 22 2d X ]
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POSITION

e e R e e dIY IR0 OANNNNE P R CUUNUL AR AULUUNNRNN e daNaND

(METERS)

0000E +00
4900€E-03
9800€E-~02
4700€-03
9600E-02
2450€E-02
4940E-02
7430€E-02
9920E-02
2410E-02
4900E-~02
. 7390E-02
9680E-02
. 2BI70E-02
. 4860€E-02
7330€-02
9640€E-02
. 23J0E-02
4020€E-02
7310€E-02
9800€-02
2290€-02
4780E-02
7270E-02
9760€-02
2230E-02
4740E-02
7230E-02
9720€E-02
2210E-02
4700E-02
7190€E~-02
9480E~02
2170E-02
4660€-02
7150€-02
9640E-02
2130€E-02
4620€E-02
7110€E-02
9600E-02
0209€-01
0438E-01
0707€-01
0936E-01
120%€-01
1438E-018
1703€-01
. 1992€-01
2201E-01
2430€-01

PRESSURE

NNNURNBNNUNNNNDNNNNNNNRNNNNBNNNUNNENNNNONNRNNNNNONRNN

(PA)

3360€+03
3547€+03
33136+03
3479€+03
J444E+00
J409€+03
3372€+03
3337€+03
J300€+03
326J€+03

. J22IE+03
. J167E+03
. J146E+0)
. J109E+03

J069E+03
3029€+05
2966€+09
29446E+03
2904€+08
2062£+03
201 9€+09
2773€+03
2730€+093
2405€+03
2639€+09
2393€+03
2346E+03
2498E +03
2449E+09
2400€+09
2350€ +03
2300€+03
2246€+03
2196E+03
2143€+09
2089€+09
2034E+093
1979€+09
1922€+09
1863E+03
1007€+03
1747E€+03
1687€+03
1626E+03
1363€£+09
1303¢+09
1436E+0%
1360€+09
12646E409
1142€+03
0971€+03

SATURATION
TEMP.
{DEQO R

F863€+02
9060E+02
F096E+02
9931E+02
B44E+02
9841E+02
9OI6E+02
9831E+02
FO26E+02
9821E+02
. 981 6E+02
. 9811E+02
9803€+02
9800£+02
9794E+02
9709€+02
97683€+02
9778€E+02
97726402
9764E+02
9760€+02
9733E+02
9747E+02
9740€+02
9734€+02
9727E+02
9720€+02
9713€+02
9706E+02
F699€+02
9692E+02
9684E+02
9677€+02
94669€+02
9661E+02
9433€+02
9649E+02
9637E+02
F629E+02
9621E+02
9612€+02
9504E+02
9393£+02
9384E+02
9377€+02
9368E+02
9330E+02
347E+02
9I33IE+02
9314E+02
9486E+02

R Ty Ry S Ty Y Ty Ty N Ry Y T g TR YTy T PR TR TR TR TR TR TR TR TR TRTRTR PR IR TR IR Y]

Ty Y Ty Ty Ry Ty Xy Y Py Ty Ty YT R X YTy Ry Sy PP IR TR Y TR TR TP I TR PPN IR I PR IIN)

n
TEMNP.
(DEQ %)

02I9E+02
OJ7IE+02
O4Q7E+02
0600E+02
O0714E+02
OB2TE+02
0941E+02
1034E+02
11 6BE+OR
12682€+02
1395%€+02
1909€+02
1622€+02
173% +02
1849€+02
1962E+02
2076E+02
21@9€+02
JI0E+02
24146E+02
2929€+02
26426402
A796E+02
FB49E+02
2962€+02
I093E+02
J208E+02
IJ21E+02
J434E+02
3947E+02
3660E+02
3773E+02
IVOLE +02
3999E+02
4112€+02
4J24E+02
4337€+02
4449€E+02
4362€+02
4674E+02
47@7E+02
4899E+02
S011E+02
5124E+02
$236E+02
9348E+02
3460E+02
9973€+02
3604E+02
$795E+02
9907E+02

CUUU IS s Al AUUUUUUUUCP PP PRI NNNNYNINDOONDEBR000890

DELTA-T
BUBCOOL
(DEQ@ W)

6039E+01
4873€+01
J&V1E+08
2300E+01
1324E+01
0140€+01
8933€+01
7770€+01
696IE+01
3397€+0t
4209€+01
J022€+01
1834E+018
0b43E+01
TF436E+08
B266E+01
7073€+01
S084E+01
4692E401
3500€+01
2I0BE +01
1112€E+01
V944E+01
8716E+01
7316E+01
6310€+01
51 18E+01
3917E+018
2717€+01
1319€+01
0313€+01
9111E+018
7907€+018
&703€E+01
3497€+01
A4291E+01
J064E+01
16878€+01
0671E+01
F44IE+01
BQIAE+01
7044E+01
9832€+01
44620E+01
J400€+01
2197€+01
0991£+01
9731€+01
8493¢+01
7107€+01
S610E+01

INNER WALL
TEMP.

AT O DEQGS
(DEQ W)

. 301E+02
2929€+02
. 2990E+02
23646E£+02
. 2631 IE+02
2641E+02
2668E+02
2693€+02
2722€+02
2749€+02
2776E+02
2V02E+02
2038E +02
2094E+02
2V80E +02
290%€ +02
2930E+02
2933%€+02
2980€+02
J003E+02
30329€+02
J09IE+02
J076E+02
3100E+02
J12IE+02
J1446E+02
J168E+02
JI190E+02
3313€+02
JTIME 02
3239 +02
I2TLE+02
J297E+02
JIN7E+02
3337€+02
3336E+02
J373€+02
II94E€+02
J413E+02
J431€+02
J440E+02
34465E+02
J483€+02
J496E+02
JA94E+02
J48%+02
3476E+02
J463E+02
. J492€E+02
J44E+02
J409E+02

S Y Y Y Y Y Y N Y Y Y Y YYIYY Y Y Py

OUTER WALL
TEMP.

AT O DEOS
(DEQ W)

I7I2E+02
J765E+02
I792E+02
J917€+02
3843€ +02
J069E+02
J094E+02
IVI9E+02
JV44E+02
IV69E+02
IP9HEL02
4018E+02
40426402
40466E+02
4090E+02
4114E+02
4137€+02
4160€E+02
4183E+02
4206E+02
4229€+02
4231£+02
4273€+02
4294E+02
4316E+02
4337€+02
43%6E+02
4379€+02
4399E+02
4419E+02
4439€+02
4496E+02
4477€+02
4498E+02
4914€+02
4932€+02
4930€E+02
4348E+02
4383£+02
4601E+02
4619E+02
4634E+02
4649€+02
46L4E+02
4660E+02
4632E+02
4643E+02
4633€+02
48621E+02
4604£+02
4381E+02

CORE

REYNOLDS

NUMBER

RE(D-EFF)

N Y gy T Ty ey Oy Y e Ty e Ty e

T937€+04
B436E+04
8921E+04
F412E+04
9909€+04
0412€+04
0921E+04
$1437E+04
1939E+04
24B7€+04
J021€+04
I361E+04
4107€+04
4640€E+04
3219€+04
3784£+04
6336E+04
6933E+04
7318E+04
B8106E+04
@703E+04
930BE+04
9918E+04
0334E+04
1137€+04
1787E+04
2423E+04
J066E+04
I719E+04
4372€+04
903%E+04
370%€+04
6382€+04
T064E+04
7738E+04
G436E+04
916JE+04
9673E+04
0396E+04
1323€+04
2039€+04
2003€+04
33%4E+04
4314E+04
44693€+04
4940E+04
9162€+04
3334E+04
9314E+04
34632€+04

. D696E+04

NENNNNRNR NN NNV OUUULGEUUUUAL AR ARARIUBUY

LiouiD
PRANDTL
NUMBER

491 1E+00
3433€+00
2037E+00
0718€+00
9432€+00
6198€E+00
7011€E+00
9870E+00
4773E+00
3717€+00
2702€+00
1723%€+00
0784E+00
9877€+00
9001E+00
8137E+00
7342€+00
6393€+00
9794E+00
S061E+00
4332E+00
34664E+00
3002€+00
2360E +00
1739€+00
1136E+00
03336400
9960E +00
9441E+00
@8911€+00
B8397E+00
7898€ +00
74 14E+00
&944E+00
4489€E+00
6044E+00
3613€E+00
33196E+00
4790€E+00
43946E+00
4012€+00
3639€+00
3273E+00
2921E+00
2377€+00
2242€+00
1917€E+00
1 600€ +00
1292€+00
0991£+400
04698E +00

HEAT TRANBFER

LOCAL

COEFF ICIENTY

DB EBBEEENNNNNNNNNNNNNCOP D000 000PPIORPPPPOUUUUUUUUY

(W/M2-R)

. G424E+04
. 6820E +04
. 7222€ +04
. 7631E+04
. GOATE +04

. BA6FE+04

. B899E +04

9IIHE+04
9761E+04
0233€ +04
O494E+04
1162E+04
16J9€+04

. 2124E+04

2618E+04
3122€+04
3634E+04
4137€E+04
44689€+04
3232€ +04
3763E+04
6349E+04
6923E+04
7313E+04
B113€+04
a723€+04
93ID1E+04
9990E +04
0642€+04
1306E +04
1989E+04
2666E +04
IIFOE+04
4120E+04
4074E+04
S430E +04
6421E+04
7232€+04
B043E +04
o883 +04
FTATE+04
04JJE+04
1349 +04
2460E+04
J64TE04
4899E+04
&172€+04
T309E +04
8919E+04

. O4J1E+04

2078€ +04

661



POSITION

e e e e E R e e RBBNNNNG P PP NUUUALLAUUUUNNNN === gNANO

(METERSB)

O000E +00
4900E-03
9800E-03
4700€-03
9600E-03
2430E-02
4940E-02
7430€-02
9920€E-02
. 2410E-02
4900E-02
7I90E-02
96880€-02
2370E-02
4860€-02
7I%0E-02
9640€-02
2330€-02
4820€ -02
7310€-02
9800€-02
2290€-02
4700€-02
7270€E-02
97860E~-02
. 2A0E-02
. §7840E-02
7230E-02
9720€-02
2210E-02
4700E-02
7190€E-02
9680E-02
2170€E-02
4660€-02
71%0€-02
9640E-02
2130E-02
4420€E-02
7110E-02
V600€-02
0209€-01
0436E-01
0707€-01
0956E-01
120%€-01
1434E-01
1703€-01
1932€-03
2201€E-01
2450€E-014

L1Q. FANNING
FRIC. FACTOR

HEAT ING
ADJUSTED

P Y Y Y Y Y Y Yy T Y Y Yy S L LT Y]

3669E-03

. 1336€E-03
. 1414E-03

1460E-03
1522€-03
1974€-0)
1623%-03
1673%€-03
1724€-03
1772€-02
1019€-03
1864E-0)
1909€-03
1932€-03
199303
2037€E-0)
2078€-03
2117€-03
21%6E-03
2194E-03
2232€-03
2268E-03
2304E-03
2030E-03
2372€-0)
2406E-02
F438E-07
2470€E-03
2301E-03
2331E-0)
2361E-023
2990€-03
2618E~02
2646E-0)
2673€-03
2699€-03
2739%E-03
2730€-03
2779%-03
2799€-03
2022€-03
2043E-03
2867E-03
2009€-03
J001E-0)
31432€-0)
3287E-02
J4260€-0I
JII96E-0I
I7686€-03
J39306-03

TNO-PHABE
"N
FRICTION
MATIPLIER

. 0000E +00
OO0OE +00
0000E+00
0000E +00
. 0000E+00
O000E +00
O0000E +00
. 0000E+00
. 0000E+00
0000E +00
0000E+00
. OODOE+00
0000€+00
OO00E +00
OO000E +00
0000E +00
O0000E +00
0000E +00
0000E+00
0000E+00
0000E +00
OO000K +00
0000€+00
. O000E+00
0000E +00
OO00E +00
O000E +00
. OO00E +00
. OOOOE+00
0O000E+00
GO00E +00
0000E+00
0000E +00
0000E +00
. OO00E+00
. OO00E+00
0000E +00
OO000E +00
OOO0OE +00
0000E +00
0000E+00
. 0000E+00
. 0000E+00
0000E +00
. O001E+00
. O014E+00
. 0032E+00
. 01J4€+00
. 0284E+00
0339€+00
. O937E+00

DP/D1
FRIC.
(PA/M)

1063€+09
2963 +03
I3123€+09
3264E+03
J492€+09
J620E+03
J791E+09
JI9464E+03
S141E+03
4320E+03
4303E+09
4488€ +03
4977€+09
3049E+09
3269€+09
S444E+09
364TE+09
S873E+09
H6004E+09
6290E +09
6316E+09
6T7IVE03
&967E+0d
T199€+09
T4I6E+0d
7670E+09
7924E+03
B8176E+09
B434E+03
B49TE+0S
B966E+03
F241E+09
9922€+03
9810E+09
03104E+09
0406E+03
O714E4+03
$1030€+03
1334€+03
1887E+09
2027€+03
2I7T7E+0d
2736E+03
3104E+09
2961E+03
1736E+03
O9S0E+03
0IIVE+0I
9604E+0d
F113E+03
8813E+09

000000000000 000000000000000000000000000000000000000

oP/D1
CRAV.
(PA/M)

0000E +00
OO00E +00
O000E +00
OO000E +00
0000€+00
OO000E +00
0000E +00
0000E +00
0000E +00
OO000E +00
O000E +00
OO000E +00
0000E +00
0000€ +00
0000€ +00
O000E +00
0000E +00
0000E +00
OO000E +00
O0000E +00
0000 +00
0000E+00
0000E+00
0000E +00
OO000E +00
0000E +00

~&

~6.
-6.
-6.
-7.
~7.
-7.
~-7.
~7.

-9

-9
-9.
-9.
-1
-1
-3
-1.
-1
~1.
~-1.
-3
-1.
-1
-1.
~1.
-1.
-1.
-3.
-1
-1
-1,
-1
~1.
-1
-1.
~1.
-3
-7.
-1.
-2.
-3
-6,

orP/DL
ACCEL.
(PA/M)

. O000E +00

2837€+0)
468B9E+03
7276E+03
9934E+0)
1068E+00
J698E+03
6J4TE€+0I
B308E+02
0776E+02
291 1E+00
S082E+03
T7291E+0D
Y929E+0D
2609€+02
&4940E+02
&4323E+03
F7I4E+0D
1793€+00
4299€+00
6437€+02
9864E+0D
0210E+04
O437E+O4
073 2E+04
OP92E+04
1233€+04
1324€4+04
1820K +04
21 68E+04
23406+04
2654E+04
2930E+04
IJ49E+04
JIJGBE+04
J001E+04
4229€+04
4486E+04
4949E+04
3169E+04
3547€+04
S003E+04
&IATE+O4
4379€+04
9603%E+04
61 98E+04
1949E+04
3A37E+09
2A996E+03
B104E+03
1037€E+03

VAN R e cmmnes e eesddB80BVNGPOUUlIALWBRAN =00 WD

DELTA-P
FRIC.
(PA)

. ODOOE+00
. J089E+02
437%€+02
7464E+02
3076E+03
SO48E+0D
FV61E+03
I310E+0I
6818E+03
0362€+03
JI993€+03
7987E+03
1269€+03
4999€+03
B776E+03
2603€+03
&480E+0D
O408E+03
4300E+03
BG421E+0)
2306E+03
6LHA9E+0D
OBATE+03
5102€+03
P9416£+02
J709€+03
BIA2E+0I
0273€+04
O728E+04
1190E+04
1699E+04
2139€+04
2618E+04
3100E+04
J409E+04
. 8109E+04
A4621E+04
. S141E+04
S66YE+04
6203E+04
&730E+04
T7I03E+04
TOLIE+08
B4I5€+04
FO0SE+04
9937€+04
OO008E +04
0600E+04
1096E+04
1977€E+04
2049E+04

©00000000000000000000000000000000000000600000000O000

DELTA-P
CRAV.
(PA}

0000E +00
0000€+00
0000E+00
0000E+00
0000E+00
0000£+00
0000E+00
0000E+00
0000E+00
0000E +00
0000€+00
0000€+00
Q000E+00
0000E +00
0000E+00
0000€+00
0000£+00
0000E +00
0000E +00
0000£+00
0000E +00
0000E +00

O000€ +00

0000E +00

0000E+00
0000E+00"
0000E+00
0000E +00

AN e e e e d IR EBNNNG P CUUU AR AUULUNNNNN e m =B NAAN=D

DELTA-P
ACCEL.
(PA)

00D0E +00
2906E+01
&3346E+01
034BE+01
493 1E+01
008 3E+01
34649E+01
O180E+02
1869E+02
JI98E +02
33668E +02
7232€+02
9136E4+02
1097E+02
J117€E+02
3196E+02
73IJAE+02
9I34E+02
1792€+02
4313€+02
6493E+02
@941E+02
1448€E+02
4021E+02
6639E+02
9363E+02
2133%E+02
4976E+02
7062€+02
. 0B&60E+02
J907E+02
TO24E+02
021 8E+02
J480E+02
S8ILE+02
O23IE+02
3734E+02
7329E+02
0Ov87E+02
A7I0E+02
9953€+02
0247E+03
OL44E+03
1036E+03
1489E+03
2161E+03
J478€E+03
3993E+03
0477€+03
B0O40€E +03
O401E+02

NAURNNRNUN e e e e rrneseenenuenend B08NNSCRUURLALUURNNN"=~0WO

DELTA P
TOTAL
(PA)

O0O0E +00
3360€ +02
7211E+02
01S0E+03
3623E +03
7346€+0)
O718E+03
4337€E+03
@004E +0J
1 722€+03
S491E+03
9310€+03
J103E+03
7100E+03
1080€E +03
S123€+03
9214E+00
JI62E +0I
7360E+03
1832€ +03
6197E+03
0943€ +03
4992€+03
9304E +03
4081E+00
9729%€+03
0J344E+04
0822€ +04
$307€E+04
1799€+04
2298E+04
2003 +04
3320€+04
3043E+04
4373E+04
49126404
S499€+04
$013E+04
&379E+04
7133€+04
7733E+04
@327 +04
@929€+04
9341E+04
0195 +04
0773E+04
1836E+04
2200E +08
J3143E+04
4301E+08
6089€+04

00¢



e R e e e eeg00dB00ANNNNS PO UUUUALAAULLUNNNRN === dNaND

POSITION
{METERO)

O000E +00
4900€-03
9600E-03
4700€-03
9600€E-0J
2450€E-02
4940€E-02
7430€-02
9920E-02
2410€-02
4900E-02
7390€E-02
9660€-02
2370€-02
4860€-02
7J3%0€-02
9040€-02
. 23J0€-02
40820€-02
7310€E-02
9800€-02
22906-02
. 4700E-02
7270€E-02
9760€-02
223%0€E-02
4740€E-02
73230€-02
9720€-02
2210E-02
4700€E-02
7190€-02
9600€-02
2170€-02
4660E-02
7130€-02
9640E-02
21J0€-02
4620E-02
7110€-02
9600E-02
0209€-01
0438E-01
. 0707€-01
O0936E-01
. 1209%E-01
. 1498E-01
. $703E-03
. 1932€-01
2201€E-01
2450E-01

DANAUDUOO000000000000000000000000000000000000000000

O0000E +00
0000E +00
O000E+00
a118€-08
1270€-07
A933€E-06
B08YE-06
266J€-09
9960€-03
6619603

NON-EQUIL

FLOW
vo1o

FRACTION

U= ENULO00000000000000000000000000000000000000006609

0000€+00
7292€E-09
2210E-04
2443€-03
33I73E-00
4424E-02
8849€-02
3024€-02

ATTACHED

WALL
voIo

FRACTION

NG e R e e e e e e, e e e e I 4BRB NN P UUU A AUUNNN =20

Q000K +00

. 2093E-03

4139€-03
2631E-02
6832¢€-02
1080E-02
9212%-02
9333€-02
IB01E-02
B034E-02
2I19€-02
6989E-02
08468E-02
3136€-02
9433€-02
J764E-02
B8079€-02
24068E-02
674602
1099€-02
3461E-02

. 90426-02

4237¢-02

. BH4TE-02

0307E-01

. 0731€-01

1197€-01
1644E-01
2093€-01
2343€-01

. 2996E-01
. 3430E-01

IP04E-01
4364€-01
4825€-01

. 328701
. 5732¢-01
. 6219€-01

6608E-01

. 7199€-0t
. 76330t

81 10E-01
@8390€-01
907201

. @19%-01
. 6730E-01
. 9248E-01
. 3620E-01
. 1874E-01

9403%-02

. 7739e~02

WALL BUBBLE

AUND OG> == =ndddSBORONNNGORCUBUURARIILWWUUNNRNRN == VAN

LAYER
THICKNESDS
(METERS)

0000E+00
3103E-06
0234E-04
S397€-06
00%9€~09
2982€-09
9109€-09
7440E-03
0176E-09
2716E-03
9260€-03
7809€-03
03463€-09
292IE-09
3406€-03
8039E-03
O06I6E-03
3220€-09
5811E-09
B408E-03
1012€-09
J626E-03
6230€-09
0682€-09
1923€-09
4174E-03
6834E-09
9303€-09
2182€-03
4871E-03
7371E-0%
0262%-09
3009€-03
3740€-09
840VE-03
1249€-09
4023E-0%
6808E-09
9609€-09
0242€-04
0923€-04
0810E-04
1096E-04
1J84€-04
0837E-04
99681E-09
1013E-03
1339€-093
0874E-09
9339%€-09
6402€-09

PEENNNNNNNNNNNNNNNNNG PO ROOPO 000000 ROODPOOO0OOOOORS

CORE

MABS

FLUX
(ne/n2-8)

0713€+03
0971E+02
1230E+03
1492€+03
17346E+03
2022€+03
2292€+03
2964E+03
2039€+02
J117€+03
J396E+03
3682€+00
3969€+00
4299€+03
4933€+03
4830E+03
3190E+00
3434E+0)
9762€+03
&073E+03
6I89€+03
&708E+03
7032€+00
7360E+03
76926403
0029€+02
@370€+03
8714E+03
9067€+03
V4234 +03
97046+00
0190E+03
0922E+0)
0B99€+03
1282€+03
1671E+03
2067€+03
2460E+02
2076E+03
3291E+03
IA713E+02
43142€+00
4379€+03
S024E+03
4183€+03
2931E+02
1636E+00
0297E+03
BU93E+02
7417€+03
3633E+03

- e e e G e e e e B b B S R M6 Gn B G G S N B R e B e b b R kS B B b M am b b 00 We 0n we we v we te R RS R AU A)

QAMBILL
CHF
(W/M2)

. 0817€+07
. 0316E+07
0213E+07
0100E+07
0000E+07
9990E+07
9778€+07
P6L4E+Q7
. 9348E+07
. 9429€+07
9309E+07
. 9186E+07
. Y062E+07
@933E+07
B8806E+07
B8473E+07
8341E+07
. B803KE+07
. B260E+07
. B120€+07
7984€+07
. 7842E+07
T493E+07
. 7346€+07
7393E+07
7242€+07
7087€+07
. 6929E+07
. 6770€E+07
6608E+07
. 6444E+07
. 6278€+07
. 6110E+07
3940€+07
. 9767€+07
. 9992E+07
. 3419E+07
. 9236K+07
. 3033k +07
. 4872€+07
. 4687E+07
. 4499€+07
4308€+07
4116E+07
J9I1E+07
J747€+07
3360€+07
J369E+07
. JNTIE+0?
. A962€+07
2733E+07

NNNUNNNNLNNRNANN NN NG U LU UL UYL NU LN YN UL UL W YW W

CHF
BAFETY
FACTOR

7733400
7348€+00
7337€+00
7163E+00
&6964E+00
6761E+00
6994E+00
6343E+00
6&120€+00
9909€+00
3684E+00
34460E+00
3230E+00
4993€+00
4797€E+00
4314€+00
42467€+00
4017€E+00
3762€+00
3904E+00
J241E+00
2973E+00
2704E+00
2429€+00
2130E+00
1867E+00
1979€+00
1280€ +00
O0994E+00
0693E+00
0392€+00
00846E+00
9773 +00
94460€+00
9141E+00
8818E+00
B490E+00
a8160E+00
7823€+00
7486E+00
7143E+00
&6796E+00
&6443E+00
6089¢ +00
S747E200
3404E+00
3062€E +00
4709€+00
4343€+00
J9346E+00
3337E+00

10¢



POSITION

e e e e R Eeeddd000ONNNNS PO UUUUALAAUUULNNNN====3NaNO

(METERS)

O00O0E +00
4900€-03
9800E-03
4700€E-03
9600E-03
2430E-02
4940€-02
7430E-02
9920€E-02
2410€-02
4900E-02
7I90E-02
9880E-02
23706-02
4860E-02
7330E-02
98940E-02
2330E-02
4020€-02
7310E-02
9800€E-02
2290E-02
4780E-02
7270E-02
9760E-02
223%0€E-02
4740E-02
72J0E-02
9720€-02
2210E-02
4700€-02
7190E-02
9680€-02
2170E~-02
46460602
71350€-02
F640E-02
2120€-02
4620€-02
7110E-02
9600E-02
0209€-01
0458E-01
0707€-0t
O0936E-08

. 1203€-01

. 1434E-08
1703€-01

. 1992€-01

2201E-01

. 2450E-01%

Ly Ly T Ly Y Yy Y L L L LY

CP(TD)
{J/RO-K)

1709€+02
1787€+023
1767€+03
1 7600€E+02
1708€+03
17688€+03
1766€+03
1700€+03
1789€+03
1769€+03
1791€+03
1793€+03
1796E+03
1799€+03
1801E+03
1004€+03
1806E+023
1909€+03
1912€+03
1813¢+03
1620€+03
1824E+0)
1028€+03
1832€+03
1836E+03
1840€+03
1844E+03
1848€+03
1834E+02
1840E+03
1863E+0)
1871E+03
1877€+023
1083€+03
1060E+03
1894E+03
1900€+03
1900E+03
1913%€+03
1922€+03
1930€+03
1937€+03
1943€+03
1932€+03
1939€+03
1967€E+0)
1977€+03
1986E+03
1996E+03
2009%€+03
2019€+03

..t T e R B B e hn e G e e G B B B e M e AR NS D R G e B S B ke B S SR e e RS RS ke R B RS RS M6 G s e e Be

VF(TS)
(MI/NG)

O040E-03

. OO44E-03

0047E-02

. 0031E~-0J

0033€-03
00%9€E-03
0063E-00
O0&67E-03
0071E-03
0076E-03
0080E-03
008303
0090E-03

. O094E-0D
. O099E~-03
. 0104€~-03

0109€-03
0114E-03
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Appendix D

Flow Conditions for Each of the Experimental
Data Runs Selected and Flow Parameter Plots of

the Two Major Experimental Datasets Reviewed
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Experimental Data Flow Conditions

DResignation Parxameter SI Units

D&B Fig. 1lla™: g/A
\'

T

Pex
Dji
G
L
L/D

D&B Fig. 1lb: gq/A

D&B Fig. 1llc: gq/A

D&B Fig. 1l1d: q/A

*Note:

8.46 x 106 W/m2
6.1 m/s

302.59 deg K
2.07 x 10° Pa
2.3876 mm
6071.5 kg/m2s
0.1245 m

52

7.67 x 106 W/m2
6.1 m/s

302.59 deg K
2.07 x 10° Pa
2.3876 mm
6071.5 kg/m?s
0.1245 m

52

6.91 x 106 W/m2
6.1 m/s

302.59 deg K
2.07 x 103 Pa
2.3876 mm
6071.5 kg/m?s
0.1245 m

52

3.78 x 106 W/m2
6.1 m/s

302.59 deg K
2.07 x 10° Pa
2.3876 mm
6071.5 kg/m?s
0.1245 m

52

English Uni

2.68 x 106 Btu/hrft
20 ft/s

85 deg F

30 psia

0.094 in

1243.5 1lb/ft2s

4.9 in

2.43 x 106 Btu/hrft?
20 ft/s

85 deg F

30 psia

0.094 in

1243.5 1b/ft2s

4.9 in

2.19 x 106 Btu/hrft?
20 ft/s

85 deg F

30 psia

0.094 in

1243.5 1b/ft?s

4.9 in

1.2 x 106 Btu/hrft?
20 ft/s

85 deg F

30 psia

0.094 in

1243.5 1b/ft2s

4.9 in

Letter designation after number is our notation

refering to one overall pressure drop vs. heat
flux curve appearing on the Dormer and Bergles

figure.
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Desi . p SI_Uni English Uni
D&B Fig. 17: T.S. 31
v 6.1 m/s 20 ft/s
T 302.59 deg K 85 deg F
Pex 2.07 x 103 Pa 30 psia
Dj 2.3876 mm 0.094 in
G 6071.5 kg/m2s 1243.5 1b/ft2s
L 0.1245 m 4.9 in
L/D 52
Inner Wall Heat Flux Levels:
0, 0.63, 1.26, 1.89, 2.52, 3.15, 3.78, 4.42,
5.05, 5.68, 6.31, 6.62, 6.94, 7.25, 7.57,
7.89, 8.2, 8.45 MwW/m?
0, 0.2, 0.4, 0.6, 0.8, 1.0, 1.2, 1.4, 1.6,
1.8, 2.0, 2.1, 2.2, 2.3, 2.4, 2.5, 2.6,
2.68 x 106 Btu/hrft?
D&B Fig. 19: T.S. B10O
v 3.05 m/s 10 ft/s
T 299.82 deg K 80 deg F
Pex 5.38 x 10° Pa 78 psia
Dj 4.5847 mm 0.1805 in
G 3038.6 kg/m2s 622.33 1b/ft2s
L 0.4572 m 18.0 in
L/D 100
Inner Wall Heat Flux Levels:
0, 3.15, 6.31, 9.46, 1.26, 1.58, 1.89, 2.21,
2.52, 2.84, 3.15, 3.47, 3.63, 3.78, 3.94, 4.1,
4.19 MwW/m2
6, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8,
0.9, 1.0, 1.1, 1.15, 1.2, 1.25, 1.3,

1.33 x 106 Btu/hrfte



Designation Parameter SI Units

D&B Fig. 28: T.S. D100
v 9.14 m/s
T 299.82 deg K
Pex 3.45 x 10° Pa
D 1.5748 mm
G 9115.6 kg/m2s
L 0.1509 m
L/D 96

Inner Wall Heat Flux Levels:
0, 0.63, 1.26, 1.89, 2.52,
5.05, 5.68, 6.31, 6.94,

English Uni

30 ft/s

80 deg F

50 psia

0.062 in
1866.96 lb/ft2s
5.94 in

3.15, 3.78, 4.42,

7.57, 7.89, 8.2, 8.52,

8.831 9-15' 9.46' 9.68 MW/m2

0, 0.2, 0.4, 0.6, 0.8,
1.8, 2.0, 2.2, 2.4, 2.5,
3.0, 3.07 x 106 Btu/hrft?

D&B Fig. 19a: T.S. Bl1l00
v 6.096 m/s
T 299.82 deg K
Pex 3.4474 x 10° Pa
Dj 4.5847 mm
G 6076.8 kg/m2s
L 0.4572 m
L/D 100

Inner Wall Heat Flux Levels:

1.0, 1.2, 1.4, 1.6,
2.6, 2.7, 2.8, 2.9,

20 ft/s

80 deg F

50 psia

0.1805 in
1244.59 1b/ft?s
18.0 in

o, 0.63, 1.26, 1.89, 2.52, 3.15, 3.47, 3.78,

4.1, 4.42, 4.73, 4.89,

5.68 MW/m2

0, 0.2, 0.4, 0.6, 0.8,
1.4, 1.5, 1.55, 1.6, 1.66,

1.8 x 106 Btu/hrft?

5.05, 5.24, 5.36, 5.49,

1.0, 1.1, 1.2, 1.3,

1.7, 1.74,
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Designation Parameter SI Units
D&B Fig. 24: T.S. 50b

v 9.144 m/s

T 299.82 deg K
Pex 2.0684 x 105
Dj 3.0734 mm

G 9114.6 kg/m2s
L 0.1499 m

L/D 49

Inner Wall Heat Flux Levels:
0, 0.63, 1.26, 1.89, 2.52,
5.05, 5.68, 6.31, 6.94, 7.

10.1, 10.4, 10.7, 11.0, 11.4, 11.7, 12.

12.2 MW/m?

Enalish Uni

30 ft/s
80 deg F
30 psia
0.121 in

1866.8 1lb/ft?s

5.9 in

3.15, 3.78,

4.42,

57, 8.2, 8.83, 9.46,

0,

o, 0.2, 0.4, 0.6, 0.8, 1.0, 1.2, 1.4, 1.6,

1.8, 2.0, 2.2, 2.4, 2.6, 2.8, 3.0, 3.2,

3.3,3.4, 3.5, 3.6, 3.7, 3.
3.86 x 106 Btu/hrft?

D&B Fig. 18%b: T.S. B1l0O

v 6.096 m/s

T 299.82 deg K
Pex 5.4481 x 10° pa
Di 4.5847 mm

G 6077.2 kg/m?s

L 0.4572 m

L/D 100

Inner Wall Heat Flux Levels:
0, 0.85, 1.58, 2.11, 2.59,

8,

20 ft/s

80 deg F

78 psia
0.1805 in
1244.7 lb/m2s
18.0 in

3.03, 3.31,

3.91,

4.57, 5.01, 5.2, 5.42, 5.65, 5.83, 5.99, 6.15,

6.28, 6.34, 6.5 MW/m?

0, 0.27, 0.5, 0.67, 0.82,
1.45, 1.59, 1.65, 1.72, 1.
1.99, 2.01, 2.06 x 106 Bt

0.96, 1.05, 1.24,
79, 1.85, 1.9, 1.95,

u/hrft?
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Desi . P SI Unit

Reynolds #115: q/A
T
Pin
Di
G

L
L/D

Reynolds #129: q/A

0&S Run 182: q/A
T

0&S Run 210: g/A

0&S Run 245: q/A

5.48 x 105 W/m2
375.37 deg K
3.0675 x 10° Pa
9.5250 mm
3181.4 kg/m?s
1.8288 m

192

9.59 x 105 W/m?
381.48 deg K
6.8630 x 10° Pa
9.5250 mm
3181.4 kg/m2s
1.8288 m

192

8.96 x 105 W/m2
366.48 deg K
3.5970x 103 Pa
4,633 mm
1734.82 kg/m2s
0.4064 m

88

3.48 x 106 w/m2
368.7 deg K
1.4040 x 106 Pa
4.633 mm
3198.05 kg/m?s
0.4064 m

88

1.79 x 106 W/m2
351.2 deg K
1.4010 x 106 pPa
2.9990 mm
1987.18 kg/m2s
0.3810 m

127

208

English Uni

1.7 x 10° Btu/hrft?
216.0 deg F

44.49 psia

0.375 in

651.6 1lb/ft2s

6.0 ft

3.04 x 10° Btu/hrft?
227.0 deg F

99.54 psia
0.375 in
651.6 1lb/ft?s
6.0 ft

2.84 x 10° Btu/hrft?
200 deg F

52.17 psia

0.1824 in

355 1b/ft?s

16.0 in

1,10 x 10% Btu/hrft?
204.0 deg F

203.63 psia

0.1824 in

355 1b/ft?s

16.0 in

5.66 x 10° Btu/hrft?
172.5 deg F

203.2 psia

0.1181 in

407.0 1b/ft?s

15 in



Desi .

0&S Run 253:

0&S Run 208:

0&S Run 215:

0&S Run 255:

Parameter SI Units

q/A
T
Pin
Dj
G

L
L/D

g/A

4.01 x 106 W/m?
359.5 deg K
2.7850 x 106 Pa
2.9990 mm
3617.94 kg/m3s
0.3810 m

127

2.07 x 106 W/m2
368.15 deg K
6.8427 x 10° Pa
4,633 mm
2475.43 kg/m2s
0.4064 m

88

3.53 x 106 wW/m2
364.26 deg K
2.7746 x 108 Pa
4.633 mm
2285.01 kg/m2?s
0.4064 m

88

3.91 x 106 w/m2
364.82 deg K
1.0959 x 106 Pa
2.9990 mm
5321.94 kg/m?s
0.3810 m

127

English Uni

1.27 x 108 Btu/hrftb
187.5 deg F

403.93 psia

0.1181 in

741.0 1lb/ft?s

15 in

6.57 x 105 Btu/hrft?
203.0 deg F

99.22 psia

0.1824 in

507.0 1lb/ft2?s

16.0 in

1.12 x 108 Btu/hrft?
196.0 deg F

402.31 psia

0.1824 in

468 1lb/m?s

16.0 in

1.24 x 108 Btu/hrft?
197.0 deg F

158.99 psia

0.1181 in

1090.0 1b/ft2?s

15 in
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Rormerx and Bergles Flow Parameter Space
N(T,V,P) N = D&B Figure Number
T = inlet Temperature
P = Exit Pressure
V = Inlet Velocity
Dormer and Bergles presented most of their experimental
data in overall pressure drop vs. heat flux curves for a
variety of combinations ¢of temperatures, velocities and
pressures. Each point on the above figure represents a number
of overall pressure drop vs. heat flux curves at different
tube diameters. One factor influencing our choice of
experimental data for use in the code validation procedure was
the need to pick curves which covered a sufficiently wide
range of flow parameters. The temperature, velocity, pressure
plot shows the flow conditions of the data we selected. We
also included at least one run for each of the test sections
that Dormer and Bergles had examined in order to validate the
code over a range of tube diamters.
Qwens and Schrock Parameter Space
N(T,P,G) N = O&S Run Number
T = Inlet Temperature

G

Inlet Mass Flux

P

Inlet Pressure
A parameter space plot of the Owens and Schrock

experimental data is shown similarly in the next figure. The
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same reasoning was used to select experimental data for the

code validation from their database.
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Appendix E

Estimation of One-Sided Heating

Adjustment Factors



The current set of equations used in the final code version
ASCBS53 to calculate the pressure drop assume that a
circumferential and axial uniform heat flux is applied to the
tube surface. However, there are many SCB cooling system
designs which make use of heating from only one side of the
tube. In order to modify the current code for these
situations, two axially uniform, one-sided profiles have been
considered. They are the (1l.) Ene-sided uniform, and (2.)
one-sided cosine profiles. It is assumed that the present
uniform heating equations can be multiplied by reducing
factors to account for approximately half the heat added to
the tube. This method is meant only as a first approximation
to the actual physical situation and must be verified by
comparison to the experimental data under one-sided heating
conditions.

The three types of heating profiles are listed below. The
current equations are based on profile PO, but modified for

profiles Pl and P2.

PO: g"(8) = constant
* max
for -180° < 6 < +180°
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P1l: qn(q) - qumx

for -90° < 8 < +90°

N

- e,

P2: q"(8) = q",.cos(0)

for -90° < 8 < +90°

The amount of heat into the tube will first affect the
steady state energy balance equation. The average gq" energy
into the tube(from -180° to + 180°) is found for profiles Pl

and P2 using the definition of an average.

-n/2 jO " /2 _, jn
S__n 0 dB +) /s I"payd® +So Q"maxd® +) 0 df
Pl: q" =
R - (-%)
q”mx

2

In similar fashion,
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L]
max

T

P2: gq" =

These gq" equations are then substituted into equations using
an average gq"(i.e. the energy balance egquation)

4 np 9" max

To(z) =T, +
2) = — X
b bin G D cpf

where

ny = 1.0 for PO

= 0.5 for P1

= L for P2
b

The predicted onset of significant net vapor generation and
the bulk boiling points are then calculated from the same

equation, however rearranged as

~ G Cpf

z = T - T
OSNVG % D ny q"pay Tooswve ~ Toin)

~ G Cpf

Zopg = (Tgar = Tp, )

XD n1 qQ"nax in

The adjustment for equations utilizing local g" values(i.e.
ONB and SCB equations) are made in a similar manner. The
half-sided uniform heating case will be presented first,

followed by the half-cosine case.

In both one-sided heating cases, it is idealized that vapor

generation can take place only on the heated portion of the

tube surface. For illustrative purposes, assume that the tube

can be divided into two halves with heating occuring on the

top half only. For the uniform one-sided heating case, vapor
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generation on the top half would ideally occur at the same

rate as in the full uniform heating case. Thus, the ONB and

OSNVG points would be predicted at the same ATsat (onB) and
ATgub (0sNVG)» Trespectively. No vapor is assumed to be generated
from the bottom half and the ONB and OSNVG points are not
defined for the bottom half. This means that the adjustment
factors for the ONB and OSNVG AT's should be equal to 1.0.
Keep in mind that the bulk temperature rises along the tube
only half as fast as in the full uniform heating case.
Intuition tells us that the distances of ONB and OSNVG from
the tube inlet should be approximately twice their
corresponding full uniform heating values; hence requiring
adjustment factors of 1.0 on ATsat (onB) and ATsub(0SNvG) because
factors of less than 1.0 would cause those distances to be
less than twice the full uniform heating values.

Because one-half the vapor is formed along the tube as
compared to the full uniform case, the adjustment factors on
the attached wall bubble layer and flow quality would
correspondingly be 0.5. Because the void fraction a' is a
direct function of flow quality x', an adjustment of x' will
effectively adjust a'.

The adjusted equations for uniform one-half-sided heating

are given as

ATsat (0sNvG) = D, o.oozz[-"?"] for Pe < 70,000
ATsat (0sNvG) = 1, 153.8[59%—{] for Pe > 70,000
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T = n, [_CL_]

where n2 = 1.0 for PO

= 1.0 for P1

B " r -
+n .

R
ATsac (onm) = Imax-active 3 ke

where ny = 1.0 for PO
= 1.0 for P1

%' (@) Cpt ATsub(oswvg) (2% - T7)
x' = n
4 |itg - cpf ATsubosnvgy (1 = T7)

E“(Z) - - x'(2) -
Pe - Pg) Ugy P
A S i - S ' pat" §
{ £ }X (Z) + [Co + ae 4 ]
(3 f inlet

Pt

where n, = 1.0 for PO
= (0.5 for Pl

~

Q'yall = N5 @' a1y

where ng = 1.0 for PO
= 0.5 for P1

The heat transfer coefficient in the top half is given by

the same equations used for the full heating case, hence no
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adjustment factors are needed. For the bottom half, no heat
is assumed to be transfered.

For the ocne-sided cosine heating profile, it is assumed
that heat applied near 6 = -90° and +90° contributes minimally
to the heating of the fluid and vapor generation because of
the cooling effect of the non-heated liguid on the bottom half
of the tube. Thus, the end sections of the gq"(8) curve with

q" < 0.5 g" will be ignored as a rough first approximation.

max

This assumption is illustrated below.

7 \\\%%

-90" -¢0° ° +0" .q0° o

The total Q" now into the tube is calculated as
+R/2
> L -j_“/z Q"pax COS () d6
= V3 Qpay
as compared to

+n/2

Qeot -5-n/2 Q" max COS(0) db

- 2 q llmx



for the full one-sided cosine q" profile. The total q" now

into the tube(i.e. gq".,.) can be thought of as being reduced

by a factor of

[q"tot'

" = ﬁ = 0.866
9 ¢ot J1-sided cos 2

for the ONB and OSNVG equations.

If we were not to ignore the end heating portions of the
heating profile, then the adjustment factors for the ONB and
OSNVG equations would be exactly the same as for the Pl
heating profile case. The above factor is applied to these
equations in order to account for the ignored end heating

yielding the appropriate reduction factors for the P2 profile.

P2: n, = 0.866 vs. 1.0 for P1

ny = 0.866 vs. 1.0 for P1l

In a similar way, some amount of vapor at the ends is also
ignored because of the cooling effect assumption. The
unwrapped attached wall bubble layer would look like(for a

unit tube radius)

+ig0°

- 90°

-1%0°
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Thus the reduction in vapor formation and flow blockage is

calculated as(asumming unit tube radius)

Auniform heating = 2r }
+r/3
Acos less ends -S-N/B 1 cos(8) d@
- V3 f
A
n, = ng = cos less ends ﬁ- 0.28 for P2

Auniform heating 2%
Summarizing the reduction factors for the one-sided cosine

heating profile P2,

P2: n, = 0.866
ny = 0.866
ng = 0.28
ng = 0.28
The reader is reminded that these adjustments to the full
heating equations are meant only as rough estimates for the

two one-sided heating cases.

222



223

Appendix F

Review of Gambill Critical

Heat Flux Correlation
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A general equation predicting the critical heat flux (CHF)
for forced-convective flows of wetting liquids was proposed by
Gambill([30]. This equation is based on the premise that the
critical heat flux can be characterized as consisting of two
contributions, (1) the boiling contribution in absense of
forced convection, and (2) the equivalent forced convection
contribution in absense of boiling. These terms are
independently formulated and added to yield the total heat

flux at burnout. The equation is given as

b0 = (%) poiy * (%) o

0.25
G (9.81) A 0.923 AT
= K ifg Pv [ ( 2) p] X [1 + 24 Sgg—viﬂg} +
Pv Pv 1fg

hpb (Tw = Tb)bo

The boiling contribution is found by

(¢bo)sub
(Poo) poi1 = (¢bo)poolnt = (¢bo)poolaat Fsub

(¢bo) sat Jpool

where
' o Ap 0.25
(®bo) poolsat = K ifg Pv |——— from Kutateladze[32]
v
and
0.923(c_ AT
Fegup = 1 + 4 (—%—s—ub) from Bonilla[33]
v ifg

and K is normally taken to be within the range of 0.12 to
0.17, with the exact value finalized from comparison to
relevant forced-convection CHF data. The convective

contribution is found by
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(duo) boj1r ™= hnb (Tw = Tb)bo

where hpp = 0.26(13(')Re°'8Pr°'333

Gambill's burnout heat flux equation has been compared with
a large quantity of experimental data (1326 points) over a
broad range of flow conditions.

Flow Velocities: 0.0152 - 53 m/s
(0.05 - 174 £t/s)

Pressures: 0.29 x 103 - 206.8 x 105 Pa
(4.2 - 3000 psia)

Inlet Subcoolings: 0 - 281.11 ©C
(0 - 506 °F)

Critical Heat Fluxes: 0.315 x 106 - 117 x 106 wW/m2
(0.1 x 106 - 37.4 x 106 Btu/hrft?)

For 96% of the representative CHF experimental data, the
predictions using the Gambill formula agree with the
experimental data with a maximum deviation of 40%.

Gambill states that the additive nature of his correlation
results in less shortcomings than most broad-range burnout
correlations.

Professor Hoffman compared the Gambill correlation to CHF
data for small diameter tubes and found that the Gambill
correlation should be modified in order to yield better
predictions for tubes less than 8 mm., This modification
follows the adjustment used in the USSR Academy of Sciences

CHF Table(see Collier[24] p. 261). The modification is given

as
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0.5
0.008
QPcrit = Qcrit (Gambill) [D(m) ] (D £ 8 mm)

The Gambill correlation was found to be the best,

conservative, broadest-range correlation for design use.
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Appendix G

Steam Data Output from the Code



[ AV W R

TSAT
(v

273.1600
24,8107
277.5945
280.3722
2811500
05,9278
2887058
291.4833
294,261
297.0309
299 8187
102.5948
308.3722
308.1500
310.9278
313.708¢
316.4833
3102611
322.0389
32¢.8167
327.4048
330.3722
333.1500
335,278
338.70%
3414833
144.2011
347,039
3490167
352,508
358.37122
158.1500
160.9278
343.105¢
366. 4033
369.261)
372.0389
bW ITY
377.594%
380.3122
383.1%0
384.261)
1844088
388.705%
3100.0167
392.038¢
3942618
398.3122
397,595
19060

pSAT
(PA)

6i1.2203

0888550

838.5033
191¢.5030
1226.9%10
14749270
17658160
2106.0040
2502.24%0
2%52.2630

3048 6700

4108.1040
13,4170
€421.5710
05647200
7896.2300
790,150
10142 8000
11670. 7400
13392. 3000
15327.0%00
17495. 4500
19920.3300
22625.8400
23637 4400
20982.8000
326%0.8000
38791.1200
41317.5200
430¢.5000
$1786.5200
§7805. 0400
64397.0400
71402.0500
794489000
$0044.0500
973740600
107503. 1000
118495, 3000
130393.7000
1432¢6. 2000
148499.2000
160068.7000
172140, 3000
178457.0000
1916536000
205636.1000
212930. 0000
220154. 8000
204260. 6000

vapOR
DENSITY
(RG/N3)

. 00485085
.00343348
00654938
00786067
00939409
01118038
01326471
01847211
01044995
02163180
02529304
00%46737
03422017
.03961 048
04571478
05260578
00035820
069042%
07880778
08960904
10101440
14529080
.15023140
14676990
.16501970
10514170
20725140
L23154760
.288112%0
.8722340
3109580
. 35350700
39110440
. 43192150
47610730
52409580
.5§7587230
63176780
49200210
15680140
82650340
B85TT000
91686010
90144340
1.01511200
1. 08510000
1.15916200
1.19764200
1.27759300
1.36108300

SAT
LIQUID
ENTHALPY
{386}

4978
$982.6520
10670.8000
30340. 3400
41991 4100
$3635.2300
£5267.%600
76890. 4800
$8506.9500
1001227000
111734.1000
123340. 0000
134949, 9000
1465566000
150165.7000
1697747000
185381.5000
192982900
204418.2000
214228.0000
227045, 0000
23%461.7000
251091.7000
262721.7000
204381, 1000
205981.7000
297433.0000
3092¢8.0000
320918.2000
3325%4.8000
344248.0000
38592¢.5000
347601.0000
3719277.6000
390977, 3000
402677.1000
414376.9000
4260999000
437823.0000
449%9.3000
461315.6000
404014.1000
4754344000
4840547000
4895765000
9099 . 8000
S08440. 3000
5131621000
$22620. 9000
$32095. 0000

cat
VAPOR
ENTHALPY
(30§)

2501¢11.00
2504627.00
25097%¢.00
2914871.00
291998300
2525106.00
28299%¢ 00
2535108.00
2540228 .00
2545342.00
25%0227.00
285534420
2540465.00
2545346.00
1570443.00
2973347 .00
2580252.00
2308340 00
299004.00
2998118.00
2600003 .00
260408800
2009772.0¢
2614424.00
2619309.0¢
2024193.00
2028045.00
2633497 00
2038149.00
204280100
2047483.00
2652108.0¢
205525.00
206094400
2605%96.00
207001800
2074202.00
2078622.00
208200900
200722800
2091415.00
2693043.00
209%299.0¢4
209955600
2001104.00
2704440.00
2707444.00
2709092.00
2112549.00
2155715.0
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e 38
403.1%00
4083722
406.4913
408.70%
410.927
412.0309
416.2011
416.4833
417,598
49,0187
422.0389
425.1%00
€28.3722
427.994%
20.70%
430.9210
433.1500
434.2811
434833
030,708
38018
442.0389
44,2611
43.3122
447,598
LN 1Y
59.21
453.1500
455.3722
4964883
458.70%
“w.om
42.038
04,2011
466.4033
447.9%%
“weMe
4720389
473.15%0
05,3122
477.59%4%
0%
WH.nun
403.1500
@4.2611
4964833
490.70%
0.0167
92038
494.2011
8.5
497.5%8
99,0167
0.2
$03.1500
ws. a2
$06. 4033
$00.705
$10.927¢
$12.038¢
914,201
916.4033
9175048
S19.0147
$22.0300

282451.5000
279129.7000
280487.0000
290191.4000
118172.4000
3319222.1000
3%0157.2000
372809.2000
3947933000
409203. 0000
4349489000
€0 983.2000
474000, 3000
$05047.9000
$3949%. 1000
$91256.4000
£03903.3000
618064 . 7000
438731.1000
472280 2000
104703000
730203.1000
7709718000
8135262000
0354840000
100812.1000
920041 . 9000
952420.0000
1002643 . 0000
10549670000
10019050000
11374140000
1195130.0000
12248400000
1285990, 0000
1349504 . 0000
1382171.0000
14493540000
15190600000
1554878.0000
16204930000
1704791, 0000
1743974.0000
1824429.0000
1907738.0000
1950486 . 0000
2038200, 0000
U293 0000
275490000
2270919.0000
2369549, 0000
2020060 .. 0000
5236080000
2630626 . 0000
2605439.0000
2797617.0000
2013300.0000
9726060000
3095005, 0000
32189550000
3282070.0000
3413732.0000
3548525. 0000
3617472.0000
$758401.0000
39034470000

140574500
149663300
1.59229300
1.44207700
1.74493100
1.08313100
1.9091870¢
2.02837200
2.14714100
2.21020500
1.34075100
2.47741400
2.54811400
269452200
2.04722100
2.92617500
3.00044500
3.25989300
3.34792100
3.5294%¢00
171925400
3.81701000
4.01879200
6.228%6200
4.33740300
4. 56080600
4.79336400
4.91310700
$.15992100
$. 41458400
. 54886500
9.82087400
6.50366700
6.20913700
£.54030%00
$.05927400
7.0191°700
7.34758200
7.68898500
1.86413800
0.22029700
§.5%020800
8.79024500
$.10487300
9.59361700
9.00322200
10.23479000
1668111000
10. 91027000
11.3007%000
11. 84905000
1211077000
12.6322600¢
13. 16366000
13. 43439000
13.99579%000
1457403000
1607171000
13. 40097000
16.11127000
16.43442000
17.09749%000
17.78328000
10. 13500000
18.85634000
19. 60236000

S3e817.50¢0
$44307 4000
$55797.7C00
900542, 8000
$7005¢.1000
§79509. 4000
§84291.2000
$93827.8000
403344 . 4000
4002490000
617705.4000
$27322.3000
6322068000
641743, 4000
651280.0000
6561646000
$63333.0000
$75470. 6000
$80355.0000
898914000
§9940 . 8000
704548, 4000
1145146000
12¢083.8000
120968 . 4000
738737.4000
7405048000
753391.4000
163160.4000
772929. 9000
1170144000
107816. 3000
797585. 4000
$02470.9000
§12471.0000
522473, 6000
$27350. 3000
$37340.000¢
$47361.8000
052479.0000
9624009000
$72482. 6000
877999006
087601, 6000
1978360000
9027200000
912955.0000
9231894000
920306. 4000
2385410000
48775, 4000
953892. 4000
964359. 4000
974590000
979943, 0000
990170, 3000
10006450000
1005995, 0000
1016462.0000
10269290000
1032279.0000
1042970, 0000
1053445.0000
1058795.0000
1069727.0000
1000427.0000

RITY Y I
37199200
2722814.30
2726444 .00
1727238.00
21302%%.00
2731455.00
273444400
2137281.00
2730633.00
174142400
174398200
274537800
274793700
2750495.00
275189100
2754217.00
2756775.00
2157938 .00
276020400
$7625%0.00
2763783.00
276564700
2768173.00
216%103.00
217119700
27132%0.00
Ma20. 00
1176314.00
2178125.00
MM08.00
2780%44 .00
27025% .00
270384.00
21705183.00
270654000
M0
278807400
0209
27909%8.00
PAzit i ]
219382600
1793991.00
7981%.00
1796085.00
19%783.00
2991713,
119411.00
1719887600
2119957400
W0272.00
200050400
00N 00
M8 00
201667.00
80190000
WM2132.00
200234500
M023465.00
2002345.00
1002365.00
M02132.0¢0
2001900.00
001647.00
2801202.00
100737.00
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1
119
120
121
122
128
12¢
28
126
127
12

139
130
13
132
133
154
33
136
B4
138
139
140
141
142
143
144
145
146
147

169
150
181
182
153
154
18§

187
158
19

16l
162
163

149
16
1]
18
10
1
m
mn
1
1§}
178
1%
mn
1
1

10
102

51,1500
§28.3723
$27.594%
$28.70%
§30.9278
$33.1%00
§3¢.2011
9304033
$38.70%
5398160
$42.0509
544.26011
945,372
$47.59¢8
$49 8147
§30.9278
$53.1500
§89.3723
§%6. 4033
§58.70%
sec. 92N
562.0309
$60.2611
$66.4833
$47.594§
%0167
$72.0309
$73.1500
§78.5723
§77.59¢%
§79.708¢
500.9270
$83.1500
he.20l)
$86. 4033
508.705
$89.01¢)
$92.030¢
§9¢.2611
$95.3723
$97.9%48
599 8167
600.9278
$03.1500
#05.3723
606. 4033
08,705
610.9200
612.058¢
614.261)
616.4083
617.5%%
19.0187
622,030
$23.1500
628.3723
627.5%%
628.70%
o.nn
6331500
434.2611
630.4083
630.70%
4390107
4420309
040.2011

J677386.0000
4129043.0060
42049540000
43645890000
4527107.0000
4694365.0000
4779653.0000
49538030000
§132940.0000
$2242% . 0000
$410730.0000
9602198.0000
$099827.0000
S099017.0000
61034460000
62076240000

20141.0000
40302040000

$749278. 0000

6975771, 0000

12079870000

1326300.0000

1567341.0000

7814380, 0000

1940210.0000

§190480.0000

$459040.0000

§592040. 0000

§864645.0%00

9143621. 0000

9205149.0000
95740600000

9869845.0000
100201500000
10326970. 0000
104399900000
10799260.0000
11124000, 0000
114563300000
11625250. 0000
119606 10.0000
125202¢40.0000
126988200000
128628400000
132544900000
134240%0. 0000
13808820.0000
14202510.0000
164024460.0000
14009940, 0000
152263000000
154387400000
1586%460.0000
16310950, 0000
165330100000
10991440.0000
17452900, 0000
17696000, 0000
10100100.0000
106751400000
189260000000
19439770, 0000
19945150.0000
20252470.0000
207740040.0000
21334450.0000

19 98511000
20.74975000
21.58124000
21.99734000
22.84068000
21.13387000
24. 18604000
25.11550000
26.0743%000
26. 56946000
17.58047000
20.602609000
29.10372000
30.26578000
31.40629000
31.99214000
33.19407000
3443868000
35.07921000
16.39071000
37.75090000
30. 45040000
39.90661000
41.37641000
42, 14105000
43.71613000
45, 38110000
46.19201000
47.92217000
49.12207000
$0. 64006000
§2.55746000
$4.54393000
$5.56757000
§7.68202000
$9. 00882000
61.02737000
+3. 38173000
5. 04044000
$7.12115000
69. 76403000
72.54411000
13. 99829000
76. 98594000
00. 14042000
01. 79700000
85.26006000
00.80776000
90. 79210000
94, 70942000
99.04447000
101.20010000
105.97730000
111.00040000
113. 64640000
11935370000
125.58570000
12893160000
136. 10730000
16400900000
148. 45660000
150.08210000
149, 34630000
175.83300000
191. 35600000
213.03980000

16887770060
10967080000
1107409 0000
1112991, 0000
1123923.0000
11348%3.0000
1140438.0000
1151603.0000
1162767.0000
11683500000
1179$15.0000
1190912.0000
1194495.0000
1207992.0000
1219522.0000
1225337.0000
12367340000
1248597.0000
1254412.0000
1264275.0000
1278137.0000
1203952, 0000
12940470000
1508143.0000
13141900000
13205100000
13388460000
134512¢.0000
13576840000
1370247.0000
1376527.0000
1309320.0000
14023460000
1608050.00%%
1422117.0000
1435375.0000
1442120.0000
14558440000
1449567.0000
1476545, 0000
14905010000
15044900000
15119000000
1526554.0000
1541440, 0000
15488840000
1564003.0000
1579507.0000
1987495, 0000
16035450000
16199270000
1628200.0000
1645413.0000
1662855.0000
1671929.0000
14912350000
1711471.0000
1721705.0000
17426390000
17642710000
1775436.0000
17989290000
18247470000
18382030000
1671035.0000
1912903.0000

28508563
2798404 .90
L798875.00
2798411.00
2197480.00
2796317.00
2795652.00
119448790
2793041.00
2792365.00
2790735, 00
218874 00
270794490
278600100
2783990.00
218282100
2780801.00
2717179%2.00
177454000
773755.00
2'10731.00
2769334.00
27¢6079.00
2762%90.%0
2746730.00
2757008.00
27530%¢.00
2750960.00
2744774.00
274235400
2740028.00
273814600
113002600
72746000
2721005.00
2716070.00
2113047.00
2700999 .00
270025¢.00
%700
2089797.00
2082343.00
2078309.00
2670200.00
200160900
15757.00
2047221.00
2636%46.00
131637.00
2020412.00
2008377.00
20020% .00
258%071.00
2574802. 049
2547672.00
25510858.00
334875.00
2525004 .00
290649900
2008331.00
2073934.00
204904000
2020436.00
2004134.00
2366007.00
2314835.00
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1541
(x)
27316000
<83 15000
291.15000
303.1%000
313.15000
323.15000
333.1%000
343.15000
353.15000
363.15000
373.15000
383.15000
393.15000
40315000
413.15000
425.15000
433.15000
443.15000
45315000
463.15000
473.15000
483.15000
493.15000
$03.15000
$13.15000
§23.15000
$33.15000
543.15000
§53.15000
$63.15000
$73.15000
583.15000
$86. 59440
5$93.15000
603. 15000
608.59440
613.15000
623.15000
633.15000
64160070
$43.15000

sat
LIQuip
$P NEAT
(J/R6-K)
4217.40000
4192 80000
4182.20000
4178.70000
4178.90000
4181.2000¢
418480000
4189.90000
419, 50000
4205.00000
4218.40000
4220.80000
424440000
4263, 30000
428500700
4310.00250
43138.50000
4370.9¢000
4407.60000
444920000
44960000
4550, 80000
4613.10000
4608500000
4748.70000
486670000
4982.70000
§121.60000
$290.20000
$498. 60000
$761.90000
6104.00000
$246.71000
656490000
7219.40000
7707.90000
$232.70000
10104. 70000
1457900000
32012.27000
43167.00000
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Appendix H

Other Original Data
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Appendix I

Code Version Log
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