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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 105 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/m2s 
(512 to 2048 lb/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 ±20% 
for the SCB pressure drop calculation of water in small 
diameter tubes.

v



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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Notation(From Ref. [3])

Acronym* :

OFD8 onset of fully developed boiling
□NS onset of nucleate boiling
OBB onset of bulb boiling
PDB partially developed boiling
SCB subcooled nucleate boiling
OSNVG onset of significant net vapor generation
SPL single phase liquid

Symbols :

A cross-sectional flout area
A vapor cross-sectional flout area
9

A liquid cross-sectional flout area
f

C0 distribution parameter equal to

J i***
A

J i j*
m

j *
A
jJi
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where j^local volumetric flux 
superficial velocity

by definition j a j + j
9 *

density or

j ■ < u j ■ < 1-> u
9 9 f f

C isobaric liquid specific heat

0 inner diameter
0 mean bubble diameter at the instant of departure
d from the heating surface

0 equivalent diameter
e

0 hydraulic diameter 
h

dz differential element of aiial tube length
e equivalent surface roughness
f Fanning friction factor for total liquid
fo flow modified for viscosity variations

f Fanning friction factor for smooth ducts
iso

f two-phase friction factor
tp

C mass velocity
g gravitational acceleration
h convective heat transfer coefficient for total
fo liquid flow

1 enthalpy
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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. In 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 emphasis 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 two parts: pressure drop correlations, and 
experimental data for checking the computed pressure drop 
results.
2-Ji Pressure Drop Correlations in the Open Literature

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[6], 
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/APsat vs. q"/q"aat) • 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 106 Btu/hrft2). 
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 lbm/ft2s). All runs were operated with inlet and 
outlet temperatures below the local saturation value and heat 
fluxes below the estimated critical values. 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 best 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 ±15%. 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. In 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.
2.2 Experimental Data in the Open Literature

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[5], 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/Bercrles Test Datar41

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



horizontal tube sections under the following geometric 
conditions:

Tube A:

Tube B:

Type 304 Stainless Steel 
Heated Lengths: 0.0584 m

0.1249 m
Di - 2.388 mm (0.094 in) 
D0 - 3.048 mm (0.120 in)
Nickel Steel 
Heated Lengths

Di
Do

(2.3 in) 
(4.9 in)

L/D
L/D

25
50

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

4.585 mm (0.1805 in) 
5.359 non (0.2110 in)

Tube C: Type 304 Stainless Steel 
Heated Lengths

Di
Do

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

3.073 mm (0.121 in) 
6.350 mm(0.250 in)

Tube D: Type 304 Stainless Steel
Heated Lengths 0.151 m (5.94 in)

0.229 m (9.00 in) 
0.306 m (12.06 in) 

Di - 1.575 mm (0.062 in)
D0 - 3.175 mm (0.125 in)

L/D - 100 
L/D - 150 
L/D - 200

Pressure drop measurements were taken over the following range 
of flow conditions for each test section:

Heat Fluxes:

Exit Pressures: 

Inlet Temps:

Inlet Velocities:

0 - 17.35 MW/m2
(0 - 5.5 x 106 Btu/hrft2)

- 2.06 - 5.52 bar 
(30 - 80 psia)
10 - 62.8 °C 
(50 - 145 °F)
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.) Owens and SchrockF51

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)
Di - 4.63 mm (0.1824 in)
D© “ 6.386 mm (0.2514 in)

Test Section VII: Heated Length: 0.381 m (15 in)
Di - 3.000 mm (0.1181 in)
D0 - 4.684 mm (0.1844 in)



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/hrft2)

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 lb/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.



(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)
D0 “ 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/m2 

(0.13, 0.17, 0.22, 0.26, 0.30 x 106 
Btu/hrft2)

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/m2s

(434.4, 543.0, 651.5 lb/ft2s)
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



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.

Choice of Experimental Data to be Used in This
Investigation

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/hrft2), pressures 2-28 bar 
(30 - 405 psia), and mass fluxes 830 - 18,250 kg/m2s (170 - 
3740 lb/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.) Dormer and Bergles Data Selected

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
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of heat fluxes, but with the same inlet fluid velocity, same 
inlet temperature 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 one 
curve was taken from a figure.

Basic Data set: Figure 11a, lib, 11c, lid, 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 11a thru lid 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 program. 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.



(b.) Owens and Schrock Data Selected

Basic Data set: Runs 182, 210, 245,
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. In 
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 condition 
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.
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(C.) Rpynnlds 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 any 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/m2s 
(512 lb/m2s) because during the modification procedure, it was 
discovered that runs with G < 2500 kg/m2s, 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 velocity, inlet temperature, and exit 
pressure. The computer code needs the inlet mass velocity.
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inlet temperature, and inlet pressure as inputs. The exit 
pressure was converted to an inlet pressure by adding the 
experimental pressure 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 Z. 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.



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 validation 
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.
1*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.) Eaxtially PaYaloped Boiling (PDB1
The PDB flow regime is bounded by the onset of nucleate 

boiling at the start 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.) Fully Developed Boiling (FDB)

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



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 
quality models of the saturated boiling regime.

The equations used in the pressure drop and heat transfer 
calculation procedures are described next.
3.2 Equations for 1~he Single-Phase Liquid Regime

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

rdP] _ [2 ff0 vf]
Ldzjfric D

[SL=.i ■ g2 t?

[£L ■9 sin e f?
where ff© is the SPL heated friction factor of Fanning 
definition, 0 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



where the isothermal friction factor for fully-developed 
turbulent SPL tube flow is given by the Fanning definition as

fiso - 0.046 Reb _0-2 for 2300 < Reb £ 106
fiso - 0.024 6 Reb -0-155 for <v er >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/fiso ** (|lw/|ib)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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ffg
fiso
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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[29]. The 
equation for the heat transfer coefficient at any Z location 
is

h 0.11125 -ISO Cpf G
0.0685

[Pr] -0.53 feu Ik 
.M-wall.

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 fiso is the isothermal friction factor for a SPL of the 

Fanning definition as listed before and all parameters are in 
SI 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,

. q"ATfiim (Twan - Tbuijc) * ^



where Tbullc 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/m2 °K.
This calculation procedure is continued along the tube until 

the ONB point is reached.
—Equations for the Onset of Nucleate Boiling

The onset of nucleate boiling marks the beginning of the 
subcooled boiling region. There exists sufficient 
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[14] 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 to rcrit, are assumed to be available 
for nucleation at the given q". It corresponds to the 
tangency point of equations 1 (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 rCrit- Their correlation gives the wall 
superheat at ONB as

AT9at<ONB) “ ° • 556[io82 ^pl • ise]0.463p0.0234
.1082 p]

where ATsat(ONB) is in °C, q" is in W/m2, 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

ATsat(ONB) B
rmax-active kf

where B
[2 0 T3at Vql
L ifg J rmax-active for the

special case where rmax active is different from rCrit in fig.
3.5, and all parameters are in SI units.

Davis and Anderson also point out that the use of rmax- 
active equal to rcrit 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)onb on figure 3.5. In 
such cases, an estimate of rmax-active derived from experiments



on the heating surface may inserted into the equation for 
better prediction of the wall superheat at the ONB condition.

For rmax-active equal to rcrit, 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 rmax-active different from rCrit* Refer to 
Collier[24] for a more detailed discussion of the phenomenon 
of ONB.

If the inner wall temperature in the SPL regime remains 
below that of the value calculated using the Davis and 
Anderson ONB correlation for wall superheat.

T'wall(ONB) ” Tsat + ____ §_____ + 2__r max-active
rmax-active kf

then the flow is considered to remain in the SPL state. Once 
the wall temperature reaches or exceeds T'waii(ONB)» the code 
switches to the PDB calculation procedure.
2LA Equations for the Partially-Developed Boiling Regime

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



for a uniform bubble layer around the inside of a round tube
as

Dhydr * D■ [HrT
Geff G

1- awall(Z)
where A«ff - A(l- OwaiifZ))

awall(Z) - at 0SNVG [zosNVGZOSNVG “ ZqnbJ
Z ~ Zqnb 1

The gravity pressure loss gradient is also modified slightly 
to account for the blockage effect.

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)

T « n 1° • 5 O DYqsnvg ” 0.015



where Twan [**gr*]- ffo is the SPL heated friction factor

given before and the attached wall void is given as 

ft Yqsnvg Ctw (OSNVG) ” ---g---  Dh

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[21] 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

ph 8 4 r .. . , _-0.237 i
Owall at OSNVG ■ T~- “ 7T [1.59 x 10-4 P J

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 

8 - 0.67 Rd
where the bubble radius is described empirically as 

0.000237
” n 237 "[P(bar)]0'Z37

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)

fi*° - °-0275 [H*^]0'25

and
e(z) - 0.75 Y(z),
Y(z) - 0.15 [<J D Twall]0*5 (from Levy)

(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



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

ATsat(ONB) B
^max-active + 2" rmaK-agtiv?

kf

f o" "|0 • 25 -(----2--- -)
ATsat(OFDB) ■ 25 e 62 X 105

where Twan - Tsat + ATsatf ATsat and Tsat 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 

Twall (Z) - m(Z - Zqnb) + Tw(onB)

where m Tw(OSNVG) - TW(QNB)
ZOSNVG ~ ZqnB

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 regionATfiim
where q" is in W/m2 and ATfiim is in °K.

3.5 Equations for the Onset of Significant. Nel- Vapor
Generation(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

Qw A DAT3Ub(OSNVG) “ 455 kf for Pe < 7 0,000

ATsub (osnvg) “ 0.0065 G Cpf 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.

ATaub(OSNVG) - 455^^ for Pe K 70,000

a" AAT3ub (OSNVG) “ G Cpf §£ f°r 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 q" 
and the local Peclet number as 

§t - 0.0065 + m(70,000 - Pe)

r q" -1-1.03where m - -3.952 x 10_s , I , and all parametersL30.0 x 106J

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[16] was examined.

or

ATavib (Z)
ATsat(Z)

ATsub(Z)
ATsat(Z)

joSNVG

"joSNVG

2.0

6.3 x 104 Bq1’25 whichever is less.

This correlation is valid for water and other organic 
fluids over the range of pressures 1 to 138 bar, and tube 
diauneters 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.

FDB regime: ATsat(Z) TTWc

g" ATsub (Z)PDB regime: ATsat (Z) ■ y0 hfQ---- Y---

where Y© ■> 230 B©0,5
o •‘•o

o - do for B0 > 0.3 x 10~4
Y0 - 1 + 46 B00-5 for B0 < 0.3 x 10"4 

B0 - q"/ G ifg
ATsat(Z) is the wall superheat in °K

and all other parameters are in SI units.



33

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. ATaub(Z) - Tsat - Tbuik) 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, a, 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



of vapor and liquid flowing in a round tube at different 
velocities are(see Collier[24] p. 27)

where ffc is the Fanning SPL heated friction factor from
2before, 0 is in degrees, a', x’, and [<J>f0] 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, <|>fo, non-equilibrium flow

quality, x', and non-equilibrium void fraction, a', to 

the independent variables of the flow is accurate in 
describing the actual phenomenon.



The derivation of the separated flow equations is given in 
Kline[3] and Collier[24]. The models for the non-equilibrium 
void fraction, a', the non-equilibrium flow quality, x', and 
the two-phase friction factor multiplier, <|>fo, 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

a’ (Z) x' (Z)
Co(Pf "ri; (Z) + u9i 1

Uf inlet-1
Hi
Pf

where C0 is the distribution parameter, "ugj is the drift 
flux velocity, Uf inlet is the inlet fluid velocity, x'(Z) 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, liquid 
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 C© 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



recommended by Kroeger and Zuber[8]. Hancox and Nicoll[ll] 
introduced a model for C© which varies with the void fraction.
The expression is

f1- exp(- Cqi a* )1
L 1“ exp(-Coi) J (1 + C02) C02 a'

where Cqi ■ 19
C02 “ 1.164 - 1.6534 x lO-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, C0 must have a 

value near zero at the start of the significant void 
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 C0 should approach 
unity as the averaged void fraction approaches unity. C0 

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 C0 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.



The drift flux velocity(or weighted mean drift velocity) 
needed in the a* (Z) equation is given by Kroeger and Zuber[8]

as

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

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:

x'(Z) -
Cpf ATsub (osnvG) (Z* - T*)

ifg - Cpf ATsub(OSNVG) (1 " T*)
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where ATsub (OSNVG) “ (Tsat ” Tbuik) OSNVG' an<^ T are 
given below, and all parameters are in SI units. 

Levy:

x' (2) - x(Z) - x0SNVG exp - ll
LOSNVG J

where x, 1OSNVG ~ 1f.aat
OSNVG 1fg

cpf [AT3Ub(Z) ] 0SNVG
ifg

x(Z) - the equilibrium flow quality -
i(Z) Lf,aat

^■fg
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[-Z+] 
or T* - tanh[Z+]

Z ~ Zqsnvgwhere Z+ - Zobb ~ Zqsnvg



The authors state that either form is applicable, although 
their plots indicate slightly higher flow quality values are 
predicted with the exponential form. In 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)

and B is given for smooth pipes by 
Y < 8.9 B - 2.364

Y > 8.9 B- —
Y

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
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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, ATsat(OFDB)» using

Twall “ Tsat + ATSat(OFDB)
r^,-10.25 -(---E—)

where AT3at(0FDB) “ 25 I 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,
Tbuik " Tb(inlet) + \ ^^2 Az '

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.

2^2—Determination of the Flow Regime at the Tube Inlet

The flow regime 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 Z = 
0.25 Zg^t. 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.
2^.2 Code .Output

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



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.



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's SR-2F code. These 12 major 
modifications are described in the following sections.
±jJ.—Exocedure for Evaluating a Particular Code Version

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. In order to make



this plot, the pressure at each Z 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. In 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. In 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, ASCB53, was checked against both the basic data 
sets and the additional data sets described in section 2.3 and 
Appendix D.

4.2 Flow Regimes Represented in the Total Pressure Drop vs.
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 q"='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. Region 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



FDB regions in the tube and hence large overall pressure 
drops.

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:

Viscosity Ratio Power Law:

(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 using the 
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 106Btu/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 
(ibulk/M-wall became greater than 7.0, which caused f/fiso 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 ;> 49. Figure 4.2 compares the predicted 

pressure drop results using n-0.3, 0.4 and the Petukhov 
equation; all give comparable results. It was found that 
f/fiso ■ (M^all/|lbulk)0,3 is an acceptable choice resulting in

slightly better overall pressure drop predictions than the 
Petukhov equation for most of the selected experimental data



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. In 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[13] and others to occur at a 
superheat ATsat(0NB) different than that of the approximately 
constant value ATsat (OFDB) occurring 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:
__ T a" 10.463 p0-234

ATsat(ONB) “ 0,556[i082 p1-156]

Davis and Anderson:
B + q" rmaX-active

rmax-active kfATaat(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 q" - 0.7 x 106 Btu/hrft2.

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 ATsat (ONB) for water as the

empirical Bergles/Rohsenow equation. As shown in figure 4.5, 
the pressure drop predictions are virtually identical for the 
O&S vertical tube run. The location of the ONB point along 
the tube calculated from the Davis/Anderson equation using
rcrit is within 10% (calculated from Z°NB(D*A) “ zONB(B&R)j

ZoNB(BiR)
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 DSB Fig. 28. The overall 
pressure drop predictions using the two equations are shown in 
figure 4.6. For the individual code runs with q" 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(1.57 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. ATaat(ONB) 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-activ«/ is less than the 
calculated critical radius, rcrit, then rmax-active should be 
used in the Davis/Anderson ONB equation. When it is known 
that rmax_active is greater than rcrit, then rcrit 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[14] for bubble nucleation, it is 
applicable to fluids other than water.
4-^5---Partially-Developed Boiling Regime

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)



inner wall temperature distribution in the PDB regime can be 
either approximated by (l.)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 H.Wail» 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 DSB Fig. 11c(table 4.1), the maximum difference 
in pressure drop is only about 2.5% between the two profiles. 
For the vertical OSS Run 253(table 4.2), the maximum 
difference is approximately 3%. The difference in predicted 
pressure drop is small because the change in Jiwall 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



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

Ow(OSNVG) * X 10-4 p-0-237] .

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

(OSNVG) • —jm.SS— [1.59 x 10-4 p-0.237] .

The predicted pressure drop results using selected Kred 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 106 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(q" - 2.75 x 106 to 3 x 106 
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 presented 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 diauneter 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; Kr«d 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 
±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,

Otwall

where

w Yqsnvg
6 D

Yqsnvg “ 0.015
O D -.0.5

^wall

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

experimental data using the Levy equation in combination with



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 Kred“l-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)

ffifl "1^ ‘ ^
fi3C = O-0275

These authors suggested that the friction factor in the PDB 
regime should account for the friction caused by the non­



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 versibn 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



Hino and Ueda[26] report that the Levy equation predicted 
values of wall a' much less than the actual observed 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.



4.6 Onset of Significant Net Vapor Generation
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].

Shah: The lesser of:

fATaubtZ)
UT8at(Z)
ATaub(Z)
ATaat(Z) 2.0



6.3 x 104 Bo1-25fATaubU)!
LATsat (Z) JosNVG

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 presented 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
O&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.



Before abandoning the Shah correlation in favor of the 
Saha/Zuber 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 SchrocJc 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%.
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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 drop 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 §t 

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 ASCB53). 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) .



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.
4.7 Fnlly-D«avp>lopf>d Boiling Rpgim«=>

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 leave 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 a' equation. The use of a function



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. In 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

^termination “ ZqsnvG + ^(ZoBB “ ZqsNVg)

where N equals 0, 1 , 2 , 4, or oo 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(O&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
gradient term, —H , was extremely sensitive to the void La"Jaccel

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 C0 

*■ 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 C0. 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 Zuber[8] recommend, that in the absence of 
experimental data on void fraction profiles, a value of C© * 

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 than 5 cm, and reduced pressures 
Pred < 0.5, C0 equal 1.2 for bubbly-turbulent flow. In 

addition, the original authors, Zuber et. al.[9], advise the 
use of C0 ■ 1.25 for circular ducts if no experimental data 
exists. Because such speculation exists, different values of 
C0 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 106 Btu/hrft2 of 
figure 4.33 were

Ca CLL

1.13 0.88
1.3 0.36

This very large difference shows the sensitivity of the code 
to C0 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 C0. 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 C0 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 C0 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 < C© < 1.3. The choice of C0 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 C© 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 C0. Hancox and Nicoll 
proposed an equation for C0 that is a function of the void 
fraction:

1-exp(-Cqi a) 
1-exp(-Coi) (I+C02) - C02 a •

Hancox and Nicoll reasoned that C0 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 C© ■ 1.25 are also shown
in these figures. The calculated pressure drop distribution 
along the tube using the Hancox/Nicoll equation for C0 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 experimental data, in some 
cases by as much as 20%. This underprediction was a result of 
the Hancox/Nicoll equation predicting high values of C0. For 
figure 4.33(at q" of 8.45 MW/m2 and exit pressure of 2.07 x 106
Pa), C0 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 C© should 

range from 1.0 to 1.5 for fully established flow profiles.
(It was discovered that for higher pressures(over 28.0 x 105 
Pa), the Hancox/Nicoll equation seemed to give more reasonable 
values of CQ.)

Since figures 4.35 and 4.36 show reasonable success at 
matching the code predicted and experimental pressure drop 
profiles along the tube with C0 ** 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 CQ 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 a', and hence the FDB

pressure drop, could be improved.
An expression for the non-equilibrium flow quality is given 

by Levy as
x' (Z) - x (Z) - xqsnvg exp x (Z) 

xqsnvg



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[-Z+] or
T* - tanh [Z+]

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 figure 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 Ugj. Kline used 

the expression given by Kroeger and Zuber[8]
lO .25

Ugj - 1
■« [9 a fp;/ P9'l

for vertical tube flows

This term in the a* 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. 11a. 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 

was much less than C© in the right-hand side term inuqj
Uf,inlet
the denominator of the a* equation. To be physically correct, 
the code was changed to set ugj 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 Ugj equation was also studied. The original 
authors of the void fraction equation, Zuber et. al.[9], 
suggest the use of

■iO .25
ugj ■>* [’"w]



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 coefficient of 
2.9. It was decided to check the sensitivity of the vTgj 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



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(ASCB53)

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 partly 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. In 
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

Fig. No. Run Conditions a,, (Btu/hrft2) (dP/dZ) aeeel

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 experimental 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



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 lb/ft2s). 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 included 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.



One-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 ONE, 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. IQ Predict ion of Critical Heat.,Eludes

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 experimental data was 
performed by Professor M.A. Hoffman. Hoffman compared many 
subcooled boiling CHF correlations in the literature 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



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 uATsub, to the Rousar[31] correlation, which is valid for 
high uATsub 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 uATsub, 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.



5. 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) .



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 pressure 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 Z 
m Zosnvg + ^(Zobb “ Zqsnvg)# where N-4, seemed to work well.

However, no justification can be given for the choice of N-4, 
since 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 C0. 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/m2s, 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 106 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%.

Our 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/m2s

Pin 2 x 105 - 28 x 105 Pa (29 - 406 psia)
rr9V •H inner 0 - 12.2 MW/m2 (0 - 3.87 x 106 Btu/hrft2)
ATgub-in 10 - 200 °C (18 - 360 °F)

L/D 49 - 127
Di 1.5 - 4.6 mm (0 .0591 - 0.1811 in)**



£ 3.0 x 106 Pa/m (132.62 psia/ft)
1

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 C0 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 C© 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 more 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 effect 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.) validating the code for pressures greater than 2.8 

MPa(400 psia) and heat fluxes greater than 12.2 
MW/m2(3.87 x 106 Btu/hrft2).

(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 reoime only

f/f iso f/f iso P fric P fric
2 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 13108.00 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 16205.00 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 18435.00 18226.00 -1.13

Twil: Linear Temperature Profile from ONB to OSNVG(ASCB47) 
Twi2: Idealized Temperature Profile Used By Kline(ASCB51)

Table 4.1 Data from D&B Fig. 11c Comparing Effect of Inner 
Wall Temperature Profiles in PDB on Pressure 
Drop Predictions
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Effect of Wall temperature profiles
Comparison in SPL & PDB reqime only

f/f iso f/f iso P fricffc) P fric(fO
Z usino Twil usinq Twi2 % change usinq Twil usinq Twi2 % chanqe

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 0.00
0.06858 0.7933 0.7933 0.00 2684.80 2684.80 0.00
0.09144 0.8060 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 -0.1 1 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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AIR - WATER 
STEAM- WATER

EXPERIMENTAL PRESSURE GRADIENT

No Units Stated in Author's Paper

Figure 1 . 1 Hewitt Comparison of One Empirical SCB Pressure Drop 
Correlation with Experimental Data [Ref. 1]
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Figure 3.2 Typical Temperature Profiles Along a Heated Tube
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Figure 3.4 Attached Wall Void Profiles Along Tube
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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 ASCB33



ZP/dP 
ZP/dP

97

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 ASCB53
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Figure 4.2 Comparison of Pressure Drop Predictions Using Petukhov 
and Viscosity Ratio Power Law Friction Factor Equations
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Attached Wall Void Profiles in PDB
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Figure 4.15 Comparison of Pressure Drop Predictions Using
Saha/Zuber and Shah OSNVG Correlations
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Figure 4.25 Comparison of Experimental and Code Predicted Overall
Pressure Drop Results for Final Code Version ASCB53
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Figure 4.35 Comparison of Pressure Drop Predictions Using Constant
Value and Hancox/Nicoll Distribution Parameters

133



Pressure Drop vs. Length Along Tube

Flow Conditions 
O & S Run 210

- - Experimental data 
X CQ - 1.25 (ASCB47)
D C0 »■ Hancox/Nicoll Eq. (ASCB48)

I I I I T"'I I 1

12.5
Distance Along Tube (inches)

10.0 15.0 17.5

Figure 4.36 Comparison of Pressure Drop Predictions Using Constant
Value and Hancox/Nicoll Distribution Parameters
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Figure 4.41 Comparison of Experimental and Code Predicted Overall 
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Appendix A

A Listing of the Final Computer Code 
Version ASCB53

The following computer listing includes the main 
program and all the supporting subroutines
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DIMENSION TBS 1911* TPFFSI911. TSATSI SI I. PEBI911. ST ANSI 911
DIMENSION TWIQIStI.TWOSI 911.UDT8B8ISI I
DIMENSION XUOXSt 91 I. MSI 911. VOS! SI I
DIMENSION TONSBOI I. ZAXFSIStl
DIMENSION QUNIFOOI. DPREBI30I
DIMENSION RCRITSISlI. 8F8ISI I

• ■••DIMENSION ALL STEAM PROPERTY VARIABLES

DIMENSION RTSATI1831. RPREBI1831. RHFI1831. RHOI1831. RRHOVI1831. A AM?0<l8a>
DIMENSION RTEMIAII. RCPFI4II 

DIMENSION INPUT EDITOR VARIABLES 

DIMENSION AIMI.BF(101. BD1101

• •••SET REAL VARIABLE DECLARATIONS

REAL L. HUB. MUW. INTPP. K. NS. HW. NWS. KW3. NW3. HUBS. MUMS. KL0S8* LU 

••••SET LOCI CAL VARIABLE DECLARATIONS 

LOGICAL LNEX.LNOP

• ■■•DECLARE CHARACTER VARIABLES
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CHARACTER ANSWER. DATAFL*I9» DATFL2«19. 0ATFL3«15. TSTRO 

••••ENTERNAL DECLARATION FOR FUNCTION FP FOR SUBROUTINE Z0INTI6 

EXTERNAL ZAXFLX

••••BEGINNING MESSAGE SENT TO SCREEN

UR1TEO. I)
FORMAT! IHM 
PRINT •.
PRINT •.
PRINT ».
PRINT •.
PRINT •.
PRINT •.
PRINT •.
PRINT «,
PRINT «.
PRINT •*
PRINT •,
PRINT •»
PRINT •.
PRINT «.
PRINT «.
PRINT 
PRINT •.
PRINT •.
WRITE!9*791
READ!9. 891 ANSWER
IFIANSWER EO. 'S'lGOTO 419
WRITE<9* I >
PRINT •. # '
PRINT •. ' *
PRINT •. * '
PRINT •. ' *
PRINT •• '••••••*••••••*••

SCl-IA*

D««ign Co4«'

<C> Unlv«rtltf of Californio, Dovls, 1908'

PRINT •, ' THIS CODE WAS DEVELOPED FOR THE LAWRENCE LIVERMORE NAT 10 
•rNAL LABORATORY BY: '
PRINT •» ' PRINCIPAL INVESTIOATOR: Profoooor Mgron A. Hoff•on'
PRINT ' GRADUATE STUDENTS: CItArloo Kllnoll999)» ChrUtoghori won9<i9ee>'
PRINT •* ' Dogortsont of MockanlCAl Enflnoorint'
PRINT o* * Unlvoroitg of Colifornio. Dovlt, CA 99616'
PRINT o. '*••••*••••••••••••••••••*•*•••**•***••••*••••*•••*•••••••

PRINT #. ' '
PRINT o. ' '
PRINT ' '
PRINT o. ' '
PRINT o. ' '
PRINT #. ' '
PRINT o, ' '
PRINT •. ' '
WRITE!9, 791 
READI9.S9) ANSWER 
PRINT o, ' '
PRINT o» ' '
PRINT *, ' '
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PRINT •. ' '
uritco. a>

2 FORMAT ITS. *UELCOHE TO THE BUBCOOLED PLOW BOIL I NO DESIGN CODE BCB-t 
BA'/
B. T9. '(VERSION IA - N«v»«ifc#r, 1980)'/. TV. 'For tBo IBM PC/AT (or com 
BpoUGtoo) on# tBo VAX tl/70O'/»
WR1TE(9» •!
PRINT #• ' TMo profrop colcwlolo* protowro Fro*, poaplnf powor

B ro^wIroF mn4 tBo '
PRINT o. * CHFICrlticol Hoot Ploa) For «M»tor Flow in rounF toto
Bo oltt ofilFora oaiol'
PRINT o. ' Boot FIva. It con »rov!Fo roovlto For tBo olnflo-'B 
Boot IIrvIF Flow'
PRINT o, ' rofloo onF/or tBo ovtcooloF Bolllnf Flow rofloo '
URITEI9.•>
WRITEI9. o)
MR1TEI9*•>
PRINT o.' Vov oBovlF Bo oBlo to rvn SCB-IA B« rooponFInt to tBo pr 
Bootto Trp It!'
PRINT o, * '
PRINT #• * Por aoro InForaotlon. roFor to tBo SCB-IA CoFo Honuol 

Bit contoifio on oaomplo. '
PRINT o, * '
PRINT o, * *
PRINT o( * '
PRINT #. ' '
UR ITECS. 791 
RE AO (9. S2I ANWCR 

Cc ••••START INPUT PILE EDITOR
C
C
C ••••SELECT INPUT PILE OPERATION
C

412 WRITE(9. 11 
PRINT o. ' '
PRINT o. ' '
UR1TEI9.31

3 FORMAT(79H0 ••••••••••••••••••••••••••••••••••••••••ooooooo#ooo**o

URITEI9. 41
4 FORMATI29HO PLEASE SELECT OPERATION)
URITEI9. 9)

9 FORMAT 129H0 I) USE AN OLD DATA PILE)
URITEI9.B)

A FORMAT(2SM0 2) REVISE AN OLD DATA PILE)
URITEI9. 7)

7 FORMAT(27H0 3) CREATE A NEW DATA PILE)
URITE49. S)

5 FORMAT(43H0 ENTER B OP YOUR CHOICE - TO EXIT. ENTER O)
PRINT •.' Option (I) or (2) lo rocooaonFoF'
MRITEI9.31 
READ!9. •) NCHOICE 
IFINCMOICE ES 0> THEN
PRINT •. '•••••PROORAM EXECUTION INTERRUPTED*****'
GOTO 999 

END IF
B2 FORMAT(Al)

••••ENTER DATA PILE NAMES
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c
UNITEO. ia>

la FamMTIII. 'PLEASE ENTER INPUT FILE NAME IN THE FOSM IMPnnn DAT - 
L USE CAPITAL LETTERS'/. 9X. Mnnn HAT BE ANV COMB I NAT I ON OF FRON I T 
M 9 NUMBERS OR LETTERS) ' >
REA0T9. S3. ERR>900) DATAFL 

S3 FORMATTAI9)
URITEO. •)
URITEO. 30)

30 FORMAT 11X. 'ENTER TX NEW OUTPUT PILE NAIC IN THE FORM: OUTmmi DAT 
L- USE CAPITAL LETTERS')
PRINT •. ' <mm HAY BE ANY COMBINATION OF FROM I TO 9 NUMBERS OR LE 
OTTERS)'
URITEO. Ill
READI9. 3I.ERR-900) DATFL3

31 FORMAT! A19)
URITEO. 13) DATAFL

13 FORMAT 11BHO UORMINO ON FILE .AO)
C TIMEOUT LOOP

do aoi l-l.IOO
aol CONTINUE 

C
C ••••TRANSFER OF EDIT CONTROL 
C

OOTOOOO. 401.40a>. NCHOICE
PRINT •. ' IMPROPER OPERATION SELECTION'
OOTO 999 

C
C ••••OPTION Bl: USE AN OLD DATA FILE
C
400 URITEO. 14)
14 FORMAT <a9HI ACCESS I NO OLD DATA FILE)

DO 314 l-l.IOO
ai4 CONTINUE 

OOTO 411 
C
C ••••OPTION oa EDIT AN OLD FILE 
C

401 URITEO. 19)
19 FORMAT 139HI RECOVER I NO OLD DATA FILE FOR UP DAT I NO I 

URITEO. ■)
PRINT ■. ' ••• CAUTION: CODE RESULTS ONLY VALID IF INPUT PARAMETERS 

fc ARE WITHIN VERIFIED'
PRINT*. ‘ LIMITS - SEE INSTRUCTION MANUAL FOR THESE LI
EMITS***'
URITEO.*)
OPENia. FILE-DATAFL. ERR-903. STATUS- 'OLD' )
RCADO. •> (AMI. l-l. 13)

403 URITEO. ai) All)
31 FORMAT 11X. 'll MEAT FLUX AT O DESS BASED ON OUTER OIAH (H/M3I '. 

t TAB. IPEII 4) 
uriteo.aai Ata>

aa FORMAT IIX. -ai TYPE CIRCM HEAT FLUX PRFLfO-UNIF. I-HALF UNIF.a-HALF 
VCOBI'.TAB. IPE1I 4)
URITEO. 33) AOI

aa FORMAT! IX. '31 TUBE IM.ET MASS FLUX IHO/Ha-S)'. TA9. IPEII 41 
URITEO. 34) AI4)

34 FORMAT 11X. '41 TUBE INLET STATIC PRESSURE IPA)'. T«9. IPEI I. 41 
URITEO.391 AOI

39 FORMAT 11X. '9) TUBE INLET BULK FLUID TEMPERATURE (DEO K)'.TA9.
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% I PE11 41 
WRITEO. 2*> A<4>26 FORMATHK. '4> HEATED TUBE LENOTH (H) *• T69. IPEI I 41 
WRITE <9. 2D I Al 71

20 FORMAT! IX* '71 OUTSIDE TUBE DIAMETER IMI '» T49* IPEI I 4)
WRITE<9.241 AID>

24 FORMAT! IK* 'B> INSIDE TUBE DIAMETER IMI *• T49* IPEI I 41 
WRITEI9* 321 AI4I

32 FORMAT!|X« *41 INLET PRESSURE LOSS COEFFICIENT NL0SS#.T49. IPEII 41 
WRITEI9.331 AIIOI

33 FORMAT! IX. *101 TUBE ANQLE FROM HORIZONTALIEITHER O OR 40 DEO I
6 T69* IPEI 1. 41
WRITEI9* 391 Alllt

39 FORMAT!IX. *111 RADIUS OF ONB MAX ACTIVE CAVITY IMt IO-RCRIT UBEDt '
6 .T49.IPEII. 41
WRITEI9.341 AII3»

34 FORMAT I IK. *121 NUMBER OF CALCULATION STEPS 711-1000. 2-20001*.
6 T49.IPEII 4t
WRITEI9.371 AII3t

37 FORMAT! IX. *|3t PRINT FULL MATER/STEAM PROPERTY DATA?11-NO. 2-YESt' 
6 . T69. IPEII. 4t
WRITEI9.S4t DATFL3

84 FORMAT! IX. *141 OUTPUT 8T0RA0E DATA FILE NAME CHOSEN AS*.
6 T44.AI9I 
MRKTEI9.381

35 FORMAT! I4H0 ENTER • TO CMAMOEt 
URITEI9. 4t

4 FORMATC22M0 TO EXIT. ENTER Ot
READ! 9* •! J 
IFIJ OT |4t SOTO 444 
IF!J. ES OtTHEN 
OOTO 404

EL8EIFIJ LE f3tT»CN 
WRITE 19. 341

34 FORMAT 124H0 ENTER NEW VALUE NOW. . . t
READ!9.•) AlJ)
MRITEI9.It 
OOTO 403

ELBEIFIJ ES. I4ITHEN 
WRITEI9. 301 
READ!9.31t DATFL3 
WRITEI9.It 
OOTO 403 

END IF
404 READ!2. •! AII4I 

DO 230 I*!.AlI4t 
READ12. •! BFIII.BDIlt 

230 CONTINUE
WRITEI9. 170t

170 FORMAT 140M0 DO YOU WISH TO CHANOE ANY TUBE MATERIAL DATA PAIRS? Y 
BOR Ml
READ19. S31 ANSWER
IF! I ANSWER ES *N*t.OR I ANSWER ES. *R*ttOOTO 413 
WRITEI9. 401

40 FORMAT 143HI NOW UP DAT I NO TUBE MATERIAL DATA PAIRS. . I 
WRITEI9. 071

87 FORMAT! IX. 'WALL THERMAL CONDUCTIVITY K «DS TO BE INPUT AS A FUMC 
6TI0NV. |K. 'OF TEMPERATURE OBTAIN A THERMAL CONDUCTIVITY VS TEMPE 
MATURE'/. IX. 'CURVE FOR TUBE MATERIAL USED AND PICK UP TO 10 DATA P 
tOtNTS FROM'/.IX.'CURNC FOR ENTRY. '/I
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409 URITEO. 411
41 FORHATMX. 'RAIR«'.7X. 'TEHP'.TX. 'THERMAL CONDUCTIVITY'I 

DO 202 I-I.AU4)
URITE(9.42> I.BFm.lOm

42 FORMAT! IH0.2X. 13. T9. 1PE9 2. IX. 'DEO K'.T24. E? 2. IX. 'U/M-R')
202 CONTINUE

URITEO. 401
60 FORMATOOHO ANV CHANGES TO MARE ? Y OR Nl 

READO. 02>AN6UER
IFUAN6UER. EO 'N'l. OR. <AN8UER EO. 'n'MOOTO 413 
URITEO. 70)

70 FORMAT(99M0 DO YOU UISH TO ADD ANV DATA PAKRSfTOT MAX 10 PR8)7 Y 0 
6R Hi
READO. 02) ANSWER
IF! (ANSWER. EQ. 'Y') OR (ANSWER. EO 'f'MTHEN 
URITEO. 79)

79 FORMATI20H0 HOW MANY ADDITIONAL PAIRS?)
READO. *) NEUPAIR 
NEUNUM8*A(14)♦NEUPAIR 
DO 204 J*A!14)♦!.NEWNUMS 
URITEO. 00)

00 FORMAT!IX. 'INPUT TEMPERATURE(DEO R) AND CORRESPONOINO THERMAL'/. 
0 IX. 'CONDUCTIVITY4W/M-R) ON SAME INPUT LINE SEPARATED SY A COMMA'/ 
6. IX. ME 0 309 0.14 7) THEN HIT RETURN REV —DO NOT INSERT ANY'.
6 IX. 'SPACES'/)

URITEO. 69) J
69 FORMAT!2X. 'ENTER NEW PAIR • '.12. '—NOW*!?')

READ!9. *) SF!J).BD!J)
204 CONTINUE

A!|4)«NEUNUMB 
OOTO 409 

END IF
URITEO. 00)

00 FORMAT!92H0 DO YOU WISH TO CHANOE ANV DATA PAIR VALUES? V OR N) 
READ!9. 02) ANSWER
IF! (ANSWER EQ 'N') OR (ANSWER. EO. 'n'MOOTO 410 
URITEO. 43)

43 FORMAT(29H0 ENTER PAIR NUMBER TO CHANOE)
URITEO. 9)
READ!9. •) J
IF!!J EO O) OR. IJ. OT A!14)))THEN
URITEO. •) ' ••• NO PAIRS CHANGED - CONTINUING «••'
OOTO 410 

ELBE
URITEO. 00)
READ!9.•) DFIJ). BD!J)
OOTO 409 

ENDIF
410 URITEI9.47)
47 FORMATI40H0 DO YOU WISH TO DELETE ANY DATA PAIRS ?)

READO. 82) ANSWER
IF! (ANSWER. EO 'Y'). OR (ANSWER. EO. '«'))THEN 
URITEO. 48)

40 FORMAT(24H0 ENTER PAIR 0 TO DELETE)
READ!9.#) NDELETE 
DO 209 J-NDELETE.A(I4)
BF(J)»SF!J-l)
BD!J)*BD!J-I)
A(!4)-A(I4)-1 

209 CONTINUE
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OOTO 409 
ENOIF

413 CLOSE!UNIT*2)
UNITE <9. 171 >

171 FOSNATI97HO ENTER NEM INPUT FILE NAME FOR STORINO THE MODIFIED FIL 
LE)
URITEO. Ill

II FORMAT(40H0 NOTE: THIS FILE MUST NOT ALREADY EXIST)
URITEO. 121
READO. S3. ERR-402) DATFL2
OPEN<2. FILE»0ATFL2. ERR-Y02. STATUS- 'MEN' I
URITEO. •) (AIJ). J-l. 13)
URITEO. •) Af 14)
DO 239 J-l. AIM)
URITEO. •! BFIJI.BDIJI 

239 CONTINUE
CLOSE IUNIT-21 
OOTO 411 

C
C ••••OPTION S3: CREATE A NEM FILE FROM SCRATCH
C
402 OPENO. FILE-DATAFL-ERR-YOI. STATUS- 'NEU' )

MITE 0.4*1
4* FORMAT04HI CREATINO A NEM DATA FILEI 

MITE 0.901
90 FORMAT OOHO ENTER VALUE AFTER TEST APPEARS!

MITEO. •>
PRINT •. * ••• CAUTION: CODE RESULTS ONLY VALID IF INPUT PARAMETERS 
E ARE MITHIN VERIFIED'
PRINT*. ' LIMITS - SEE INSTRUCTION MANUAL FOR THESE LI
EMITS***'
MITEO. •)
MITEO. 911

91 FORMAT! IK. *11 HEAT FLUX AT O BEDS SASED ON OUTER OIAH. IM/M2I’I 
READO. •! All!
MITEO. 92)

92 FORMAT! IX. '21 TYPE CINCH HEAT FLUX PROFILEIO-UNIFORM. I-HALF UNIFOR 
EM. 2-HALF COSIIC'I
READO. •) AI2)
MITEO. 931

93 FORMAT! II. '31 TUSE INLET NASS FLUX IAS/M3-9)')
READO.*) AOI
MITEO. 941

94 FORMAT! IX. '4! TUSE IN.ET STATIC PNESSUE IPA)')
READ!9. *1 AI4I
MITEO. 991

99 FORMAT! IX. '91 TUSE IM.ET SULK FLUID TEMPERATURE IDES HI')
READO. • I AI9I 
MITEO. 9*1

94 FORMAT! II. 'El HEATED TUBE LENOTH INI'I 
READI9. *1 AIEI 
URITEO. 9B)

96 FORMAT III. '71 OUTSIDE TUBE DIAMETER INI'I 
READO. *1 AIT)
MITEO. 9*1

9* FORMAT 11X. 'SI INSIDE TUSE Dl AHETERIH)' I 
READO. •• AISI 
MITEO. 421

42 FORMAT IIX. '*) INLET PRESSURE LOBS COEFFICIENT NLOSS'I 
READ!9.•) A!*)
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URITEO* 63)
63 FORMAT < IX, '10) TUSE ANGLE FROM HORIZONTALIO OR 90 DEO)')

READO* •> AMO)
URITEO* 69)

69 FORMATUX, Ml) RADIUS OF ONB MAX ACTIVE CAVITY IN) <0-RCRIT USED)'
6)
READO* •) AMI)
URITEO. 09)

09 FORMATUX. M3) NUMBER OF CALCULATION STEPS? M -1OOO. 3-3000) M 
READO* •) Al 13)
URITEO* 66)

66 FORMATUX. M3) PRINT FULL UATER/8TEAM PROPERTY DATA?! 1-NO 3-YES) M 
READO* •) AU3)
URITEO'07)
URITEO* 67)

67 FORMATUX* M4) TOTAL NUMBER OF DATA POINTS TO BE INPUT')
READO* •) Al 14)
DO 303 I-I'AM4)
URITEO. 00)
URITEO. 69) I 
READO* •) BFUI'BOM)

303 CONTINUE
URITEO. 73)

73 FORMATU6N0 END DATA INPUT)
URITEI3' •) IAU), U*l, 13)
URITEO* •) Af 14)
00 340 J-l. AIM)
URITEO* •) BFI J)' BDI J)

340 CONTINUE
CLOSE I UNIT-3)

C TIMEOUT LOOP
DO 307 l-l.100 

207 CONTINUE 
C
C ••••ECHO BACK DATA
C

411 URITEO. 74)
74 FORMATOIHO DO YOU UISH TO VERIFY THE INPUT DATA FILE? Y OR N) 

READO* S3) ANSUER
IFUANOUCR.ES 'NM.OR IAN0UER EO *nM) OOTO 490 
URITEO' 01)

01 FORMAT!34HI RECOVERING FILE FOR ICRIFICATION)
URITEO* •)
IFfNCHOICE. EO 3)THEN
OPENI3. F1LE-DATFL2* ERR-903. STATUS- 'OLD')

ELSE
OPENI3* FILE-DATAFL.ERR-903.STATUS-'OLD')

ENDIF
RCADI2* •) IAU). 1-1. 13)
URITEO* 21) All)
URITEO* 33) AI3)
URITEO. 33) Al3)
URITEO. 24) Al4)
URITEO. 39) AO)
URITEO* 26) A<6)
URITEO. 30) Af 7)
URITEO* 39) AI0)
URITEO, 32) Af9)
URITEO. 33) Af 10)
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URITEO. 351 AU1)
URITEO* 36) Af 13)
URITEO. 37) Af 13)
URITEO. 86) DATFL3 
URITEO. 73)

79 FORMAT (MHO HIT RETURN REV TO CONTINUE)
READO. 82) ANSUER 
READI2. •) Af14)
DO 249 I-l.Af!4>
READf2.«) SFfD.BDfl)

249 CONTINUE
URITEO. 87)
URITEO. 41)
DO 208 !>I.AfI4)
URITEO. 42) I, DEf I >. BDf I)

208 CONTINUE
URITEO. 76)

76 FORMATf 32H0 18 THIS UHAT VOU UANT77 V OR N)
READ 19.82) ANSUER
IFf f ANSUER. EO- 'N'l.OR. f ANSUER E8. 'n'MTHEN 
URITEO. 77)

77 FORMATf46H0 CURRENT INPUT FILE 8AVED-8TARTIND OVER AOAIN) 
CLOSE f UNI T>2)

C TIMEOUT LOOP
00 213 l-l. 100 

213 CONTINUE

OTTO 412 
ENDIF
CLOSE! UN IT-2)

• •••END INPUT FILE EDITOR

• •••MAIN PROORAM 

490 URITEO. 100)
IOO FORMATf 38H1 INPUT COWLETE. STARTING CALCULATIONS) 

OPENf I. FILE- 'STMET. DAT '. ERA-903. STATUS- 'OLD ' >
IFfNCHOICE. EO. 2ITHEN
OPENf 2. FILE—DATFL2. ERR-OT3. STATUS— 'OLD ' )

ELSE
OPEN! 2. FILE-DATAFL. ERR-0O3. STATUS- 'OLD')

ENDIF
READfS, •) fAfl). I-l, 13)
OPENI 3. F ILE—DATFL3. ERR-401. STATUS- 'NEM' >
OPENf 4. FILE- 'MOUTOPH DAT '. EAR-901. STATUS- 'NEU' ) 
INQUIRE (FILE- 'UFLX DAT ’. EXIST-LNEX. OPENED-LNOP) 
IFf NOT LNEX)THEN
OPEN! 7. FILE- 'UFLX DAT '. ERR-901. STATUS- 'NEM' ) 

ELSEIFIfLNEX) AND. f NOT LNOP) I THEN
OPEN! 7. F ILE- 'UFLX. DAT '. ERR-904. STATUS- 'OLD ' ) 

ENDIF
OPENIS. FILE- 'UDRP OAT'. ERR-901. STATUS- 'NEM' > 
OMAX-Af I >
NPRFL—Af 2)
O-Af 3)
PIN—A(4)
TBIN-AI9I
L-A(6)
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Docrr-At 7 > 
oi-Aiei
HLOBS-AI»»
THETA>A( IOI 
RCAV-AUt )
ISTEP8>A(I3»
IIV-AM3)
REAOO. «> A<I4>
NKW-AI14»
NUNIT*2
CALL ILSTMtMW. AAI. AA3. AA3. AAA. AA9. NUN1T. BF. BD)
DO 330 l-l. IBS
READ! I# •» RTSATI 1 >. RFREBI M. RRHOVI I I.RHFI II. RHOI 11 

C 109 FORMATIFIO 4.FI9 4.FI9 S.FI9 9.FI3 31 
RITOII l-RHO( I l-RHFI 11

330 CONTINUE
DO 331 ■•1.41 
READII. •! RTEMI11, RCPFI I I 

C III FORMATI3FI3. 41
331 CONTINUE 

MRITEI3. I)
NRITEI3. 1131

113 FORMATI IK, 30I3M-9I. ' INPUTS 33l3H-a|//l 
HRITEI3. 1141 OMAX.NFRFL.O. PIN. TBIN

114 FORMATI9X. 'APPLIED HEAT FLUX AT O DEOB BABED ON OUTER OIAH. '.
• IOIIH-). Il*>. IPEII 4. 3X. 'H/M3V
E 91. ‘TYPE OF CIRCUMFERENTIAL HEAT FLUX PROFILEIO. I.OR 3I'.7IIH-I. 
t IM-. 10/
* 9X. 'TUBE IW.ET NABS FLUX. 0 I BABED ON IMCR DIAM I'. I3IIH-I.IH-.
B IPEI 14. 3X. 'N0/M3-S'
E /9X. 'TUBE INLET STATIC PRESSURE'. 33IIH-I. IH-. Ell. 4. 3X. 'PA'/
E 9X. 'INLET BULK FLUID TEMPERATURE'. 301IH-1. IH-. El 1.4. 3X.
E 'NELVIN'/I
HRITEI3. 1191 L. OOUT.OI. IOOUT-DII/3 

119 F0RHATI9X. 'ICATED TUBE LENOTH'. 401IH-I. 11^. IPEI I 4. 3X. 'METERS'/
E 9X. 'OUTSIDE TUBE DIAMETER. DOUT'. 311IH-I. IH>. El I 4. 3X.
E 'METERS*/
E 91. 'INSIDE TUBE DIAMETER. Dl'. 34MH-I. IH-. El 14. 3X. 'HETERB '/
E 9X, 'TUBE HALL THICKNESS'. 341 IH-I. IH-. El I 4. 3X. 'METERS'/I 
HRITEI3. IISI HL08B. THETA. RCAV

115 FORMATOX. ‘INLET PRESSURE LOBS COEFFICIENT. KLOSS'. 30MH-I. IH-.
E FII 9/
E 9X« 'TUBE ANOLE FROM HORIZONTAL PLANE*. 3EI IH-I. IH-.FII. 9. 3X.
E 'OEOREES*/
E 9X. 'RADIUS OF ONB MAX ACTIV* CAVITY FROM USER (O-RCRIT UBEDI *.
E 3IIH-I. IH-. IPEII. 4.3X. 'METERB'/I 
URITEI3. 1141 ISTEP8. IXV

HE FORHATOX. ‘NUMBER OF CALCULATION STEPS?»I-NO. 3-VEBI'.
E I7MH-I. IM-. 13/
E 9X. 'PRINT FULL MATER/STEAM PROPERTY DATA?!t-IOOO. 3-30001'91 IH-1. 
E IH>. 131 
HRITEI3. 1171 0ATFL3

117 FORHATOX. 'OUTPUT STORAGE DATA FILE CHOSEN AS’. 341 IH-I. tl*>.
E IX.AI9/I 
URITEO. ITS)

148 FORMAT(10*. 'THERMAL CONDUCTIVITY AB A FUNCTION OF TEIVERATURE ’//
E IIX. 'PAIR B'.3X. 'TEMP(DEO HI'.3X. ‘THERMAL CONOUCTIVITVIW/H-KI 
E'/l
DO 397 I-I.AII4I 
URITEI3. 1441 I.BFIII.BDIII
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199 FORMAT! IMO. 10X, 13. 9X. IPE9 3. I0X.E9 3>
297 CONTINUE

CALL ZT9ATIP1N.RPREB.RTBAT, TSAT. IMI. ILOU.NEXIT)
URITEO. 441

44 FORMAT I / IOK. 'LIMITS OF VALIDITY: '/I3X. 'PARMETER'. I4X. 'UNITS’. MX. 
» 'MAIN CODE*. I4X. 'DAMSILL CHE CORRELATION'. IOX. 'VALIAS FROM THIS 
ERUN'/I
URITEO. 491 L/DI.DI.9. PIN. SMAX

49 FORMAT I IOX. *L/DI'. 39X. '49 O TO 137.0*.22X. '>-39 O'. Tl 13, F9 3/
E IOX. 'INNER DIAM. 01‘.9X. ' IMETER8I'. AX. 0 0019 TO O 0044 '. IAX.
A 'O 003 TO O. OOO'. TII3.FA 4/
A IOX. 'HASS FLUX. O'. I1X. ' IN0/N3-SI'. 7X. '3900 TO 10000'. 3IX.
A '3 TO 10079'. TII3.FS- 3/
A IOX. 'INLET PRESSURE*. 9X. '<PAI'.9X. ‘3. 0E*09 TO 30 0E-09*. I3X.
A '3 9E+04 TO 3 07E»07'. Tl 10. IPEII 4/
A IOX.'UNIFORM HEAT FLUX'. AX. ’ IMH/M3I'. I3X. 'O TO 13 3E«0A'. I3X.
A '3 3E*09 TO I. I0E*OO'.TIIO.EII 41 
URITEI3. 3331 TOAT-TDIN

333 FORMAT! IOX. '1M.ET DELTA-T BUACOOL'.SX. '(DEO Rl'. IIX. '10 TO 300'.
A 23X. 'O TO 3A3'» Tl 13* FA. 31
MT1TEI3.334I TAIN

334 FORMAT I IOX. 'INLET DULR TEMPERATURE'. IX. *IOEO Ml'.AX. 'OREATER THAN 
A373. O'. 30X* 'OAME '• 34X. FA 3/. 4AX. 'LESO THAN A44 0V.4AX. 'LESS THAN 
A TSAT CQRRE8PONDIN0'/• 4AX. 'TO INLET PRESSURE'/!
DO 33A JLINE-1.9 
URITEO, 3271 

337 FORMAT! IX. ' 'I 
33A CONTINUEURITEO. A41

A4 FORMAT!//IX. 99I3M-*11 

• ■••INITIAL CALCULATIONS

RF—I. 0
IFtlSTEPS EO. IITHEN 
STEPS-IOOO O 

ELBE
BTEP0-3000. O 

ENDIF
NBTEPS-OTEPS
DIHY-DI
■W-IOOUT-OII/3 
XHOA-3 14I99•O*0I*01*0 39 
DEFF-Dl ••2 /OOUT 
OX-L/STEPS 
CHDV—CHOI XI
OAX-OMAXalSINTIAIO ,L. IAXFLX. IOI/L 

CALL IRHOI TSIN. PIN. RHOI 
VIN-O/RHO OOR-O
THETA-THETA«(3 14199/100 01 

• ••BET FLAOS/COUNTERS

JUMP—O
NC-O
NEXIT-0
N-INSTEPB/90—11
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HONSiCF-O
NtDBEF-0

iohao-o
I9F-0

c
c ••••9CT OME-IIDED HEATINO FACTORS 
C

tFINPRFL. C« OITHEN 
UFI-1 O 
UF2-I O 
UF3*| O 
UF4«| O 
UF9-1 O

ELSEIFtNPftFL ES 11 THEN 
UFI*0 9 
UF2-I O 
UF3«I O 
UF4*0 9 
UF9*0. 9

EL9EIFCNPSFL ES. 2ITHEN 
WFI*0 3103 
UF2-0 0A6 
MFD-O 06*
WF4*0 3797 
MF9»0 3797 

ENDIF 
C
C ••••SET INITIAL VALUE OF TENPERATURES AND PRESOURES
C

TMO-TtlN
TWI-TSIN
TWI3*TBIN
TU03-TBIN
TB-TBIN

C
C ••••2ERO ALL 8T0RA0E REOISTER VARIABLES
C

DO 333 !•!.91 
WINEim-0 UICIU)*0 
VOIDS!11*0.
WDPDIAI11*0.
WOPDIFIDH)
WDPDI0<l)«0 
WTP(|>«0 
WXPUI-O 

333 CONTINUE 
C
C ••••SET GFDS COEFFICIENTS 
C
C JEN0-LOTTE8 CORRELATION

CIOO-O 791 
C300*0 39 
C300--I 6090-07 

C THOM CORRELATION
C CIOO^> 02393
C C300*0 9
C C300--I I909E-07
C
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C ••••TWO PHASE EPIC HULTIPL SET TO ONE * SEE SUOPOUTINE 2US6F2 
C

TPPF-I 0

• •••SET NON-CSUILISPIUH SUALITV TO ZENO SETOSE SUSSLE DEPANTUIE 

XNESX-0 0
voio*o. o
ITP-O O 
ZP-O O

• •••CALCULATE PNCSOURE DROP IN UNHEATEO SECTION

PREB8«PINHU.OSB*S«»2. /I2. •RHOI 
CALL 1VISCITS.RH0.HUB>
CALL ZTLCIMTB. RHO* R>
CALL XCPPITS* RTEH* RCPP.CP.HEXIT> 
iriNEXIT ES. II SOTO BOO
CALL ZHOHOOmS. SOR. 01. OIHV. HUS. CP. R. RES. REST. PRO. P>
sprRicuN*cs»»a /<a •rmo>>«(4 •r»tu/si>
PPORAVUNHWEHS. S07*LU«8IN<THETA>
DPUtMT-OPPR f CUN* DP SPAWN 
PRESS-PRES8-0PUNMT

• •••START HA IN LOOP

DO 229 NHM.NBTEP8+I 
C
c ••••INITIALIZE CONVERSCNCE COUNTERS 
C

N9«0
H7-0NV«0
LEAVH)
ITER-O

C
C ••••CALCULATE INITIAL ELEMENT VALUES

XNU-NU
XUOX-XNU«DX
SHAXPP*SHAX«ZAIPLX i XUSX >
INTPP«ZSINTI*IO. . XUDX. ZAXPLX. 101 
CALL lCPrfTS.RTEN.RCPr.CP.NEXIT>
IFINEXIT.ES. ft> SOTO SOO 
CALL ZRHOf TS. PRESS. RHOUPI
TB«TB|N*f f SNAX«MFI«3. MI9V«DOUT«INTPP>/(CP»XHI>A> > 
CALL ZRHOfTS.PRESS.RHO> 
vr»i O/RHO
CALL ZVISCfTB.RHO.HUB>
CALL ZTLCUfTB« RHO. M>

C
c ••••REOIHE DETERMINATION
C

IPfNN. ST |> SOTO 497 
CALL ZRHOf TNI. PRESS. RHOUI 
CALL ZVISCf TNI. SHOW. HUWI
CALL Z TSAT f PRESS. RPRE8. RTSAT. TSAT. 1HI. I LON. NEKIT>
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ir<NEIITEO U GOTO 800 
IFtNH. CO I>THEN 
TSATIN-TSAT 

END IF
XHFO-HHFOfILOWI^C <INHFOI(HIIHVHFOfILOW)>*<PAC88*AFRCfl<ILOW)))/

0 <RPRE8<IMI)-RPRE8<ILOW)t}
ftHOV-RRHOVCIL0W)4<<(RRHOVtIMI>-RRHOV(ILOW))•<PRE88-RPREB<ILOW)>)/ 
* <RPRE8( IHI )~APRE8( ILOW)) )
VO-I O/RHOV
XEOZ—CP* (T8AT-T8 ) /XHFO
CALL ZHOMOOFFI8. OOR. DI. OIHV. HUB. CP. M. RCT. RE8F. PRO. FDWBI
CALL IHTCOEFFIXUDX.REt.RE8F.PRB. FDW8. CP. 0. HUB.HUW,RH. TB.OMAXPP.
8 DOUT. DI.PRC88.H. TWI.TWO.RHOW. N9.LEAV)
IFCLEAV EO. DOOTO 890
CALL ZONBtOUAXPP.DOUT.DI.PRE88. CIOO. C300. €300.T8AT. TB.XHFO. ft.

8 RHOV* RCAV* WF3. SURF.RCRIT.DTJL. DTAD. DTBR. TWIONB)
IF ITWI. OE TWIONB)THEN 
JUNP-I 
XONB—XUDX 
TWI IN-TWI 
TWIONB IN-TWIONB 
HIN-M 
TBONB-TB 
NONBBEF-1

••••SET UP FOR SHAH POB ROUTINE****
TFLU-TBH3-H

ENDIF
••••SHAH OONVO

BO-QHAXPP*WF9/IOOR«XHFO)
IF<BO OE O 38-04)THEN 
810-230. 0*BO**0 9 

ELSE
810-1. 0448. 0*B0**0. 9 

ENDIF
DTBATBD—0HAXPP«WF3/(W»8I0)
SHOD 1-6. 3E*04*B0**I. 99 
8MB09—9. O
IFIBHBDI. LT. 0H8D9ITHEN 
DTBB8HBD-0T8ATBD*8HBDI 

ELBE
DT8BaHB0-DT8ATBD«aMBD9

ENDIF
••••8AHA/ZU8ER 08NV0 

PE-REB*PRB
1FIPE LT 70000. OITMEN
0T8B8Z-(DI•QMAX*WF3*DOUT)/(01 *ft*499. 0)

ELSE
DT8B8Z— CONAX*WF9«OOUT)/(DI*00R«CP®0. 0069)

ENDIF
CALL ZHOOFBDfOHAX. WF9. DOUT. DI. OOR. ft. CP. PE. PE8TR. DT8B8ZI 
DTBUB-T8AT-TB
STAN- < QHAX«WF9«D0UT>/< DI*OOR*CP•DTSUB >
IFIOTSUB. LE. DTSBBZITHEN 

C IF(DTSUB LE DTSBSHBD)THEN
NC-t
ZBD—XUDX 
DTSUBIN-0T8UB 
T9ATIN-T8AT
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c
CPZiD-CP 
DTSB9ZIH-0T8BSZ 
DT8HB01N-DTSBSHBD 
TBBD-TB 
mDBEF«l 

ENDIF 
C
c ••••REOIHE CONTBOL 
C

497 IFINC EO. I ITHEN 
OOTO 492

ELBEIFIJUNP. EO. 1 ITHEN 
OOTO 491 

ELSE
CALL ZRHDI TUI» PRESS# RHOUI 
CALL ZVISCITWI* RHOW# HUN)

ENDIF
C
c ••••8IN0LE PHASE LIOUID REOIHE 
C

CALL ZHOHOOFFIO. OOR* Dl. OIHV* HUS. CP. R. RES. RCOF. PRB. FDWBI 
F* CFDWS* (HUW/HUSI ••O. 31 

C F«<FDWS* (HUW/HUBI ••O. 31 •RF»CFF « XUDX I
CALL ZHTCQEFFIXUDX* RES. REBF. PRB. FDWB. CP. O. HUS. HUW. RH. TB. OHAXPP.
* DOUT. Dl. PRESS. H. TWI. TWO. RHOW. N9. LEAVI 
IFILEAV EO. I IOOTO 890 
DPDKF—(2 0*F*0*0l/(RHD*DIHV!
OPDXA—<<0*0I/DX)«< (1 O/RHO I-11. O/RHOUPI!
DPDI0«*9. S07«8INfTHETA)•<(RH04RH0UPI/2. 01 
IFMABSIDPDXA). OE. 3. OE^OA). AND (IORAO. EO 01 ITHEN 
ZORAO*XUDX 

ENDIF
IFIAOSIOPDXAI. OE 3. OE^OAITHEN 

I OR AD-1 
ENDIF
DP X-< DPDXF«DXI♦(OPDXA»DXI♦(DPDXO«DXI 
IFIM1. OT. I ITHEN 
PRE8S-FRE88+DPX 
FP49A-FF49A^<DX«OPDXFI 
AP49*-AP49*+<DX«DPDXAI 
0P49A-0P496^<DX«DPDXOI 

ENDIF
CALL ZTSATIPRESS.RPRES.RTSAT. TSAT. IHI. ILOU.NEXIT)
IFINEXIT. EO. II OOTO OOO
XtrO«4!HFOC ILOW)♦ I < <RHFO< IHI )-RHFO< ILOW) )«CPREB8-RPRE8< ILOW) I)/

0 (RPRES< IHI l-RPRESI ILOW) 11
RHOV-RRHOV< ILOWI^I < IRRHOVI IHI l-RRHDVf ILOW) I• <PRES8-RPRE8(ILOW) I)/ 

0 (RPRES! IHI )~RPREB< ILOW) 11 
VO-1. O/RHOV
XEOZ—CP« < TSAT-TB )/X^FO 
DT9UB-TBAT-TB
CALL ZONSIOHAXPP* DOUT. 01. PRESS. CIOO. C2O0. C300. TSAT. TB. XHFO. K.

It RHOV. RCAV. UF3. SURF* RCRIT. DTJL. DTAD. DTBR. TWIONB)
IF(TW1 LT. TWIONB)THEN 
OOTO 790 

ELSE
C URITEO. 127) XUDX. TB. TUI. TSAT
C 127 FORHATIIOX. 'NUCLEATE BOILINO OND OCCURS AT'.IPEII. 4.
C 0 ' HETER8'/IOX. 'BULK TEHP-'.OPFIO. 4. ' K'/IOX.
C «> 'INNERWALL TEHP*'. FIO 4. ' K'/IOX. 'SAT TEHP*'. F10 4. ' K'/)
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C CALL 6HAHPDB<«IE9'9tE»F.PR0. rows. CP. 0.0019'HUS. MM. ML TSAT. TSAT IN'
C t TSIN.OHAXPP. XHFO. KUDX. 01. DOUT.H3.H. TUI.RHOW. ITER.HFO. 810>
C IFUTER CO. DOOTO 491
C •••*•••••••••••••*••••••#••••*•*

F«(FDW8»(HUW/HUS)«*0 31 
C F«<FOMS«CHUM/HUS>••0 3)•RF*CFFIXUOX>

DPDXF—13 ©•F*0*0> / 9RM0*0IMV>*TPFF
OP0XA—<<O«O»/DXHH< I. O/RHOI. O/RHOUPD
DP OX 0—9 007<i61 N< THETA9 •< (RHO^RHOUPI/a. 0>«UO-WVOID)
IF( (ABSfOPDXAI . OE 3 0E^O6». AND. i IORAO EO. ODTHEN 
ZORAO*XUDX 

ENDIF
IFIASSfOPOXA) OE. 3. OE♦06)THEN 

IORAO*t 
ENDIF
OPX««OPDXF»OXI♦<DPDXA«DXI♦(DPOXO«DXI
IFINH. OT. I ITHEN
PREBS-PRE88+DPX
FP496-FP496AIDX«DPOXFI
AP496-AP496A tDX»OPDXAI
0P496*0P4964<DXeDPDXOI
ENDIF
CALL ZTSATIPRESS.RPRES.RTSAT.TSAT.IHI.ILOW.NEXIT)
IFINEXIT ES. 1) OOTO 900
XHF9-RHF0IILOWDII CRHFOI IHI )-RHF9t ILOW) )•IPRCB8-RPRES< ILOWII )/

6 (RPRES! IHI IHRPRESI ILOW) 11
RHOV-RRHOVI ILOW>*< I (RRHOVI IHI )-RRHOV( ILOW))• IPREB8-RPRES(ILOW) ) )/ 
6 (RPRES!IHI)-RPRES!ILOW)))
VO* I O/RHOV
XE0Z—CP4I (TSAT-TS ) / XHFO 

C ••••OAHA/ZUSER HOOEL ELEMENT
OTJL~CIOO«! IQHAXPP4HD0UT/DI) )••C300)4HEXP(C300i>PRE88>

C TW!«TBAT^DTJL
TWIBD*T9AT^DTJL 
XHX*(TWISD-TWIONS)/IZSO-XONS)
TWI-XHX*! XUDX-XONS DTUiaNB 
H*IOHAXPP*(OOUT/DII)/(TWI-TB)

C M*(CA8V!RCB.PRS)•OHAXPP*(OOUT/OI)I/(TWI-TB)
C ••••••••••••••••••••••••••••••••••
C ••••8AHA/ZUBER FORHULA FOR SUBCOOL IMO AT 08W0«*««

PE*REB«PRB
C !F(PE LT 70000 O) OTSBBZ*(OI»OmX#WFa#OOUT)/(OIH(«499 O)
C IF(PE OE. 70000 O) OT8BSZ*(OHAX#WFa«OOUT)/(DI«OOR*CP»0 0069)

CALL ZHOOFBDIOHAX. WF2. DOUT. Dl. OOR. K. CP. PE. PE8TR. 0TBB8Z)
DTSUB*TSAT-TB
STAN*(OHAX«WF2«DOUT)/I01*00R*CP#DT9UD)
IF (DTSUB LE. DT88SZ)T)CN 
T8Z-TSAT-DTSB8Z 
NC*I

C PRINT •♦'—Y1PEE'
C URITEO. 129) XUDX
C 139 FORMAT!IOX. 'BUBBLE DETACHMENT VIA 8AHA-TUBER AT'. IPEII. 4.
C 6 ' METERS'I
C URITEO. 1301 TB. TSAT* DT8UB
C 130 FORMAT! IOX. 'SULK TEMP*'. FIO 4# # K'/IOX. 'SAT TEMP*'. FIO. 4. ' K' 
C 6 /IOX.'DTSUB*'.FIO 4.' K')
C
C ••••SHAH FORMULA FOR SUBCOOLINO AT BD»*««
C DTBATBD*OHAXPP•UF2/(HF0«8I0)
«C SHBDI*6. 3E^04«BO*«l. 29
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8H1D3-2 O
|F<BHtOI LT SHaOSITHEN 
DTSBSHBD-DTSATBO«SHBOt 

ELSE
0T8BSHBD*DT8ATBD«SNBD2

ENDIF
DTSUB ••T8AT-TB 
IF< DTSUB. LE. DTSBSHBD>THEN 
T8H-T8AT-DTSBSHBD
NC-I
HNITEO. 169) XUDX

169 FORNATUOX. 'BUBBLE DETACHMENT VIA SHAH SCB ATMPEII.4,
6 ' METERS' I

URITEO. 130) TB. TSAT.DTSUB
130 FORNATUOX. 'BULK TEMP*'• FIO. 4. ' NVIOX. 'SAT TEMP"'*F!0 4. ' K' 

6 /IOX. 'DTSUB-'.FIO 4* ' KM

••••SAHA/XUBER MODEL ELEMENT
CALL ZCPAVER(AVCP.TSAT. T8Z. RTEH. RCPF.NEXIT) 
IFINEXIT. EO I) OOTO 000 
XEOZ— I AVCP«DT8BSZ ) / XHFO

• •••SHAH PDB MODEL ELEMENT 3«««»
CALL ZCPAVERIAVCP.TSAT. T8H.RTEM.RCPF.NEXIT) 
IFINEXIT. EO I) OOTO BOO 
XEOZ*-IAVCP«DT8BSHBD)/XHFO

XNEOZ-O O 
CPZBD—AVCP 
ZBD*XUDX 
TBBD-TB
0T6UBBD*TSAT-TB 
VOID*!. 0E-I9 
OPUPF*OPDXF 
AUP|0*l. O/RHO
DPUP0*-9. B07«SINITHETA)9RH0«(I O-UVOID)
ZBAT»IO*AVCP* I TSAT-TB IN) *D 11/14. 0*0MAX»UF|« (DOUT/DD) 

ENDIF 
OOTO 780

• •••FULLY DEVELOPED BOILINO REOIHE

492 CALL ZNHOITUI. PRESS. RHOUI 
CALL ZV1SCITU1»RHOU.MUU)
ZBDVO-O 0
ZBDVO-IO 0024390. I4I39»DI)/I3 14199«DI«DI*0 29*

6 PRE88«*0. 237)
IFID1 LT. 2. 0E-03ITHEN 
UXXI*IZ8AT-ZBD)/4 O+ZBD
UVOID*ZBDVO«11UXXI-XUDX)/IUXXI-ZBD))*UF9 

ELSE
UVOID*ZBDVO«lIZSAT-XUOX)/(ZSAT-ZBD))

ENDIF
IFIWVOID LE 0. OITHEN 
UVOID*0 O 

ENDIF
AEFF*I3. I4I99»DUD1»0 29)9(1. O-UVOID)
O-XMOA/AEFF
DIHY*I (AEFFM. 0>/3 141991**0 9
CALL ZHOMOOFFIO. OOR. Dl. DIHY. HUB. CP. K. REB. REBF. PRB. FDU8)
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r-(FDWB«(Huu/nua>»*o s>
F-(F0M3«(riUM/HU») «»0 3)»«F»CFF( XUDX)
CALL ZCPAVER) AVCP I. TSAT. Tl IN. RTEM. RCPF. NEX 1T >
IFINEXIT ES I) OOTO 800
lSAT-tO»AVCP!<HTSAT-TI!N>*D!>/(4 0«OrlAX>UFI<IDOUT/DI) > 
ZP«(XUDX-ZBO»/IZSAT-ZID>
CALL ZUB9F3ITSAT. TS. AVCP. XHFO. RHO. 0. DI. DIHV. DX. RHOV. ZP. CPZBD.

I DTSBBZ. THETA. F. TPFF. AUPIO. DPUPF. DPUPO. VIN. DPDXO. DPDXA. DPDXF.
I DPX1, VOID. ZA10. ZOPF. ZDPO. XNEOZ. XEOZ. ZTP. CO. UFO 
PRESt-PRE8S*0PXI
CALL ZTBATIPREBI.RPRES.RTSAT. T8ATI. IHI. ILOU.NEXIT)
IFINEXIT EO. I) OOTO SOO
IHFO-RKFOI ILOUI«l IIRHFOI IHI I-RHFOIILOUI l•IPRESI-RPRESI ILOMI) )/

E IRPRE8I IHI l-RPRESI ILOUI))
RHOV-RRHOVI ILOUI*11IRRHOVI IHI)-RRHOVI ILOUI !•IPRE8l-RPRE8t ILOUI I)/ 
l IRPRE8I IHI l-RPREBI ILOUI 11 
VO-I. O/RHOV 
IFITB. OE TSAT I ITHEN 

URITEI3. 132)
132 FORHATIIX. 'TSAT OCCURS BEFORE TUBE EXIT')

URITEO. 133) XUDX.TI. TSAT1
133 FORHATII2X. 'BULK BOILINO POSITION*'. IPEII. 4. ' HETER8'/

E I2X. 'SULK TEHP*'. El I 4. ' K'/I2X. 'SAT TEHP-'.EI3 4. ' K'/l 
IFINH. LT. NSTEPSI THEN 

ZOflB-XUDX 
NOBB-I 

ENDIF 
NEXIT*!
TBAT*T8ATI 
OOTO SOO 

ELSE
TSAT-TSATI 
PRESSURES I 
FP4M*FP49E4' IDPDXFROXI 
AP49E-AP49** IDPDXA4DXI 
OP49E-OP49E»IDPDXO«OX I
IF! I ABB I DPDXA I. OE 3 0E*0*l. AND 11 OR AD EO ODTHEN 
ZORAO—XUDX 

ENDIF
IFIAS8IDP0XA) OE 3 OC+OEITHEN 

IORAO*I 
ENDIF 
DPUPO*ZDPO 
DPUPF*ZDPF 
AUP10*ZA10

• •••JENS/LOTTES OR THOM HOOEL FOR FOB REOIHE****
DTJL—CIOO*! IOHAXPP*IDOUT/DI I •••CSOOIlEXPICDOIHlPReSSI 
TUI-TSAT*OTJL
H-ISNAXPP* IDOUT/DI11 /1TUI-TBI 
H-1 CAST I REB. PRB l*OHAXPP*IDOUT/DI I l/ITUI-TB I

• •••SHAH HOOEL FOR FOB REOIHE****
CALL BHAHFDBI XUDX. REBF. PRO. FDUB. CP. O. OOR. Dl. HUS. HUU. RH. 

E OHAXPP. XHFO. TSAT. TSAT IN. TB. TSIN. H. TUI I

DTSUB-TBAT-TB
PE-REB«PRB
STAN-1 aHAX«UF2«OOUT I /1DI •OOR*CP*OTSUS I 

ENDIF 
C
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C ••••CALCULATION OF THERMAL CONDUCTIVITY COEFF
C

780 N6-NA+I
!F<N6 OT. 90)THEN 
HW*KH2
HRITEO. 1341 XUDX

134 FORMAT< IX. '90 ITERATIONS - OUTER WALL TEMP LOOP NOT CONVERGENT 
* 'AT POSITION - IPElt 4, ' METERS')

WRITEO. 136) TS. TM1. TWO. OHAXPP
126 FORMAT(IX. 'SULK TEMP-'. IPEIO 3. ' K INNNER WALL TEMP—'# E10. 3.

0 ' K OUTER WALL TEMP-'.EIO 3. ' K HEAT FLUX-'.EIO 3#
0 ' UATT8/H2'/)

OOTO 890 
ELSE

KW-IFITITWO. AA|. AA2. AA3. AA4. AA9)
FVT-<DI/D0UT)*»2. O
DT-OMAXPP«DOUT«ALOO<I 0/FVT)/(4. 0*KW)
TWO-TWI+DT
KW2-ZFITiTWO. AA1.AA2. AA3. AA4. AA9)

0 PRINT •# 'N6— '• N6
0 PRINT •. 'KW2-'. KW2

ENDIF
IF(A8S( I. 0-KW/KM2). OT. IOE-03) OOTO 780

C
c ••••CRITICAL HEAT FLUX CORRELATION
C

VEL-O/RHO
UDTSUB-VEL*iTSAT-TS)

C ROUSAR'B CORRELATION
C 0R0US-8. 34E«06^8 31E«O3«U0T8US
C GAMBILL'S CORRELATION

AO-9 81
SIOH-Z8URTE(TBATI

C SERNATH'8 CORRELATION TO EVALUATE WALL TEMP AT OURNOUT CONDITIONS
TWSO-97. 0*AL00(PRESS/6891 01-94. 0«<PRESS/(PRE884103369 0) >-VEL/

8 I 2192 
TWS0-TWSa»273 19

C VALUES OF K AND KP ARE . 14 AND . 026 RESPECTIVELY
OGAM0-O 14«XHFO«RHOV»(SI©M*AO*<RHO-RHDV)/RH0V««2. 0)««0. 29«

6 <1 0*<RH0/RH0V)»*0. 923*CP»DT8US/<29. 0*XHFO)>+0. 026*K/D1*
6 RES*«0. B*PRS*«U. 0/3 0MCTWB0-T8)
IF<DI LT. 8. OITHEN
OCAMS-QCAHB* 40. 008/D1 )««0 9 

ENDIF
IFUNPRFL.E8. D OR (NPRFL ES. 2) ITHEN 
OOAHB—00AH8M. 3 

ENDIF
IF (OHAX. EO. O OITHEN 
CHFBF—O. 0 

ELSE
CHFSF—OOAHS/OMAX 

ENDIF
IFlISF LT. 1ITHEN

IF(CHFBF. LT 2 OITHEN 
I9F-I 
CHFZ-XUOX 
ENDIF 

ENDIF 
C
C ••••STORE COMPUTED VARIABLES EVERY 20TH STEP
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c
496 N-M^l

IF<N OE. NSTEPS/901 THEN
800 N-0

NNN*NNN^ I
KW8(NNNI«PU
K8INNNI-M
RHOS ( NNNI «IVHO
rms8(NNN»«NUi
HUU8(NNNI«HUW
Q8(NNNI«0
ZAXFS<NNNI*ZAKFLX<XUDX > 
TSAT8<M«4)-T8AT 
Tf8<NNN)«T0 
CP8<NNNI«CP 
VF8(NNN>*VF 
V08(NNN)«V0 
CFH9<NNN)«CFH(XUDX) 
CFF8<NNNI*CFF< XUDX) 
CASY8<NNN)«CASV<RE9.Pft9) 
TMIS<NNN)«TWI 
TU08<NNN)*TU0 

C OROU88INNN)«OROU8
00AND8<NNN>•OOAN8 
8F8INNN)«CHF8F 
F8(NNN>-F 
HBINNNI-H 
PH I LOB < NNN > "T/F DUB 
PE8(NNN)«PC 
STANS<NNN)«BTAN 
RHOVB « NNN >-RHOV 
FPI23<NNN)«FP496 
API23(NNN)-AP496 
0PI23(NNN}—0P496 
DTBUSBINNN ) -DTBUD 
UDT8B8 < NNN) «>UDT8UD 
TCMBS < NNN I • TMI OND 
XUDX8(NNN»-XU0X 
PRE888<NNN>-PRESS 
RC88 f NNN)-RE8F 
PRB8(NNNI-PRB 
TPFFBINNN>-TPFF 
RCR1TS(NNN>-RCRIT 
UDPOX A f IS4N >-OPDX A 
WOPDXFOMN)-DPDXF 
UDPDXOINNNI-OPOXO 

C IF(NC. OE. I)THEN
HKNEZINWO—XNEOZ 
MXEIINNN t-XEOZ 
V0ID8(NNN>-V0ID 
WVOID8(NNN>-WVOID 
WTP(NNN)—ZTP 
WZP<NNN)-ZP 
WCO(NNN>-CO 

C ENDIF
IFINEXIT. EO 1) OOTO 090 
ENDIF

229 CONTINUE
C PRINT •, •— DP-'.P1N-PRE888<NNN>
C
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C ••••FRACTIONAL PRESSURE DROP AND PUMPING POMERC
830 PFRACXPIN-PRESSI/PIN 

CALL IRHOI Tl, PRESS. RHO)
PPUr**-3 1419IXP IN-PRESS (•DIMS 0*0/<4 0>RH0)
IFINPRFL ES OITHEN
PTHERM-OMA*«DOUT»*UO*

C PTHERM-OMAI»CHO(«UO*)»DOUT««UO*
ELSEIFINPRFLES tITHEN
PTHERM-SMAX*0 3«DOUT»XUOX 

C PTHERM-QMAX»03»CHOIXUDX)»OOUT«XUDM
ELSEIF(NPRFL. ES aI THEN

PTHERM-SHAX«0 3«D0UT»XUDI 
C PTHERM-QMAX»03«CH0IXUDX)»DOUT»XUDX

ENDIF
IFIPTICRN. LE. O. OITHEN 
PRAT 10-0 O 

ELSE
PRAT IO-PPVHP/PTHENH 

ENDIF
IFIXUDX.ES OITHEN 
PPUMPA—O. O 

ELSE
PPUWA-PPUHP/<XUDX»(DI*a. 0«SWI I 

ENDIF 
C
C ••••PREDICTION OP ONB. ID. ODD IF NOT OCCUR INO IN TUBE
C TBSLPIXTBSiai-TBINIFtL/SO. 01 

IFITISLPI. ES. O. 01 OOTO 334 
TBSLPE«(TBS<MMI-TB8(NNN-lll/(L/30 01 
IFITDBLPE. ES. O. 01 OOTO 334 
IFIJUMP. LT. 1 ITHEN
TIONB-TW IONS-1 OHAXPP •DOUT) / (H*DI I 
XOND-< TSONI-TS IN I/TISLPE'H.
INREOM-I
URITEO. 1731 IONS

17a FORMAT!/IOX. ‘PREDICTED OND OCCURS AT ‘. IPEII. 4. ax. ‘METERS') 
URITEO. 1731 TSONS

173 FORNATUOX. 'PREDICTED SULK TEMP ', IPEII. 4. 3X. 'DEO R'l 
ENDIF
IFIMONDKF. ED. I ITHEN
TDONS-TUI OND IN-1 OHAXPP •DOUT I / (HIN«DI I 
XONB-ITSONS-TlINI/TSBLPI 
INREOM-a
URITEO. I7ai XONB 
URITEI3. 1731 TBONB 

ENDIF
IFINC LT. I ITHEN
TBBD-TSAT8 < NNN) -DTBB8Z 

C TBBD-TBAT-DTBBSHBD
ZBDXTBBD-TBINI/TBSLPE+L 

C URITEO. 173) ZBD
r 173 FORHATI/IOX. 'PREDICTED ID PT OCCURS AT '. IPEII 4. ax. 'METERS') 
C URITEO. 173) TBBD

ENDIF
IFIMBOBEF EO.1ITHEN 
TBBD-TSATIN-DTSIBZIN 

C TBBD-TSATIN-DTSB8HIN
ZBD—ITBBD-TBINI/TBSLPt

CT)
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tNREOM-3
URITEO. 173) ZBD 
URITEO. 179) TBBD 

ENDIF
IMNOBB LT I ITHEN
ZOBB-< T8ATB < NNN >-TBS < NNN))/TB9L PE*L 

C URITEO. 174) ZOBB
C 174 FORHATI/IOX. 'PREDICTED ODD OCCURS AT '. 1PE11. 4. 2X. 'METERS'I 

ENDIF
URITEO. •) ' EXIT BUBCOOLINO - '.TSAT-TB

• ■••PRINT INSTRUCTIONS

294 URITEO. I)
URITEO. 137)

137 FORHATI/IX. 2S(2H-«>. ' OUTPUTS '. 37<2H-*>//)
URITEO. 174)

174 FORNATUOX. 'NOTE: ZERO DEVELOPMENT LENOTHB ASSUMED AT HEATED INLET 
4'/)
IFMHONBBEF LT. I). AND. IMSDBEF. LT. I) ITHEN 
URITEO. 177)

177 FORNATUOX. 'HEATED INLET IS IN THE 8PL REOIHE (AT Z-0 0000E«00 M 
4ETER8I'/>
ELSEIFtHONBBEF. EO I ITHEN 
URITEO. 102)

102 FORNATUOX. 'HEATED INLET IS IN T»C PDB REOIHE (AT Z-O OOOOC+OO M 
4ETER8I'/)
ELSEIFIHBDSEF. ES I ITHEN 
URITEO. 103)

103 FORNATUOX. 'HEATED INLET IS IN THE FDD REOIHE (AT Z>0. 0000E«00 H 
If TENS)'/)
ENDIF
IFIHONBBEF. ES. I ITHEN 
WRITEO. 178) XONB. TBONB. TSAT IN-TSONS 

ITS FORNATUOX. 'ONB PREDICTED TO OCCUR BEFORE HEATED IM.ET AT Z-'.
4 IPEII. 4.2X. 'HETER8'/19X, 'PREDICTED ONB BULK TEMPERATURE-'.
4 EII 4.2X. 'DEO K'/I9X. 'PREDICTED ONB DELTA-T BUBCOOL-'.
4 EII 4.2X. 'DEO K'/>
ENDIF
IFINSDBEF. ES. I (THEN 
URITEO. 170) ZBD. TBBD. TBAT IN-TBBD

170 FORNATUOX. 'OBNVO PREDICTED TO OCCUR BEFORE TUBE IlfET AT Z-'.
4 IPEII. 4. 2X. 'HETERB'/I9X. 'PREDICTED 08NV0 BULK TEMPERATURE-'.
4 EII 4.2X. 'DEO K’/I9X. 'PREDICTED OBNVO DELTA-T SUBCOOL-'.
4 Ell. 4.2X. 'DEO K'/)
ENDIF
IFMHONBBEF. LT. I). AND. (JUMP. ES. IIITICN 
WRITEO. IDO) XONB. TBONB. DTBUBONB 

IDO FORNATUOX. 'ONB(ONSET OF NUCLEATE BOILINO) OCCURS AT Z-'.
4 IPEII 4. 2X, 'METERS'/I9X. 'ONB SULK TEMPERATURE-'.El I 4. 3X.
4 'DEO K'/19X. 'ONB DELTA-T 8UBC00L-'. El I 4. 2X. 'DEO K'/>
ENDIF
IFIJUm. LT. I ITHEN 
URITEO. 1041 XONB

104 FORMAT I IOX. 'ONBIONBET OF NUCLEATE BOILINO) PREDICTED TO OCCUR AT 
4 Z-'. IPEII. 4. 2X. 'METERS' /1
ENDIF
IFMMBDBEF. LT. 11 AND. (NC. ES. 11 ITHEN 
URITEO. ISI ) ZBD. TBBD. DT8USBD

181 FORNATUOX. 'OSNVOIONSET OF SIGNIFICANT NET VAPOR GENERATION) OCC
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IURB AT *• IPEII. 4. 2*. 'rCTCTBVIS*. 'OBNVO BULK TEMPERATURE-'. 
h Ell. 4.3X. 'DEO ft'/IBX. 'OBNVO DELTA-T BUBCOOL- '• El 1. 4, 2X»
It 'DEO H'/)
ENDIF
IF4NC. LT. I ITHEN 
URITEO. 1071 1BD

197 FORNATUOX. 'OBNVO(ONSET OF B10NIFICANT NET VAPOR OENERATIONI PRE 
tOICTCD TO OCCUR AT Z-'• IPEII. 4* 2X* 'METERS'/>
ENDIF
IF(NODB. LT. I ITHEN 
IF((JUir. LT. II. AND. (NC LT. 11 ITHEN 
URITEO. 1821 L

102 FORNATUOX. 'HEATED EXIT IB IN THE BPL REOIHE AT 1-'. IPEII. 4.
* 2X. 'HETERBVI
ELBEIF((JUMP EO. 11.AND (NC LT 11ITHEN 
URITEO. 1831 L

183 FORNATUOX. 'HEATED EXIT 10 IN TIC PDB REOIHE AT Z-*. IPEII. 4. 
t 2X.'METERS'/I
ELBEIF(NC E0. IITHEN 
URITE(3.1841 L

184 FORNATUOX. 'HEATED EXIT IS IN THE FOB REOIME AT I-'. IPEII. 4. 
t ax. 'METERSV)
ENDIF
ENDIF
IF(N08B. EO. I ITHEN
URITEO. 1891 ZOBB. TBOBB

189 FORNATUOX. 'BULK BOILINO OCCURS BEFORE HEATED EXIT AT Z-'.
It IPEII 4. 2X. 'HETERS'/I9X. 'OBB BULK TEMPERATURE-'. El 1. 4.
* ax. 'DEO K'l
ELBEIFI(HOBS LT. II. AND (ZOBB. OT. O. 01ITHEN 
URITEO. 1861 ZOBB

106 FORNATUOX. 'OBB(ONSET OF BULK BOILINOI PREDICTED TO OCCUR AT Z-* 
t .IPEII 4.2X.'METERS'/)
ENDIF
URITEO. 1941 RCAV

194 FORmTUOX. 'MAXIMUM ACTIVE SURFACE CAVITY RADIUS -'* IPEII. 4. 2X.
E 'METERS'I 
URITEO. 1*01 RCRIT

1*0 FORNATUOX. 'CALCULATED CRITICAL SURFACE CAVITY RADIUS -'. IPEII 4.
* 2X.'METERS'/I 
1FU8F. E0. I ITHEN
URITEO. 1891 CHFZ

189 FORNATUOX. '••••MARNINO*#** CHF SAFETY FACTOR LESS THAN 2. 0 AT Z 
*-'. IPEII. 4. 2X* 'METERS'/1
ENDIF
IF(N08B.LT.IITHEN 
URITEO. 1071 CHFBF

107 FORNATUOX. 'EXIT CHF(CR!T!CAL HEAT FLUXI SAFETY FACTOR-'.
* IPEII.4/1
ELBEIF(NOBS EO 1ITHEN 
WRITEO. 1901 CHFBF

190 FORNATUOX. *CHF(CR!TICAL HEAT FLUXI SAFETY FACTOR-'. IPE11. 4.
* ax. 'AT OBB POINT'/)
ENDIF
IF(IORAO. ES. I ITHEN
WRITEO. 1991 ZORAD. ZORAD

199 FORNATUOX. '••••WARNING*#*# DP/DZ ACCEL > 3 0E+06 PA/N AT Z-'.
* IPEII 4.2X.'METERS'/
* IOX.'PRESSURE DROP NAY BE OVERPREDICTED AFTER Z-'.EIl 4.aX.
* 'METERS'/)
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CNOIF
URITEO. mi FIN-FMCSeSdRMI, PERAC. PPUHR. (•THERtl. PRAT IO 

130 F0MMTI//I0I. 'TOTAL PRESBURE DROP IN HEATED LENOTH'. 33( IH-I.
E IH>. IPEII 4. ai. 'PA '/
E 191. 'FRACTIONAL PRESSURE DROP IN HEATED LENOTH'. lailN-l.
E IH-.EII4/
E 19*. 'PUHPINO POWER FOR HEATED LENOTH'.331 IH-I. IH>.EII 4.
E a*. 'WATTO'/
E 19*. 'THERMAL POWER REMOVED'.3a I IH-I. IH>. El I 4.a*.
E 'WATTO'/
E 19*. 'PWINO-TO-THERMAL POWER RATIO'. 031 IH-I. IM». Ell. 4/1
oo aao jline‘1.ai 
writeo. aa/i 

aao continue 
WRITEO. II 
WRITEO. 1401

140 FORMAT f TED. 'IMCR WALL'. TOa. 'OUTER MALL*.TOO. 'CORE'.TiaS. 'LOCAL') 
WRITEO. 1411

141 FORMAT IT30. 'SATURATION'. T44. '0ULM*.T97. 'DELTA-T'. T7I. 'TEMP '.
E T04. 'TEMP '.T9*. 'REVNOLOO'. Tl 10. 'LIOUID'. TiaO. 'HEAT TRANSFER ' I 
WRITEO. I4ai

14a FORMAT<T9. 'POOITION'. TIO. 'PREOOURE'. T33. 'TEMP '. T4*. 'TEMP '.
E T97. 'OUOCOOL'• T*9. ‘AT O OEOO'.TOa. 'AT O DEOS'. T97. 'NUHDER'.
E TIIO. 'PRANOTL'.TiaO. 'COEFFICIENT')
WRITEO. 1431

143 FORMAT I T9. MICTEROI *. TaO. 'IPAI'.TSa. 'IDEO NI'.T49. 'IDEO Ml*.
E T97. 'IDEO RI'.T70. 'IDEO RI'.TOS. 'IDEO HI'. T9*. 'REID-EFFI'. TIIO. 
e 'NUHDER'.Tiaa.'iw/ie-Hi'/i
WRITEO. 1441 11110*0111. PREOOOIII. TOATOI11. TDD 111. DTBUOOI11.
E TWIfll 11. TWOOI11. REDS! 11. PRDOI11. HOC 11. I>I.NNNI

144 FORMAT I lOOR. IPEII 411 
WRITEO. II
WRITEO. 1491

149 FORHATITI*. 'LIO. FANNINS'. T30. 'TWO-PHAOE'I 
WRITEO. 14*1

14* FORHATITI*. 'FRIC. FACTOR'. T33. 'M-N'. T49. 'DP/DZ'. T90. 'DP/DZ'. T7I.
E 'DP/DZ'.T03. 'DELTA-P '. T9*. 'DELTA-P'. TI09. 'DELTA-P’. Tiaa.
E 'DELTA P'l 
WRITEO. 1471

147 FORMAT I T9* 'POOITION'. TIO. 'KATINS'. T3I. 'FRICTION'. T49. 'FRIC '.
E TOO. 'QRAV ', T7I, 'ACCEL. '. T04. 'FRIC. '. T97. 'DRAW ‘.TIIO.
E -ACCEL ’.Tiaa. 'TOTAL'I 
WRITEO. 1401

140 FORMAT I T9. 'IKTEROI'. TIO. 'ADJUSTED'. T30. 'MULTIPLIER'. T49.
E 'IPA/HI'. T9S. 'IPA/MI'. T7I. 'IPA/HI'. TB9. 'IPAI'. T90. 'IPAI'.
E Till. 'IPAI'. TI34. 'IPAI'/I
WRITEO. 1491 I*110*0111. FBI II. TPFFSI11. NDPORFI11. WDPDVOIII. 

e WDPOxAt ii.AOoiFPiaaiiii. Assiopiaaiiii. AooiAPiaaiiu.AOoi 
E FPI33«l>*OPI33(l>»APia3M>l. I-I.ISMI 

149 FORHATIIOia*. IPEII 4)1 
WRITEO. II 
WRITEO. 1901

190 FORMAT IT3I. 'NON-EOUIL'. T44. ‘ATTACHED'. T99. 'WALL OUODLE '. T73.
E 'CORE‘I
WRITEO. 1911

191 FORNATITIO. 'NON-EOUIL'. T33. 'PLOW'. T4*. 'WALL*. T90. 'LAVER'.
E T7a. 'HAB0'.T9*. 'OAHOILL'. Tilt. 'CK'I
WRITEO. 1931

19a FORMAT I T9. 'POOITION'. Tao. 'FLOW'. T33. 'VOID '. T4*. 'VOID'. T97.
E 'TM1CKNEB0'. ITS. 'FLU*'.T97. 'CHF'. TIIO. 'OAFETV'I
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I4RITEO. IM)
IM FORHATCT9* ' IHCTCR8ITl«. '•UA4.tTV.T3l. FRACTION', T44. 'FRACTION'.

* T97. (HETERB) . T70. MRO/Ha-SI'. T7A. '<U/H3) . Tl 10. 'FACTOR VI 
URITEO* 1*11 IXU0X8III* UKNEZf 11* VOIORIII. UVOIOB4 I I.
* DIRUU0III8I 11/4. O* 08111.80AH8S( I I. 8F8I 11. I-I.NM4I 

1*1 FORHAT 16 OX. IRE 11.41* T*4. El I 4.3X.Ell 41
URITEO. II 
URITEO. 19*1

19* FORHAT IT70. 'HUU< TUI I'. Tl 10. ‘8U8C00L *. Tia4. CO'I 
URITEO. 1971

197 FORHAT I T9. 'POSITION'. Tl*. 'CRIT8I'. T38. 'VFITBI'. T49. 'V8IT8I *. T97.
* 'HU8IT9I '• T**. 'AT 0 0E«8'.T89. 'RB'.T**. PE . TIO. '87 .1123.
* 'DIBTR'I 
URITEO. 1991

199 FORHAT 4 T9. 'IHETERSI *. TI8. '0/R8-RI'. T38. ' (H3/R0I'. T49. 'IH3/R0I'.
* T97. ' <N8/Hai *• T70. 'IN8/IQI'. T83. ' IU/H-MI'. T*7. 'NUH8ER '. T110.
* 'NUHOER*. Tia3. 'PARAH'/I
URITEO. 1981 IXUOX9III.CP8(ll. VFB«ll.VOBMI.HU»8<II.HUM8MI.
* RBI 11. PEBI11. BTANSI11. UCOI11. 1-1. NMII

198 FORHAT IIOOX. IPEII. 411 
IFIIXV E8 3ITHEN
URITEO. II 
URITEO. 1011

101 F0RHATI43X. 'BAT*. I4X. BAT ' I 
URITEO. 1031

102 FORHAT 144 X. 'VAPOR'. I3X. 'LIOUID'. OX. 'VAPOR'I 
URITEO. 1031

103 FORHATtVE. 'TBAT'. I4X. 'PSAT '. OX. 'DCNBITT'. IOX. 'ENTHALPV.
* IOX. 'ENTHALPV I 

URITEO. 1041
104 FORHATIIOX. 'IRI '• I4X. 'IPAI'. OX. 'IR07N3I MIX. 'IJ/ROI '.

0 OX. 'IU/R0I'/•
DO 299 l-l. 183
URITEO. 10*1 I. RTBATI11. RPRCDI11. RRHOVI 11. Rl^l 11. RMQI11 

10* FORHAT! 14. FIO. 4. 31. FI 9 4. 3X.FI9 B. 3X.FI9 4. 3X.FI9 31 
399 CONTINUE

URITEO. II 
URITEO. 1071

107 FORHAT I SOX. 'BAT* I 
URITEO. IOOI

108 FORHATtavX. 'LISUID'I 
URITEO. 10*1

10* F0RHATI*X. 'TBAT'. I9X. 'BP ICAT'I 
URITEO. 1101

110 FORHATIIOX. 'IRI*. I9X. 'IJ/RO-RI'I 
00 39* l-l. 41
URITEO. 1131 I. RTEHI11. RCPF 111 

113 FORHAT! 14. FO 9. IOX. FO 91 
39* CONTINUE 

ENDIF
URITEO. 19*1

19* FORHATI////9X. '•••••••••••*•••••••••••••••••••••••••••••••••*••* '.«••••••••••■I
• •••URITE DATA TO ORAPH FILE

00 390 l-l. NNN
URITE<4. 1*91 XUOXBI11. TDBIII. TBATBI11. TUIBI11. TUOBI11. PRCDBSI11 

169 FORHATIIX.AI3X.IPEII 411
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C 250 CONTINUE 
C IFl NOT LNEX)THEN
C WHITE!?, IMI OnAKIDOUT/DI I. PREBSSII )-PRES9SINNNI
C IM FORNATtaiSX. IPEII 4M
C ELBEIF(LNEXITHEN
C 00 252 1-1.50
C REA0I7. IM.END-49fll OUNIFIII.IIPIIESIII
C 393 CONTINUE
C 450 NREC-I-1
C REMIND 7
C OUNIF(NREC«ll-«mil»<DaUT/Dll
C DPRESINREC*II-PRESSSUI-PREBB8(NNNI
C DO 393 !-t.NREC*l
C MRITEI7. IMI OUNIFIII.DPRESIII
C 393 CONTINUE
C ENDIF
C OO 391 l-l. NNN
C MRITEIO. 1471 XUOXBI11. PRESS8111
C 167 FORNRTCaiaX. IPEII 411 
C 391 CONTINUE 
C
C ••••END ROUTIIC
c
BBT CLOBEIUNIT-II 

CLOSE I UNIT—31 
CLOSE (IMI T—3)

C CLOBEIUNIT-4I
C CLOSE(UNIT-7I
C CLOSE(UNIT-SI

PRINT ». ' CALCULATIONS COMPLETE - END PROORRH' 
OOTO 99S

• •••ERROR MEB8A0EB
500 URITEO. • 

OOTO SSt
501 URITEO. • 

OOTO SSS
S03 URITEO.* 

OOTO SSS
503 URITEO.* 

OOTO SSS
504 URITEO.* 

C
SSS END

IMPROPER FILE NAME - EX I TINS PROORAM'
ERROR OPENING FILE - EX IT INO PROORAM'
ERROR STORING CORRECTIONS - EXITING PROGRAM' 
ERROR OPENING DATA FILE - EXITING PROORAM'
ERROR OPENING OLD FILE FOR ADDITIONS - EXITING'
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••• THIS SUSWOUTtHE CALCULATES THE I80THESHAL FRICTION 
••• FACTORIFANNINGI AND RETURNS RES AND PRB

SUBROUTINE ZHONOOFFtO. OOR. DI.DIHV.NUB. CP.K. REB.REBF. PRB.FDMB> 
C

REAL HUS. NUN. A 
REB-GOR«DI/HUS 
REBF-G«DIHV/NUB 
PRB«NUB«CP/K 
IF<REBF LE. ft. 0E+O6ITHEN 
FDUS-O. 04A/REBF»«0 2 

C FDW8*. 079/REBF««0 29
ELSE

FDW8-0 0246/REBF«»0 199 
ENDIF 

C
RETURN
END
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on
 

on
 

on
nn

oo • THIS SUSSOUTINE CALCULATES FLUID ONLY HEAT TRANSFER 
••• COEFFICIENT AND RETURNS INNER WALL TEMPERATURE 
••• AND RHOW t HUW

SUBROUTINE ZHTCOEFFI XUDX. REB. REBF. PRB. FDWS. CP. O. HUB. HUW. RH. TB. 
li OHAXPP* DOUT. Dl. PRESS. H. TWI. TWO. RHOW. N3. LEAVI

REAL HUS. HUW 
XPM-IXFPMCREB>
XHS*0. 449«FDW8*CP*0«< <REB4»0. OOOl >••0. 06e9»»<PRB«»<-O. 93>)

100 N9-N9^I
IF(N9. OT. 901 THEN I tj
URITEO. 129) XUDX 
URITEO. 12A) TB. TWI. TWO. OHAXPP 

129 FORMAT(2X. '90 ITERATIONS - INNER WALL TEHP LOOP NOT 
E CONVEROENT AT POSITION'.IPEII.4.' METERS')

124 FORHATIIX. 'BULK TEMP-'. IPEIO 3. ' K INNER WALL TEHP-'.
* E10. 3. ' K OUTER WALL TEHP-'.EIO 3. ' K HEAT FLUX-'.
It EIO. 3. ' WATTS/M2'/)

LEAV-I
RETURN

ENDIF
H-XHB«< <HUS/HUW)#«XPH)*RH 
H-XMB*IiHUB/HUU)••XPH)•RH»CFH(XUDX)
TWI-TB+IIOHAXPP«DOUT)/IH*D1))
TWI-TB♦11OHAXPP*CASYIREB. PRB)•DOUT)/1H«DI))

CALL ZRHOITUI. PRESS.RHOU)
CALL ZVI8CITWI. RHOW.HUU)
H2-XHS«(<HUB/HUW)««XPH)#RH 
H2-XH8* I i HUB /HUW) •• XPH I •RH#CFH ( XUDX I 
PRINT •. 'H2-'.H2 
IFIABSIl. -H/H2) OT I. 0E-03)THEN 
OOTO 100 
ENDIF

RETURN
END
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c
C ••••BUMOUTINE TO CALCULATE THE WALL SUPER HEAT AT ONt UBINO 
C THE DAVIS/ANDERSON. •ER0LE8/R0H9EN0U* AND OFDt CORRELATIONS
C

SUtROUTINE IONS<ONAIPP* DOUT, Dl, PRESS, CIOO. CSOO, C300. TSAT.
«i Tl. XHFO. K. RHOV. RCAV. HF3, SURF. RCR IT. DTJL. DTAD. DTBR. TWIONB > 

C
REAL K 

C
C JENB/LOTTES OFDB USED BY KLINE

DTJL*CIOO»<<0HAXPP#WF3*IDOUT/DI>)«*C300)*EXP<C30C«PRE88> 
TWIONBJL-TSAT♦DTJL 

C
C DAVI8/AN0ERB0N ONB WITH RCAV OR RCRIT 

SURF-ZBURTEtTBI 
B»2 O«9URF»T8AT/fXHF0«RH0V)
RCRIT*<IB»K)/< fOHAXPP^t 0E-03>#WF3)9 

IFfRCAV. EO O. OITHEN
DTAD-<(8. 0«8URF«OHAXPP«WF3»T8AT)/IXHFO«K«RHOV)>*#0 9 

ELSE
DTAD- C B/RCAVI ♦ 10NAXPP«WF3«RC AV/K )

ENDIF
TWIONBAD-T8AT♦DTAD 

C
C BEROLES/ROHBNOW ONB CORRELATION

DTBR—O. 99A«(SHAXPP«WF3/U083. 0«<PRE9B/I 09E^09)««I. I9A>)«* 
B fO 463»<PRE88/I. 0E^09)«»0 0334)
TWIONBBR-T9AT^DTBR

C
TWIONB-TWIONBAO

C
RETURN
END

178



MHOUTINE ZHODFMHQMAX* HF2* DOUT. Dl. OOR. K. CP. PE. PEBTR. DTBBBZ) 
C
C THIB SUBROUTINE DETERMINES THE ADJUSTED BO PREDICTION OF THE 
C 8AHA-ZUSER CORRELATION BASED ON TRENDS OF KLINE FIO 4. I7A
C

IFttNAR. ES. O OIOOTO 10 
PEBTR-70000 0

C PEBTR-20S3S2A9. 33*01♦37276 94
IFIPE.LT. 70000. OITHEN
DT8BSZ*<DI«OMAR«DOUTI/<D|4R«499. 01 

C ELBEIFI(PE.OE. 70000 01. AND. (PE.LT PEBTRHTHEN
C DTSBBZ*IQMAR*DOUTI/4 DI*0OR«CP#O. 00691
C ELBEIFI (PE OE. PE8TRI. AND (PE LT. 300000 OMTHEN
C BDM-9. 9964E~06*DI-6. 1603E-09
C STNM-0 0069^BBM*(PEBTR-PEI
C DT9BSZ*(OMAR»OOUT>/(DI«OOR«CP48TNHI
C ELBEIF(PE OE 300000 OITHEN
C BDM-9. 9364E~06*DI-6. I609E-09
C 8TNH*0 0069>BDM«(PEBTR-300000 OI
C DT8B6Z*< OMAR•DOUTI/(DI•OOR *CP•BTNMI
C ENDIF

ELBEIFI (PE. OE. 70000 01. AND. (DI.OE. 7. 0E-O3I ITHEN 
DTSBBZ*(OMAR*DOUTI/(DI•00R*CP«0. 00691 

ELSEIF((PE. OE. 70000 01 AND. (DI LT 7 0E-03)ITHEN
■DM*—(((OMAR«(DOUT/DI)/l. OE>061/30 0)»«(-l 03) lO. S92E-OB 
BTNM*0. 0069^BDM*(PE-70000 O)
IF(BTNM. LE. O. 0039)THEN 
BTNM*0 0039 

ENDIF
DTSBBZ* (OMAR«DOUT I / (DI •OOR»CP«BTNM I 

ENDIF 
OOTO 20 

10 DTBB8Z*0. O 
20 CONTINUE 

RETURN 
END
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SUVUOUTINE ZUB8F3(TSAT. TS. AVCP. XHFO. RHO. 0. Dl. DIHV. DS. RHOV.
A ZP.CPZBD.DTSBBZ.THETA. F.TPFF* AUPIO.DPUPF. DPUPO. VIN.DPDXO.
* DPDXA. DPDXF. DPX. VOID. ZA10. ZDPF. ZDPO. XNEOZ. XEOZ. TP.C0.UF4I

THIB SUBROUTINE DETERMINES THE TWO PHASE PRESSURE GRADIENT <OPOX> 
FOR SEPARATED FLOW USING THE ZUBER FLOW QUALITY MODEL.
THE ZUBER VOID MODEL. AND HOMOGENEOUS TWO-PHASE FRICTION FACTOR

Nt*0
DTSUB-TSAT-TB
XEOZ— < AVCP •DTSUB > /1 XHFO I •UF4 

TP-IHEXPI-ZPI 
TP—TANMC ZP >

IFIAB8IITP-ZPI/ZPI.LE.1 OE-IOITHEN 
TP-TP4I.0E-I2 

ENDIF
XNEOZ—IDTSB8Z•iZP-TP>•CPZBD>/< XHFO^IDTSBBZ*<1. 000-TP»•

0 CPZBD)>*WF4 
PRINT •. 'ZP-'. ZP 
PRINT •, 'TP-'. TP 
PRINT •. 'CP-'. CPZBD 
PRINT •. 'DT8USBZ-'.DTSBBZ 
PRINT ••'WF4—'.WF4 
PRINT ••'XNEOZ-'.XNEOZ 
IF<XNEOZ EO. O. OITHEN 
XNEOZ-XNEOZM OE-19 

ENDIF 
A900-I. 41 
A900-2. V 

100 NI-N14I
IFINIGT 190ITHEN
WRITE <9. * I 'WARNING - CO LOOP NOT CONVEROENT AT 190* 

URITEO. •> 'VOID-'. VOID 
OOTO 200 

ENDIF 
C01-I9 
C02-0 2
C02-1 144-1. 4934E-07*PRESS+7. 90TSE-19^RE88»*2 O 
CO-U-EXP<-COI*VOID> )/U-EXP<-COI I )«U«C02)'C02«V0ID 

CO-1 29
X8T-ZBURTEITSAT)
V0J-A900«im0. 80TI«<RH0-RH0V)*(X8TII/IRH0«RH0>I««<0. 2901)* 

4 <8IN<THETA>)
A100-< CO/RHO > • IRHO-RHOVI • 4 XNEOZ I 
A200-4 RHOV/RHOI «C0
A300-4 RHOV/RHOI • (VOU/VINI • 4 SIN 4 THET A11 
VO10-4XNEOZI/4AI00+A200+A300I 
WRITE!9. •> 'VOID-'. VOID 
IFIABSII-VOID/VOID! I. OT 1. 0E-O2ITHEN 
VOID—VOIDI 
OOTO 100 

ENDIF
200 ZAIO-4 IXNEOZ»XNEOZ)/IVO!D*RHOV) I*

4 4141. 00-XNEOZI*!I OOO-XNEOZ11/4 41.000-V0IDI«4RH0l11
DPDXA—-4 40»0I/(DX))•<ZAIO-AUPIOI
ZDPO—40 e07l*(8IN4nCTAI !•( (VOID*RHOV)*4 41 000-V0IDI*RH0) I 
DPDXO-O 9*4ZDPO*DPUPO)

••••• HOMOGENEOUS TPFF
VF-I. OO/RHO 
VO-I OO/RHOV

C
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vto-vo-vf
CALL IVI6C CTS* WHO* FVIS) 
CALL ZVISCCTSAT. RHOV. OVIS) 
•I0-FVIS-0VI8 
1IOO-XNEQZ•<VFO/VF> 
■200-XNE0Z•(BIO/OVIS) 
B300*CI 00>B200)«*0 29

C TPFF-10
C TPFF-<1. 00<HB100>/<B300>
C URITEO. 300) TPFF
C300 FORMAT!' TPFF - '.F20 I0>
C M-N TPFF ••••

RE0O*0*DI /OVIB 
REFO-0»DI/FVIB 
FOO-O 046»RE0O««<-O 2)
FFO-O 04A*REF0««!*0. 21 
DPDZFOO*<2 O«FO0»0*O)/<DI*RHOV)
DPDZFFO*(2. 0«FFa«0«a1/(01•RHO1 
OHA-<DPDZFOO/DPOZFFO>««0 9 

C OMA—((FVIB/0VI8)»*<-0 21«(V0/VF11««0 9
IFIOMA OE B. 91 THEN 

C-21. O
C B-21 O/OHA

ELBE
C-2 364«0MA-I/0HA 

C ■•2. 364
ENDIF
B-(C«0MA-2 0««1. BO. 0!/<0HA««2 0-11 

C ••••• MN TPFF WITH CH18H0LM CORRECTION 
C IF(DMA LE. 9. 9ITHEN
C IF(0 LE 900 OITHEN
C 1-4 0
C ELBEIFI (O. OT. 900 01 AND (O LT. 1900 01 ITHEN
C ■•2400 0/0
C ELBEIF(0 OE 1900 OITHEN
C B-99 0/0*«0 9
C ENDIF
r ELBEIFI (OMA. OT. 9. 91. AND. (OMA. LT. 20. 01 ITHEN
C IF IO. LE. 600 OITHEN
C ■•920. 0/<0MA»0»*0 91
C ELSEIFIO OT 600 01T1CN
C B-2I.O/OMA
C ENDIF
C ELBE IF(OMA OE 20 OITHEN
C ■•19000 0/(0MA»«2 0«0«»0. 91
C ENDIF

TPFF«1^I0MA*«2. 0-1)•<■•XNEOZ**0 ■•(I-XNEOZ)••O 9^XNE0Z««18) 
C TPFF-O. 7*TPFF

ZDPF*-(I2 0«F*0#01/IDIHV*RHO11*TPFF 
C ZDPF—((2 O^«0«01/(DI*RM011»TPFF

DPDXF«*0. 9*1 ZDPF♦DPUPF 1 
DPX-(DPDXF«DX1♦(DPDKA»DX1♦(DPDXO»DX1 
RETURN 
END
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SUBROUTIME ZLSTSCHNPT. AA. BB. CC. DO. EE* NUNIT, F. D)
C
C THIB IS A SUBROUTINE THAT DOES A LEAST SQUARES CURVE FIT 
C ON A DATA SET THE DATA IS READ IN THROUGH THE
C SUBROUTINE IN FAIRS THE 1NOEFENOENT(FREE> VARIABLE AND
C THE CORRESPONDING DEPENDENT VARIABLE 
C IF THE INPUT CONSISTS OF ONE THROUGH FIVE VARIABLE
C PAIRS. A CURVE FIT EQUAL IN ORDER TO "THE NUMBER OF
C INPUT VARIABLE PAIRS MINUS ONE" RESULTS 
C FOR INPUT OF MORE THAN FIVE VARIABLE PAIRS A 
C FOURTH ORDER FIT RESULTS.
C THE MAXIMUM NUMBER OF PAIRS ALLOWED IS 100.
C THE SUBROUTINE IS CALLED BY ZL8T80<NPT*AA. BB.CC.DD.EE). 
C "NPT" IS THE NUMBER OF PAIRS OF POINTS THROUGH WHICH 
C THE LEAST SQUARES FIT IB DESIRED.
C "NPT" MUST BE SPECIFIED IN THE PART OF THE CODE 
C CALLING ILBTSQfNPT.AA. BB.CC.DD.EE).
C AA. BB. CC* DO* )EE ARE THE COEFFICIENTS OF THE 
C FIT EQUATION. IE.
C V • AA ♦ BB«X ♦ CC*X»*a ♦ DD*X««3 ♦ EE*X»*4 
C TtC DATA IS READ IN THROUGH THIS SUBROUTINE IN 
C THE FOLLOWING FORMATi 
C
C READ<2.3) FREE.DEP
C 2 FORMAT(2EI5 9)
C
C EXAMPLE
C
C REAO<2. 4) NPT
C 4 FORMAT<131
C CALL ILBTBQINPT.AA.BB.CC.OD.EE)
C
C AA. BB. CC. 00. 1EE ARE NOW VARIABLES COMMON TO THE 
C PART OF THE CODE CALLING ZLSTSQ AND MAY BE USED IN 
C ANY MANNER ACCORDINGLY.C
C ST SHOULD BE NOTED THAT THIS SUBROUTINE HAS ANOTHER 
C SUBROUTINE INTERNAL TO IT - SUBROUTINE ZOAUSSYCA. B. X. N>. 
C ZGAUSSY SOLVES A SYSTEM OF LINEAR SIMULTANEOUS
C EQUATIONS USING GAUSSIAN ELIMINATION.
C IF THE EQUATIONS READ IN TO Z0AU88Y ARE NOT 
C LINEARLY INDEPENDENT. THE SUBROUTINE WILL PRINT OUT 
C "EQUATIONS ARE NOT INDEPENDENT"
C

DIMENSION AO.Sl.BO). X<9>.TP<*>
DIMENSION DflO).F(lO)
00 SI NI-1. 9 

SI X<MI>*0
DO 30 N-l.tTT 
READINUNIT. •) FREE.DEP 

C 2 FORMAT*IPEII 4.2X.IPEII. 4)
DIN)“DEP 

20 FINI-FREE
1FINPT EQ 1)00 TO 91 
IFINPT OT 9)00 TO At 
NX—NPT 
NT-2«NPT-I 
00 TO 62 

61 NT-9 
NX-9
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6? TPI1>«NPT 
00 30 K-2, NT 
TP<K)«0 
DO 40 • MPT

40 TP<N>*TP(K>+F<|)»«<K-I>
30 CONTINUE B<t)-0

DO 90 J-I.NPT
90

DO 60 L«2'NX 
B<L»-0
DO 70 N-I.NPT

70 )
60 CONTINUE 

DO 31 1-1.9 
DO 31 K-1.9 

31 All.Ml—TP<I*N-1)
CALL Z0AU86VIA.B.X.NX) 
AA-XII)
00 TO 09

91 AA-DU)
89 BB-XI2)

CC-XI3)
DD-XI4)
EE-XI9)
RETURN
END
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auMimjTifeflr yoausby(A. ■. v. mi
C SOLUTION or SIMULTANEOUS EQUATIONS BY 0AUS8 ELIMINATION 

DIMENSION A<9. X<9>
C BEOINNINO OF ELIMINATION PROCESS 

DO 2S * N
C MOVING LARGEST COEFFICIENT INTO DIAGONAL POSITION 

AMAX-O.
DO 4 I"ft.N
IFIABSIAU. KU-ABSIAHAXM4. 4. 2 

2 AMAX*A<I.K>
IMAX-I 

4 CONTINUE
C TESTING FOR CONVERGENCE

IF<ABS(AMAX>-0. 1E-I9)I0. 10. 14 
10 WRITEO. 12)
IS FORMAT< ' EQUATIONS ARE NOT INDEPENDENT '>

RETURN
C EXCHANGING ROW I MAX AND ROW H

14 BTEMP*B(R>
BUU-B(IMAX)
BlIMAX)«BTEHP 
DO IS J-R.N 
ATEMP-AIR. J)
AIK. J)«A( I MAX. U)

15 A11 MAX. J)«ATEMP
C SUBTRACTING AU.K)/ACK.K> TIMES TERM IN THE FIRST EON FROM OTHERS 

KPLUB-M«4 
IF(K-N>22. 2S.2S 

22 DO 24 t-KPLUS.N
BU)-BUI-D<K)*A<I.K>/AIK,K)
ACON-AII.K)
DO 24 J-K.N

24 All. J)«A<1. J)-AfM. J)*ACON/A(K»K>
20 CONTINUE 

C BACK SUBSTITUTION 
L«N

32 BUM»0.
IFIL-N)34. 38.30 

34 LPLUB-LM
DO 36 J-LPLU8. N 

36 SUH-SUM+AIL. J>«XIJ>
30 CONTINUE

XIL)"IBIL)a-SUM) SAIL. L>
IFIL-1)42. 42.40 

40 L-L-l 
GO TO 32 

42 RETURN 
END
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9U««tX/TINE ZCPFCTEWK.NTEH. RCPF.CP.NEIIT)
C THIS SUMOUTINE DCTEIVHIICB THE I9MANIC SPECIFIC HEAT OF 
C SATUMATED LIQUID FOR A OIVEN TEMPERATURE 

DIHENBION RTEHMII. RCPFI4II 
DO IOO 1-1.41
IFiTEMPS. QT. RTEHIIII DO TO IOO 
IHI-I 
ILOW-1'1
IFIILOW LE. 01 00 TO 101
CP-RCPFl ILOHI«( < IRCPFIIHI l-RCPFI ILOWMalTEMPR-RTEHl ILOWI11/ 

% CRTEMMHI »-RTEM< ILOMM »
00 TO 109

100 CONTINUE
101 MRITE0.300> TEMPS
300 FORMATi ' ZCPF SUBROUTINE TEMP OUT OF TABLE RANOE 

k 373 19 - 643 S TEMP H -'.F20. S>
NEXIT-I 

109 RETURN
END

SUBROUTINE ZCPAVER<AVCP. T3. TI. RTEM. RCPF. NE«IT>
C THIS SUBROUTINE DETERMINEB THE AVERAOE ISOBAR 1C SPECIFIC 
C HEAT OF HATER BETWEEN TWO TEMPERATURES 

DIMENSION RTEHI4! )> RCPF 1411 
DTRAN—T3-TI 
IDT-IFIXIDTRANI 
IF( IDT LT II 00 TO 300 
ICOUN-I
TRUNS-AI NT IOTR AN I 
IT0P-IFIXI3 000*TRUNKI 
X0T-DTRAN/I3 OOOcTRUNNI 
XT-TI*<0 9*XDTI
CALL ZCPFI XT. RTEM* RCPF* CPSUM> NEXITI 
IFINEX1T EB II 00 TO 400 

90 CONTINUE
XT-IT*XDT
CALL ZCPFI XT. STEM* RCPF» CPXTt NEXITI 
IFINEXIT ES II OO TO 400 

CPBUTMPBUN^CPXT 
ICOUN-ICOUN-I
IFIICOUN OE ITOPI 00 TO IOO 
00 TO 90 

IOO CONTINUE
AVCP-I XDT4CPBUNI / IDTRANI 
RETURN

300 CONTINUE
XT-TI + IO. 94DTRANI
CALL ZCPFIXT.RTEM.RCPF.AVCP.NEXITI 

400 RETURN
END
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aUMOUTINE ZRHO( TEMPK. PHEBS. RHO)
C THIS 9UPROUTINE DETERril»C8 DENSITY OF EITHER (A) COMPRESSED 
C LIQUID OR (■) SATURATED LIQUID FOR OIVEN VALUES OF TEMPERATURE 
C AND PRESSURE

TC1-A47. 3 
PCI-2 2I20E7 
BPVCI-O 00317 
THETA-1TEMPR »/TCI 
■ETA-PRESS/PCI 
Al—0.1438379409 
A2-9 362IA2IA2E-4 
A3—l. 720 
A4-0. 07342278489 
A9—0. 04979898870 
AA-O 6937194300 
A7-I.I900000E-6 
AO-1 9I0800000E-9 
A9—0 1418800 
AID—7. 002793169 
At 1-2. 999284926E—4 
A12-0 20400 
CAII-7. 982692717 
CA12—O 02616971843 
CAI3-0. 001922411790 
CA14-0. 02284279094 
CAI9-242 1647003 
CAI6-1. 269716088E-I0 
CAI 7-2. 074838328E-7 
CA18-2 I 74020390E-8 
CAI9-I. I097IO498E-9 
CA20-12. 93441934 
CA2I-1. 308II9073E-9 
CA22-6. 04762633BE-I4
V-l. 0000-IAl>THETA«THETAI-(A24<<TMETAI44<-61ll 
UL-IA3*V*VI-12. 00*A4*THETA>412. 0O«A9>SETA)
IFIUL.LE.0 00000000) 00 TO 400 
00 TO 409 

400 CONTINUE
Z-Y
00 TO 412

409 Z-V»(IUL)«4(0. 900))
412 CONTINUECl00-0 000

IF1Z. OT 0 0001 CIOO-CAI 14A9*< 111441-9. 00/17. 001)
C200-C Al 2* < CA13* THETA 1«I CAI 44THETA4THETA > «

6 ICAI9«((A6-THETA)10)))4|CA16/1A74(ITHETA)**!19)> >)
C300—1CAI7412. 004CA18«BETA)413. 0O4CAI94IETA4RETA) )/

6 (AS«UTHETA)44<||>)>
C400-CA20#( <THETA)4«118) »l ( A9>41 THETA*THETA) >•

6 1(1-3 00)*(IAI048ETAI**(-4>))4AII>
C900—13. 00*CA21*(AI2-BETA)*BETA*SETA>4(4. 000*CA22*BETA*BETA* 

6 BETA*!(THETA>**(-20)> >
RHO-1. 0000000/1 (BP VC I )*ICI004C200-C300-C4004C900) I
RETURN
END

186



SUMHIUTINC IVI9C<TCHPN.RH00. VIKI
c this aumouTiME determines dynamic viscosity of ernes
C (A)COMPRESSED LIQUID. IBISATUNATEO LIQUID. OR(C IBATURATED 
C VAPOR FOR OIVEN VALUES OF TEMPERATURE AND DENSITY 

DIMENSION B<*. 91 
TS-6A7 27 
00*317. 703 
A0*0 01 SI903 
At-O 0177024 
A2*0. 0109287 
A3—O 0030744
■ (I.11-0 901930
■ f 1.21—0. 239022
■ I I. 31—0 274037
■ II. 41-0 149031
■ II. 91—0 0270440■ 12.11-0 102000
■ 12.21-0 709393
■ <2. 31—0. 743939
■ 12. 41-0 203129
■ 12.91—0 0293093
■ 13. II—O 130390
■ 13.21-0. 073009
■ 13. 31—0. 999490 
•13.41-0 347247
■ 13. 91—0. 0207790
■ 14.11-0 907919 
■<4.21-1 207992
■ 14. 31—0. 007343 
■14.41-0 213400
■ <4.91—0 0022904
■ <9. II—O 991119 
■<9.21-0 0070009
■ <9.31—0 497009
■ 19.41-0 100794
■ <9.91-0 0002293
■ <0. 11-0. 140943
■ 10.21—0 0043370
■ 10. 31-0 199200
■ <0.41—0 032932
■ 10. 91—0 0202999 
TK-TEMPN 
TT-TS/TN 
TTI-TK/TO 
DO-RHOO/OO
UO-ITTIR-O 900I/<AOKAI»TTI*<A2»TT4TTI*<A3»TTRTT»TTI I
DIOO—DO-I 00000
TIOO-TT-I . 00000
SUM-0 OOOOO
00 09 1-1.0
DO OS J-l. 9
ITP-I-I
IDP-J-I
SUH-8UM*<0< I. JI4<<TI00I44<ITPII4<<DI00IM<IDFIII 

SO CONTINUE
09 CONTINUE

UIOO—DDvBUM
VI8C-U0*E(P<UI00I4I| 0E-4I
RETURN
END
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SUBROUTINE ZTLCWfTmW. RHO< FROND>
C THIS SUBROUTINE DETERMINES THERMAL CONOUCTIVITV OF 
C EITHER (A)BATURATED WATER OR <B)COMPRESSED WATER FOR OIVEN 
C VALUES OF TEMPERATURE AND DENSITY 

T8-A47. 3 
AO*l oasitE-2 AI-3 0962IE-a
A2-I. 96I46E-3 
A3—4 22464E-3 
•0—3 47070E-I 
Bl*4. 00302E-1 
B2-I 06000 
BBI—I. 7I3S7E-I 
•B2*a 39219 
D9*3I7 7 
Dl*7. 0I309E-2 
D2-I I092OE-2 
D3«l 69937E-3 
D4—I. 02000 
Cl-6 42857E-I 
C2—4. 11717 
C3—6 17937 
C4-3 O0976C-3 
CS-S 22994E-2 
€6«t. 0O932E«l 
TR*TEMPM 
TT-TK/T8 
EIO-TT-I OOOOO 
EI2*AB8(EI0)
0TB-CI2+C4
IFITT LT. 1. 0000) OO TO IOO 
B-l. 0000/DT8 
OO TO 109

100 8«C4/MDT8)»«(0 61)
109 CONTINUE

0»3. OOOOOMC9/I IDT8)»»I0 6>)>
R*O^I OOOO
DD-RH0/D8
D0I-D8/RH0
EaO*(Ca«(<TT)*«ll 9)))+IC3«<D0t**9))
E200^)4«EKF(E20»
EI9*(S/RI*I1. OOOO-1IOO)•AIR)))
EI90«D3*8«f<O0>«»<O>)»CXP<E19>
EIS«CI*(I OOOO-iWa 8) >
E100*<DD«« 1. e)«EXP(ElB>
Et70*<<0l)/<TT««10)I+D2 
DLAM* (E170^ 100 ) ♦£ 1904E200 
E2I*BB1•(DD^BB2)•< D0^BB2)
BLAM*B04 (BI *00 ) ♦ < B2»EXP (E21) )
2LAM*(TT»«0. 900l*IA0^IAl«TT>4fA2*TT*TT)^<A3«TT»TT*TTI)
FROND*7LAH«BLAM4DLAM
RETURN
END
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BUM OUT I NE ZTBATtPREBB. MREB.NTBAT. TBAT. INI. I LOW. NET IT)
C THIS 9UM0UTIIC DC TER HINES THE SATURATION TEMPERATURE FOR A 
C OIVEN PRESSURE

DIHENBION RPRESI ISO). RTSATI ISO I 
DO IOO l-l. IDS
IMPRESS. OT RPRCBII M OO TO IOO
IHI>I
ILOM>l-l
IFIILOU. LE 01 SO TO 101

TBAT-RTBAT( ILOUIM < IRTBATI INI >-RTSAT< ILOHI >»IPRE8S-RPREB( ILOUI11/ 
• <RPRE8MHI»-RPRES<IL0M>>>

SO TO 109
100 CONTINUE
101 WRITEO# 3001 PRESS
300 FORMAT I' ZTBAT SUBROUTINE: PRESS OUT OF TABLE RANOE: PRESS N/H2-' S .Fa9 101

NEIIT-I 
109 RETURN

END

FUNCTION ZSURTEITEWMI
C THIS FUNCTION DETERMINES THE SURFACE TENSION AT TIC 
C LIQUID-VAPOR INTERFACE FOR A OIVEN TEMPERATURE 

TC«647 19 
TM-TEMPR 
CIO-ITC-TRI/TC 
0-0 0390 
DO—O *39u»i as*
CIOO-CIOFRUcaoo>i 0000*IBB«CI0>
ZSURTE>B*C I00>ca00
RETURN
END
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FUNCTION Z0INTI6<XHIN. XMAX.F.NINT)
C THIS IS A 16 POINT OAUSSIAN INTEGRATION ROUTINE. 

DIHENBION U<B>.R48>'T<8>
EXTERNAL F
|F(NTE8T-I397S) 1,2.1

1 NTEST"13979
U< 1)—9 094OO939E>I 
U«2>—9. 44979023E-1 
U43»-~S 69631202E'!
U(4»—7 99404400E-1 
U<9>—6 17B76244E-1 
UC6>—4 90O16777E-1 
U4 7>—2 01603991E>1 
U<e>—9 9OI29O90E-2 
RU>-2 7I924994E-2 
R<2)*6 22939239E-2 
R(3»-9 91969117E-2 
R(4I-1 2462697IE-1 
R(9)«l 499999B0E-I 
R46»-l. 69I969I9E-1 
R<7)-1 82603419E-I 
R(B)*1. 89490610E-1

2 6-XHIN 
XN-NINT
DO«< XNAX-XHIN)/XN 
D09-D0* 9 
DO 3 A-l.S

3 T<H>-DQ3«U4K>
Z0INTI6-0 

00 9 L*l. MINT FH-6^0Q9 
00 4 N-l.B

4 201NTI6- Z0INT16^(F<PH*,T(N) I ♦ F<PH-T<N> > >»R<N> 
9 0*0-* DO

Z0INTI6*D09« Z0INT16 
RETURN 
END
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FUNCTION ZXFPH(HE)
THIO FUNCTION CALCULATES EIPOMNT ON VISCOSITY SATIO 
FOUND IN SINGLE PHASE FULLY DEVELOPED TUSBULENT FORCED 
CONVECTION (SMOOTH PIPE! HEAT TRANSFER CORRELATION VIA 
OE RED HEAT TRANSFER MANUAL VOL I. PER UCD LIBRARY 
IFIRE. LT. atOO 01 ZXFPM-O. 14
IFIRE SC. aioo. O AND RE LT 13900 01 ZXFPH-. 03*1 (O. 13/10400 014 

E 113900.0-REII
IFIRE OE. 13900 O. AND RE. LT 39000 01 ZXFPM>. 09-1(0. 03/13900 014 

E (39000 O-REII
IFIRE OE. 39000 O AND RE LT 90000 Ol ZXFPM- 00-1 (O 03/39000 014 

E 190000. O-REII
IFIRE. OE. 90000 01 ZXFPM* 00
RETURN
END

FUNCTION ZFITIT.A. S.C.O.EI
C THIS FUNCTION EVALUATES THE LEAST SSUARES CURVE FIT AT A POINT.
C FOR THE CORRESPOND I NO TEMPERATURE AND COEFFICIENTS
C44 444FOLLOMINO FORM FOR ZFIT CHANGED TO IMPROVE OPERATION. (LAPPA/7/7SI 

ZFIT-II((E4TI*DI4T«CI4T«BI4T*A 
RETURN 
END

FUNCTION ZAXFLXIXI
C THIS FUNCTION GIVES THE AXIAL DISTRIBUTION OF THE HEAT FLUX. 
C NORMALIZED TO UNITY AT THE MAXIMUM HEAT FLUX 

ZAXFLX-I 
RETURN 
END
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Sample Video Screens Showing Input 
File Editing Features of Code
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SCB-1A

A Subcooled Flow Boiling 
Design Code

(C) University of Cslifornis, Dsvis, 198B 

HIT RETURN KEY TO CONTINUE

*as**s*s****sss*ss*a*s**s*ss***»*s*s*«*sss**ss*s*sss**s***ss*s*«*e*a**ssxssxs*
THIS CODE HAS DEVELOPED FOR THE LAHRBNCE LIVERMORE NATIONAL LABORATORY BY: 

PRINCIPAL INVESTIGATOR: Professor Myron A. Hoffaan 
GRADUATE STUDENTS: Charles Kline<1985), Christopher Nong(1988)
Department of Mechanical Engineering 
University of California, Davis, CA 95818xxxxxxxxxxxxxxxxxxxxxxxxxxsxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxvxxxxxxxxxxxxxxxxxxx

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 - Novsnber. 1988)

for tha IBM PC/AT (or conpatiblea) and tha VAX 11/780

This progran calculatas prassura drop, punping powar raquirad and tha 
CHF(Critical Haat Flux) for watar flow in round tubas with uniforn axial 
haat flux. It can provida rasults for tha singla-phasa liquid flow 
ragina and/or tha subcoolad boiling flow ragina.

You should ba abla to run SCB-1A by rasponding to tha prompts. Try it!

For aors information, rafar to tha SCB-1A Coda Manual. It contains an example.

HIT RETURN KEY TO CONTINUE

sssss***s*s**s*a*ssa*s*a**ss*s*s«*s*s***ssass**a*sa*ssaaas*s**asssssssss* 

PLEASE SELECT OPERATION

1) USE AN OLD DATA FILE

2) REVISE AN OLD DATA FILE

3) CREATE A NEW DATA FILE

ENTER » OF YOUR CHOICE - TO EXIT, ENTER 0 
Option (1) or (2) is rsoosmsndsd

*s****s***ss****sa**ssss**s***s*****s**a**ssasse*s****ss********s***«*ssa
2
PLEASE ENTER INPUT FILE NAME IN THE FORM: INPnnn.DAT - USE CAPITAL LETTERS 

(nnn HAY BE AMY COMBINATION OF FROM 1 TO S NUMBERS OR LETTERS)
INP32.DAT

ENTER THE NEW OUTPUT FILE NAME IN THE FORM: OUTmaa.DAT - USE CAPITAL LETTERS 
(ana MAY BE ANY COMBINATION OF FROM 1 TO 5 NUMBERS OR LETTERS)

NOTE: THIS FILE MUST MOT ALREADY EXIST 
OUT32.DAT

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

«*« CAUTION: CODE RESULTS ONLY VALID IF INPUT PARAMETERS ARE WITHIN VERIFIED
LIMITS - SEE INSTRUCTION MANUAL FOR THESE LIMITS***

1) HEAT FLUX AT 0 DEGS BASED ON OUTER DIAM. (H/M2) 5.4107E+06
2) TYPE CIRCM HEAT FLUX PRFL(0-UNIF,1-HALF UNIF,2-HALF COS) 0.OOOOE+OO
3) TUBE INLET HASS FLUX (KG/M2-S) 6.0715E*03
4) TUBE INLET STATIC PRESSURE (PA) 2.3S80E+0S
5) TUBE INLET BULK FLUID TEMPERATURE (DEG K) 3.02S9E-02
6) HEATED TUBE LENGTH (M) 1.2450E-01
7) OUTSIDE TUBE DIAMETER (M) 3.0480E-03
8) INSIDE TUBE DIAMETER (M) 2.3876E-03
9) INLET PRESSURE LOSS COEFFICIENT KLOSS 0.0000E-00
10) TUBE ANGLE FROM HORIZONTAL(EITHER 0 OR 90 DEG) O.OOOOE+OO
11) RADIUS OF ONB MAX ACTIVE CAVITY (M) (0=RCRIT USED) O.OOOOE+OO
12) NUMBER OF CALCULATION STEPS 7(1-1000, 2-2000) 1.0000E*00
13) PRINT FULL NATER/STEAM PROPERTY DATA?(1-N0, 2-YES) 1.OOOOE+OO
14) OUTPUT STORAGE DATA FILE NAME CHOSEN AS OUT32.DAT

ENTER « TO CHANGE

TO EXIT, ENTER 0
0

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

NOW UPDATING TUBE MATERIAL DATA PAIRS...
NALL 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.

PAIR* TEMP THERMAL CONDUCTIVITY

1 2.60E+02 DBG K 1.47E+01 N/M-K

2 6.00E+02 DBG K 1.87E+01 N/M-K

3 1.00E+03 DEG K 2.37E+01 N/H-K

ANY CHANGES TO MAKE ? T OR N 
Y

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

DO YOU NISH TO CHANGE ANY DATA PAIR VALUES? Y OR N M
DO YOU NISH TO DELETE ANY DATA PAIRS 7 

N

ENTER HEN INPUT FILE NAME FOR STORING THE MODIFIED FILE

NOTE: THIS FILE MUST NOT ALREADY EXIST 
PLEASE ENTER INPUT FILE NAME IN THE FORM: INPnnn.DAT - USE CAPITAL LETTERS 

(nnn MAY BE ANY COMBINATION OF FROM 1 TO 5 NUMBERS OR LETTERS)

File Editing Screens
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Sample Output File Printout from Computer Code



INPUTS

APPLIED HEAT FLUX AT O DESS SA8ED ON OUTES DIAH---------
TYPE OP CIRCUMFERENTIAL HEAT FLUX PR0FILE40.1.OR 31------
TUSE INLET HASS FLUX. 9 ISASED ON INNER DIAH. )-----------
TUSE INLET STATIC PRESSURE---------------------------------
INLET SULK FLUID TEMPERATURE-------------------------------

HEATED TUSE LEMOTH------------------------------------------
OUTSIDE TUBE DIAHETER. DOUT--------------------------------
INSIDE TUSE DIAHETER. D!-----------------------------------
TUBE WALL THICKNESS-----------------------------------------

INLET PRESSURE LOSS COEFFICIENT. KLOSS--------------------
TUSE ANOLE FROM HORIZONTAL PLANE---------------------------
RADIUS OF ONB HAX ACTIVE CAVITY FROM USER (OHtCRIT USED>-

9 4107E^06 W/M3-■ 0
A. 07l9t*03 K0/M2-S

— 3. 3980E>09 PA
3. 0399E403 KELVIN

1. 3490E-01 METERS
3. 0480E-03 METERS
3. 387AE-03 METERS
3. 3030E-04 METERS

0. OOOOO
0. OOOOO DEGREES

0. OOOOE+OO METERS

NUHBER OF CALCULATION STEPS? 41-NO. 3-YES)------------------- t
PRINT FULL UATER/STEAH PROPERTY DATA?< I-IOOO. 3-30001-----* I
OUTPUT STORAGE DATA FILE CHOSEN AS------------------------- - OUT33 DAT

THERMAL CONOUCTIVITV AS A FUNCTION OF TEMPERATURE

PAIR S TEMP (DEO K> THERMAL C0NDUCTIV1TY<II/H-M>

I 3 DOE ♦OS 

3 * 00E+03 

3 1 00E+03

I.47E^01 

I.S7E*OI 

3.37E^01

LIMITS OF VALIDITY:
PARHETER UNITS MAIN CODE •AMSILL CHF CORRELATION VALUES FROM THIS RUN

L/Dt
INNER DIAH. D1 (METERS!
MASS FLUX. 0 (K0/M3-8!
INLET PRESSURE (PA)
UNIFORM HEAT FLUX (MU/M3)
INLET DELTA-T 8USC00L (DEO K) 
INLET SULK TEMPERATURE (DEO K)

40. O TO 137. O 
O. 0019 TO O 0046 

3900 TO 10000 
3 0E+09 TO 30 0E4O9 

O TO 13. 3E^0A 
10 TO 300

GREATER THAN 373 O
LESS THAN 644.0
LESS THAN TBAT CORRESPONDING
TO INLET PRESSURE

>-39. O
O. 003 TO O. OOS 

3 TO 10679 
3. 9E+04 TO 3 07E^07 
3. 3E-H)9 TO I. 10E+O6 

0 TO 363 
SAME

93 14 
O 0034 
6071. 90 

3. 330OE+O3 
9. 4l07E^O6 

96 06 
302. 99

197



OUTPUTS

NOTE: ZERO DEVELOPMENT LEN0TH9 ASSUMED AT HEATED INLET

HEATED INLET IB IN THE PDB REGIME (AT Z-O OOOOE+OO METERS)

ONB PREDICTED TO OCCUR BEFORE HEATED IM-ET AT Z--1 9041E-0! METERS 
PREDICTED ONB BULK TEMPERATURE- 3 I379E+03 DEG H 
PREDICTED ONB DELTA-T SUBCOOL- I 83VOE«Oa DEO R

OSNVOIONSET OF SIGNIFICANT NET VAPOR GENERATION) OCCURS AT I.07AVE-OI 
08NV0 BULK TEMPERATURE- 3 3I32E«02 DEO K 
OSNVO DELTA-T SUBCOOL- 4. 43I7E«0I DEO K

HEATED EXIT IB IN THE FDB REGIME AT Z- I 2490E-OI METERS

OBB(ONSET OF BULK BOILING) PREDICTED TO OCCUR AT Z- a 0433E-0I METERS

MAXIMUM ACTIVE SURFACE CAVITY RADIUS - O. OOOOC-OO METERS 
CALCULATED CRITICAL SURFACE CAVITY RADIUS - I. 446AE-OA METERS

EXIT CHFICRITICAL HEAT FLUX) SAFETY FACTOR- 2. 3937E+00

TOTAL PRESSURE DROP IN HEATED LENGTH------------------------- 2. GOSBE-D4
FRACTIONAL PRESSURE DROP IN ICATED LENGTH-------------- I. IOA4C-OI
PUMPING POMES FOR HEATED LENGTH---------------------- — 7. V447E-01
THERMAL POMER REMOVED---------------------------------- - 2. 0932E4O3
PUMP INO-TO-THERMAL POWER RATIO-------------------------- 3 B4V4E-04

METERS

PA

MATTS
MATTS
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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



Experimental Data Flow Conditions
Designation Parameter SI Units English Units
D&B Fig. 11a*: q/A 

V 
T
Pex
Di
G
L
L/D

8.46 x 106 W/m^ 
6.1 m/s 
302.59 deg K 
2.07 x 105 Pa 
2.3876 mm 
6071.5 kg/m2s 
0.1245 m 
52

2.68 x 106 Btu/hrft
20 ft/s
85 deg F
30 psia
0.094 in
1243.5 lb/ft2s
4.9 in

D&B Fig. lib: q/A 
V 
T
Pex
Di
G
L
L/D

7.67 x 106 W/m2 
6.1 m/s 
302.59 deg K 
2.07 x 105 Pa 
2.3876 mm 
6071.5 kg/m2s 
0.1245 m 
52

2.43 x 106 Btu/hrft2
20 ft/s
85 deg F
30 psia
0.094 in
1243.5 lb/ft2s
4.9 in

D&B Fig. 11c: q/A 
V 
T
Pex
Di
G
L
L/D

6.91 x 106 W/m2 
6.1 m/s 
302.59 deg K 
2.07 x 105 Pa 
2.3876 mm 
6071.5 kg/m2s 
0.1245 m 
52

2.19 x 106 Btu/hrft2
20 ft/s
85 deg F
30 psia
0.094 in
1243.5 lb/ft2s
4.9 in

D&B Fig. lid: q/A 
V 
T
Pex
Di
G
L
L/D

3.78 x 106 W/m2 
6.1 m/s 
302.59 deg K 
2.07 x 105 Pa 
2.3876 mm 
6071.5 kg/m2s 
0.1245 m 
52

1.2 x 106 Btu/hrft2
20 ft/s
85 deg F
30 psia
0.094 in
1243.5 lb/ft2s
4.9 in

*Note: Letter designation after number is our notation 
refering to one overall pressure drop vs. heat 
flux curve appearing on the Dormer and Bergles 
figure.



Designation Parameter SI Units English Units
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 105 Pa 30 psia
Di 2.3876 mm 0.094 in
G 6071.5 kg/m2s 1243.5 lb/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 MW/m2
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/hrft2

D&B Fig. 19: T.S. B100
V 3.05 m/s 10 ft/s
T 299.82 deg K 80 deg F
Pex 5.38 x 105 Pa 78 psia
Di 4.5847 mm 0.1805 in
G 3038.6 kg/m2s 622.33 lb/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 MW/m2
0, 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/hrft2



Designation Parameter SI Units English Units
D&B Fig. 28: T.S. D100

V 9.14 m/s 30 ft/s
T 299.82 deg K 80 deg F
Pex 3.45 x 105 Pa 50 psia
Di 1.5748 mm 0.062 in
G 9115.6 kg/m2s 1866.96 lb/ft2s
L 0.1509 m 5.94 in
L/D 96
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, 6.94, 7.57, 7.89, 8.2, 8.52 
8.83, 9.15, 9.46, 9.68 MW/m*
0, 0.2, 0.4, 0.6, 0.8, 1.0, 1.2, 1.4, 1.6,
1.8, 2.0, 2.2, 2.4, 2.5, 2.6, 2.7, 2.8, 2.9,
3.0, 3.07 x 106 Btu/hrft2

D&B Fig. 19a: T.S. B100
V 6.096 m/s 20 ft/s
T 299.82 deg K 80 deg F
Pex 3.4474 x 105 Pa 50 psia
Di 4.5847 mm 0.1805 in
G 6076.8 Jtg/m2s 1244.59 lb/ft2s
L 0.4572 m 18.0 in
L/D 100

Inner Wall Heat Flux Levels:
0, 0.63, 1.26, 1.89, 2.52, 3.15, 3.47, 3.78,
4.1, 4.42, 4.73, 4.89, 5.05, 5.24, 5.36, 5.49
5.68 MW/m2
0, 0.2, 0.4, 0.6, 0.8, 1.0, 1.1, 1.2, 1.3, 
1.4, 1.5, 1.55, 1.6, 1.66, 1.7, 1.74,
1.8 x 106 Btu/hrft2



Designation Earaxneter SI Units English Units
D&B Fig. 24: T.S. 50b 

V 9.144 m/s 30 ft/s
T 299.82 deg K 80 deg F
P«X 2.0684 x 105 30 psia
Di 3.0734 mm 0.121 in
G 9114.6 kg/m2s 1866.8 lb/ft2s
L 0.1499 m 5.9 in
L/D 49
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, 6.94, 7. 57, 8. 2, 8.83, 9.46
10 .1, 10 .4, 10 • 7, 11.0, 11 .4, 11 .7,, 12.0,
12 .2 MW/m2

0, 0. 2, 0.4 , o • 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. 8,
3.86 x 106 Btu/hrft2 

D&B Fig. 19b: T.S. BlOO
V 6.096 m/s 20 ft/s
T 299.82 deg K 80 deg F
Pex 5.4481 x 105 Pa 78 psia
Di 4.5847 mm 0.1805 in
G 6077.2 kg/m2s 1244.7 lb/m2s
L 0.4572 m 18.0 in
L/D 100

Inner Wall Heat Flux Levels:
0, 0.85, 1.58, 2.11, 2.59, 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/m2
0, 0.27, 0.5, 0.67, 0.82, 0.96, 1.05, 1.24, 
1.45, 1.59, 1.65, 1.72, 1.79, 1.85, 1.9, 1.95 
1.99, 2.01, 2.06 x 106 Btu/hrft2



Designation Parameter SI .Quita
Reynolds #115: q/A 

T
Pin
Di
G
L
L/D

Reynolds #129: q/A 
T
P in 
Di 
G 
L
L/D

O&S Run 182: q/A
T
P in 
Di 
G 
L
L/D

O&S Run 210: q/A
T
P in 
Di 
G 
L
L/D

O&S Run 245: q/A
T
P in 
Di 
G 
L
L/D

5.48 x 105 W/m2
375.37 deg K
3.0675 x 105 Pa
9.5250 mm
3181.4 kg/m2s
1.8288 m
192
9.59 x 105 W/m2
381.48 deg K
6.8630 x 105 Pa
9.5250 mm
3181.4 kg/m2s
1.8288 m
192

8.96 x 105 W/m2
366.48 deg K
3.597Ox 105 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/m2s 
0.4064 m 
88
1.79 x 106 W/m2 
351.2 deg K 
1.4010 x 106 Pa 
2.9990 mm 
1987.18 kg/m2s 
0.3810 m 
127

English Units

1.7 x 105 Btu/hrft2
216.0 deg F 
44.49 psia 
0.375 in 
651.6 lb/ft2s
6.0 ft

3.04 x 105 Btu/hrft2
227.0 deg F 
99.54 psia 
0.375 in 
651.6 lb/ft2s
6.0 ft

2.84 x 105 Btu/hrft2
200 deg F
52.17 psia
0.1824 in
355 lb/ft2s
16.0 in

1.10 x 106 Btu/hrft2
204.0 deg F 
203.63 psia 
0.1824 in 
355 lb/ft2s
16.0 in

5.66 x 105 Btu/hrft2

172.5 deg F
203.2 psia 
0.1181 in
407.0 lb/ft2s 
15 in



Earametag si unitsDesignation

O&S Run 253: q/A
T
Pin
Di
G
L
L/D

O&S Run 208: q/A
T
^in
Di
G
L
L/D

O&S Run 215: q/A
T
Pin
Di
G
L
L/D

O&S Run 255: q/A
T
P in 
Di 
G 
L
L/D

4.01 x 106 W/m2 
359.5 deg K 
2.7850 x 106 Pa 
2.9990 mm 
3617.94 kg/m2s 
0.3810 m
127
2.07 x 106 W/m2 
368.15 deg K 
6.8427 x 105 Pa 
4.633 mm 
2475.43 kg/m2s 
0.4064 m 
88
3.53 x 106 W/m2 
364.26 deg K 
2.7746 x 106 Pa 
4.633 mm
2285.01 kg/m2s 
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/m2s 
0.3810 m 
127

English Units
1.27 x 106 Btu/hrft6
187.5 deg F 
403.93 psia 
0.1181 in
741.0 lb/ft2s 
15 in

6.57 x 105 Btu/hrft2
203.0 deg F 
99.22 psia 
0.1824 in
507.0 lb/ft2s
16.0 in

1.12 x 106 Btu/hrft2

196.0 deg F 
402.31 psia 
0.1824 in 
468 lb/m2s
16.0 in

1.24 x 106 Btu/hrft2
197.0 deg F 
158.99 psia 
0.1181 in
1090.0 lb/ft2s 
15 in
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Dormer and Bergles Flow Parameter Space
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I *«(**«, 1*0,1010)

Owens and Schrock Flow Parameter Space



Dormer 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.

Owens 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



same reasoning was used to select experimental data for the 
code validation from their database.



Appendix E

Estimation of One-Sided Heating 
Adjustment Factors
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The current set of equations used in the final code version 
ASCB53 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 (1.) one-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 PI and P2. - l°*-G ♦ G

<^maj
for -180° < 6 < +180°
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PI: q" (q) - q"^ 
for -90° < 0 < +90°

P2: q" (0) - q'^cost©) 

for -90° < 0 < +90°

The amount of heat into the tube will first affect the 
steady state energy balance equation. The average q" energy 
into the tube(from -180° to + 180°) is found for profiles PI 
and P2 using the definition of an average.

PI: q"
q ~,de +JTUI0 q"maxd0 +rJjt/2 0 d0

71 - (—71)

q"^ max
“ 2

In similar fashion.
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P2: q" q max
n

These q” equations are then substituted into equations using
an average q"(i.e. the energy balance equation)

~ 4 ni q"maxTb(z) = Tb. + ;--cin G D cpf

where
ni * 1.0 for PO 

* 0.5 for PI

— for P2 .
n

The predicted onset of significant net vapor generation and 
the bulk boiling points are then calculated from the same 
equation, however rearranged as

^OSNVG JC D ni q” (Tv
max 30SNVG - Tb. ’ "in

6obb
G Cpf

Jt D ni q" <T3at - Tb
max in

The adjustment for equations utilizing local q" values(i.e.
ONE 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 (0nb) and 
ATaub(osnvg) / respectively. 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 (OSNVG) 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 (OSNVG) “ n2 0 . OO22I for Pe < 70,000

ATsat (OSNVG) "2 153 for Pe > 70,000



St - n? r----a:-- 1LG Cpf At «nHJ

where “ 1.0 for PO 
=1.0 for PI

ATsat(ONB) B
rmax-active + n. q" rmax-active

where * 1.0 for PO 
=1.0 for PI

x'(Z) = n.
cpf ^^sub (OSNVG) (Z-*- ~ T )

_ifg ~ Cpf ATsub(OSNVG) ^ ^

a’ (Z)
co (pf - Pa)-------- ^-fx’ (Z) + C0 + „[ pf J L Uf inlet-1 pf

\c + Ugj 1
L ° Uf inletJ

££

where n. = 1.0 for P0 4
= 0.5 for PI

® wall * n5 ® wall

where 115 = 1.0 for P0 
=0.5 for PI

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 one-sided cosine heating profile, it is assumed 
that heat applied near 0 ■ -90° and +90° contributes minimally

to the heating of the fluid and vapor generation because of 
the cooling effect of the non-heated liquid on the bottom half 
of the tube. Thus, the end sections of the q"(0) curve with 
q" < 0.5 q’^x will be ignored as a rough first approximation.

This assumption is illustrated below.

Ignore
Ends

-10# -to' o ♦to* ♦io' ©

The total q" now into the tube is calculated as

as compared to

-j
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for the full one-sided cosine q” profile. The total q" now 
into the tube (i.e. can thought of as being reduced

by a factor of
••tot1

Jl-sided cos
VJ
2 0.866

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 PI 
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: n2 “ 0.866 vs. 1.0 for PI
n3 * 0.866 vs. 1.0 for PI

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)

Ignore

•40"
- lo1
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Thus the reduction in vapor formation and flow blockage is 
calculated as(asumming unit tube radius)

^uniform heating “ ^ ^
f+*/3 *^cos less ends J-jc/3 * COS d0

- VTi

n4 n5
acos less ends

^uniform heating
VI
2%

0.28 for P2 .

Summarizing the reduction factors for the one-sided cosine 
heating profile P2,

P2: n2 - 0.866
n3 m 0.866 

n4 - 0.28 
n5 - 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.



Appendix F

Review of Gambill Critical
Heat Flux Correlation



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

$bo ^ ($bo) boil + (^bo)

fo (9.81) ApT'*3 f
" K lfg pv [—p----- J xl

nb 
i0.25

PvA

hnb(Tw - Tb)bo
The boiling contribution is found by

9.81) ApT"^ ^ + ('pf^-923 cP AT3ub
IpvJ 25 ifg

^bo^boil “ poolsat (♦bo* sub
(♦bo)bo' satjpool

“ (♦b©)poolsat ^sub

where

To Apl0-25
(♦bo) poolsat " K lf9 Pv [ pv2 J

and

sub
! + fPff92Ycp AT3ub>

from Kutateladze[32]

from Bonilla[33]^PvJ V 25

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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(^bo^boil ” ^nb (Tw ■” Tb)bo 

where hnb - 0.26 (^) Re0 ^Pr0,333 .

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 ft/s)

Pressures: 0.29 x 105 - 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 W/m2
(0.1 x 106 - 37.4 x 106 Btu/hrft2)

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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^crit ^crit(Gambill) (D i 8 mm)

The Gambill correlation was found to be the best, 
conservative, broadest-range correlation for design use.



Appendix G

Steam Data Output from the Code
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1

1547
(«)

273.140002 283 15000
3 203.15000
4 303.15000
5 313.15000
4 323.15000
7 333.15000
8 343.15000
0 353.15000
10 343.15000
11 3’3.15000
12 383.15000
13 3»3.15000
14 403.15000
15 413.15000
14 423.15000
17 433.15000
18 443.15000
10 453.15000
20 443.15000
21 473.15000
22 483.15000
23 443.15000
24 503.15000
25 513.15000
24 523.15000
27 533.15000
28 543.15000
20 553.15000
30 543.15000
31 573.15000
32 583.15000
33 584.54440
34 543.15000
35 403.15000
34 408.54440
37 413.15000
31 423.15000
30 433.15000
40 441.44470
41 443.15000

$«T
LIQUID 

SP MEAT (l/U-0
4217.40000
4102.10000
4182.20000 
4171.70300
4178.00000
4111.20000
4184.80000
4180.000004100.80000
4205.00000
4215.40000
4228.80000
4244.40000 
4242.30009 
4285.00100
4310.000:0
4338.50000
4370.W000
4407.40000
4440.20000
4404.40000
4550.80000
4413.10000
4415.00000
4748.70000
4844.70000
4082.70000
5121.40000
5200.20000
5408.40000
5741.00000
4104.00000 
4244.71000
4544.00000
7210.40000
7707.00000
8232.70000
10104.70000
14570.00000 
32012.27000
43147.00000



Appendix H

Other Original Data
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mi5
PRESS PROP VS LENGTH

Flow Conditions 
Reynolds Run #115

□ Code Predicted(ASCB53) 
+ Experimental Data

Comparison of Experimental and Code Predicted Pressure 
Drop Along Tube for Final Code Version ASCB53



c*
tc

«r
n

PRESS MOP VS LENOTH
XII5

Flow Conditions 
Reynolds Run #129

Q Code Predicted(ASCB53) 
+ Experimental Data

z <m

Comparison of Experimental and Code Predicted Pressure 
Drop Along Tube for Final Code Version ASCB53
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Code Version Log



COK 106
FUMtllk

PASS 1

om Ml Ml MB II Ml fill fll fDI JUttiH f/F COMCNIS
fllC lull 1 Pfl flit Cl) U6J Kill MM ISO

MIS f MC flu! ROD R/N tIMB (MAC Al
IONS 1*01 A/0 MM J/S KMC liXM tivt fcJufl DfU UK 'ill IRAN 'ill IM Mlu* H/N CASi C2-C C2-V COU III MM 6MM CONS lINI UA? LIAS 1SAI i«l PHI 0.4 0.3

ASCII 1 1 1 1 1 1 I.IS 1 1 1 1 EOUlV HIM coot
KLEICI All SIKSS CALCS

ASCI? 1 1 1 1 1 US 1 1 1 1 SANC AS ASCII
KlHEI SIKSS INFO In
INPUT. AMO PUSS MOP
IN UNNCAIO SCCIION

ASCII l 1 1 I 1 1 US 1 1 1 1 ALSO COMCCIEO SNAH Aflk
OUT STILL CONKNIO OUT

ASCI3A 1 1 1 1 1 1 1.13 1 1 1 1 Uaw Tat in Pll

ASCII 1 1 1 1 1 1 US 1 1 1 1 COkKCIO 1 IN K Of
SUMIN M0N06FF 1 NICKFF

ASCMA 1 1 1 1 1 1 US 1 1 1 1 NUN a«*liMUN At tai

ASCII! 1 1 1 • 1 1 US 1 I 1 1 USE! If? WOII 1 NO NVOII l« Pll

ASCII 1 1 1 1 1 1 u: 1 1 1 1 CH6I U TO KLIN SI-2F 1
AMO CNPTI CONPAA P6M

ASCISA 1 1 1 1 1 1 us 1 1 1 1 CQMCCTO 6 TO KCOK 60
IN K IN SUMTN H0N06FF

ASCIM 1 1 1 1 I 1 US 1 1 1 1 1NCKASO SUPS TO 2M0

ASCII 1 1 1 1 1 • US 1 1 1 1 C0UIV TO KL1K S-2F

ASCII 1 1 1 1 1 1 US 1 1 1 1 SAK AS ASCISA OUT
K0AN FM OPTO CNPtSM

ASCII 1 1 1 1 1 1 US 1 1 1 CM6 TO SUMTN 2UISF2 OKI

ASCII 1 1 1 1 1 1 US 1 1 1 1 EOUlV 10 Cl IK SI-? ClCPT
U6J TEM

ASCIIU 1 1 1 1 1 1 US 1 1 1 E0UIV TO KHK S-2 EICPI
F0I U6J TEM

ASCII! 1 I 1 1 1 1 US 1 1 1 CM IN SUMTN 2U0SF? ONLY

ASCII1A 1 1 1 1 1 1 US 1 1 1 CM IN SUMTN 2UOSF2 (MV

ASCII? 1 t 1 1 1 1 US 1 1 t CM IN SUMTN 2MSF2 0KV

ASCII?! 1 1 1 1 1 1 US 1 1 1 CM IN SUMTN lUOSf? ONLY

ASCIIS 1 1 1 1 1 t US 1 1 1 USES 1 NN TPff N/CMISmOLN
CM IN SUMIN JUISf? OKI

ASCI14 1 1 l 1 1 1 US 1 1 1 USES 0.7 1 HN TPFF N/CHlSHOlH
CM IN SUMTN 2UOSF2 (MY
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COK LU6
hUMtltN

ASCIIS

ASCII*

ASCI17A

ASCII7| 

ASCII!

ASCillA

ASCII8I

ASCII!

ASCI26

ASCI2I

ASCI22

ASCI23

ASCI24

ASCI24A

ASCI24I

ASCI25

m 7iiflic
Ktt CMC
AOKS OfM A/D MM J/S

I I
I I

m idI Ml
: lOUM UVi AOurt KOI LlM i/

I

a>| fib IDI
me cu usj

Mlb R/N CONS ItANC
SHAH S/J !f<l HHoS N/h CHSi C2>C C2-V Cuu II

MI
1.13

MI

MI

ASCI2* MI

rAtt 2

FDI fcrtQH f/f
luk HIM ISO

Al
RONE WON CONS Llil LIN2 UNI 1SAI 111 PE1I 0.4 0.3

sci von io i.ot-v* mm

AOMI mi 1001 |TM NVft
I CO. AIKS CO I K 10
NlRlOUt

NElI C02 CONS! IN ItCAAr 
LOQO

COUCCICI C02 COUAUQI IN 
HCkAl LOOP

COUIV 10 j/S ClCf FOA CO 
CORSI, fill f/flSO, A 
MS Wf
M» SONIN INK I

OSCO FISO fWN K AS I US 1/ CIN0.21
F/FISO EIM.II

EOUlV 10 J/S IICT FM CO
consi i ms tffF

IAN HIM THE1A*0 FN M 
WAV 1EMS

COMECI OHON I MH fEMS

USED NO STEM

faihMi Mil veil but J/S •ftbMCfl I
L*V|f Mil vail, *o
MbMCfO f

loulu*! Mil VOll but M
J/S tnMftCrt f 

KFERENCE COK VEISION 12

I I TMIEIPI-M
CHS IN SUMIN 1MSF) ONLY

I I r-HlEO.lEOIOl INSTEAI
HEN SUMTN 2UISF4

I I I Fll HIS LINEAI KCOEASE
10 Ml FION U
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ONI PN
FBIC

Khk iMt(
OUHS KM A/I NOK J/S

HAKMtltfc
fDk Hk kO Hb Hb Fill f tib hrtOM F/F
lull 1 FFl Fill iQ UbJ MIL Mil ISO

MO NUO II M CMS HMC or
J/S NOML llkm «ivf KOUN 0F8I Likf S/1 SnOn S/1 1FM MlbS N/N CHbL L2-V lUU llil NOMC MO» CONS iim L1N2 III! ISAl (Ml Fill 0.4 O.J

FAbC 5
COMttNlS

OSCI27 I I I i.i: i FBI IU6 UN£M KCNI0S£
10 1/2 IIM Oil I II
S/1 H CI1IUI0N ttiuai 
IV lit

ASCI29 I

ASCIM I

flSCIll I

tvo CONSI II Oft VALUE IN 
FM NE610N
FN ILIfi LINEAI OECIEASE 
TO 1/4 OF U000-1NI
S/I M CBIIEIION OEMCEI 
IV 261

ascii: i MICH SLP IN FOI K6I0N 
IV CONIINE! Cl AM FN 
NIK IAVCI EFFOOI
SAK IS ASCI32 ElCEM FM 
1/4 FN KKS Mia FM 
1(0.M2t

ASCI3I I

ASCII?

1/4 KlS NOK FM K0.N2 
111 NOK OF S/1 FM NISH 
K NUUK NS
1/4 KlS NOK FM K0.M2 
SMN N OKf. M SNAH A 
IN PN M FN
1/4 KlS NOK FM KO.M2 
2M NOK OF S/1 FM HIM
PE NUN. M I1AN KPEM
FIT II
1/4 KIG MK FM K0.002 
Irt NOK K S/1 FM HIM 
PE NUN. FIT 12
1/4 KlS NOK FM K0.002 
4tk MK K S/I FM HIM 
PE HUH. Fll II
SNIICHEO MCI 10 1/4
MIS MK FM KL I

ASCIJ7A | 
ASCII! I 
ASCI39 I

N004
11004
(W04

1.25
1.25
1.25

N:2000 SIEPS 
I EIPN1*O.I FM HEA1IN6
I LEW NVOII 10 SOLVE MNP 

FIS 20
ASCI46 I 1/2 NOUN NVOII IN PDI
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iuU .ui

jHb Kl>k klk
fhll k.B,
(hrtC

kwti OFCb A/Q bJ* J,$ boht

PABAltClEB
i-bb bj
I Bfl

BOu
bUUn UVI HQUn Of Ob Uht “ill

ijk

tkli
nub

SnAK til IP--1 MNb'i tMH

Kb Kb
lu ubJ

H/N CONS bam:
CBSL c:-c C2JV LOU Ul

FOI htiGl
buk MM

Al
NONE &HV« COHi LlNl UN? v'.kl 1SA1 Ul

F/F
ISO

FEU 0.4 O.J

VrUi 4

COAMNIS

ASCI41 1 1 j./i 11 Ab04 1 1.2S 1 1 1 1 3/4 BQUN NVOII IN Ml

*SCk42 1 1 VAB 1l N0D4 1 1.24 ' 1 t 1 BCK1CEI BOON NVOII FOB 
UA.WU4

ASCI43 1 1 VAB 11 All04 1 1.21 1 1 1 1 BilUCEl BOON NVOII FOB 
NI.M4A

AiC644 I « VAB 1l AU04 1 1.24 t 1 1 b KlUCEft BOUM NvOlt FOB 
KO.06334. St NUN OH-OfF 
•411 FOB S/2 N004.

ASCM3 1 1 m 11 ADD4 1 1.25 1 1 1 l BEIUCEI BQUH NVOII FOB 
0U.M334. St NUR till -OFF 
-HI FOB S/1 NOW. SANE 
BESUU AS ASC044

ASCI44A 1 1 VAB 1l HM4 t 1.25 1 1 1 I BEMCCI BOUH NVOID FOB 
Kft.ttUS. St NUN CUI-OFF 
-401 FOB S/I DOM. Ill
U|1 1NSIEAI Of COUIEO

ASCMft 1 I VAB 11 A004 1 1.25 1 1 1 I AIOCI MlNOI FOB CNOlifi 
BUNKO OF INHfiBAllflN 
SIEPS

ASCB47 Bent 1 VAB 11 N0D4 1 1.25 1 1 1 I USE! A/I ONI NIIM B I/A
Ml CRiTnANtflCV Pll

ASCI47A Miu# 1 VAB 1\ H004 1 1.25 1 • 1 i USED A/I ONI NUN USEIS 
CHOICE Of 1 N/A

h5Cb4;k A-ht 1 VAB 11 A0II4 1 1.25 « 1 1 I USE! All ONI NUN USEIS 
CHOICE If 0 1/A

A)£M7C Bent l VAB 1l non 4 1 1.25 1 1 1 l CNKI S/2 MOf 10 flNlV 
K7m

AiCkAB Bent 1 VAB t1 ms i 1 1 » 1 I MANCOI U ASAIN 10 SEE 
EffECl

ASCMf Bent 1 VAB 1l BJQ4 i 1.25 0 1 1 i SCI UnpO 10 SEE EFFECI
Of C00KC1IN6 KUNE

ASCliO Bent 1 VAB 1t B0D4 i 1.25 1 1 1 i BNON All HUN AT ISAI AON
II SEE EFFECI

ASCbM l l VAB 11 nu04 i 1.23 1 1 1 l USE! Of Ob INSIEAI OF ONI
ID SEE EFFECI

ASC»J Bent l VAB i m)D4 1 1.25 ' 1 t l COOED SHAH 10 AS NEU AS 
SHAH N PN 1 FM CORBELS
10 SEE EFFECT

AS£k5: Bent 1 VAB 11 nuM i 1.25 1 1 l i Finil com version 
• t*M *i ASCI47
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