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Abstract

A systematic experimental and analytic investigation of
the effect of nonuniform axial heat flux distribution on
critical heat riux was performed with water in the quality
condition. Utilizing a model which ascribes the critical
condltion, to elther a nucleatlon-induced disruption of the
annular liquid film or annular film dryout, the experimental
results taken at low pressures (50-200 psia) were confirmed.
Application of this model to higher pressure conditions
(500-2000 psia) indicated qualitative agreement with available
data of other investigators,

Experimental data was obtained for flux distributions
representing cosine, linear increasing and decreasing, inlet
and exit peaked, spike and uniform shapes. These flux distrib-
utlons were achleved by electrical resistance heating of test
sections whose outside diameter had been machined to the re-
quired dimensions. In each case the critical location as well
as the total critical power was obtained by testing the tubes
in vertical upflow to faillure, :

The analytic prediction of the results for all flux shapes
has been achieved by development of a model which considers the
effect of nucleation within the annular film. It is shown that
the occurrence of the critical condition 1s related to the local
degree of nucleation (the ratio of the local flux to the flux
required to cause nucleatlon at the local conditions) and the
local film flow rate. Both the experimental total critical power
and the critical location are confirmed by this model. The
results lndicate that the total critical power for the outlet
peaked flux distributions tested (ratios of maximum to minimum
flux of 2, 4, and 5.75 to 1) can be 15 to 30% lower than for
uniform flux distributions at comparable hydrodynamic operating
conditions. 1In addition, from this model for given operating
conditlions, a locus of critical conditions can be constructed
from uniform flux distribution data which will enable predic-
tlion of the performance of nonuniform flux distributions at
similar conditions of mass velocity, pressure and diameter.
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CHAPTER 1
INTRODUCTION
1.1 Background of the Problem

Forced convection bolling of water in axial flow is being
utilized in preasurized and bolling water reactors and has been
Investigated as a means for cooling the nozzles of electro-
thermal engines, electric-arc wind tunnels and nuélear rockets.
One of the most important limits in the thermal performance of
such systems 18 the so-called critical or burnout condition.
This condition 1s characterized by a sharp reduction in abllity
to transfer heat from the heated surfac;. ‘Much test data'are
available for uniform heat flux distributions along the test
section and numerous- correlations of these data have been pro-
posed. However, in reactor systems as well as high temperature
flow nozzles mentioned above, the heat flux distributions are
inherently nonuniform and possess such 1arge>grad1ents that
the existing uniform flux burnout correlatioﬁs are not appli-
cable. In addition, although interpretation of the limited
data avallable on nonuniform heat flux distributions varies
as discussed in the literature survey of sectlion 1.3, the
overall conclusion 1s that certain non-uniform heat flux dis-
tributlons can significantly lower fhe critical heat flux com-
pared to a uniform heat flux distribution under similar hydro-
dynamic operating conditions. Therefore, it is highly desir-
able for design burposes to have a satisféctory method for
predicting the effect on the critical condition of nonuniform
heat flux distributions which exist in practice.

In general three baslc axlal flux shapes exist:
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(a) A reasonably symmetrical flux distribution with
central peak, approximated by a "chopped" cosine.
This corresponds to an end-of-core-life conditlon
where the flux is not significantly perturbed by
control rods or nonuniform burnup, or to a core
with chemical control
(b) A flux distribution markedly peaked near the inlet
of the channel, cofresponding to a new, clean core
with control rods in the upper part of the core
(upflow); and
(¢) A flux distribution markedly peaked near the exit
of the channel, corresponding to a maximum Xenon
override condition where the control rods are
wlthdrawn but the upper part of the core has had
less burnup.
In addition to these macroscopic flux distributions, there may
be superimposed microscoplc flux peaks which may occur at any
point along the channel. These fluxhpeaks‘may be due to
nuclear effects (fuel peaks or water holes)‘or manufacturing
dimensional tolerances (fuel thickness or eccentricity) and
are of some short but undefined axial extent. It 1is the purpose
of this investigation to determine the effect of these types
of axlal flux distributions on the criéical heat flux in the
quality region by a systematic experimental and analytic
investlgation. The two quantities of interest are (1) the
location of the critical condition and (2) the power input to
the reactor channel required to cause the critical condition.

1.2 Scope of the Research

A comprehensive experimental program was undertaken to
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investigate nonuniform axial flux distributions under bulk
boiling conditions. In addition to the flux shapes of direct
reactor interest, additional nonuniform as well as uniform
shapes were tested to permit more thorough analysis of fhe
fundamental nature of the critical condition. Also the flux
gradient was varied for several of the distributions tested as

tabulated below to bracket and extend data avallable in the

literature.
Approximate
Ratilo
Maximum Flux
Flux Distrlbution Minimum Flux
Uniform 1.0
Cosine 2.27, 4.03, 5.75
ILinear Increasing 2.27, 5.75
Iinear Decreasing 2.27, 5.75
Peak Inlet 5.75
Peak Outlet 5.75
Flux Spike §Step) I.1to 5.1
Flux Spike (Cosine) 2.27, 5.75, 7.00

The experimental program was run on the flow loop available in
the Heat Transfer Laboratory of the Mechanical Engineering
Department. Therefore the operating pressure was limited to
approximately 200 psia but the analytic results obtalned from
this data were successfully applied qualitatively to the
higher pressure reglons of practical interest. The ranges of
other operating and test section conditions are listed below.
TEST SECTION
Material - Aluminum Tubes
Inside Diameter - .214 Inches (.544 cm)
Heated Length - 30 and 48 Inches (76.2 and 122 cm)
Inlet Calming Length - 3.7 Inches (9.4 cm)
OPERATING CONDITIONS
Pressure - 60 to 200 psia (4.2 to 14 kg/cm2 abs)
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Mass Flow Rate - .5, 1.5 and 2:0x10° —PB(680, 2040,
and 2720h£g§323ec)

Inlet Temperature - 60 to 290°F

Power - Direct Current Resistance Heating

Burnout Detection - Tubes Tested to Fallure
It should be noted that several definitions of the critical
condition are used throughout the literature. Generally the def-
inition selected by an experimenter is related to the burnout
detection mechanism used. In this work since each tube was tested
to fallure, the critical condition 1s taken as the physical
destruction of the aluminum test section. Correspondingly the
critical location 1s defined as the location of the test section

fallure.

1.3 Literature Survey

Review of the literature on the subject of axial heat flux
distribution reflects the developing interest in this area
manifested by expanding experimental programs and more sophis-
ticated analytic procedures., However, as this literature is
reviewed it should be noted that for all efforts except that of
(16)

Becker and Tong(17), which are the most recent, workers
have attempted to characterise the results by intuitive Judg-
ments based on uniform flux results. Since uniform flux data
indicates that the critiéal condltlon occurs at the exit where
enthalpy 18 a maximum but heat flux 1s equlvalent to that

all along the tube, it is not possible to distinguish whether
the critical heat flux 1s governed by local or integrated
condltions. Hence, in the case of nonuniform flux distribu-
tions, we find some test results are interpreted to suggest

that the critical heat flux 1s a function of local conditions

along the nonuniformly heated test section, while other results



are interpreted to suggest that the total integrated heat
transfer or exit enthalpy determines the critical condition
which is therefore independent of the local conditlons at
the critical locatlon.

The seemingly perplexing part of this disagreement is
that reliable data supporting each interpretation has been
presented. In anticipation of the conclusions of this work
it can be stated that both the above interpretations can be
shown to be correct, if each 1s viewed within the framework
of a broader interpretation of the critical phenomenon. That 1s,
the critical condition is aphenomenon which, when represented
by the analytic model developed in this work, 1is dependent on
both local and integral conditions, the relative importance
of each, depending upon the existing thermal and hydrodynamic
conditions.

Among the earliest results were those of the Bettils
Plant reported in the summary report by DeBertoli et al(l)*
which includes results of DeBortoll, Roarty and Weiss(?) and
Weiss(B). These results consisted of the two basic kinds of
nonuniform heat flux experiments (1) gradual variation of
axial heat flux in cosine or other shape dilstributions where
(d(q/A)/dx is small) and (2) axial step changes in heat flux
commonly called hot-patch or spike tests.

The cosine tests reported by DeBertoll were for a
rectangular test section (0.055 in. x 2.116 in. x 27 in. or
0.14 em x 5.36 cm x 68.5 cm) with 2000 psia (136 atm) water

#*Numbers in parentheses refer to references listed in the
Bibliography.
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for a center-peak-to-minimum heat flux of 4.0 and maximum-to-

average of 1.38. The critical condition always occurred between
the peak flux location and the channel exit. A plot of local heat
flux vs. local enthalpy at the critical condition resulted in

a downward sloping curve which was approximately 70% of the
critical heat flux calculated for a uniform flux distribution

at the same mass flow velocity and exit enthalpy by the

Bell(u) correlation. A surprising result was the observation
that with the central peak in the cosine distributionithe
magnitude of average heat flux vs exit enthalpy when a criti-
cal conditlon exists somewhere along the tube length would lie
close (+15% to -25%) to a plot of critical heat flux vs exit
enthalpy for the uniform flux distribution data.

The hot-patch tests performed at Bettis utilized a rec-
tangular channel (0.097 in. x 1.0 in. x 27 in. or 0.25 cm x
68.5 em) with water at 2000 psia (136 atm). The first ?6 5/8
in. (67.5 cm) of the channel were at a uniform heat flux ¢i
and the last 3/8 in. (0.95 cm) was operated at heat flux ¢é
where ¢2/¢i was maintained at 1.98 throughout the tests. The
results are shown in Fig. 1 where the upper curve is ¢é at the
critical condition and the lower curve is the corresponding
magnitude of ¢1=¢é/1.98. Superimposed on this plot 1s the
curve for ¢3, the critical heat flux obtained for the same
exlt enthalpy and flow rate when the channel is uniformly heated
along the entire 27 in. (68.5 em) length. At around 60 °F
(33 °C) exit subcooling.¢2=¢3,and at exit quality of around
505,¢3=¢1. It is seen that the ratio

8. 0,
b - 73
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decreases from around unity well in the subcooled region to
near zero as qualilty increases. These results show that for
the subcooled exit region, where Ep=1, the equivalent hot-patch
heat flux must be achieved in the uniformly heated case to
obtain burnout, hence suggesting the importance of local condl-
tions in the burnout phenomena. On the other hand, in the 50%
quality reglon, where Eb=0, burnout is achleved at the same
exlt enthalpy even though the hot-patch heat flux 1s greater
than the uniformly heated tube flux. This suggests that the
integrated conditions are of prime importance 1in this region.
These initial results illustrated the existence of non-
uniform flux effects and indicated the need to allow for these
effects in design, particularly since these distributions could
lower the critical heat flux from that expected by extrapola-
tion of uniform flux distributions data. The next investlga-
tion in this area was an extensive program performed by
Swenson et a1(5), with 2000 psia (136 atm) water for cosine
distributions with central peak, central peak with spike, peak
near inlet and peak near outlet in 0.411 to .446" dia. (1.04 to
1.17 em) and 72 in. (183 cm) long tubes. The flux splke tests
were very limited but did indicate a decrease 1in effectlve-
ness, Ep, as the exit quality increased in agreement with
the Bettis results. However, in this case the quallty
range was limited to approximately 30% to 24%. For the:
central-peak flux distribution, the data at the critical
location was about one-half of the magnitude of‘~ (q/A)crit at
the same enthalpy in a tube with uniform flux distribution.
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The data for both skewed cosine distributions were still

lower. The average heat flux vs exit quality (critical condi-
tion existing between the location of the peak"flux and the
exit) agreed reasonably well with (q/'A)crit vs. exit enthalpy
for uniform flux distribution for the central peak and the
peak-near-outlet data but the data for peak-near-inlet fell
much below this. These results indicate that when additional
flux distributions are considered, the apparent success ob-
tained with cosine and central peak distributions in comparing
the average critical heat flux to the critical heat flux for
uniform distributions cannot be generalized. This fact should
be borne in mind in the following discussion of other programs
which have achieved success in applying such techniques or their
variations to cosine shape distributions only. From a
practical point of view, these techniques of simple comparison
with, or extrapolation of, uniform heat flux data give reasonable
answers when applied to cosine distributlions and can be used in
these cases. However, for the important cases of peaked inlét
and outlet distributions, these techniques fail dramatically
and thus indicate that these methods are not based on a correct
fundamental interpretation of the critical phenomena.

Reported programs in this group which deal exclusively
with the cosine flux distribution include that of Janssen and
Kervinen(6), Casterline and Matzner(Y), Shaefer and Jack‘s?,
Lee and Obertelli(g) and Lee(lo). Janssen and Kervinen
carried out experiments for cosine, and truncated-
cosine heat flux distributionsfor an annulus (0.54 in. x

0.875 in. x 100 in. or 1.37 cm x 2.22 cm x 254 cm) with only
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the inner rod heating 1000 psia (68 atm) water. The ratios of
maximum flux to minimum flux, M, were 1.86, 3.25 and 3.5. In
all cases the inlet was subcooled and the operation was reported
to be stable without noticeable flow oscillations. The data
from these experiments was analysed by plotting local heat flux
versus local quality for all points on the cosine test sectlon
at the critical power on the same curve with similar data for
uniform flux distributions as represented by a General Electric
correlation for such data (see Fig. 2). Assuming that the
critical condition depends only on local conditions, the point
of tangency between these curves will allow prediction of (1)
the burnout location and (2) the power level at burnout. Based
on this type of analysis, the cosine data was about 9 to 20%
lower than predicted. Considering that (1) the actual burnout
location was uncertain to at least jﬂlinchés due to placement
of thermocouples whose temperature rise was monitered and (2)
that the uniform rod data upon which the correlation was based
had a deviation of the same order as above (9 to 20%), the
method predictsthe cosine distribution behavior well. However,
it should be noted that using the same uniform correlation and
the integrated burnout concept, the cosine average heat 1salso
within 20% of the uniform critical heat flux. Thus for cosine
data of reasonable steepness, predictions of comparable
accuracy can be obtained with the two basically divergent
views of the burnout phenomenon.

Similar results were obtalned in the high mass flow range
(a 23.0x106 1bm/hr fte) by Casterline and Nﬁtzner(7) who carried
out cosine distribution - experiments in a 192 in. long (487 cm)
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.400 inch diameter (1.02 cm) tube with water at 1000 psia

(70.2 39%). However for lower mass flow rates, the cosine tube
supporggd higher heat fluxes for the same local condiltions than
the uniform tubes. Thus for lower mass flow rates, analyses
based on both local and average conditions fail for this dis-
tribution with the rather extreme ratio of MAXIMUM FLUX/
MINIMUM FLUX = 34.8. However this discrepancy may be due to
the presence of reported severe pressure osclllations which
were probably due to the inherent compresslbility existing in
the void fraction in the long tube since the inlet conditions
were in all cases subcooled.

Iimited but interesting data applicable to nozzle cooling
applications was obtained by Schaefer and Jack(8) for central
peak shapes at very high heat fluxes. These experiments were
performed with tubes having heated lengths of 1.5 and 5.5 in.
(3.81 and 14.0 cm), .120 in. (.304 cm) diameters in 200 psia
(14.0 lﬁ%ﬁ water. The flux gradient was large since the heated
1engthczas short and M large (5.88). The experiments were run
at high mass velocity (G = 4.0x107 —tP8—) and yielded high
local critical heat fluxes (q/A = h?gx§g7 —lﬂﬂljg). Hence this
data which is outside the normal range of sgrggbles is avail-
able for comparison with new methods of analysis.

Extensive additional tests with cosine flux distributions
have been reported by Lee and Obertelli(9) and ree(10). mThese
experiments were performed with 60 to 144 in. (152 to 366 cm)
tubes of diameters .373 or .383 in. (.95 or .975 cm) in water
at pressures of 550 to 1600 psia (38.6 to 112-5%%). The first

cm
report surveys the entire range of variables listed, while the
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second report contains data from the 144 in. long tubes at 1000
psia only. These reports show that the average heat flux condi-
tion for estimating burnout is satisfactory. This condition
can be expressed as the equivalence of the average cosine heat
flux with the critical uniform heat flux under the same thermal
and hydrodynamlic test conditions or simply as equivalence of
total input power to the test sections in each case. The
reports also lntroduce another prediction method based on the
integrated condition concept. In this case prediction of burn-
out power and location is obtalned as the point of intersectlon
between cosine and uniform data on a local heat flux versus
length plot. However, the length used on this plot for the

uniform case is an equivalent length which 1s defined as

z TZ
L x g4(z) = j; ¢MAxcos(i;0dz

where ¢(Z) = heat flux on the cosine tube at a polnt distant
(2) from the inlet. In this manner, for each location on the
éosine tube, an equivalent length of a uniform tube 1s defined
such that the local heat fluxes and integrated power inputs
are the same at that point (Z) for uniform and cosine heat
flux distributions (see Fig. 3). Using this refined method
good results for the critical power and location are achileved
for the range of cosine shapes tested (M=5.0).

Only three addlitional investigations have been completed
utilizing flux distributlions other than the cosline shape.
Bertoletti et al(ll) tested rods 25.4 in. long (64.5 cm) of
.318 in. diameter (.807 cm) in water at 1020 psia (71.5 kg/cm2).

These sectlons represented linear increasing and linear decreas-
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ing flux distributions 1n addition to cosine and uniform dis-
tributions. In all nonuniform distribution cases the maximum
flux to minimum flux ratio, M, was about 2,3, The data was
presented to show the equivalence of total power input for test
sections of all flux distributions for the same thermal and
hydrodynamic test conditions. Review of the data confirms thils
equlvalence for the cases of inlet quality above saturation.
However for subcooled inlet conditions, which are of direct
interest to many practical applications, divergence of total
power input of up to 10 to 20% between the various flux dis-
tributions 1is apparent,with the exit peaked distribution
exhiblting the lowest allowable total power. Additicnal CISE
data reported by Silvestri(lg) further indicates that the total
power input 1s not independent of flux shape for subcooled
inlet conditions. 1In these experiments, heat was added uniformly
over only the first and last quarter of the tube with the
middle half being unheated. The data showed that for subcooled
inlet conditions, the total power for the nonuniform flux dis-
tribution was also up to 10 to 15% below that for the uniform
flux. Such deviations, which were also previously pointed out
for exit peaked shapes in Swenson's data of reference (5), are
of direct consequence to reactor design for the control-rods-
wlthdraw configuration. In addition this deviation illustrates
that the total power input equivalence concept is not valid over
the complete range of nonuniform flux distributions of interest.

The experiments of Styrikovich et a1(13) were performed in
6.3 in. (16.0 cm) long tubes of diameter .236 in. (.6 cm) in
water at 1470 and 2000 psia (103 and 140 li%), The outside

c
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dlameter of the test sections varied linearly (increasing and
decreasing) with length, hence the flux distrlbution varied as
the square of the external dlameter. Results with subcooled
inlet conditions, which did not exhibit flow pulsatlions, 1ndi-
cated that the local critical heat flux for both lncreasing
and decreasing flux shape was greater than the uniform critical
heat. flux at the same inlet eonditions. In addition for the
linearly decreasing flux, the onset of the critical condltion
occurred near the inlet as contrasted to the CISE

tests where it was detected by wall thermocouples to set at the
tube exit in all cases. To explain these results, the proposal
is advanced by Styrikovich that the deviation of the upstream
heat flux distribution from uniform causes an attendent devia-
tion in vapor content in the boundary layer. Postulating that
the vapor content in the boundary layer 1s effective in alding
or retarding the vapor film formation which causes the critical
condition, higher upstream heat flux 1s predicted to promote
achleving the critical conditlon while the reverse holds for
lower upstream heat flux levels. This qualitative explanation
has been modified and adopted in part in the analysls of the
data of the present investigation.

(14)

Duke performed a series of critical heat flux and

film heat transfer coefficlent measurements with an exponentilal
decreasing flux distribution (M=27.0) in 36 in. (91.5 cm) long
tubes of .187 in. (.476 cm) diameter in water at 535 to 1915

psia (37.5 to 134.,5 l!%). The range of mass flow rates inves-
cm

tigated was limited to the rather low values of .0l to .24x106

1b/br £t2 (13.6 to 325.0 —5E—),

m sec

The results for both critical
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heat flux and heat transfer coefficient were correlated by

statistical techniques and hence application of these correla-
tions outside the limited range of variables investigated 1is
very questlonable.

Additional investigations with varied nonuniform flux dis-
tributions are presently beilng carried out in the USA and
Sweden. The U.S. work 1s belng performed at Babcock and
Wilcox Co. on 72 in. (183 cm) long tubes of .446 in. (1.13 cm)
diameter in water at pressures of 1000, 1500, and 2000 psla
(70.2, 105 and 140.4 lg%). The flux distributions include
those of the previousc%abcock and Wilcox work(S) as well as
several of the same distributions tested in annular configura-
tions., The most recent progress report(15); indicated that
the data agreed well with 'that of their previous program.
Preliminary Babcock and Wilcox review of this latest data indi-
cated that analysig based on local condition hypothesis was not
valid whereas analysis based on the integrated average critical
heat flux or the input power to the critical location looked
promising. Such an analysis is a varlation of the total input
power equivalence but realistically conslders only the power
input to the critical locatlion.

The Swedish work(16) 18 being performed for linear Increas-
ing and decreasing flux distributions in .236 in. and .394
in, (.6 cm and 1.0 cm) long tubes. The local burnout heat
flux data 1s apparently predlcted by the correlation of
Becker(17) when the nonuniform heat flux is accounted for in the

related heat balance equation. The baslic correlation is a
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(18) which assumes the

simplification of the results of Isbin
critical condition to occur at the axial position where the
annular liquid film disappears. Becker achieves simplification
of Isbin's model by assuming based on his own data for uniform
tubes that the critical condition 18 a function of local condi-
tions only. The suceess8 of this local condition hypothesis in
predicting the critical heat flux for linearly increasing flux
distributions is not surprising,since 1ln thls case the local
flux and local enthalpy are both a maximum at the critical
location. However, this is not the case for linearly decreasing
flux where upstream burnout may occur and here the accurate
predictions obtained may be significant. However a significant
drawback of the entire procedure is that the critical location
is not predicted and in fact the calculation of critical heat
flux requires knowledge, presumably to be supplied from experi-
mental data, of the critical locatlon. waevér since the
completed report is not yet avallable, comprehensive critical
review of this method of analysis 18 not yet possible.

The most re¢ently published work is that of Tong et al(l9?
in which the hypothesis 1s forwarded that the critical condi-
tion occurs when the enthalpy of a superheated liquid layer
adjacent to the heated surface reaches a limiting value. The
superheated layer 1s presumably formed and maintained by a
bubble layer which 1solates it from the core. The limiting
enthalpy value of nonuniform flux cases was taken equal to that for
a uniform flux. Using this approach a correction factor, F,
was defined to enable prediction of nonuniform behavior from

existing uniform data.
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1
d9 pNB’ equlvalent to uniform flux
F=——"

d pNB’ local in nonuniform flux
The analytic expression for F is a function of (1) local criti-
cal heat flux, (2) a constant C which was determined to be a
function of local conditions and (3) an integral of local heat

-C(lDNB.Z). Thue we see F

flux welghted by the factor e
combines local (1 and 2) and integrated (3) effects in a manner
determined by the model chosen. This method is applied to
experimental data of many varled flux distributlions ylelding
predicted F values within + 25% of experimentally determined
values. Whlle thils agreement does not significantly improve
the accuracied avallable from other schemes, the method
does yleld the following significant result. 1In the subcooled
and low quality reglon, the factor C 1s large and thus the
product C (lDNB-Z) 1s small., This reduces the weighting fac-
tor and results in local conditions primarily determining the
critical condition. Conversely for high qualities, C is

small and integrated conditions primarily determine the criti-
cal condltion. Using a basically different model for the
critical condition, this same dependence of the critical
condition on local versus integrated conditions 1s obtained

in the present work.

From the foregoing review of the literature, we see that
most attempts to deal with nonuniform flux effects have been
based a priori on a concept that the critical condition 1s a
phenomenonrelated to either local or integrated conditions.

Significantly these attempts have satisfactorily predicted behavior

over only narrow parameter ranges. In addition thelr apparent
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successful interpretations of similar data from dlametrically
opposite viewpoints has lead to much confusion. The efforts of
Becker(16) and Tong(lga while not yet pointing the way to a
general satisfactory solution of the problem, have been based
on postulated models of the heat transfer and critical phenomenon.
In the case of Tong in particular, the applicatlon of the model
itself to the various nonuniform flux distributions determlnes
the relative importance of local versus integrated conditions.
Such an approach seems to be the most reasonable method of
analysis and it is along these lines that the subject Investi-
gation has been directed. However, to fully comprehend the
formulation of the model which has been applied, it 18 necessary
to review what is known regarding the flow of water and steam
in heated tubes. In the next chapter, therefore, the subject
of two phase flow in tubes with heat addition will be discussed

as it relates to the subject experiment.
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CHAPTER II1
TWO PHASE FLOW WITH HEAT ADDITION
To provide a sound basis for the developments presented in
Chapter IV, the present understanding of two phase flow in
tubes with heat addition will be reviewed.

2.1 Flow Regimes

Consider a cylindrical tube with vertical upflow of
water under forced convection being electrically resistance
heated. Adapting theidiscussion of Milioti(go} let us review
with reference to Fig. 4 the dominant flow regimes and assocla-
ted heat transfer mechanisms which will ideally exist along the tube,

Coolant water entering the bottom of the tube 1s below the
saturation teﬁperature corresponding to 1ts pressure. In Sec-
tion 1, where subcooled water exists forced-convection governs
the heating process.

As the water temperature approaches the saturation value,
the surface temperature reaches the saturation temperature. As
soon a8 the surface temperature exceeds the saturation tempera-
ture by a few degrees, the liquid immediately adjacent to the
heated surface becomes superheated. In this condition, if the
degree of superheat 1s sufficlent, bubbles can form along the
surface at sultable nucleation sites. Under certaln conditions
bubbles have been found to sllide along the wall surface in the
directlon of flow. Ag the bubbles grow larger, they detach
from the wall and enter the fluild stream where they collapse
because of the cooler bulk stream temperature. This Section, 2,

1s the subcooled nucleate bolling region.’
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When the bulk stream temperature reaches saturation, the
bubbles can now be sustalned 1n the turbulent flow of water.
This Section, 3, 1s the saturated nucleate boiling region char-
acterized by very high heat transfer rates. It 1s in
this region that the quality of the two-phase flow begins to
increase., The bubbles cause a very high turbulence in the
superheated liquid, as they grow and detach themselves from the
wall, This intense turbulence of the liquid upon the surface
accounts for the high heat transfer rates in this bubble flow
region., As more and more bubbles form at the wall and Jjoin the
bulk stream, they start to coalesce and form larger bubbles.
This tendency is expected, because a large bubble has less
surface area than the equivalent volume of small bubbles and
thus there is a tendency for bubbles to agglomerate. The flow

is now unstable under all condltions, and eventually slugs
of intermittent water and steam give the hydrodynamic pattern
called slug flow as shown in Section &4,

Downstream from Section 4, the steam slugs begin to pre-
dominate and the steam increases 1in proportion to the water to
the point where it can now be considered the continuous phase.
A thin fl1lm of slow moving superheated liquid forms on the wall,
while the steam flows 1in the central core. The liquld film
thickness 1s of the order of thousandths of an inch and has a
wave-llke surface. The steam moves with a much higher velocity
than the liquid film, resulting in high heat transfer coeffic-
lents and an annular slip-type flow shown 1n Sectlon 5. There
1s usually also a spray of small droplets in the steam core,

hence, the name spray-annular flow region. Through Section 5,
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the liquid film flow rate on the wall decreases due to net
entrainment of liquid from the film and evaporation of the
film. Depending on the local heat flux and quality, nuclea-
tion can also occur within the thin liquid film. Heat transfer
can be though of ppimarily as Qonduption through the liquild
film with evaporation at the liquid-vapor surface.

When Section 6 i1s reached, the liquid film has.disappeared,
the wall is dry, and one finds tiny droplets of water in the
steam. As soon as the liquid film is destroyed and the wall
dry, the evaporative cooling of the wall breaks down, causing
a very large decrease in the heat transfer coefficient with a
correspondignly large increase in wall temperature. In Sec-
tion 7, single-phase dry saturated or superheated steam ls
present. Because only single-phase steam 1s present in this
region, 1t can be considered a film bolling region. However,
the heat fluxes which can be carried under this condltion are
considerably lower than those which c¢an be carried with non-
film boiling.

From this discussion, it 1is seen that the c¢ritical condi-
tion can be caused by at least two different mechanisms, (1)
in the subcooled or low quality reglion by a vapor blanketing
of the tube wall, or (2) in the high quality region by dryout
of the liquid film. In fact, the occurrence of the critical
condition can also be postulated to be caused by a nucleation
induced disruption of the»liquid,film or by the instability

characteristics of the slug region. Hence 1t 1s desirable
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to quantitatively identify the existence of the various flow
regimes possible and the transitions between these flow regimes.
Flow maps exist for predicting this information for adlabatic
systems but since the effects of heating tend to distort the
regime boundaries, such maps are not an accurate representation
of conditions with heat addition. Generally speaking, heating
may be expected to promote the transitions between the regimes
shown in Fig. 4 so that for given pressure and mass flow rates
these transitions occur at lower qualities than in the adlabatilc
case., In particular the bubbly flow‘region may be suppressed
and the flow may go directly from single phase to s8lug flow.
Similarly the slug-annular transition may occur at lower
quality. From limited results reported at high pressures by

(22), such expectations

and at low pressures by Lopilna
seem to be borne out.

With regard to the low pressure conditions of the subject
tests, the corrections to an adlabatic flow map due to heating
are small since the flow regime transitions occur at relatively
low qualities. Considering the test conditions and the dimen-
sions of the test sections, the relevant flow regime map for
these experiments is presented in Fig. 5. The transitions
pictured are limited to the transitions to annular from both
bubble and slug.

At high mass velocities the annular transltion 1s taken
from the correlation of Baker.(gu) For these conditions, the

slug regime is suppressed and the transition occurs directly

from bubbly to annular flow over the quality range of approxi-
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maetly 6 to 10%. It should be recognized that at a given
mass flow rate this transition to annular flow 1s gradual gnd
intermediate flow regimgé are probably encountered before’
true annular flow is acgieved. As Fig. 5 shows, this transi-
tion describes conditions in the region of the test condi-
tions investligated. Due to non-adiabatic conditions, addi-
tlonal uncertainties in the actual location of the flow
regime transition are introduced. Hence a mean value of 8%
was chosen to characterise the annular transition for all |
three flow rates of the subject data.

For completeness, the annular transition at lower flow
rates is also 1llustrated on Fig. 5. At these low flow
rates, the transition is from slug to annular flow and was

calculated from the correlation of Haberstroh and Griffith.(23)

2.2 (Critical Heat Flux

Prediction of the critical heat flux for uniform flux
distribution is necessary in this study for two reasons:
(a) a uniform flux distribution correlation 1s required to
evaluate published correlation methods for nonuniform flux

distributions such as that of Janssen et al(6) and Lee(lo).

(b) test runs with uniform distribution should be checked
agalnst available correlations to lnsure that operating
procedures and the experimental rig are performing satis-

factorily.
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Unfortunately there 1s no existing low pressure (14.7 to
200 psia) quality range correlation which is applicable over
a wlde range of test conditions and geometries. In fact data
in this region is limited to that of Lowdermilk and Weiland(25),
Jens and Lottes(2®), Lowdermilk, Lanzo and stege1(?7),

(28) (22). From this

Becker s Becker and Persson(17) and Lopina
data,four correlations are available which use certain of

this data as indicated below:

CORRELAT1ON DATA SOURCE

Lowdermilk, Lanzo and Siege1(27) Lowdermilk, Lanzo and

Siegel(27)

Von Glahn(29) Lowdermilk, Lanzo and
stege1(27)

MacBeth (30) Lowdermilk and Weiland(25)} 15
Jens and Lottes(26) psia
Becker(28) 250

psia

Becker and Persson(l7) Becker(es), Becker and

Persson(IT)

The correlation of Lowdermilk, ILanzo and Siegel(27) is
based on thelir data obtalned at inlet temperature of TSPF;

atmospheric exit pressure,and diameters from 0.051 inches

?
to .188 in. The correlation establishes two burnout regimes: a

high velocity, low-exit quality regime for G/(L/D)e( 150 correlated

by (a/A)gD° 2(1/D)% 12 = 1400 ¢0-5
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and a low velocity, high exit quality regime for G/(L/D)2:>15O

correlated by

(q/A)CRDO.2(L/D)O.85 = 27060'85

The correlation ‘ofVon Glahn(zg) is intended to cover
cryogenic fluids as well as water over the pressure range 4.7
to 2000 psia. The correlation 1s based on a relationship
developed between Xc, a critical vaporization parameter, and a

function consisting of several dimensionless groups. Specifil-

cally
‘ P,oO.4 _ __ 0.4 1.7
X =1 GD rV (pe pV) (E_\_I_) N
Flow Fluid Pfoperty
Parameter Parameter
Q

_ C
where Xc = wAH

- ng“vz JPe~Py

1.
py(8,9,)

N

the functional relation f being graphically described in the
NASA report.

The MacBeth correlation(30) also represents data as elther
a h;gh-velociﬁy or a low veloclity regime with the boundary |
between regimes defined graphically. For a system pressure
p 200 psia, and a L/D<200, the maximum mass velocity for
exlstence of a low veloclty regime is .253106 1b/hr fte. Thus
the data for thls report lies wilthin the high velocity regime

which 1s gilven as
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1 -6
6 A+ 70D(ax107°)AH,
a/Ax10 ~ = T+0L
Y 6.7
where A=yD (ax10 6) 2

C

It

y 6
y3D %(ax1070)"5

D = inches

The "y" coefficients obtalned by MacBeth by computer

optimization of data at various pressures are

1 sia 250 psia
y, 1l.12 1.77
y; =0.211 -0.553
yp 0.324 -0.260
y3 0.001 0.0166
Yy -1.4 -1.4
Vs -1.05 -0.937

Finally the correlation of Becker(17) as discussed in Chapter 1

covers the pressure range 142.5 to 195.0 psia. The correlatlon,

which 18 based on extension of the flow model of Isbin(la) 1s

presented as curves of

1
versus X
/A ( é )1 /2 CRIT
F

where XCRIT = the steam quality at the critical location
a/A = surface heat flux, -%-_;I—
m/s,’/ )

= mass veloclty, igg-

— m-S
Each of t/r)ﬁ@c""’céi'relations together with the uniform flux

S e

d1§§r;pg;zaﬂ”aata of this report are plotted in Figs. 6, 7, and
‘8. The wide variation in predicted critical heat flux values
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is obvious. In additlon the dependence of critical heat flux
on pressure for the MécBeth correlation is opposife to that for
the Becker and Von Glahn correlations. In appraising these
figures the following conclusions can be drawn (the deviation
between stable and unstable points will be discﬁssed in
Chapter III).

(1) The MacBeth correlation contains only the early and
limited data of Lowdermilk and Weiland(25), which 1s suspect to
flow instabilitles as described in the later report by Lowder-

(26)

m11k(27), and the data of Jems and Lottes'“®’ which was taken at

-6 1b/hr £t2 ) in large diameter

low flow rates (.0l to .O4x10"
(.94 in) tubes. Hence this correlation would not be expected
to yield reasonable results for the subjJect test conditions.

(2) The Von Glahn and Lowdermilk correlations are based on
Lowdermilk(27) data which had limited diameters (up to .188
inches) and a single subcooling. Thus as discussed by Iopinasez)
for the test diameters of the subject test data, these correla-
tions are not applicable.

(3) The Becker correlation ylelds good agreement with
results at low flow rates (@ = 0.5x10° 1b/hr £t2). As flow
rate increases, the agreement becomes poorer. -

(4) The 250 psia prediction of MacBeth's correlation
agreeé well with the data. However the data is at generally
lower pressﬁres than the pressure for which the correlating line
was established.

These results indicate that the available low pressure corre-
lations do not appear to be based on the correct fundamental vari-

ables. Hence although each 1s satlsfactory over the range of data from
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which it was derived, none can be safely extrapolated to the
desired region of the subject test conditions. Therefore,
the best empirical procedure for representing the present
data appears to be use of a simple equation of the form,
(q/A)CR = Cy +'C2 AHypyr o Where the constants can be deter-
mined from the data of Figures 6, 7 and 8.
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CHAPTER 1II
EXPERIMENTAL PROGRAM

3.1 Description of Apparatus

The following sectlon contains a degcription of the experi-
mental facllity and test sections which was used in this inves-
tigation. This was divided into four categories: the hydraulic
system, the power supply, the associated instrumentation and the
test sectlions. Although detalled descriptions of the apparatus
are avallable in other reports,(3l) they are repeated here for
the convenlence of the reader. The basic apparatus had been

designed and constructed in a previous study by Bergles.(32)

3.1.1 Hydraulic System

A schematic of the flow loop 1s shown in Fig. 9. The
pipings and fittings, all of brass and stainless steel for corro-
sion resistance, are erected around a test bench constructed of
Dexion slotted angles and plywood. Rayon reinforced rubber hose
was used where flexible connections were required. Flow circu-
lation is provided by a Fairbanks Morse two-stage regenerative
pump (260 psi at 3.6 gal/min) driven through a flexible coupling
by a 3 HP Allis Chalmers 1nduction motor. To avold contamina-
tion of the system water, the pump was fltted with speclal
seals of teflon-impregnated asbestos. A rellef valve set for

300 psl protected the pump casing from overpressure,

The maln flow loop contains a Jamesbury ball
valve to control the overall pressure drop. The test section
line, installed in parallel with the main loop can be isolated

by means of two more Jamesbury ball valves. To 1limit coolant



-29-
loss upon test section failure,upstream and downstream check
valves - -were bullt Into the test section connector pleces. The
upstream valve contains a spring sized to hold the valve open
during normal operat?pn with system pressure on either side of
the valve but closed.at test sectlion fallure with system
pressure upstream and amblent pressure downstream. The down-
stream valve is simply held open by system pressure during
normal operation but closed at test section fallure by the
pressure difference between the back system pressure and the
amblent test section pressure. The test section flow rate is
controlled by means of Jenkins needle valves set Jjust upstream
and downstream of the test sectlion itself. The valve down-
stream 1is particularly useful in adjusting test sectlon
pressure. The test section line also contains two basic
Fischer-Porter flowmeters with the appropriate isolating valves.
Four Chromalox heaters of approximately 6 kw. each are also
provided to control the test sectlion inlet temperature. Three
of these are controlled simply with "off-on" switches while the
fourth can provide a continuous range from O to 6 kw. by means
of a bank of two variacs mounted on the test bench. Pressure
fluctuations at the outlet of the pump are damped out by means
of a 2.5 gallon Greer accumulator charged with nitrogen to an
initial pressure of 40 psi. This accumulator contains a
flexible bladder-type separator which prevents the nitrogen
from belng absorbed by the system water. A Jamesbury ball valve
isolates the accumulator from the loop at shut-down.

Since the system 18 closed loop, the heat added to the

system water 1s rejJected to a shell-and-tube heat exchanger
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connected to a city water line. Due to seasonal temperature
variations, the minimum operating temperature varies from
approximately 50°F in the winter to 75°F for summer operation.
Continuous delonization and deoxygenation 1s provided in a
parallel loop contalning four resin beds, two of which provide
delonization and the other two,/deoxygenation. The conductivity
of the loop water may be maintalned at 1.5 x 106 ohm-cm as read
on a Barnstead meter. In order to insure & minimum of dissolved
air in the system, & 5 gallon degassing tank was provided with
five electrical heaters (3-220 VAC and 2-110 VAC). This tank
was also used to provide makeup water to the system. A storage
tank for filling the system and degassing tank was mounted
above the degassing tank and could be filled with distilled
water from standard 5 gallon bottlgs with a small Hypro pump.
Both the storage tank and the degassing tank were equilpped
with giass sight gages so that the proper levels could be

maintained.

3.1.2' Power Supply

Power was supplied to the test section by means of two 36
kw. Chandrysson externa;ly excited generators, each capable of
delivering 3000 amperes at 12 volts. The generators are
driven by 440 volt-3 phase-600 rpm synchronous motors.

The power could be regulated from zero to maximum power
as desired through a portable control console. The generator
outputs were connected in series and the output from one was
;added to or subtracted from the output of the other. Water-
cooled shunts, installed in parallel with the test section, .elim-

inated the shock of a sudden open circuilt caused by a test sectilon
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burnout.

An exlisting buss-bar system was used, with the addition of
alr cooled copper brailded cables Just at the test sectlon. The
use of these flexible cables permitted flexibility 1n the size
of the test sectlion which could be accomodated. At the up-
stream end of the test section, the cable assembly 1s clamped
to an aluminum plate to which a rigid aluminum test sectlon
holder 18 attached. At the downstream slide, the connection to
the test section holder is accomplished by a flexible bralded
conductor. This entire connection to the test section was put
in tension by a spring arrengement to assure adequate allowance
for thermal expansion of the test section., The test section
holders were made of aluminum plate in two segments which, when
bolted together, clamped to a bushing surrounding the test
section. The downstream end of the test sectlion was connected
to the piping with rubber hose to provide electrical insulation
and increased flexibllity.

3.1.3 Instrumentation

Instrumentation was provided to monitor the steady-state
and transient conditions throughout the system. Pressure gages
on the main loop, as indicated in Fig. 9, ald in adjusting the
pressure level in the test section and in determining system
stability. A thermocouple was lnstalled in the degassing tank
to monitor the water temperature during degassing operations.
Another at the discharge of the pump insured that the water
temperatures in the delonizing beds never exceeded 140°F. A
variety of metering tubes and floats which could be installed
interchangeably in the basic Fischer-Porter flowmeter housing
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provided measurement of the test section flows from 1.5 to
4000 1bm/hr. The results were calibrated at installation and
checked perlodically against the initial calibration.

The test section itself was instrumented with thermocouples
to record inlet and outleﬁ water temperatures. In both cases,
the thermocouples were located at positions where the flow was
well-mixed. At the downstream end, the thermocouple was
located far enough from the exit of the heated section so that
it could be safely assumed that the vapor fraction is completely
condensed.

Thermocouples were constructed from Leeds and Northrup
24-gage duplex copper-constantan wire. Callbratlons were per-
formed and deviations from N.B.S. standard tables were found to be
slight 86 that no corrections were necessary. All of the
thermocouples were connected to a common lce junction through
a twelve position Leeds and Northrup thermocouple switch. The
output could be read on either a potentiometer or a recorded.
The recorder 18 a pen-type, single channel instrument manufac-
tured by Minneapolis-Honeywell Brown. There are five manually
selected ranges for 0-6, 5-11, 10-16, 15-21, and 20-26 milli-
volts. Occasional callbration against the potentlometer
insured the accuracy of the recorder to within .01 millilvolts.

Test section pressures, both upstream and downstream were
monitored on 4 1/2 inch U.S. gage supergages with 0-200 psi-
range. Each gage was checked on a dead welght tester and cali;
brated to an accuracy of approximately .5 psi over the entire
range. They were checked against one another perlodically at

various static pressure levels under zero flow conditlons,
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Porous-plug snubbers were provided to protect the geges from
severe pressure fluctuations.

The heat input to the test section was computed from
measurements of the voltage drop across the heated length and
the current to the section. The voltage drop was read on a
Weston, multirange d.c. voltmeter with a specifled accuracy of
+1/2% of full scale. The current was inferred from the
voltage drop across an air-cooled N.B.S. shunt with a calibra-

ted conductance of 60.17 amps/m.v.

3.1.4 Test Section

The required flux shapes were obtained by machining the
tube outside diameter to obtain the desired variation in wall
cross-sectlional area since electrical power generation is
directly proportional to resistance. The deslgn was made
within the limits imposed by (a) available power and hydraullc
supply (b) test conditions and geometries desired for investi-
gation and (c) materials having adequate resistivity and
machinability., A discussion of the interplay between these
variables and the final test section designs 1s presented in
Appendix C. Confirmation of the shape of the experimental
flux distribution was obtained on a sampling basls by room
temperature incremental resistance measurements and by 100%
inspection of resultant outside diameter dimensions. Details
of the results of these procedures and discussion of other
factors affecting the shape of the experimental flux distrib-
ution are included in Appendix A. See Figure 10 for schematic
presentation of the various test sections used in the lnves-

tigation,.
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3.2 Experimental Procedures and Experience

3.2.1 G@eneral Loop Operation

Many aspects of the experimental procedure, particularly
the installation of test sections and final preparation of the
loop for operation,were common to all types of runs. Distilled
water was pumped into the storage tank from the standard filve
gallon bottles. The system and degassing tank were filled by
gravity. Vents on the flowmeter, preheaters, test sectlon,
exit plenum, and the delonizatlion tank were opened to allow the
displaced air to escape. The degassing tank vent was open at
all times. The other vents were closed when no further bubbles
were seen. The pump was then turned on and all valves opened
and closed several times to dislodge any remaining air pockets,
The vents were then opened and closed again in turn until air-
free water was obtalned at each vent. Visual observation of
the flow through the glass flowmeter tube alded in determining
when the system was free of alr.

At this point, all the degassing tank heaters were turned
on, and water was circulated through the system. The tempera-
ture of the degassing tank water was monitored on the recorder,
and all but one of the heaters turned off as the boiling point
was approached. If this was not done, the degassing tank was
found to boil too vigorously with the result that considerable
overpressure built up in the tank and a large amount of water
was forced out through the vent. When bolling occurfed,
water from the loop was bypassed into the degassing tank. The

amount of flow was regulated so that a small but continuous
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flow of steam issued from the vent hose. The system water was
effectively degassed by being dumped into the bolling water at
the top of the degassing tank. This was continued until the
temperature in the loop rose to approximately 180°F. Care was
taken to shut off flow to the deionlzation tank before the
loop temperature exceeded 140°F. The entire procedure took
about 30 minutes. A standard Winkler analysis, described in
Reference (32), indicated that this method of degassing reduced
the air content to less than .1 cc air/liter. Upon completion
of the process, the remaining tank heaters were shut off, and
the heat exchanger turned on. The flow of system water to the
degassing tank was turned off as soon as steam stopped coming
out the vent. The system was then ready for operation. This
process was repeated at the beginning of each day of operation,
where the degassing take was refilled, or when air bubbles were
visible in the flowmeter. The daily degassing was necessary
since the degassing tank 1s vented to the atmosphere, and the
water in the tank would eventually become saturated with air
( 18 cc/1iter).

The system was then operated for at least 15 minutes at
zero power before taking measurements. At the end of this
time the system water was completely cool and had been
thoroughly circulated through the delonizers. Thils time was
also used to.allow the generators to warm up. If the genera-
tors were used immedlately after starting, fluctuations 1n the
power level were much larger and harder to control. If a
particularly low resistance test sectlon was in place, it was
necessary to disconnet one of the power leads until the

generators had come up to speed. If this was not done, high
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voltage drops could result from the fact that the two genera-
tors did not speed up 1ln unison and on occasion could lead to
unwanted burnouts.

At shutdown, it was necessary to 1solate the accumulator
from the loop. Otherwise, the water would be forced out of
the accumulator, into the loop, and eventually out through the
degassing tank vent. The pump and generator were connected
together electrically so that the generators would be shut
off if the pump should be turned off accidentally or due to a
power fallure. However, the generators could be shut off
independently by means of a switch on the control console.
Turning off the generators or the pump also interrupted the
power to the preheaters. This was a safety precaution to
prevent burning out the heater elements should they be left on

wlth no flow.

3.2.2 Loop Operatlon for Critical Heat Flux Data

At the beginning of each test run, the bypass flow was
reduced to maximize the pressure drop taken across the needle
valve upstream of test section. A large upstream restriction
pressure drop was desired to minimize the occurence of flow
osclillations. These oscillations did occur early 1in the test
program and steps taken to analyse and eliminate them will be
discussed in Section 3.2.4., For low mass flow rates (G=O.5x106)
a 3/8" exit line was used and desired exit pressure maintained |
throughout the entire test run by adjusting the needle valve in
the line. For higher mass flow rates (G=1.0 and 2.0x10°) a 1"

exilt line was used but in this case since valve manipulation
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did not allow adequate adjustment of exlt pressure, the exit
pressure was not directly set but allowed to vary within the
desired rahge with the power level and inlet subcooling.

With the mass flow rate and test pressures established,
the generators were turned on and power applied to the test
section. After a heat balance was taken, power level was
gradually increased simultaneously with adjustment of inlet
temperature by operation of the loop preheaters. This adjust-
ment was complete before the test section power achleved
approximately 50% of the anticipated burnout power. In the
final approach to burnout, mass flow rate and inlet temperature
were maintained constant as power was increased 1n small steps.
Test section inlet and exit pressures were maintained approxi-
mately constant at low flow rates but increased at high flow
rates as power lncreased. At each step in power level, values
of all these variables were recorded manually. Since only
inlet temperature was automatically recorded, only values of
inlet temperature and test section voltage (meter was contin-
nally viewed) were noted at burnout. The values of all otﬁer
parameters at burnout were obtained by extrapolating data
recorded at previous power steps.

When burnout did occur, the generators, preheaters and
pump were turned off and the test section 1llne 1solated from
the main loop. When a new test section was inserted, a small
volume of undegassed water was necessarlily allowed into the
system from the fill tank because the test section line was
above the level of the degassing tank. Care was taken to

bleed the system under such circumstances to minimize the
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amount of air entrapped in the system. When the pump was
restarted, the flow meter was observed to ensure that ailr
bubbles were not present. This departure from the lnitial
thoroughly degassed conditions for certain test runs was con-
sidered acceptable since critical test results should not be
effected by slight differences in the degassed condition of
the loop water.

3.2.3 Two Phase Heat Transfer Coefficient Measurements

In addition to burnout measurements, an attempt was made
to measure two phase heat transfer coefficlents. As discussed
in Chapter IV, such data is necessary for th§ critical heat flux
model presented. For these measurements, a test section with
two independent power supplies attached was used. The inlet
portion was heated wlth the generators descriﬁed in Section
3.1.2, while a 1.5 inch portion at the exit‘was heated by a motor
generator set capable of dellvering about 17 volts at 700
amperes. The power to the inlgt section was adjusted to yileld
a desired quality condition in the exit portion. The exit sec-
tion or nucleation section was deslgned to minimize the heat
input to the fluid (and hence the quality change) but maximize
the available heat flux which could be achieved. By measuring
temperature differences, TWALL-TSATURATION’ at pre—eséablishedl
values of pressure, mass flow and quality, determination of heat
transfer coefficients for these conditions was attempted.

The experimental difficulties encountered for the test con-
ditions explored i.e. steam-water mixtures at X=.10 to .60,

P=100 psia, G=0.5 to 2.0 x 100 1bm/hr £t2

and D=,214 inches, were
a) The mechanical strength of the nucleation portion

of the test section was poor due to the thin wall
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required to achleve high heat fluxes by resistance
heating with the avallable power supply. The wall
thickness could be increased by decreasing D, or by
heating the test section indirectly by conduction
from a resistance coll wound around the test sec-
tion.

b) The exit pressure could not be maintained constant
for flows in the quality region thus causing
TSATURATION to vary. This may be able to be
corrected by installation of a pressure regulating
valve, although it appears that the configuration

- and hydraulic characteristics of the existing loop
prevent adequate correction of this problem.

¢) Accurate measurement of low temperature differences,
.5 to 3°F, was not possible due to (b) above as well
as inherent difficulties in accurately measuring the
wall temperature, even with a guard heater arrangement.

Although some data was obtalned it was generally not internally

consistent, particularly in the low temperature difference

reglons of interest. Hence, the heat transfer coefficients
obtained were not considered accurate and therefore not used

further in thils work.

3.2.4 Correction of Oscillatory Instabilities

Certain of the data obtained duriﬁg the loop checkout
with uniform heat flux distribution exhlbited critical heat
flux values (see Figs. 8 and 9) significantly lower than the
bulk of other data. In addition during certain of these experl-

mental runs, the flow rate was observed to oscillate as the
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critical condition was approached.

Although no compressibility was dellberately inserted in the
system between the control valve and the heated section, it was
felt that enough compressibility was present upstream of the
control valve in the form of preheaters and accumulators to
initiate an instability if other conditions were also present.
These conditions redﬁce per the theory of Maulbetsch(3l) to
the requirement that the slope of the overall pressure drop Vs
flow rate curve goes to zero. Overall pressure drop here in-
cludes both the control valve and .he heated section. Check of
the suspect points by this method confirmed that the instablli-
ties resulted from thils cause. A sample graphical comparison 1s
given on Fig. 11 of the heated sectlon versus control valve
pressure drop which shows that the overall slope does go to
zero at the flow rate where oscillation and the critical condl-
tion occurred. Similar calculations along with some experimen-
tal measurements were made on the points which were belleved to
be valid and the overall slope was established as positive.

To eliminate this oscillatory instability based on this
theory, an increase in the slope of the control valve character-
istic or a decrease in the slope of the test section characterls-
tlc 1s necessary. Since the test section characteristic is
determined by the desired test conditions, only modlfication of
the control valve characteristic is possible. For the loop
avallable, the pump dellvery pressure and the heat exchanger
condensing pressure (15 psia) 1limit the overall pressure drop
availlable which 1s distributed between the control valve, test

section, and other line losses. Hence, to lncrease the control
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valve pressure drop, extraneous llne losses were reduced by
increasing the exit line dlameter from 3/8" to 1". With this
modification, stable data at the higher flow rates was obtalned.
However for conditions of low inlet subcooling, instabilities
were encountered for certain test sections exhibiting rapld
axial variation in heat flux and data under these conditions
could not be obtained. Apparently, in these cases the test
section pressure drop vs flow rate characteristic became equal
to the control valve characteristic thus causing the slope of
the overall pressure drop characteristic to go to zero. It
should be noted that this problem could probably have been
corrected and data for these cases obtained by installation of
a higher head pump which would permit increased pressure drop

to be taken across the control valve.

3.2.5 Critical Flow Considerations

Since the sonic velocity can be quite low in a two phase flow,
it 1s desirable to check whether or not a choked flow condition
existed. Such a condition could lead to erroneous results re-
garding critical heat flux levels for various operating condi-
tions. Using the slip equilibrium model of Fauske(33), from Fauske's
Fig. 4, we see that the minimum critical velocity is achleved at
minimum pressure and maximum quality. Calculating this minimum
eritical velocity for composite worst case test conditions, we
obtain the results shown below. Basing the calculation on
a hypothetical composite case which would yield a higher predic-
ted critical velocity than any real case assures that the

results obtained are conservative estimates. Since the actual
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Composite Worst Case Actual is
| % of
Minimum Maximum Predlcted Predicted

Actual Mass Tube Observed Tube Observed Critical Critical
‘Velocitx Num. Pressure Num. Quality Velocity Velocity

_1b —1b
556 Sec pr2 2554 72 1256 .35 620 __ .2 90%
278 1502 57 508 .52 320 87%
139 514 85 1552 .80 300 45%

velocities are in all cases less than the predicted critilcal
velocities, it i1s reasonable to coenclude that the critical vel-
ocltles were mnot achleved during the experimental program.
Direct confirmation of this conclusion by varying the test
section exlt pressure to achieve a critical veloclty was not

possible due to the operating limitations of the test loop.
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CHAPTER IV
PRESENTATION AND DISCUSSION OF RESULTS
4.1 Experimental Results

The complete range of variables investigated was presented
in Chapter I. Basically for each axial flux distribution, criti-
cal heat flux tests were conducted at three mass veloclities,

G =0.5 1.0 and 2.0x10° 2

1bm/hr £t and a range of inlet sub-
cooling conditions. The total number of tests, each carried to
physical failure of the test section was approximately 144, A
complete listing of the experimental data 1s presented in Appendix [
The baslc experimental results are presented as:
1) the total power applied to a channel to attain a criti-
cal condition (defined in this investigation as physi-
cal destruction of the aluminum test section). This
parameter 1is of particular interest since maximilzation

of chit is a prime objective 1in engineering design,

2) the physical location of the critical condition (de-
fined 1n this investigation as the fallure location in
the aluminum test section).

The test results for each of the three mass velocities are

presented in terms of Q £ and critical location in Figures

eri
12 through 22, It should be noted that in all cases the

inlet condition was subcooled and the total critical power,

chi

independent variable, inlet subcooling AHin‘

£ in these figures 1s presented as a function of the

4,1.1 Total Critical Power

Considering the uniform flux results as a basis for ref-

erence, the following observations of Q are apparent from

crit .
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Figures 12, 15, and 17 which present cosine flux distribution
behavior and Figures 21 and 22 which summarilze behavlor of the

remaining flux shapes.

- Cosine and Other Flux Distributions with Maximum Flux

chit - -
Near or at the Test Sectlon Inlet

The value of chit for these distributions is general 10%
larger than chit for uniform flux data. However, for the lnlet
flux peak distribution, the value of Q. did drop to 10%
less than chit for uniform flux data as the mass flow veloclty
increased to G = 2.0 X 106 1bm/hr ft2a As the inlet condition
approaches saturation, chit for these nonuniform flux distrib-
utions decreases in the same manner as the uniform flux data.
There 1s no apparent dependence of Qefit between distributlons
of the same shape with different M values (ratio of maximum to
minimum flux). For cosine flux distributions in particular, no
apparent stratification exists between the results for M =
2.27, 4.0 and 5.75. These results indicate that the total crit-
ical power, chit cannot be significantly lincreased by talloring
of the flux distribution to an optimum shape.

- Flux Distributions with Maximum Flux Near or at the
Test Section Exit

chit

The value of chit for these distributlions can be signifi-
cantly less than chit for uniform flux distributions at the
same operating conditions. The deviation depends on the degree
of inlet subcooling, AHin, the mass velocity, G, the flux shape,
and its assoclated M ratio. For the maximum inlet subcooling
investigated, about -300 btu/lbm, Table IV-A below summarizes

the maximum decreases observed in total critical power.
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Fluk Digstribution MASS VELOCITY, G, LBM/HR-FT2
0.5 x 106 1.0 x 106 2.0 x 106
Linear increasing -20% -5% -5%
(M=2.27)
Linear increasing -35% -15% -30%
(M=5.75)
Peak exit -15% -15% -30%
(M=5.75)
Table IV-A

MAXIMUM DECREASE IN QCRIT COMPARED TO UNIFORM FLUX
'DISTRIBUTION RESULTS

.As the inlet condition approaches saturation, the devia-
tions of Table IV-A decrease, resulting in approximately
equal values of chit for uniform and nonuniform flux distribu-
tions at low inlet subcooling levels.

The increased deviations with increased M for a glven
flux shape are clearly apparent in the table above. This
dependence 1s observed for results in the annular regime and
several results which were obtained in the subcooled region.

In fact the test data show (Fig. 21 and 22) that if the flux
distribution is severely peaked, the flux level can be high
enough to cause a critical condition at a location where sub-
cooled conditions prevail. Thus the actual flux distribution
can cause both (1) decreased Q

crl
data when both data are in the annular regime and (2) severely

£ compared to uniform flux

decreased chit due to a subcooled critical condition which

occurs at a high flux location of the nonuniform dlstribution.
Similar results have also been obtained by other experi:

menters at higher pressures. Portions of the data of Bertoletti

(11), Swenson (5) and the most recent Babcock and Wilcox inves-
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tigation (15), are presented in Figures 23, 24 and 25 which con-
firm the principal observations of this study, namely
1) For cosine and other distributions with the maximum
flux near or at the test section inlet, chié'is
within +10% of uniform flux data and decreases as

AH

in approaches the saturated inlet condition.

2) For distributions with the maximum flux near or at
the test section exit, Q

er
than the uniform flux data at large inlet subcoolings.

44 can be up to 30% less

This deviation approaches zero as AHin approaches

the saturated inlet condition.

4,1.2 Critical lLocation

The location of the critical phenomenon for each test sec-
tion was also determined experimentally and is presented in
Figures 14, 17, and 20. The tabulation of Appendix F in some
cases8 1lndicated two critical locations. In these cases, before
effectlve corrective action was taken, the test sections were
somewhat bowed during testing and upon attaining the critical
condition, both a thermal failure and mechanical failure'occurred.
The thermal fallure was characterized by melting of approximately
an 1/8" wide by 1" long (axial) rectangular portion of the test
section. In Appendix F, the actual critical location is repof-
ted as the midpoint of the thermal fallure with its axial extent
listed as the + value. The mechanical failure was a complete cir-
cumferential shearing of the test section characterized by a
Jaéged unfused cleavage. In certain cases, which are noted, a

double thermal failure did occur. In all other cases, the first
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listed location, 1s the thermal failure location and this is
used in subsequent analysis., These results can be summarized
as follows.
CRITICAL LOCATION - UNIFORM FLUX

The critical location occurred within 1% of the test sec-
tion exit, the slight deviation probably being attributable to
axlal conductlon effects.

CRITICAL LOCATION - MONOTONICALLY INCREASING FLUX (i1.e. LINEAR
INCREASING)

The critical location occurred within 1% of the test sec-
tion outlet except for one case. In this case, test section
1204 which was tested at G = 1.0 x lO6 and .AH,, = -160 BTU/LBEM,
the critical location was slightly upstream from the exit
(.7 £ .5 inches from exit of the 30 inch test sectilon).
CRITICAL LOCATION - FLUX PEAK ALONG TEST SECTION AT ANY LOCA-
TION EXCLUDING EXIT (i1.e. COSINE, PEAK NEAR INLET, PEAK NEAR
EXIT, LINEAR DECREASING)

The critical location for these flux distributions always
occurred between the flux peak and the test section exit or at
the test section exlt. The critical location 18 dependent on
Inlet subcooling, AHin,and moves upstream from the tube exit
with increased subcooling. In addition, for a given flux
shape, the critical locatlion appears also dependent on M, For
examplg for cosine distributions the critical location 1s
further upstream for M values of 2.27 and 5.75 versus 4,03. For
linear decreasing flux shape, increased M value (5.75 versus

2.27) results in upstream movement of the critical location.
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The data of other investigators generally conflirm these results

particularly the upstream movement of the critical locatlon for
the peak inlet flux distribution with increased inlet subcool-
ing. However precise determination of the critical location
was not generally obtained due to the burnout detection systems
used. The CISE investigators (11) on the other hand, indicated
that 1n all cases the onset of the critical condition occurred
at the test section exit.

The possibllity that the onset of the critical condition
occurred at the exlit but moved, causing a physical fallure up-
stream, was considered and investigated in thls work. Differen-
tial thermocouples were used with the point of interest and an
unheated exit portion of the test section as the two opposing
inputs. A series of thermocouples were simultaneously used to
monltor several locations between the tube exit and the expec~
ted burnout location. The output from these thermocouples was
recorded on a multlchannel recording oscillograph by galvano-
meters with natural frequencies ranging from 50 to 300 cycles
per second. However, these traces did not show movement of a
wall temperature excursion from the tube exit to the critical
location. Thus 1t appeared that the critical condition
occurred initially and only at the location of tube faillure.

4,1,3 Reproducibility of the Data

Several runs were made at almost identical inlet and
mass veloclty conditlions to establish the reproducibility of
the data. These results, tabulated below in Table IV-B, indi-
cate that differences exist in total critical power, chit’ up
to + 10% and in critical location up to 4.0 inches. Note that



AH Q Critical
G inlet crit p Location Inches
Test Section Date Flux Shape M —2M B8 x107°BLY pire.  T0CDeS - pire
HR FT (I
nlet
142 10/21 2.0x1“06 -271.2 2.029 10% | 29.8+0
UNIFORM 1.0 6 , '
135 9/25 ‘ 1.99x10 -270.8 2.232 29.640 .2
310 9/3 6 -246.5 1.435 24,040 3.2
COSINE 4,03}1.0x10 7.2% to
333 9/23 -246.9 1.538 27.6+.4 4.0
511 10/14 6 -159.2 7.404 24, 3+.2 1.3
COSINE 5.75] 0.5x10 8.3% to
512 10/14 -154.4 6.837 22.6+.2 2.1
1271 11/12 | LINEAR 6 -249.9 7.572 26,4+1.4 0
2.27|1.0x10 5.5% to
1252 11/19 FECREASING -2U47.5 7.988 25.5+1.0 | 3.3

TABLE IV-B REPRODUCIBILITY OF RESULTS

“6ﬂ‘
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the error analysis of reference A indicates a probable variation
of +3.4% in total critical power. Thus chit has been determined
in this work to at least within + 10%. The observed variation
in the critical location is quite large. However, from the
analysis to be presented, such variations are shown to be proba-

ble and stlll consistent with the more accurate determination of

chit‘

4,2 Formulation of the Method of Analysis

With the experimental results presented, a method of analy-
sis 18 desired which predicts the salient features of these re-
sults and permlits interpolation and some extrapolation of these
data to other conditions of interest. The most convenient
approach initlally appeared to be extension of the models of
Becker (16) and Isbin (18) to the nonuniform distribution case.
Thlis model, applicable to the annular regime, identifies proc-
esses which increase and deplete the film flow rate and estab-
lishes dryout of the annular film as the mechanism causing the
critical conditlon. Dryout in thils model and throughout this
discussion refers to the decrease of the annular film flow rate
to a low value sufficient to cause the annular film to break up
and expose dry patches of the heating surface. However, since
the annular film flow rate calculated in this manner is gener-
ally always a minimum at the tube exit, such a model apparently
cannot predict the observed occurrence of the critical condition
upstream of the test section exit for certain nonuniform flux
distributions. Consequently, while the decrease of film flow
rate to some low value has been demonstrated by Harwell

researchers (34) to be responsible for the critical phenomenon
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in some cases;, an additional mechanism probably 1s responsible
for the occurrence of upstream critical conditions. This mechan-
ism must cause a severe local decrease in the heat transfer
wefficlent sufficient to initlate the critical phenomenon at an
axlal location where the nominal film flow rate may not necess-
arily go to zero. Mechanisms for promoting local disruption
of an annular film have been proposed by other investigators.
In particular, the occurrence of bubble nucleation on the tube
wall within the annular film has often been cited as a possible
mechanism. Since the’initiation of nucleation is principally
dependent on local heat flux, the occurrence of nucleation 1is
particularly dependent on the flux shape and its M (ratio of
maximum to minimum flux) value. Hence results from a variety
of axial heat flux distributions offer a particularly appro-
priate means to evaluate the nucleation effect as a second
mechanism responsible for the occurrence of the critical pheno-
menon in addition to the dryout effect.

The definitions used in formulation of a model which in-
cludes this nucleation-induced disruption of the annular film
are presented in Figure 26. At every point along the test
section, in the quality region, the ratioc of flux required to
initiate nucleation to the actual flux can be obtalned as indi-
cated in Figures 26a, b, ¢, and d. If this ratio is at or
above one, nucleation is presumed to occur, the intensity of
nucleation being directly proportional to the value of the
ratio. Approximation of the local film flow rate is also re-
quired since intultion leads one to conclude that the magnitude

of film flow rate affects the intenslity of nucleation required
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to locally disrupt the annular film sufficlently to cause the
critical condition.
The principal factors governing the magnitude of the film
flow rate are (a) evaporation from the film surface (b) entrain-

ment from the film and (c) re~-entrainment of water dfoplets

from the vapor core into the film. Two major simplifying assump
tions were made (1) for each test section the annular film is
formed at the slug-annular transition with the same initial film
flow rate, and (2) the effect of (b) and (c) was assumed approx-
imately equal for all tubes. Since the test sections investiga-
ted were all 30 inches long (except for three test sections of
48 inches length) and the quality change per unit length did not
vary greatly with flux distribution, the decrease f£ilm flow rate
was assumed proportional to the evaporation effect only. Con-
sequently the local film flow rate was taken inversely propor-
tlonal to the enthalpy addition from the slug-annular transition
point to the point of interest, AHénn-x‘

In thls manner the necessary parameters are established to
conflrm the hypothesis that the critical condition is caused
by either

(a) a nucleation-induced disruption of the anmular film
or 1f (a) does not occur, then ultimately by

(b) dryout resulting from decrease of the nominal film
flow rate to zero.

The parameters are evaluated at the critical location and
displayed as illustrated on Figure 26e as (q/'A)c/(q/A)i versus
AHann-c‘
the experimental data. For critical conditions ocecurring

Figure 26e also indicates the expected behavior of
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where the flux ratio is above one, nucleation 18 occurring and
mechanism (a) should be operative. In this region, the nuclea-
tion intenslty necessary to disrupt the annular film should
decrease with decreasing film flow rate. 'Hence the locus of
crltical condltions should exhlbit a negatlve slope as indica-
ted.

Where the flux ratio 1is below one, nucleation 1s suppressed
and hence mechanism (b) should be operative. Since the only
mechanism for depletion of the initial f1lm flow rate 1s
assumed to be evaporation, the amount of evaporation required
by mechanism (b) to produce dryout should be equal for all
axlal flux distributions. Hence below a flux ratio of one, the
locus of critical conditions should be a vertical line repre-

senting constant AH Since all critical conditions in

ann-c’
this reglon are presumably due to dryout, the critical location.
’of the data falling in this region should be only at the test
section exit. |
Figure 26e according to this model, should be valid for
all axlal flux distributions operated at given mass veloclty
and pressure, While small variatioﬁs in pressure are accounted
for in the calculation of the basic parameters, large varia-
tions {( >100 psia for example) result in variation in nucleation
bubble size and thus may fundamentally affect the'basic assumed
mechanism. The success of this postulated model can in part be
measured by the degree of scatter of test results about a mean
critical condition locus. Whille some distribution about a

mean locus 18 1lnevitable due to the simplifying assumptions

made concerning the film flow rate and experimental scatter, a



-5l
reasonable coalescence of data from all nonuniform axial flux
distributions on such a plot should be achieved if the postu-
lated model 1s valid.
Before presenting the experimental results, the exact
method of calculating parameters required by the assumed model

will be presented.

4.3 Calculation Procedure for the Method of Analysis

The presentation of data on an AH versus (q/A)c/

ann-c
(q/A)i requires determination of the following parameters.

1) QUALITY AT SLUG-ANNULAR TRANSITION - For the low
pressure data of this investigation, this quality is taken as
8% as discussed in Chapter II.

2) AHénn-c’ CHANGE IN ENTHALPY FROM THE SLUG-ANNULAR
TRANSITION LOCATION TO THE CRITICAL LOCATION - Establishing the
transition location at the 1o¢ation where quality equals 8% and
the critical location from experimental results, AH, - can be
readily calculated by a heat balance as described in Appendix D.

3) (q/A)c, CRITICAL HEAT FLUX - The critical heat flux
can be obtalned directly from experimental results as described

in Appendix D.

L) (q/A)i, HEAT FLUX REQUIRED FOR INCIPIENT BOILING -
This heat flux must be calculated at the same conditions of
pressure, quality, and mass velocity as (q/A)c. The Bergles-
Rohsenow result (35) is used to calculate the heat flux re-
quired for incipient bolling. Although this result was derived
for single phase flow, it should alsolbe applicable to nuclea-
tion in a liquid film in contact with the heated surface. The
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implicit assumption is that the temperature distribution wlthin
the liquid film can be expressed by the Fourier conduction re-
lation with the conductivity evaluated at the wall surface
temperature, The details of the analysis are summarized in
the insert on Figure 27. The result, presented below, ylelds
(q/A)i as a function of pressure and temperature difference,

T

Twarr ~ Tsar

"
) 1.156 2,30,/p0- 023
(a/R)y = 15.60P™ " ATypry, = Tpp)

From Figure 27 it 1s seen that this result requires that
a minimum cavity size in the heated surface be present to
serve as a nucleation slte. Hence for applicablility of this
result, 1t is essentlal that the existence of cavities of the
required minimum cavity size be confirmed. The dependence of
(q/A)i with pressure and temperature difference and the minimum
cavlity size required are also shown in Figure 27. For compari-
son the limiting condition for inclipient boiling, the approxi-
mate fully developed boilling curve, for 100 psla is also shown
in Figure 27. This curve was obtained by modifying the results
of Jens and Lottes (36) to reflect the results of Bernath and
Begell (37) which indicate that slightly larger supérheats are
required for an aluminum surface compared to a nickel or staln-
less steel surface,

To use the Bergles-Rohsenow result for predicting perfor-
mance of a test system, the two phase heat transfer coefficient
at the critical location conditions must be established. For
the range of pressures and qualities investigated, the Dengler-

Addoms Correlation (38) is directly applicable
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N 0.5
bpp = bp(1/x¢¢)

A more general correlation which is also applicable to steam
water mixtures at higher pressures and other fluids has been
proposed by Chen (39), and is fully presented in Appendix D,
Thls result gives heat transfer coefficients about 15% lower
than the Dengler-Addoms correlatioﬁ for the conditions of
interest. Since the Dengler-Addoms result is based on data

at simllar conditions to those of this investigation, it is
used unless otherwise noted to calculate heat transfer coeffic-

ients. The dependence of h with mass velocity

Dengler-Addoms
and quality at a given pressure is shown in Figure 28. Com-

bining the results of Bergles and Rohsenow

(a/8)y = £(p) (Typarg - TSAT)f(p)

and Dengler-Addoms

Tsar)

a/A = Bpeneler-addoms (TWALL "
at the critical conditions, (PC, Xc, and G), the heat flux re-
quired for inception of nucleatlon 1s obtained as the inter-
section of the two equations as lllustrated in Figure 29.

With the required parameters determined, the critical
condition can be presented on a OH, oo Versus (q/A)C/(q/A)1
plot. Similarly for every point along the test section at the
total critical power condition, the pressure, quality and
mass veloclity can be calculated and (q/A)i established.

Figure 30 illustrates the results for test section 1271. In
general, as Figure 30 shows, at low qualitiles (q/A)1 is low

and hence the flux ratio (q/A)x/(q/A)i is large.



-57-
In this manner condltions along the entire test section at

the total critical power can be represented as shown on Figure

31. For total input power levels less than the critical level,

operating conditions can be calculated for all points along the

test section by the methods described above. Figure 31 also

presents curves for power levels less than the critical level.
It should be noted that Figure 31 presents the behavior

of only the linearly decreasing flux shape. Representation

of other flux shapes on a plot of the same coordinates exhibilt

different shapes since values of AH, (Q/A)i and particu-

nn-x’
larly (q/A)x are dependent on the axial flux distribution.
The analysis of the experimental data using the methods Jjust

descrlibed will be presented next.

4.4 Application of the Method of Analysis to Experimental Data

The parameters AH, . and (q/’A)c/(q/A)i were calculated
for all experimental data. Figures 32, 33 and 34 present the
experimental results at each of the three mass veloclties in-
vestigated. In each case the data can be bracketed to defilne
a critical condition region. Thilis region should ideally
reduce to a single line which represents the locus of critical
conditions. However, in view of the assumptions made 1in repre-
senting the film flow rate, as well as experimental scatter of
the results themselves, the wldth of the data band is to be
expected.

The results of Figures 32, 33, and 34 depend on the exis-
tence in the aluminum surface of cavitles of the size required

by the Bergles-Rohsenow nucleation theory. For the experimental

conditions of this investigation, the maximum radius size
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required 1s about 8 x ].O"5 ft. Confirmation of the existence
of such cavity sizes was attempted by visual observation of
the bolling surface at high magnification (1000x). However,
the depth of fileld resolution was not sufficient to permit
identification of any surface features of depth less than about
3 x 1076 ft. Thus while no hemispherical cavities of the
required dimension 8 x 10-5 ft could be observed, sultable
elliptical or other irregular shaped nucleating cavities of
minor radius less than 3 x lOm6 ft could not be detected by the
Zels mlcroscope used. However, as discussed by Brown in
reference (40), the surfaces were investigated by another
method which confirmed the exlstence of nucleation sites by
thelr active nucleation behavior in a superheated pool. This
method indicated that cavities of about 2.0 + 2.0 x 10'5 ft
equivalent radius were present in the test surface. Since
these cavity sizes were slightly less than those required by
the theory, in principle a modification should be made to the
theory as shown in the insert of Figure 35 to account for this
deviation. The remainder of Figure 35 presents a dimensionless
representation from Brown (40) of the Bergles-Rohsenow nuclea-
tion theory modifled to account for surfaces having limited
cavity sizes. However, as Figure 35 shows, for the experimen-
tal conditions of this test, only slightly higher heat fluxes
are required because of the actual cavity sizes present. In
view of the small correction involved and the uncertainty in
actually assessling the cavity sizes present in the test alumin-
um surfaces, this small correction was not made in analysing

the data in this investigation.
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As anticipated, the critical limits of Figures 32, 33,
and 34 are negatively sloping lines representing the decreased
nucleation intensity necessary to disrupt the annular fillm as
the film flow rate decreases. In addition, where the flux
ratio decreases below one, i.e., where nucleation ceases, the
critical limits become vertical suggesting that in thils region,
dryout is the mechanism for causing the critical condition. As
previously mentioned, data falling in this dryout region should
exhibit a critical condition at the test sectlion exit only.
Table IV-C below tabulates data in this dryout region from
Figure 33 (nonuniform heat flux data was obtained in the dryout
region for G = 1.0 x 10° —LEM—§ only). In all but one case the
critical location occurred within 3% of the tube exit. In
this one case (No. 1555) and other cases having the critical
location between 1 and 3% from the exit, the flux profile
had a severe negative gradient with length near the exlit, Thus
axial conduction effects probably account for the slight devia-
tions from predicted behavior of these test sectlons.

Clearer delineation of this dryout reglon was not possi-
ble since 48 inches was the maximum length of test sections
that could be fabricated and installed in the apparatus. How-
ever, Figure 30 presents additional low pressure data taken at
Harwell (41) on uniform tubes from 9 to 96 inches long. In
Figure 36 the dryout region is clearly apparent. In addition,
however, the dotted lines in this figure identify an additional
stratification within the critical region with tube length.

This stratification 1s probably due to entrainment and re-

entrainment contributions to the film flow rate which must be
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expected to vary significantly with varying test sectlon length.

Test Flux Critical (a/A) /(q/A)
Section Shape M Location ann ¢ 1
210 COSINE 2.27/29.6 £ 1 inches| 331.2 1.2
211 COSINE 2.27({29.5 + O 326.5 1.09
332 COSINE 4,03|28.9 + .2 313.7 1.01
336 COSINE 4.03}29.5 + .3 312.2. LTU
508 COSINE 5.75/29.0 + .3 350.6 .69
1254 LINEAR 5 o7129.8 + 0 333.1 1.10
DECREASING
LINEAR
1255  prereasing 2+27(29-8 £ 0 343.3 1.13
LINEAR
1554 5.75|29.2 + .4 339.4 JTH
DECREASING
LINEAR
LINEAR
1556 DECREASING 275 28.6 + .5 324.9 .69
. LINEAR "
250 PEAK INLET 2°1° 29.3 + .3 334, .71

TABLE IV-C CRITICAL LOCATIONS FOR TEST SECTIONS HAVING RATIO
(q/A) /(q/A)1 APPROXIMATELY EQUAL TO OR LESS

THAN ONE.

4.4.1 Discussion of Results

(G=1.0 x 10° LBM/HR-FT?)

From Figures 32, 33 and 34, it 1s seen that a critical

region can be established which represents both postulated

mechanisms for the critical condition.

This critical region

is shown below to provide a reasonable criteria for predicting

both Q

tions.

cri

£ and critical location for all axial flux distribu-
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4. 4,1,1 Total Critical Power

Figure 31 previously showed the variation in test section
operating lines with total input power. Since the critical
condition can occur whenever any portion of the test section
operating line projects into the critical region, the power
change necessary for any point of an operating line to pass
through the critical reglion represents the maximum uncertainty
in predicting total critical power. As Figures 37 and 38
which represent varlious flux distributions show, 1t requires
about 20% variation in total power for any given test section
location to pass through the width of the critlcal region.
Taking the critical locus through the midpoint of the critical

region, prediction of Q & within + 10% can be made for any

eri
flux distribution investigated once the critical region for
given mass veloclty and pressure is experimentally established.
This region can be established by a combination of tests of uni-
form and nonuniform flux distributions as in this study or

with uniform data only as the Harwell data of Figure 36 indicates.

L. 4, 1.2 Critical ILocation

The critical location results presented in Figures 14, 17
and 20 exhiblted some significant variations with flux distrib-
utlion and inlet subcooling. These variations can be qualita-
tively explained in terms of the critical regions established
for each mass veloclty on the (q/A)c/(q/A)1 versus MM,
plots. The basis of these qualitative arguments 1is that the
critical condition will occur at that test section locatlon
of the operating line which first Intersects the critical

region,
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EFFECT OF FLUX DISTRIBUTION

The most striking experimental result is that for uniform
and llnearly increasing flux distrlibutions as opposed to the
others tested, the critical condition always occurs at the
tube exlt. A clear explanation lies in the shape of the test
Sectlion operating lines for these flux distributions. As shown
in Flgure 39, the operating lines are convex when viewed from
the orligin. Thus the tube exit always intersects the critical
region first, causing the critical condition to occur at the
tube exit,

On the other hand for the flux distributions with a flux
peak along or at the exlit of the test section, the operating
lines are concave when viewed from the origin as illustrated
in Figures 40, 41 and 42, This concave portion is always
bounded by the location of maximum flux and the tube exit.
Hence some location downstream of the maximum flux always will
intersect the critical region before the maximum flux location.
This characteristic appears to explain the observation that
the critical condition always occurs between the maximum flux
location and the tube exit for such flux distributions.

EFFECT OF M VALUE

The second experimental observation is that for test sec-
tlons of the same flux shape at the same inlet subcooling, an
increase in M will cause the critical location to move up-
Stream from the tube exit. This is shown in Figure 40 for
the linearly decreasing flux shape and for the cosine flux
shape. The increased concavity resulting from increased M

value causes upStream portions of the operating line to inter-
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sect the critical region before the tube exit portions. However,
for the cosine shape M = 2.27 this result does not follow as
shown in Figure 40 because the M factor 1s so low that the oper-
ating line 1s a straight line almost parallel to the critical
region. Hence in this case, fallure at any point past the
maximum flux location 1s generally equally probable.
EFFECT OF INLET SUBCOOLING

The significant effect on critical location due to lnlet
subcooling can also be qualitatlvely explained. First, 1t should
be observed that the effect of decreased subcooling on the test
section operating line is to extend i1t to larger values of
AH

ann-x"
the annular region owing to a larger decrease in heat Iinput from

This results from a net gain in total heat input over

the inlet to the annular transition compared to the decrease in
total critical power. The effect of this change in operating
line length is to permit the exit portion of the operating line
to approach the dryout portion of the critical region where

the critical condition will occur i1f local conditions doinot
cause its prior occurrence upstream from the tube exlit. For
this reason, the critical location should move to the tube exilt
as the inlet subcooling is decreased. This effect is shown in
Figure 41 for the inlet and the exit flux peak distributions,
and Figure 42 for the linearly decreasing flux distributlon.

It should be recognized that due to the shapes of the operating
lines and critical reglons, 1n some cases several locatlons are
equally probable as the critical location. Thus the locatlons
of the eritical conditions have a failrly large experimental

spread (see Table IV-B) and consequently can be only qualitatively
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confirmed by the model developed in this work.
The effect of experimental variables on the critical condl-
tlon can be summarized as follows:

Mass velocity - The mass velocity has been the key variable in

the presentation of Figures 32, 33 and 34. Figure 43 summar-
izes the results for the three mass veloclty values selected.
This data exhibits the behavior predicted by Bell (4) that for

a given quality (AHann_x in this case) the critical heat flux

is inversely proportional to the mass velocilty.

Iength - The test data of Figures 32, 33, 34 and Figure 36

which presents the Harwell (41) data, illustrates that the loca-
tion of the critical condition approaches the dryout region as
the test length increases. Figure 44 shows that for the longer
tube lengths, the test section operating lines for uniform

flux are S shaped Iinstead of simply convex as are the shorter
lengths. If a similar S shape can be shown to exist for long
uniform tubes at high pressures, it is possible that an upstream
portion of the test section operatihg line would first lntersect
the critical region. This could offer a plausible explanation
for the upstream critical conditions which have been observed

by Waters et al (42).

Inlet Subcooling - As previously discussed, decreased inlet

subcooling tends to extend the test section operating line to

larger exit quality regions (larger AH ). Thus inlet sub-

ann-x
cooling variations can cause the critical phenomenon mechanism
to change from nucleation-induced film disruption to dryout.

Figure 45 indicates the effect of the inlet subcooling on the
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Harwell data. It should be noted that in Figure 45 for the
12" long section, the inlet subcooling does not cause the
AHann-c to Increase at low values. On the Harwell presenta;
tions this effect shows as an unexplained decrease in critical
heat flux with low inlet subcoolings. Unfortunately, analysis
of the Harwell data by the method proposed in this report does

not explain this discrepancy.

Diameter - The effect of diameter has not been investilgated 1n
this study. Prediction of the effect is difficult since a dla-
meter change results in conflicting increases and decrease of

the relevant parameters. For example at fixed G, as the dlameter
increases, the local flux q/A tends to be decreased but since

the local quality would also decrease, (q/A)i would also tend to
decrease. The net result on the flux ratio cannot easily be

predicted although AHa would be expected to be decreased.

nn-c
Thus as diameter increased, with G, P, £ and AHpyrgp COnstant,
the operating curve may be elevated or lowered on the flux ratio

(vertical) axis, but would be displaced toward the origin of

the oH . axis.
D2:> Dl
~
N Operating line for D, is predicted
= within this region
\k
= erating line for Dl
>

ann-c¢
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This predlction assumes that the basic mechanism is not funda-
mentally altered by a diameter change. This assumption may not
be valid since a diameter change will affect the ratio of surface
radius of curvature to bubble diameter, a parameter which could

be of importance in defining the critical condition mechanlsm.

4.4.2 Discussion of Results - Flux Spikes
In addition to the experimental results already presented,

eleven additional tests were performed with test sections

having a locallzed flux peak, 1l.e. a flux spike. These flux
splkes were superimposed on available test sections already
having uniform and cosine flux distributions by additional

local reduction in the tube outside diameters. The flux pro-
files investigated are 1llustrated in Fig. 10 and the test geom-
etry and results are tabulated 1n Appendix F.

The investigation of flux spike shapes is important for
the following two reasons which are discussed in detall below.

1) The flux peak offers a unique opportunity to investi-
gate the validity of the model already developed to describe
the occurrence of the critical condition.

2) The effect of such flux peaks on the critical condition
and the resultant total critical power is pertinent since flux
peaks are present in reactor systems.

APPLICATION OF MODEL TO FLUX PEAK DATA

Figures 46 and 47 present the test results on the appro-
priate coordinates for comparison with the predictions of the
model which has been developed. Note that Fig. 46 represents
cosine flux distributions with stepped spikes of length varying
from .085 to 1.5 inches. Figure 47 represents uniform flux
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distributions with cosine spikes of length varying from 1.0 to
9.0 inches. Axial conduction effects have been lnvestigated
and determined to be negiigible since in the worst case
(shortest spike length), the applicable L/D ratio is about 15.
From the results of Figures 46 and 47, the following conclusions
can be drawn:

1) For short spike lengths, a larger value of the flux
ratio, (q/A)c(q/A)i, is necessary to cause a critical condition
than predicted by the model. However, for spike lengths
greater than about 1.5 inches, or as the flux peak distributions
approacheé the shape of the other flux distributions investi-
gated, the critical condltion can be predicted by the model.
This observation indicates that conditions prior to the flux
peak locatlion play some additional role not included 1in the
model in defining the occurrence of the critical condition.
However, sufficient additlonal data for flux spikes was not ob-
talned to generalize the model to accurately predict behavior
of flux spikes of short length. Nevertheless, the model
developed can still be applied in practice to flux peaks of
short length slnce conservative predictions result.

2) The existance of two critical regions, one caused by
nucleatlion induced film disruption and the other by film dryout
is further confirmed. This confirmation is particularly
apparent from Fig. 47 where the flux peak M values (maximum
flux/minimum flux) were systematically altered. For the lowest
M values, the nucleation=induced film disruption mechanism 1s
operative since the flux peak reaches a critlical condition

before the test section exit reaches the dryout reglon.
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TOTAL CRITICAL POWER

Table IV-D below presents the results of the total critical
power for test sections with flux peaks. These results indi-
cate that the total critical power for flux peak distributions
up to an M value of 5.75 is slightly greater (0-15%) than that
for uniform flux distributions at the same inlet condiflons.
The increase is inversely proportlional to the M value, the test
sectlons with lower M values exhibiting the largest increases
in total critical power. For flux spikes of M = 7.0, the total
critical power becomes slightly less (O to -4%) than that for
uniform flux distributions at the same inlet conditlons. As
mentioned above, these results can be confirmed for spike
lengths 1.5 inches or greater by application of the model
developed, However, for flux peaks of shorter lengths, the
model yields conservative predictions and hence total critical
power values lesé than those for uniform flux distributions

would probably be predicted for these cases.
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TABLE IV-D

TOTAL CRITICAL POWER RESULTS FOR TEST SECTIONS WITH FLUX PEAKS

Ratio of % increase in

Test Spike Maicémum Inlet Critical ;gzzle' ;‘gisic:%at
Section Length Minimum Subcooling Power for uniform flux

inches Flux BT'U/1bm BTU/hr distribution
0326 .085  4.17 -67.4  1.09 x 10° +5.0%
0345 .50  4.17  -119.3 1.255 x 10° +9.2%
0343 .50 4.52  -116.6 1.205 x 10° +5.8%
0344 1.5 Ségu -113.8  1.198 x 10° +5.7%

L, 54

7210 1.0 2.27  -114.1 1.247 x 10° +9. 4%
7510 1.0  5.75  -115.3 1.138 x 10° +0.7%
7710 1.0 7.0 -110.1  1.125 x 10° +0. 5%
7250 5.0 2.27 -116.5 1.300 x 10° +14.6%
7550 5.0 5.75 -105.6 1.109 x 10° +0. 0%
7750 5.0 7.0 -103.0 1.061 x 10° -4.0
7290 9.0 2.27 -116.8 1.263 x 10° +10. 2%
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4,5 Application to Higher Pressures

The success of the model in explaining behavior of low
pressure results suggests its application to higher pressure
data. In applying the model to existing high pressure data,
two diffilculties are encountered.

1) Measurements or a correlation of the heat transfer
coefficient for annular flow at pressures above 550 psia are
not availlable. Consequently the Chen correlation (39) was
extrapolated from 550 psla to 2000 psia to yield required two
phase heat transfer coefficlents.

2) The critical condition locations for avallable non-
uniform results at high pressures have a large uncertainty.
This results from the burnout detection'systems used to
detect the location of the critical condition.

However, estimating heat transfer coefficients from the
Chen correlation and carrying the uncertainty in critical loca-
tion, the model has been applied to a limited amount of high
pressure data with the results illustrated in Figs. 48 and 50.
In these cases, the quality at the annular transition location
has been approximated as 6% and 14% respectively from the pre-
liminary results of Suo (21).

The shape of the critical locus in these figures 1is simi-
lar to that for low pressure data in that the flux ratio re-
quired to produce the critical condition decreases as the film
flow decreases. However, the magnitude of the flux ratio re-
quired to produce the critical condition is an ordér of magni-
tude higher than for low pressure conditions. This could

result from the uncertainty in the two phase heat transfer
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coefficient value. A dryout region is not indicated in these
figures., Additlonal data at the test conditions represented

in these figures is necessary to fill in the regions of higher
AHann-c to establish the existence of a dryout region. Even

1f the heat transfer coefficient 1s an error, such a region
should still be indicated although i1t may occur at a flux

ratio higher than 1.

Figure 48 represents Babcock and Wilcox data at 1000 psia
from reference 15, The limit bands indicated reflect the large
uncertainty in critical condition location which result in
very broad limits for the critical region. As 1llustrated in
Fig. 49, the width of the critical region including the maxi-
mum uncertainty limits is about + 40%®. However even considering
the most probably critical locations, the width of the critical
region is still + 20%.

Figure 50 presents earlier Babcock and Wilcox data from
reference (5) taken at 2000 psia. The width of the critical
limlts can be considerably reduced if the diameter difference
between test sections in thils experiment 1s recognized. As
1llustrated in Fig. 51, the minimum critlcal region in this
case is approximately + 15%. This latter Babcock and Wilcox
data also contalins four results for test sections with flux
spikes superimposed on cosine flux distributlons. These data
indicates a distinct movement of the critical condition from
the flux splke to the test section exit as the inlet subcooling
decreased.

In terms of the model, this effect can be qualltatively
explained. Recall that the effect of decreased inlet subcooling
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as discussed in Section 4.4.1.2 is to extend the test section
operating line to larger exit quality regions (1arger AHann-c)‘
Thus decreased inlet subcooling should cause the critical
phenomenon to shift from a nucleation-induced film disruption
at the flux peak lccation to film dryout at the test section
exit. The critical location will thus shift with decreased in-
let subcooling from the flux peak to the tube exit.

Figuré 52 illustrates the operating lines of the flux
spike test sections. The critical location is seen to shift
to the test section exit which extends to larger values of
AH with decreased subcooling. If a dryout region is

ann-x
assumed to exist at high values of AHannwx as was shown for
the lower pressure results, these Babcock and Wilcox as well
as the Bettis flux spike results of reference (1) can be ex-
plained. In particular the behavior of the spike effectlveness
value, Ep, as introduced by Bettis (reference 1) and illus-
trated in Fig. 1 is readily pre@@gtablec When the critical
condition is caused by nucleatio;:induced £ilm disruption, ¢3
will equal @, (see Chapter 1 for definitions) and Ep will
equal 1. For a dryout caused critical condition, ¢é wlll equal
¢i and Ep will equal 0. Hence the model predicts the observed
Bettis result that with decreased inlet subcooling Ep goes
from 1 to O and the critical condition moves from the flux
peak location to the tube exit.

However, due to the uncertainties in heat transfer coeffic-
ient and critical location determination and limited data at
fixed conditions of flow pressure and diameter, application of
the model to high pressure data as yet does not indicate the

existence of the dryout region and results in a broad predicted
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critical reglon due to the film disruption mechanlsm. Neverthe-
less the model does yleld the correct shape of the critical
locus in the nucleation-induced film disruption region as well
as a reasonable possible explanation for flux splke results.
These qualltative predictions indicate that successful extrapo-
lation of the model to the high pressure region may be accom-
plished when the heat transfer coefficlent and critical location

are determined more accurately for test runs in this region.
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CHAPTER V
SUMMARY AND CONCLUSIONS
5.1 Summary

An experimental and analytlc investigatlon of the effect
of axial heat flux distribution on the critical flux has been
performed. Experimental determination of the total critical
power and critical location was accomplished for a wide varlety
of flux distributions. An analytic model desecribing the
occurrence of the critical condition was developed whilch
explains the behavior of the low pressure experimental results.

This model assumes that the critical condition 1s caused
by either

(a) a nucleatlion-induced disruption of the annular film
or if (a) does not occur, then ultimately by

(b) dryout resulting from decrease of the nominal film
flow rate to zero.

The basic assumptions 1ln analytically formulating this model
are

(1) an annular film is established at the annular transi-
tion location predicted by Baker (24)

(2) the effects of entrainment and re-entrainment on the
1ocalhahnular film flowrate are approximately equal for tubes
of similar length. Hence the local film flow rate decrease
with test section length was assumed proportional to the evap-
oration effect only

(3) the heat flux required to initiate nucleation can be
predicted from the Bergles-Rohsenow correlation (35) using
heat transfer coefficients calculated from the Dengler-Addoms
correlation (38).
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The resulting procedure does not allow predictlon of critical
conditions from simply the specification of the relevant inde-
pendent variables but does provide a method by which limited
experimental data can be used to establish a locus of critical
conditions which is applicable to test sectlons with nonuniform
axial flux distributions. Specifically uniform test data
taken at fixed pressure, mass flow rate, and diameter can be
used to predict critical conditlons for various flux distribu-
tions at the same pressure, mass flow rate and dlameter but

with varying inlet subcooling and test section length.

5.2 Conclusions

The conclusions of this investigation can be summarized
as follows.
1) Total input power to achieve a critical condition:

(a) For the cosine and other flux distributions with
the maximum flux near or at the test seﬁtion inlet, the total
critical power is within -10% (peak inlet) to +10% (others) of
that for uniform flux distribution.

(b) For flux distributions with the maximum flux near
or at the test section exit, the total critical power can be
up to 30% less than that for uniform flux distributions.

This deviation, however, approaches zero as the inlet condl-
tion approaches the saturated condition.

(¢) For flux spikes of various lengths with tleratio
of maximum to minimum flux up to about six, the total criti-
cal power 1s about O to 10% greater than that for uniform flux
distributions. For more severe flux splkes, the total critical

power becomes less than that for uniform flux distributions.
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2) The Critical Location: ‘

"(a) For uniform and monotonically increasing flux
distributions, the critical location occurs very near to or at
the test section exit.

(b) For flux distributions with the flux peak at any
locatlon except the test sectlon exit, the critical condltion
can occur upstream depending on the inlet subcooling and the
M walue (ratio of maximum to minimum flux). The critical con-
dition tends to move upstream as either the subcooling and M
value lncreases.

3) The analytical model proposed to describe the occu-
rrence of the critical condition successfully explains the
test data for all axlal flux dlstributions except flux spikes
of short (£ 1.5 inch) extent., For these short flux spikes,
the model predicts lower local critical heat flux and total
power values than were determined by experiment.

4) Application of the model to high pressure data gives
qualitative agreement with test results. More precise
experimental determination of the critical location and data
ylelding two phase heat transfer coefficients are needed at
these hilgher pressures to effectively test the validity of the
model under hilgher pressure conditions.

5.3 Design Procedure (50-200 psia)
Based on-the conclusions of this investigation, the

followling design procedure can be used to establish safe opera-
ting 1limits for vertical up flow in tubes with nonuniform axial
flux distributions.

1) Establish locus of critical conditions - For the mass

veloclty, pressure and tube dlameter of interest, use existing
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critical data to plot the critical conditions on coordinates

of (q/A)c/(q/A)i versus AH ..
detaill the method of calculating these parameters from experl-

Section 4,3 explains in

mental data. This data may include uniform flux data or a
combination of uniform and nonuniform flux data from tubes
of all lengths.,

2) Establish design conditions - Pick the axial flux
distribution and values of inlet subooolipg and test section
length of interest. These values along with the previously
established values of mass velocity, pressure, and dlameter
fully establish the design conditions.

3) Calculate the test section operating line for an ar-
bitrary value of total input power, QTOT - Select a value of
QTOT and calculate the test section operating line as described
in Section 4.3 Plot this operating line with the locus of
critical conditions determined per (2) above.

4) Establish Q,pyit ~ For varylng values of Qpops Plot
operating lines until the locus of critical conditions is
intercepted. The value of QTOT for this intersection is chit
and the test section axial location at the intersection 1s the
locatlon of the critical condition,

5) Optimize - Vary inlet subcooling, test sectlon length
and axial flux distribution as allowed by design requirements
to maximize the parameters of design interest; generally the

total critical power (chit)‘
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APPENDIX A
ERROR ANALYSIS

It is important to estimate the probable errors in the
two basic parameters of interest, the critical heat input to
the test section and the local heat flux.

The heat input is computed from measurements of the voltage
drop across the heated length and the current to the sectlon.
Since the critical condition was generally reached while the
input powér was being)increased to a slightly higher level, the
error in the total critical power includes both an uncertainty
from this operational procedure and a measuring instrument uncer-
tainty.

For the voltage drop, this operational variation was about
.15 volts over the range 12 to 27 volts and the voltmeter
accuracy ﬁas‘i 1/2% of full scale. Hence in the worst case
(1owest power level) the uncertainty in the voltage at the crit-
ical condition was

r =12+ .3 volts or + 2.5%

The current was inferred from the voltage drop across an
air-cooled N.B.S. shunt with a calibrated conductance of 60.17
amps/mo. The uncertainty from the operational procedure was .3
mv over the range 23 to 52 mv, and the voltmeter accuracy was
+ 1/2% of full scale. Hence in the worst case (lowest power
level) the uncertainty in the current at the critical condition
was

I =60.17(23 + .6) amps or =+ 2,.6%

Hence the most probabl& error in power for the lowest power

cases was

J@.5)2 + (2.6)%  =3.48
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Note that the experimental reproducibility of total critical
power results as summarized in Table IV-B was 5 to 10%.
The local flux for electrically heated test sections is
obtailned as

dr,  aA aa
#(z) = 35 = == 3

aQ I2dR - IEQ%T?G
‘ X

From these equations we see that perturbations in the local flux

are principally caused by variations in AX(Q), p(T), and aQ
(axial conduction effects). The variations in these parameters
will be separately estimated to arrive’at the overall experimen-

tal error in the local flux.

Ax-wall Cross-Section Area

Variations in Ax are due to (1) variations in test section
internal diameter and (2) variations in the outside diameter
due to machining. The machining errors were controlled by 100%
inspection of test section outside diameters for conformance with
allowed tolerances. The net actual variation in Ax was estab-
lished by measuring wall thicknesses on 32 sections taken from
Seven tubes selected randomly to represent all the basic
designs. From these measurements the average variation from
deslgn of wall thicknesses (4 at each section) was 3.5% with

a maximum variation of T7.5%.

QlT) - Electrical Resistivity

Variatlons "in resistivity result from wall temperature

differences due to axial changes in heat transfer coefficient.
The changes in heat transfer coefficlent result from the axial

quality changes which can exist in a test section.
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The variation in wall temperature along a test section can
be bounded as follows. The minimum (TW’TSAT) can be taken from
the fully developed boiling curve at a heat flux of 3 x 105
since heat fluxes of interest in thils work were all above
3 x 10° BU/hr £t°. From Fig. 29, (T,-Tgyp)yry 15 40°F. The
maximum (TW'TSAT) can be also taken from the fully developed
boiling curve at the maximum heat flux achieved in test 1i.e.

3 x 10° Bru/nr rt2

. From Fig. 29 (T\~Tgup)yax equals T0°F.
Hence, the maximum wall temperature difference for the composlte
worst case 1s 30°F.

Now for the 2024-T3 alubminum used, the resistivity as a

function of temperature is

p(T) ohm-ft = .1765x10‘6 1+1.152x10'3T°é]
in the range 200—500°F. Based on the nominal experimental
pressure of 100 psia, (3278°F) the maximum variation in resis-

tivity along a test section would be 2.2%

dQ - Axial Conduction

Axial conduction effects can also be bounded by a worst

case analysis. The maximum axial heat transfer 1s given by

.
AQpx1a1 = Kixoz

where
BTU
Ko024T3 aluminum = 80 hr £tOF
-6 .2
Ay hoximum = 248x10 ~ £t“ (.3020.0 inch, .214 inch I.D.)

)
%%Q = 77%%Tgffg = 48°F/rt (the maximum axial

maximum temperature differ-
ence of 30°F can
occur over a minimum
distance of 7.5 in.
in the peak inlet and
exit designs)
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Hence dQpyrar maxTvum = 1 BIU/br. The minimum radial heat
transfer, assuming the minimum heat flux is 1x10° BIU/hr ft2,
is about 500 BTU/hr.

~ Hence in the worst composite case the axial heat flow is
less than .5% of the radial heat flux. This is primarily due
to the thin wall test section geometry which ylelds large
L(length)/D(wall thickness) ratios thus inhibiting axial
conduction. In the immediate regions of the test section inlet
and exit, the temperature gradients are probably more severe

and the local flux profiles in these extreme locatlons may be

somewhat effected by axial conduction effects.

Overall Variation

Combining the effects discussed above, and the estlmate

of the most probable error in local heat flux is obtained as

V/(3‘5)2 + (2.2)2 + (.5)2 ‘ L 4,2%

48" Iong Test Sections

These test sections were fabricated by coupling two
shorter length together with a 1 1/2" threaded thin walled
sleeve (TEST SECTION 114136) or a 1" soldered thin walled
sleeve (OTHERS). Hence, at the midsection of these test
sections over the sleeve length, the heat flux 1s slightly

lower than over the remainder of the test sectlion.
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APPENDIX B
TEST SECTION ANALYSIS

The analysls of the experimental data first requires
calculation of various parameters from the test section
data. These parameters, which are dependent on the flux

profile shape are derived on the following pages.

The governing heat balance expression relating heat
flux and electrical heat imput, applicable to a length
dx of tublng is

g(x)wp, dx = 1%4R = I° A—f(-f—:-’)‘— (B-1)

X

The assumptions inherent in thls expression are
1. One dimensional (radial) heat flow
2. Adiabatic outside diameter tube wall
3. Constant radial temperature profile so that
«/ (T) 1s a constant

4., No asmulthal variation in tube wall thick-

ness so that the power 1s generated uniforml;
throughout the tube wall at any axial

location.

This expression can be assumed to be applicable over the
entire tube length with the additional assumption of

1. Constant tube temperature so thatdp'which
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is temperature dependent is a constant over
the entire tube length.
These assumptions are shown, in Appendix A, to be met
for the data presented and analyzed in this work and
hence equation (1) serves as a valld point of reference
for the following derivations. In the following deriva-
tions consistency of units 1s assumed; hence for use in '
actual computations numerical factors should be inserted
where appropriate to assure this consistency of units.
Also for the uniform and linear flux shapes, X i1s used
as the axial position variable, while for the cosine
and peaked flux shapes, 2z 1s used as the axlal position

variable.
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UNIFORM FLUX PROFILE

The flux shape 1in thls case, figure 10,1s simply

d(x) = ¢ (B-2)
From equation (1) we obtain
2
=
1

and by the governing assumptions we find that Ax(x) = AX
and hence DO is also constant. However it 1s desirable
to obtain all relevant parameters in terms of experimen-

tally determined quantities as is accomplished below

2. B(x) - 9 \
Q(x) =J; g wD, dx
Qpor = # 704
o e (-3

1

b. DO(X) = D,

From equation (1) we obtalned A, as a constant,

hence !
4 2
D, =\/_. A, + Dy (B-4)

Now AX 1s a function of the overall tube resistance R

which is established to make maximum use of the available
D.C. power supply. The maximum power supply available is

72 kilowatts at 24 volts and 300 amperes hence establish-
3

lng the optinum tube resistance as 8.0 X 10 - ohms.
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Again from equation (1)

fa
IR = %)
£a
R = =<
AX

and substituting this into equation (4) we obtain

o, WAL+ o2

. (B-5)

c. Q(x)

X

Now Q(x) =“(P ﬁ(x)wDidx in general. For @(x) = ¢

per equation (3) we obtain simply.

Q(x) = Qg

el

(B-6)
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COSINE FLUX PROFILE

The flux shape in this case as shown in figurelO is

g(z) = ¢MAX cos %E- for -¢%&-§_z <+ 4%;. (B-7)

Note that as defined in figurelQ L represents one half
wavelength of a cosine wave which is truncated at z = t‘¢/2
to form a test section of physical length 2. Using this
flux shape, equation (7) and equation (1), we derive the
relevant parameters in terms of experimental quantities

as follows:

a. @(z) ”
a(z) f #(2) 7 D, az
- /2
+ p/2
Qro7 = Pyax °°S - T Dy dz
- 4/2
Yields
g - Qo
MAX R A2
2DiL Sin "2- f
and
Q
#(z) = TOT cos %E- (B-8)

T L
2D1L sin 5 I

This expression however contains the quantity, L, which
can be expressed 1In terms of the physical length,ll-,

and the quantity M which is defined below as the ratioc of
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the maximum flux to minimum flux.

¢MAX
MIN

M = (B-9)
and thus is a crutial variable In selection of the flux
profile for experimentation.

Now from (1) we see that for Dy » I2, and fpconstant,
¢(z) is inversely proportional to A _(z). Hence at z = 0
where @(z) is maximum, Ax(z) is minlmum and conversely at
z = £ 0/2 where @(z) is minimum, A (z) is maximum. This

leads to the relations.

A
Tz MIN
B(2) = By cos B2 5 A=) = R (B-10a)
cO8 —
L
at z = +0/2 &= cosTd and A, .= —A—M-]—:-N—— (B-10Db)
B MIN “MAX "T2L MAX™ o T2

g A
Hence cos %-Q' MIN _ _MIN

=+

Puax  Awax

!

Thus we obtailn

L = EJ&é%?-——- (B-11)

cos — 1/M

and using the identity, sin« = Vl - cos%< » We obtailn

2

v 0 j 2wg _ [ M -1 )
sin § i = \/l cOoS 5T, = _—I\F- (B 12)

Substituting these values into equation (8) we obtain the

deslired result

O —

cOs !E
2D, L M- 1 L (B-13)
M2
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where L 1s retained for convenlence and defined in

equation (11).

b. Do(z)

Now  D_(z) —\/%‘l A, (2) + Df (B-14)

Again from equation (1) obtain

+ 1/2 + 2/2 /)d
Z

R = dR =
f f A (z)
- 2/2 - /2

Now substituting from equation (10) where A (z) 1s
defined, obtain

+ (/2
R = AJP cos %E- dz
MIN
-Q/2
2]p L ¥ 2
R= K7 "Mz L
MIN
7 £
A sin = =
MIN 2/9L 2 L
or A(z) = Tz  #R Tz (B-15)
cos = cos =

Substituting (15) into (14) we obtain the desired result

/ T 0 K '
> (2) =J<8>fL il S (GNP
© v2 R cos %5- 1 T COS %E- L
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c. Q(z) z
Now Q(z) = f 7D, #(z) dz
S Qe

-z
= vz (/o s, <&
Q(z) v{_ 7D, ¢ﬁAXCOS 7~ dz  for 0/2¢z €0

2/2
+z Tz
= J’ "DigﬁAXCOS t—dz for 0<z<+ /2
-1/2
Carrying out the indlcated operations and substituting for
Q'TO'I‘ .
¢MAX = 7L per equation B-8
and
sin L& Me- 1 per equation B-12
2L ° 2 a4
obtain r Tz
Qrop sin ™ 2, ¢
Q(Z) = —.é'_— 1 —\/—-—3__'——— for - é‘éz <0 (B"l?)
Me- 1
5 G
and r TZ
QTOT sir. 1~ ’ 9
Q(z) = 2+ 1+----i-—— for 0¢z <+ L/2 (B-18)
M -
- V. M
where L is deflned as equal to E——4§~———- per equation (11).

cos — 1/M
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LINEARLY INCREASING FLUX PROFILE

The flux shape 1n this case as shown in figure 10 is

d(x) = ¢iN + (¢OUT— ¢IN),%' for 04x¢{ (B-19)

Using this flux shape equation and equation (l) we

obtain
a. @(x) 0 )
X
Qror =f EZIN + (Foyp~ Pry) EJ 7Dy ax
O
vDiQ
Qror = T2 Py + Boyp (B-20)
Zour
Now M = for a linearly increasing flux
IN
and hence 2 2
et 4 14 | 7Dy 4 EL +M1
Qpor = 2(05our |M |- 2 YN -
2Q
_(“™roT) | M _
Pour = 70,0 T+ (B-21)
_ (2qqg 1
I = o o (B-22)

Substituting these expressions for ¢IN and ¢6UT into

equation (19), we obtain the desired result

g(x) = 2§ZOT (ﬁmi [1 +  (M-1) gJ (B-23)
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b. D _(x)
© ]

~ |4 2
Now in general DO(X)R/E:AX(X) + Dy (B-24)

Proceeding as in the cosine tube case we obtailn
from equation (1) the general expression for overall
tube resistance, R,

R =Jfﬂ dR = Sgé%) (B-25)

O O

Now from equation (1) we also obtain an expression for

Ax(x) as follows:

2 f
I< 1
g(x) = D, K (%) (B-26)
X .
2
_ A
At x =0 ¢IN =, A (B-26a)
2f
i} _1J 1 26
At x = L gy, - ™,  Boyp (B-26b)
d A
IN ouT 1
Hence = = = = (B-26c)
Pour Py M

Substituting the above equations, 26a and b, into equation

(1) we obtain

g(x) = 2/ lIN +(Al e )?: (B-27)

¥vD, | A our PIN

Now equating the expressions for @(x) from equations(26)

~and (27) obtain

A(x) = 7 — _1__) (B-28)

+ -
A ( Aour My

ol
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or utilizing equation (2oc)

AIN

Ax(x) ) 1+ (M-1) % (5-29)

Now substituting the expression for Ax(x), equation (29),

into equation (25), we obtain

¢
fem-1)) £
R = dx = F— (M+l) B-30
Arn A1y (B-30)
0
Hence /
JL
m =z ()
and from equation (29)
J/Q, (M+1)

A (x) = (B-31)

X
2r [1+(M-1)F ]
Substituting equations (29) and (31) lnto the general
expression for Do(x), equation (24), we obtain the desired

results.

" 1 !
DO(X) :.\/ Qf,Q-(M-i-l) - + Df :‘\/ (Ll‘)AIN = + D?
7R [i+(M-1) F] m [Le(m-1) 3]

c. Q(x)

X

Now Q(x) =Jf 7D, @{x)ax

Performing the indicated integration ylelds

Blx) - 20T (L) &, @1, 7] (B-33)
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LINEARLY DECREASING FLUX PROFILE

The flux shape in this case 1s the mirror image
of the linearly decreasing profile and is shown in
figure 10, In this case the maximum flux occurs at the

test section inlet and hence is written as
F(x) = By - (Bry - Bom) 7 for 04xtL  (B-34)
IN IN our/ ¥ =

and M 1n this case 1s defined as the inverse of the

linearly increasing flux case and 1s written as

g
Moo AN (B-35)
oUT

These basic expressions are different from corresponding
quantities of the linearly increasing flux profile and
hence yleld different expressions for the deslred parameters

as shown below.

a. g(x) )
X
Qrop = [¢IN - (Fry- Pour) I]”Didx
AR
vDii ;
Qror = T2 [¢IN * Q/OUT] (8-36)
However since M = ¢IN , we obtailn
Zour

7D, & 7D, &
1 1] "0y ]
Qror = ~2 Py [ M ]‘ 7 1 [“M] (B-37)
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Q
_ Apop (M
and @y = 7D, L (1+M) (B-38)
QRror [ 1
Pour = 7D, L (1+M) (B-39)

Substituting these expressions for ¢iN and gbUT into

equation (34), we obtain the desired result

Q -1) x
g(x) = AZOT (lﬁv[) (l - &Mﬁi) _i) (B-40)
b. DO(X) '
Now in general Do(x) ;\/glAX(x) + Df (B-41)
From equation (1) obtain
Q : /ydx
R =] dR = f W) (B-42)

Now from equation (1), we also obtaln an expression for

Ax(x) as follows

2
I 1 .
g(x) = 'H’D_{) A (%) (B-43)
X
2f
I 1 ,
At x =0  fpy = D, Ry (B-432)
2
. 1¢f N
At x = Boun = D Koo (B-43b)
Hence
v _ Pour _ (B-43c)
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Substituting the above equations, (43a) and (43b), into

equation (1) we obtain

°f [ 1 1
g(x) = /T, [AIN +(AOUT - AIN) },czjl (B-44)

Now equating the expressions for @(x) from equations

(43) and (44) obtain

1
Ax(x) = T 73 —T ) % (B-45)
Ay \Pour  Amy/
or utilizing equation (43c)
A
- IN _Lf
A (x) = T IW X (B-46)
M 4

Now substituting equation (46) into equation (42)

2
R =Jr ]’(HF%) E)Adx . JR (Mi—l—> (B-47)
A IN

2R M

Hence

by - A (12 (8-48)

and from equation (40)
| ”l s
. M

2R [1 +H(H) 3},] (5-49)

Ax(x) =

Substituting equations (46) and (49) into the general

expression for DO(X), equation (41), we obtain the

desired results
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gfﬁ(%l’) 5 f BA o
D (x) =] —————+ D = | — D
i ] \/ TN

(B-50)
c. Q(x) i}

Now Q(x) = J{‘ ¥D; #(x) dx

(0]

where per equation (40)

2 :
800 - 22 () (1 (5 )

S

Performing the indicated Integration ylelds

2
a(x) = Bney () (5 - &D %) (B-51)
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PEAKED COSINE PROFILE

To simulate an inlet or outlet flux peaking, a
flux profile consisting of cosine shaped portion and
an exponential portion was chosen as shown in figure
10. For the inlet flux peaked tubes, the cosine por-
tion was established by fixing the maximum position 7.5
inches from the inlet. The exponential portion was
blended into the cosine profile at 12 inches from the
inlet by a suitable choice (1.33) of the constant f
which occurs in the exponential expression for the flux.
The outlet flux peaked tubes are mirror images of the
inlet peaked tubes. Hence the expressions for the flux

profile in the inlet peaked geometry are:

g(z) = Puax CO8 2 for - %?-&z < (B-51a)

tt

#(z) = Byay cO8 %%» for 0<zs (£-X- .5,2')
(B-51b)

#(u) = &, , exp (- 5;30

= Pypx CO8 il 'X’i,‘s’g ) exp(é-{?-) for 0 usy

(B-51c)

For this specific design, the break point between the

cosine and exponential portions of the flux profile was
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taken at 12 inches from the tube inlet and hence for

the tubes under consideration:

1]

M
Q2
£ Q- 12 =18 inches

5.75
30 inches

il

/
L 15 inches
rl’

2cos

L'= = 16.88 inches

=+

.§==1”33 (dimensionless)
However, the derivations of relevant parameters will
be carried out without the insertion of these specific

numerical values to obtain more general defining equatilons.

a. @(z and u)

z
Now Q(z) = J{‘ g(z) wD, dz
-0/2
0 ‘ wf—.SQ'
Qpop = 7Dy gﬁAX dz-+3 ﬁMAXCOSL' dz +
L /2 o

2,

2 f "ﬁ_' <

|§

Qror = "01%ux

t

-I-‘-'—sin , f 5L’+ cosﬂ'(g’j SQ)( ‘(0)
i - /2 5

£

o

exp(n%fj

o

(B-52)
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%wax = 7 D,C, (B-53)

(s % (L-d-.50)+ sin’{——%—— +

cos TLL 'I‘J’f:-'SQ") (l-exp (- %))é‘ ]

D
! -
=[};‘— (sin I, NI Ry Lo
w

(&-d -
M
cos (& -f‘f, 5R) (l -exp (- *))

where C, = [

| o

“a 17 -

Substituting the expressions for ¢MAX back into equations

(51 a,b, and c) we obtain the desired result:

Q 1
. Tz _SmOoT . W2 X, _ee
#(z) = Fyaxos 7 = 7D, cos  for 5 0 (B-55a)
4(z) = &, ,cos L& “ror cos T2 ror 04z¢4-L - .50
- “MAX L! 'I'DiC, L! - ’
) (B-550)
(& -2-.540 Eu
¢(u) = {ijXCOS ( I?' 2 ) exXp (" '7')
Q ‘ ' !
TOT 7(d -of .54 £u
g(u) = 75,C, cos I L‘,’f 54') exp (- jr-') for 0% us
(B-55¢)
In the above expressions the quantities L', &', and M
are derived and defined in the same manner as 1n the
cosine flux case. Hence we obtailn
) A
cos % i",— = QMIN = AMIN = 1%1 (B-57)
MAX MAX

and

_ T JL'%Q -
L= arcos(1l/M (8-28)
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where MIN and MAX refer to values on the cosine

portion of the profile.

b. Do(z and u)

Now in general Do(z or u) = \/1}2‘5 Ax(z or u) +D§ (B-59)
From equation (1) we obtaln
2 2 fd(z or u) .
- gt/2 J= /e

Now over the region - {'/24z ¢ L —.,/-.S,Q’, Ax(z) can

be expressed as

AMIN

A (Z) =

(B-61)

whereas over the region 0<4u¢ j s Ax(u) can be expressed

as
A cos L, (L-.L-.54r)
A l) = H—L (5-62)
exp (- =—
PATT7
Hence (- f—-SQ—' y
R = .l— cos ?—?— az + fCOS%, (—Q "'f‘-SQ')
A L
MIN AMIN
J-9/2 o
exp ( - -—3;3-) du (B-63)
Integrating we obtain R in terms of Ayry 28

R = —zﬁ—-(gl-(gin LA

= T
AMIN 2L

1%

(l-exp(—

+ sin T (9 -,f..5;14'))+

)J)

cos %, @ —f—.BQ' )
§/L

(B-64)
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o

or R =g where C, ls defined by equation (54)

Thus AMIN = —'ﬁ—— (B—65)

Hence in the range - 0'/24<z<¢( —yf—.5,ﬁ'

A
_ MIN .
Ax(z) = —, Where A . 1s defined by equation (65)
COSf’T
(B-66)
and in the range 0<% u4 L
A
Ag(u) = ———— B . |
cos i,(l-wI~.5f) exp ﬂ-%r) (B-67)
where Ay-o is defined by equation (65).

Hence the desired result for Do(z) can be obtained

by substltuting equation (61) into equation (59) obtaining

A Al
_ |4 T"MIN 2
Do(z) "\/E'“__?§'+ Dy (B-68)
COSLT
where A 1{s expressible as a function of tube parameters

MIN
only (i.e. R,&, @', df and $) per equation (65).

The desired result for Do(u) can be obtained by sub-

stituting equation (62) into equation (59), obtaining

A
2
Do(u) = g' T, A rIN P oo * D1
(cos _I:'(" -l -.52")exp(- —;(;fr')
(B-69)
where A 1s also expressed per equation (65).

MIN
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¢c. Q (z and u)

Now Q(x) =] . #(x)7 D, dx where g(x) as a
INLET
function of position and total power was previously
derived in equation (55). Substituting this expression
for & and performing the indicated integrations, we

obtain the desired results in the range - ('/24z<%O0.

Z

- Q
. TOT Tz
Q(z) = | 7,0, 7 D, cos 7 dz
J-ar/2
- -
Q L! 5!
0T ¥ i TZ
=—g—'%--~ sin-g—ﬁ + sin =%
Qogrl’ [ ] )
TOT M~ -1 T}z .
W) = g |7 e (3-70)
In the range 0 < z < ¢ -f—.BQ.'
)
TOT nzZ
Q(z) =( 75,C, 7D, cos ¢+ dz
- ,Q'_'/Q
Qporpt! M2-1 vz .
a(z) = %‘%%‘_._. -l sin £+ (B-71)
In the range osu’:f
i-d 5 u
Q(z) =f d(z) 7D, dz + [ Zg(u) #D,; du
- /2 “o
Qe . ‘ N
T(L-T-.5U T
a(s) - 20 [sm (ST RNPVRS I PO S

ot Jf[ r(L-F-501) [
— _~ {cos =
C, g
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OUTLET PEAK

This flux profile is shown in flgurelO. The

analytic expression for the flux profile . is as follows:

§u) - gy o0 TELdo5 00 (o (st ))

£
= 8y COS (4 '5?"5’@) exp (§(u_fj))for 0¢ ued
(B-13a)
g(z) = ¢ cos £ fo —(Q—f—'.5Q' <z40
’ Hax v ’ )< (B-7%)
g(z) = ¢MAX cos %%- for 0¢z<+ (/2 (B-73¢)

a. #(z)

Now Qo is expressable by equation (52) for the
inlet peak case since the flux profile are mirror images.
Hence

Q
- _TO0T  yere ¢, is also given by equation (54).

Pax 7D, C,
(B-74)

Substituting equation (74) into equations (73 a, b, and c)

we obtain
g(u) = 35:_)5' cos TLL I"‘,f"5ﬂ') exp(%(g—}f[;-)) por 0¢ usd
. (B-75)
#(z) = Iggg' cos T2 for (L -F-.501)%2%0
(B-75b)
#(z) = 2%%§} cos %%- for 0¢ z< + '/2 (B-75¢)
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b. Do(z and u)

The deslred relations for tube outside diameter,
Do(z and u), are obtained in the same manner as the
Inlet peak case. Since the two cases are mirror images

of each other
7 c,

A

R = where C, 1s defined by equation (54) (B-76)

MIN
fc,

and AMIN = —x (5‘77)

This result may easlly be seen by direct integration. Now

In this case, the wall cross sectlonal areas are given

by A
MIN ,
A (u) = > - for 0¢usd
x cos %,(Q -1 -.50") exp ({(%})
A (B-78)
a(z) = M por (8-F-500)czz2s Q1/2
cos T (B-79)
Hence the desired results are
4 Ayy 2
D (z)=\[— —=— + D (B-80)
° T ocos K 1

where A 1s expressible as a function of tube parameters

MIN
only (i.e. R, 2, ,Q',VZ’, and 5 ) by equations (74 and 54).

-4 AMIN 21 81
and Do(u) ‘/ﬂ' cos %'(Q ‘f‘-B&') exp(g(l_?f;)) + Di (B )

where AMIN 1s also expressed by equations (77 and 54).
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c. Q(z and u)

Now Q(x) = #(x) wD, dx where
INLET
#(x) as a function of position and total power was
previously derived in equation (75). Substituting
this expression for @ and performing the indicated
integrations we obtaln the desired results.

!)

In the range 0 < u¥ 4

Q(u) = QE?T cos ”111-5{-.5Q') (é;) exp(gi.(u-f)_exp(_ga

(B-82a)

In the range —(ﬂ_—of—.SQ')é z< 0, where z 1s inherently

negative

Q(z) = TOT (—”rgf— cos 7(L —5—'591 (l - exp (-:%) +

L' 7(p -7 -.54") 7 |2l
T (sin T sin L')

In the range 0% z ¢+)Y/2, where z is positive

(B-82b)

, Ut
a(e) = 208 L oop TLF =280 (1 - o (-6))
%‘-l— (sin 7(L ‘5‘-5§Ul + sin %—?—)) (B-82¢)
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FLUX SPIKE (COSINE SHAPED)
This flux profile is shown in Fig. 10. The analytic express-

ion for the flux profile 1s as follows:

g = Byry for -{<- 5{’+ %—)s z¢- 4 /2 » (B-83a)
g = ¢MAx°°S§% for -'%;-S z <+ L'72 (B-83b)
B = Pyry for + N R L ‘4%— (B-83¢c)
a. #(z)
Now Q(z) _J/ s /2) #(z)wD,dz
2 yo + L

Hence QTOT Jj o +‘é_)¢MINWD1dZ + li ¢MAxco&—-wD1dz

Jw{”— L
+ .0 ¢ﬁ1 D, dz

/4'

por = ™3Py [Z‘-Z ‘J + By L s1ng &

L
" Pyax
Since M =
6Mm
] 1 1
We obtain Qpon = 7D,y { —‘Zimﬁ— + %—sin-g L,-} (B-84)
L
/i y 1
Let c75 ’ "M/ + ——-sin—ﬁ-
or lZ:éL + = w- 1(per Eq. B-12) (B-85)

M W M2
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Hence we obtain

Qpor

Pyax = 7D, Cy (B-862)
Qo

Puin = ¥rD, Cr (B-86b)

Substituting these expressions for @,y and @yry into Eq. (B-83)

we obtaln
#(z) = M,?g:ng for -(4-x+ %)s z< - {- (B-87a)
g(z) = 311;_-:%7-008? for -~ @—Qf-éz S—(’;-l- (B-87b)
#(z) =T4-?D—:%7 for +%5zs1-% (B-87¢)
b. D (z)

The relation for the tube outside diameter, Do, is obtained

as follows., The wall cross ;ectional areas are given as

A 1
A fz) = —MN o ofor -(0-x+ )z < - 2/
cosT: '
2L
+‘%—fzs - L e (B-88a)
t 1
A (z) = el -Lizc v+ 4 (B-88b)
Tz
cos—¢
L

dz
Now slnce R = j dR = J
TOT mor Ax(Z)
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Substituting for A (z) from Eq. (B-88) we obtain

YA
i [ - +
Ro [ 472 _e<i_z_+'z'?—ﬁd-§—+f jf'-%"—
(- L 2) My )+ 4 Wy ) - % (MM
2 2 (—)
cos—r
L
r— |
R [LL24) 2L [ (2-89)
MIN TN W
ple=g' , £ ¥ (B-90)
Hence A = b’ ~ S —— B-90
MIN R M COB'%& \/ M2

|
Hence D (z) = \]%MAMIN + D12 for -(¢-"+ %—) ¢z <-£'/2 (B-9la)

v 02 s8- K

i
A ! !
=\’% cfz%fniz for - brez s+ & (B-91b)
LB
where Ay, is given by Eq. (B-90).
c. Q(z) ”
Now Q(z) =j ' 7D, #(z )dz (B-92)
-(l-2+ L /2)

where @#(z) as a function of position and total power was previous-

1y derived in Eq. (B-83).

]
In the range -(4- % é—)fz < - /Z'/Q

e Qo
Q(z) =[ D, =42z
Lot ey DL

Q(z) = 3331‘(—2+j-oz”+%'-) (B-93a)
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in

In the range %—f

L /2 Qr (-7 QT
Q(z) .—.j TDy E—C——%I‘D—-—d I ' TD; =H-GC Dog osTEdz
-+ L /R) [ )it 17 L
QTOT(? -0) + = QTOT L L/Mznz - sin® ZJ (B-93b)
L
¢

In the range 0%z <+ 5

0
Q(z) = ;%—;.’-1: =) +[ D i)'-1‘—0-'1‘6-1':os——-dz

7'/ 1mD, Cr " g,
+ vDii.-?D-g-Té—cos-T-r—?-dz
1677 L

Q(z) = Q‘I'Or‘['(/—«-z”’) + 81'—— L [f’%— + sini—?—j} (B-93c)

1
In the range +’Z-2-_< 2 <X - 5

Spor Qporl 2 2 /M2 -1 J Qqor
Q ¥ D, e
(z) = MC, We, VX)) + g y e . z./’g’ 1 WD, Cy z

Qpor /.7 gt Qor 1'2 /E-l
= et - - ¥ 2 ——ity, Rl [ B- 3d
MC7 ( +z /2) + 07 T M2 (B-93d)
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APPENDIX C

TEST SECTION DESIGN

The initial factor to be considered in the design
of the test sections 1s the characteristics of the
avallable power supply. With the 24 volt, 3000 ampere
supply avallable, Ohms Law indicates that an overall

tube resistance of 8.0 X 1075

ohms 1s necessary to
achieve full power of 72 kw without exceeding elther the
generator voltage or current limitations.

Sccondly the range of mass velocity (G) to be
investigated is fixed. In this investigation values
of .5 X 106, 1.0X lOb and 2.0 X lO6 were chosen to
cover the range reported by previous investigators
and/or selected in reactor design application. Now
the dimensions, D1 and.Q-, are established by conslder-
ation of the limiting operating condition requiring
the maximum heat input (and flux) to achieve the critical
condition. Thus we take the limiting case as that of
GMAX(Q'O X lOb), and Xln-MIN(about -.28 for 80 psia)

which utilizing the critical heat flux correlation of

Macbeth (reference 30 ) defines a critical heat flux
g as 1 -6
Sj . lO =

where A and C both represent expressions which are

functions of Dy,G, and P.
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A second equation defining the limits of tube geometry

Q
results from the identity ﬁc - EOT Substituting
s
for As we obtailn
_ TOT -
A (c-2)

However, additional factors also 1limit the selection
of individual values of J and D, .

a) To simulate reactor conditions and also to avold

effects on critical heat flux resulting from very

short test lengths, it is desirable that L be as

large as possible, at least 20 inches or greater.

b) It is desirable to work within the limits of

exlsting uniform flux data to provide a reference

point for the nonuniform flux data obtained. Thils

existing data can then be used as a check of uniform

data obtained during this study and to provide the

basis for a uniform flux correlation useful to

analytic work. Hence the followlng restrictions

on /D ratio are in order

50 < {/D £ 250

c) As reported by Bergles (reference 32 ) for the

subcooled burnout case, small tube data deviates

from the data obtained for large tubes. This pro-

bably is a consequence of the existence of considerable

nonequilibrium vapor volume as the hydraulic diameter
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becomes comparable to bubble dimensions. Although
thls study 1s concerned primarily with burnout

in the quality reglon, nucleation can occur within
the annular film. This nucleation and the present
lack of definition of the mechanics of the burnout
process in thls case make it prudent to restrict
the test section diameters to relatively large
values, .150 inches or greater, to eliminate any
extraneous diameter effect on the results.

d) Finally a limitation on maxiﬁum tube 1nside
diameter 1is imposed by the desire to achleve
maximum pump discharge pressure (270 psia) to assure
adequate flow control of the loop. From the pump
characteristic, the maximum flow rate allowed is
about 1800 1b/hr which corresponds to a pump dis-
charge of 260 psia. Since

W
Ag

%

G = (c-3)

o
| d
n

=3
=

For GMAX=2.OX1O_6, the maximum inside diameter is
.410 inches.

Summarizing now we have two equations (1 and 2) and
three unknowns (L, D, and ¢C) with the following additional
restrictions from physical grounds listed above

.150 inches € D < .410 inches
% >20 inches
50 £ [/p =250
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From the range of values which satisfy these conditions,

the following set of parameters was selected

D = .214 inches
{ = 30 inches
-6
and hence #/D = 140 and @, (MAX G and 8Hqyn 1\) = 1.8x10
BIr'U/hr fte.

Next the degree of steepness of the test flux shapes
was established. The M values (M = MAXIMUM FLUX/MINIMUM
FLUX) of this study were chosen to duplicate and bracket
those of other investigators.

With the conditions established above, the finished
tube dimensions for the flux shapes chosen can be calcu-
lated and the test section material selected.

The tube outside diameter for alumlnum and hence the
required amount of wall material to be removed was less
than that for A nickel and stainless steel, due to the
lower value of resistivity for Aluminum 2024-T3. Since
the machinability of Aluminum 2024-T3 is also good, it
was selected as the working material.

The specification of the actual machined dimensions of
the test sections, the outside diameter as a function ofl
axial length, can be calculated from expressions in
Appendix B. Equation (B-16) typically illustrates alter-
nate expressions for Do(z) as a function of p, R and M

or AMIN and M. Either expression can be used for tube design,
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Permissable dimensional tolerances were established by the
requirement that the local flux at any point should be

within 5% of the design. Since

dP = I°dR = Igp%—
X
1
dpP o Axlocal

Hence for locations of small wall cross section area the'
machining tolerance to hold 15% power becomes tighter.

The tolerances specified for the first batches of machined
tubes reflected this fact and specified several tolerances,
each one applicable over a different axlal locatlion range.
However, as manufacturing techniques improved, the minimum
tolerance, applicable only to the area of minimum wall
thickness, was applied to the entire tube., Typically on
wall thicknesses ranging from .009 inches to .O44 inches, a
tolerance of + .00l inches was met. Thils resulted in flux

shapes at any point within 2 - 5% of design.
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APPENDIX D
DATA REDUCTION AND ANALYSIS

The reduction of the experimental data and the
computation of parameters relevant to the analytic
model developed are performed by the computer program
described in Appendix E. The computational methods and
equations upon which this program is based are presented
in this appendix in the following order

a) INITIAL DATA

b) PARAMETERS DERIVED FROM FIRST LAW (BASIC DATA

REDUCTION)

c) ANALYTIC MODEL

d) ANNULAR FIIM CHARACTERISTICS
a) INITIAL DATA

Por each fabricated test section, the following
data 18 available:

D, £, M

1
L, L (applicable only to test sections with a cosine
shaped portion

L(,f’,( ' (applicable only to peaked inlet, peaked
outlet, or spike-cosine shaped test sections)

The following additional data is obtained from
each experiment

TIN E P

p OUT
1) I PIN
Pour

From these data, AP=PIN-POUT and HIN are directly

avallable,
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b) PARAMETERS DERIVED FROM FIRST LAW
Using the above data, the desired parameters at
the test section inlet and along the test section are

calculated as follows

-H AH
_ BrwBroin _ AHsype1n
TUBE INLET Xpy = —& -

fg-IN fg-IN
AXIALLY ALONG TUBE
(q/Ax), (q/A)c, Qs Q, per equations in Appendix B

%

He = Hyn +

X, = Hy-He_y
Hfg-x

In addition parameters assocliated with the saturation
location and the bubbly-annular transition point are cal-
culated as follows

SATURATION LOCATION

=

-0 = ~AHsyp-In¥

LX=O 1s length at which Qx = QX-O’ This parameter is
obtained by solving the relevant Qx equation 1in
Appendix B for the position variable having first
made the substitution QX=O = Qx

Ly = £- Ly,

BUBBLY- ANNULAR TRANSITION LOCATION

The value of x at the transition location is es-

tablished by repetition of calculations for increasing
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distances beyond the zero quality length, ano, until
the preset value of quality at the transition point is
attained. With x thus established at the transition

location, the additional parameters below are calculated
Uy = Sror~%
Umw-¢ = %

CALCULATION OF P(X)

In all the above work, calculation of Px is computed
by the empirical formulation below. This formulation
was established by calculating pressure drops using the
Martinelli-Nelson model (43) for tubes representing the
extreme ranges in pressure drop and mass flow experienced.
These results of pressure over tube length were then
fitted by two straight lines, the latter line which is
applicable over the higher quality regions having the
more negative slope to reflect the larger rate of
pressure drop in the higher quality region, The empir-
ical fitted results compared well with the calculated
results. While this method gives pressure results which
are only within + 10%, these values are used only to obtain
enthalpy, quality, and heat flux for incipient nucleation
which are relatively insensitive to small changes in
pressure. This procedure was adopted since the accuracy
obtained was acceptable and a more complicated program

for pressure calculation was therefore not needed.
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For x £ LX=0 R Px = PIN (neglects single phase pressure
drop)

For Ly ~<x<1.6 Ly ,
X~

=0
P, = Ppy - .T50 AP (7= =o)

For x >1.6 Ly o

x-1. ano
Py = Ppx - (PaxPour) T BT Lx"'

where

0.60Ly_o
Ppg = Pyy - -750 AP (,e Lx=)

c¢) ANALYTIC MODEL

The model discussed in Chapter IV requires compu-
tation of the heat flux to initiate nucleate bolling at
glven conditions of mass flow rate G, pressure P, quality
X and tube geometry, D, 4. The correlations used in this
computation are

TWO PHASE HEAT TRANSFER COEFFICIENT, h

1) DENGLER-ADDOMS CORRELATION (38)

+0.5
h = 3.5 hL(l/Xtt) for .25<X . <70

‘where

kp 0.8 0.4
hy, = .023(5735g) (Re)  (Pry)

and s
0.9 Ve 0 K
/%, = G35) ) (—1>
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2) CHEN CORRELATION (39)

ky, 0.8 0.4
MAC = 0.23(—7——D 12.0)(ReL) (PrL) F

where

F = function of 3(-1—- defined by Chen's Fig. T.
tt

and 0.79
he- . = 0.00122 L PL v__ %0 _ar)  (ap)
Mic = © 0.5 0.29 0.2 0.59

o My, Hfg \7)

where

AT = Typrr Tsar
AP = difference in vapor pressure corresponding to

AT, 1bf/rt2

S = function of ReLfl’zs defined by Chen's Fig. 8.

BERGLES-ROHSENOW INCIPIENT HEAT FLUX FOR NUCLEATION,
AL 135) 0.0234

1.156
(a/a); = 15.60p (Twarr-Tsar)

2.30/p

The associated maximum cavity size required 1is obtained

as

2 ]
2afT
WALL 2
+ a + QTWALL iJ y + M‘WALLQ + a

2y - ap

r =

where

O.QSV 0.24_-0.25 0.24 0.75

S
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y = q/A/k = °®/ft or PR/ft.

h 778 1b, £t
a = —2%———— = op where R = 85.8 TBELE—
g m R

R
P=GI0K0 " Tt

d) ANNULAR FILM CHARACTERISTICS (hu)
The GEAP report presents curves of bb as a func-
tion of F'(b-a) The film thickness, b-a, 1s thus obtain-

ed from the quantities b (radius in ft) and F ( 2) where

1

dp
' b (- dz)TOT-TP 0% 3600 Pa. . PL 1/3 gpy, -n
r () - 5 g e )
L @ e’ g.(- G)ror-re
where
>
n=o1f (- Fnopgp > .s; PL
n = -1/3 1f (= §)pop-rp "B"PL

Computation of the film flow rate, Gf i1s accomplished by

the following series of equations

dp 8Py, a%|b
“wars = | (- z)vor-re - g, (- F)]'é'

8‘
y+ ) y\JE&ALL# 17x10 EL
PL Hy,

where

y = b-a
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2 +
e11m = oM F(V)

where

F(y

3yt + 2.5y 1nyt - 64 rfor y* 5 30

12.5 - 8.05y% + sytinyt rfor 5<yt <30

42

= 0.5y for y+ <5

The results of the GEAP report are applicable only to
adisbatic conditions and hence are not strictly appli-
cable to the conditions of the subject investigation.
However, the test results were analysed based on the
above equatiorsto expleore the possibility of calculating
local film flow rates by this method. Since contradic-
tory answers were obtailned, the extrapolation of the
equations to the test conditions was not considered
reliasble and hence analysis by this means was not

pursued.
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APPENDIX E

COMPUTER PROGRAM FOR DATA REDUCTION
AND ANALYSIS

The experimental data obtained was reduced 1n
accordance with the equations of Appendix D by a
program written in FORTRAN and run on the MIT
Computation Center IBM 7090 computer.

The program consists of a main program (AXIAL)'
which identliflies from the input the flux shape of each
tube (i.e. uniform, cosine, etc.) and transfers control
to one of seven subroutines, one for each flux shape,
where computations are initiated. These routilnes
(UNIFRM, COSINE, LININC, LINDEC, PKIN, PKOUT, SPKCOS)
togetper with the subroutines for calculating the satu-
rated liquid and evaporation enthalpy (LIQEN and EVAPEN
respectively) perform calculations of desired parameters
at theeritical location and over the entlire length of
the test section. In addition these subroutines call
the subroutines (UNIANN, COSANN, LNIANN, LNDANN, PKIANN,
PKOANN, SPKANN, CSPIKE) which calculate the desired
parameters at the location of the bubbly-annular transi-
tion.

Calculation of the annular fllm thickness and
the film flow rate past the bubbly-annular transition

point 1s 1initiated by the subroutine FIIMFR
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which is also called by the seven basic subroutines

(UNIFRM, COSINE, etc.). The subroutine FILMFR

accomplishes this calculation by calling the sub-

routines listed below.

a)

D)

c)

Local momentum pressure gradient based on the
homogeneous flow assumption (HOMMGD ).

Overall momentum pressure drop divided by the
length ylelding a linear momentum pressure
gradient (GRDMOM).

Fluld properties - specific volume of sat-
urated water (SPECVL), specific volume of
saturated water vapor (SPECVG), saturation
temperature (SATTMP), viscosity of saturated
liquid (VISCOS), saturated liquid enthalpy
(LIQEN) and evaporation liquid enthalpy (EVAPEN).
The Martinelli-Nelson friction pressure gradient
multiplier (MNPGRD).

The ratio of film thickness to tube radius for
given value of Levy's universal factor F'

(UNIVER).

Iflit is desired to exclude calculation of the film thick-

ness and flow rate, it is sufficient to substitute dummy

subroutines in place of subroutines FILMFR and GRDMOM.

The program also computes the relevant variables for

the model by which the test results are analysed. These

variables are (1) the change in enthalpy from the bubbly-

annular transition location to the local polnt of interest
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and (2) the ratio of the local flux to the flux re-
quired to initiate nucleation in the liquid film based
on both Chen's (39) and Dengler's (38) correlations,
The calculation is initiated from the subroutine FIIMFR by
calling subroutines BONUCF and LONUCF which perform the
desired calculations respectively at the burnout loca-
tion and any local position of interest., The assoclated
subroutines used in this calculation are

(1) Chen's two phase heat transfer coefficient
(XHCHEN)

(2) Largest pit radius needed for nucleation per
the Bergles-Rohsenow theory (XRAD)

(3) Fluid properties (in addition to those listed
above under FIIMFR) - thermal conductivity of .
saturated water (XTHCON), specific heat at
constant pressure of saturated water (XCPLIQ),
steam-water surface tension'(XSURFT), pressure
of saturated water (XSATP), saturated vapor
viscosity (XVISCG)

(4) Derived property dependent quantities - differ-
ence 1n vapor pressure corresponding to given
water temperature difference (XDELTV), Martinelli
parameter (XXTT), Chen's F factor (XFCHEN) and
Chen's factor (XSCHEN).

In addition provision is available thru subroutine NFLUX2
for a revised nucleation flux criteria in those cases

where the maximum avallable surface pit radius is less

than that required by the Bergles-Rohsenow criteria.
However, NFLUX2 presently exists as a dummy subroutine.
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A complete listing of the fortran statements for

this program 1s included at the end of this appendix.

A listing of the variable names and the physical
parameters which they represent is presented in Tables
E-1, E-2, and E-3 where Table E-2 includes specifically
the variables associated with the calculation of annular
film thickness and flow rate (Subroutines FILMFR, GRDMOM
and other called subroutines) and Table E-3 pertains to
BONUCF and LONUCF and associated subroutines.

The procedure for inputing data to run this program
is as follows. Following the star data card which

follows the compiled program is the first data card on

which the number of individual cases to be run 1s punched.

This number 1s filxed point and should be punched, right

oriented, in the field 1-5. This card controls the

actual number of executions of the program which should
correspond to the number of cases to be reduced.

The remaining data cards directly pertain to the
data for individual tubes. For uniform, cosine and
linear flux shapes, flve cards are required for each case,
For the peaked flux shapes a sixth card is required as
described below, For the cosine splke shape a seventh
card 1s reguired.

a) First card - A fixed point number, right oriented,
should be punched in the field 1-5. This number
identifles the flux shape according to the code;

1 - uniform, 2 - cosine, 3 - linear increcasing,

L4 - linear decreasing, 5 - peaked inlet,



b)

d)
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6 - peaked exit and T-spiked cosine.

Second Card - Seven floating point input variables

should be punched in sequence in fields of ten
each. The variables, in sequence, are TUBE, RATIOM,
DIAINS, VOLTS, AMPS, ENTHIN, FLMASS. The physical
parameters and units represented by these variables
are listed in Table E-1. Since these variables
are all floating polnt, they should be punched
with a decimal point unless specific care is taken
to right orient them in their field and provide
sufficient diglts'to accomodate the format state-
ments in the program. This comment applies

equally to cards 3, 4, 5 and 6.

Third Card - Six floating point input variables

should be punched in sequence in flelds of ten
each. The varliables in sequence are PRESP, PRESIN,
PRESOT, RESDP, TSDP, BOLOCA.

Fourth Card - Two floating point input variables

should be punched 1n sequence in field of ten each.
The variables in sequence are XLNGTH and SHUNTM.
Fifth Card - A fixed point variable JLOCAT is punched

right oriented in columns 1-5, and a floating
point variable QUALIA is punched in columns 6-15,

Sixth Card - Three floating point input variables

should be punched in sequence in filelds of ten each.
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The variables in sequence are SCRPTL, ZETA and
PLNGTH and are applicable only to the peaked
inlet and exit flux shapes and wlth new defini-
tions to the splke cosine shape.

g) Seventh Card - The fixed point variable J,

should be punched in format I5. This card is
applicable only to spike cos8ine flux shape.

The following characteristics of the program should be

noted in particular.

1) PRESP and RESDP are input only t'o maintain a
complete record of the data for each tube. Since they
are not used In the subsequent calculation, they can
if desired be set equal to zero for convenience.

2) AMPS represents the tube amperage 1n millivolts
(shunt voltage drop) and is used in conjunction
with SHUNTM to calculate the tube current.

SHUNTM represents the number of amperes per
millivolt for the particular calibration shunt
installed in the heat transfer laboratory. Since
the product AMPS and SHUNTM represents tube current
in amperes, the arbitrary value 1.00 can be assigned
to SHUNTM 1f an experiment ylelds current directly
in amperes.

A group of punched input cards for the case of an inlet

peaked and a cosine spike tube are shown for illustra-

tion with the program listing.



-128-
The basis for the formulations of the subroutines

for fluld properties and the subroutines MNPGRD and
UNIVER are discussed below. The polynomial fits of
data for subroutines below were taken from the work of

Trembley (#5) unless otherwlse noted.

a) Subroutine SPECVL - Specific Volume of Saturated

ILiguid vs. Pressure

The specific volume of saturated liquid as function
of pressure was obtained by fitting the Keenan and
Keyes' values (46) on a power series to obtain for

P <400 psia,

Vf(P) = féo ay pl
where
a, = 1.6401745 (107°) ag = 3.8991151 (10712)
a) = 2.3289060 (107°) ag = -4.3187213 (10718)
a, = -1.5364591 (1077) a = 2.8681090 (10721)
ag = 7.4158910 (107%0) ag = -1.0458372 (10'24)

a) = -2.1694997 (107'%) ag = 1.6082445 (10728)
for P2 400 psia,

4
v,.(P) = b, P
p(P) = 2 Py

1.7382154 (107°) b, = 6.6669956 (10713)
1 = 5.5320054 (10'6) b, = -2.1537248 (10’17)
-1.9348749 (1077)

o o o
Il il Il
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b) Subroutine SPECVG - Specific Volume of Saturated

Vapour vs. Pressure

The speciflc volume of saturated vapour as a
function of pPressure was obtalned by a power series
fit of the Keenan and Keyes' values.

For P £ 200 psia, we have

10
Vg (p) = % ay pt
1=0
where
ag = 7.0026614 (10%) ag = 8.8808151 (1077)
a, = -5.2270893 (10°) a, = -4.6173317 (107})
a, = 2.2026868 (107) ag = 1.5321887 (10713)
ay = -5.7651685 (1073) ag = -2.9334T4T (10716)
a, = 9.8819624 (107) a o= 2.4643861 (1079)
ag = -1.1389329 (10‘6)
For 200 £ P < 400 psia,
s
Vg (p) = ;:0 b, P
where
by = 9.1051359 (10°) by = -8.6394549 (1077)
b, = -7.6398584 (107°) b, = 1.1495386 (107)
b, = 3.4342061 (1074 b, = -6.3157880 (107+3)
For P > 400 psia,
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where
¢y = 4.2909747 (10°) ¢, = 3.6138355 (10711
¢, = -1.6646162 (107%) ¢ = -1.7180116 (10714
¢, = 3.5532997 (107°) c = 44959690 (10710)
¢y = -4.5689872 (1078) cp = -4.9699884 (1075%)

c) Subroutine LIQEN - Enthalpy of Saturated Liguid

vs. Pressure

The enthalpy of saturated liquid as function of
pressure was obtalined by a power series fit of the

Keenan and Keyes' values.

For P < 200 psia, 9
he(B) = ¥ a, P
1=0
where
a, = 1.1222734 (10°) ag = 2.1239014 (1077)
a, = 6.3204790 (10°) ag = -1.0067598 (1077)
a, = -1.4742752 (107) a, = 2.9480958 (10712)
ay = 2.5403593 (1073) ag = -4.8430355 (1071?)
a, = -2.8788220 (107°) ag = 3.4075972 (10718
For P > 200 psia, 7
he (P) = 2. b, P
1=0
where
b, = 2.4510585 (10°) b, = -6.8660980 (107+°)
b, = 7.1675962 (107%) b = 2.6573456 (10713)
b, = -9.9955201 (107%) bg = -5.5654666 (10717)
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b, = 1.0516702 (10‘6) = 4.8594220 (10‘21)

3 by

d) Subroutine EVAPEN - Latent Heat vs. Pressure

By definition the latent heat is simply the
enthalpy difference between that of the saturated
vapour and that of the saturated liquid (hfg= hg—hf).
It was obtalned by fltting the Keenan and Kgyes'

values on a power series.

For P < 400 psia, 9
heg (P) = 7 a, P!
1=0
where
a, = 9.9704457 (10°) ag = -1.2499843 (1077)
a, = -2.1762821 (10°) ag = 1.9322768 (1071%)
a, = 1.9558791 (107%) a, = -1.8023251 (1071?)
ay = -1.2610018 (107%) ag = 9.2680092 (10717)
a, = 5.0308804 (1077) ag = -2.0L48643 (107%7)
For P > 400 psia, 4
he, (P) = 5. by P
1=0
where
b, = 8.9642372 (10°) by = -4.3416487 (1078)
b, = -3.3549732 (107%) b, = 4.8788247 (1077)
b, = 1.2678091 (107%)

e) Subroutine SATTMP - Saturation Temperature vs. Pressure

The saturation temperature as function of pressure

was obtalned from Steltz and al. (4T).



8 1

T = fzo ay PL

where
0.2 £ P <450 psia 450 £P <€ 3206 psia

P 1n(10 P) lnP =0
a, 3.5157890 (10%) 1.1545164 (10%)
a 2.4592588 (10%) -8.3860182 (10°)
a, 2.1182069 (10°) 2. 4777661 (103)
ag -3.4144740 (1071) -3.6344271 (10°)
ay 1.5741642 (1071) 2.6690978 (10%)
ag -3.1329585 (107%) -7.8073813 (107%)
ag 3.8658282 (1073) 0
an -2.4901784 (10‘”) 0
ag 6.8401559 (107°) 0

f) Subroutine VISCOS - Viscosity of Saturated Liquid

and Vapour vs. Temperature

The viscosity of saturated liquid as function of
temperature to 600°F was obtained by a power serles fit of

Wellman and Sibbitt's data. (48)

10
1
M, = 2? a, T
rT o M
where
a, = 8.0144599 (10°) a5 = 8.4382483 (10713)
a; = -1.6728317 (1071) an = -1.4493830 (10712)
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2.0423535 (10“3) ag

a, =

ag = -1.6324668 (10-5) aq
ay = 8.85557h4 (107°) ayg
ag = -3.3015965 (107%7)

It

1.5963800 (10
-1.0173273 (10
2.8496174 (1072°)

—18)
-21)

Above 600°F the viscosity was obtained by a series of

straight line fits of the Wellman and Sibbitt data.

g) Subroutine MNPGRD - Martinelli-Nelson's Friction

Pressure

Gradient Ratio

Jones?' polynomial fit (U49)

values was used, 1l.e.,

L7
¢M-N = exp {El Jéb a4y *

where

= P/1000

= 1n (100 x + 1)
J a1J a2J
0 2.5448316 (10°) -5.1756752
1 -7.8896201 (10°)  1.9550200
2 1.5575870 (10%) -9.6886164
3 -1.7340906 (107)  -4.6120079
4 1.0409842 (10%)  8.4910340
5 -3.2044877 (10°)  -5.9583098
6 4.2484805 (1071)  1.8989183
7 -1.0804871 (1072) -2.2867680

of Martinelli-Nelson

pd .

(1071)

(1071)

(1071)

i

X

33
1.0193956
-3.7233785
-1.9025685
-2.,2654839
-3.4925414
2.3299085
-7.2534973
8.6169847

(1071)
(107%)
(1071)
(10
(109)
(10
(2074)
(107%)
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[

auj
-8.0606798 (1073)
2.6160876 (1072)
6.0288725 (1072)
-3.2426871 (10~
.6553847 (10~
-3.0333482 (10"
9.3379834 (107%)
-1.1021915 (1072)

~N O U & W N+ O
=

Corrected Pressure Gradient Ratlo

It was recognized that the Martinellil-Nelson
values of @ correspond to a mass velocity of about
200 lbm/sec-ft2 and that the pressure gradient ratio
depends not only on quality and pressure but also
on the mass veloclty. Jones (#9) has derived a mass
velocity correction factor that is valid for G<10°
lbm/sec-ftz. This factor is function of both
pressure and mass veloclty and is expressed in
polynomial form as

f\"

Qo=

1

(ay + by P) . G

0

W D W

where

g, = 1n (.0036 G + 0.2)
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1 a b
0 1.4012797 (10°) -3.8229399 (1075)
1 -6.8082318 (1072) ~4.5200014 (1077)
2 -8.3387593 (1072) 1.2278415 (107%)
3 3.5640886 (1072) 1.5165216 (10°)
Y 2.1855741 (1072) -3.14296260 (1072)
5 -6.3676796 (1073) -3.2820747 (107°)

But, at G = 200 at any pressure Jones predicts
of value of Sﬁf = 1.4. Since the Martinelli-Nelson
pressure gradient ratios correspond to that mass
veloclty, Jones' correction factor should therefore
be unity. Therefore, the suggested Jones factor was
normallzed as

W - Q oy
It was found by Trembley ( 45) that the transition

across the G = lO3 boundary ylelded a serious discon-

tinulty. Hence »
S?_ = Q for G)’lO3 was assumed.
= 103
The two-phase to liquld-phase pressure gradient

ratio 1s therefore

g - gl + Pyn

h) Subroutine UNIVER - The relevant curves of GEAP 4615
relating the ratio film thickness/tube radius to the

t
calculated factor F were fit by an MIT Computational



~136-

Center Share program (50). The form of the fit 1is

n i-1
b-a . 3 o, (F'(X2))

1) Subroutine XTHCON - Thermal Conductivity of Saturated

Liquid Water vs Temperature
The thermal conductivity of saturated liquid water
was obtained by a series of straight line fits of the
data of Wellman and Sibbitt (48).

J) Subroutine XCPLIQ - Constant Pressure Specific Heat

of Ssturated Iiquid Water vs Temperature

The specific heat of saturated liquid water was
obtained by a series of stralght line fits of the data
of Wellman and Sibbitt (48).

k) Subroutine XSURFT - Surface Tension of Saturated Water

The surface tension for saturated water as a func-
tion of pressure to 1000 psia was obtained by a power
series fit on Volyak's data. (51)

10

o= I ,191
1=0

where



6.3005462 (10')  ag - 2.8461426 (10713)

a = -
a: = =3,2677020 (10’1) a = -3.0063514 (10'16)
a, = 2.8126518 (1073)  ag = 1.9738815 (10717)
ay = -1.7494856 (107°) ag = -7.3149007 (10723)
ay = 6.8880390 (10°8) aj, = 1.1689972 (10°20)
ag = -1.7378005 (1071°)

Above 1000 psia (5U4L.69°F) the surface tension was obtained
by a serles of straight line fits to data presented in
figure E.2 of Rohsenow and Choi (52)..

1) Subroutine XSATP - Saturation Pressure vs. Temperature

The saturation pressure corresponding to the temp-

erature was obtained from Steltz et al (4T) as

P =‘PC 107X
where
X = Jl(EE) P = 3206.182
- TK DN c .
t =T -T
N, = A+ Bt + ct3 + meH c K
5 . - TC = 647.27
= +
N T - 32
50 £T <200 200 LT 705
3.2437814 3.3463130

5.86826 (1073) 4,14113 (1079)

1.1702379 (1078)  7.515484 (1079)

2.1878462 (1073)  1.3794481 (107°)
0 6.56444 (10711)

H O o uWu =
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m) Subroutine XVISCG - Viscosity of Saturated Vapour

For TS:BOOOF, the viscosity of saturated vapour

was taken from Kestin's correlation (53)

ug(P,T) 2.419 (10’“) [88.020 + 0.32827.T  +

2.1350 (10‘4)1'02 - 1.6018 (10‘2)(1858-5.90Tc)/vg]

where
T, = (T-32)/1.8

vg(P,T) = (use subroutine SPECVG)

1t

For T‘>500°F, we used Keyes' correlation as gilven

by Quan (54)
-1
-1

by (B,T) = 2.419 (10’3)[;20 01/2 (142600 71 . 107307 7

+ 1.5 (100'0906/Vg—1£]



VARIABLE NAME

Input
Variables

NTUBES
MSHAPE

TUBE
RATIOM
DIAINS
VOLTS
AMPS
ENTHIN
FLMASS
JLOCAT

PRESP

PRESIN
PRESOT
QUALIA

RESDP

TSDP

BOLOCA
XLNGTH
SHUNTM
SCRPTL
ZETA

PLNGTH

TABLE E-1

PHYSICAL PARAMETER

OR DEFINING EQUATION

Number of tubes

Index representing tube
flux shape

Tube identification no.
M
Din

a
hry

Index indicating length
over which calculation of
thermal and hydralic para-
meters should be made.

Pump outlet pressure

Pin

Pour
Quality at bubbly-annular
transition

Pressure drop across
needle value at test
section inlet

AP

R (n St Yo 0

UNITS

inches
volts
millivolt
BTU/1b m
1b m/hr

psia
psia
psia
wt % steam

psi

psl

inches

inches
amperes/millivolt
inches

inches

Intermediate Computed Variables

ARG

CONSTP
COSABK

COSLEN
EXTRAA
EXTRAB
EXTRAC

EXTRAD
EXTRARE

EXTRAF
EXTRAG
EXTRAH
EXTRAI
EXTRAJ

FACMIB

FACPLB

FACTMI

FACTPL

arc sin [- = 0)( '1)] -

rowpen

Cc

L or L!
SINABK + ONEMSQ

(SCRPTL * COSABK)/ZETA

(POWERT * COSLEN)/
(CONSTP * 7)

Ca

(POWERT * 144.0)/

(CONSTP * DIAINS * w)

cos %l (XL -cf--S Q')

inches

inches
inches
BTU/hr

BTU/hr £t2

( POWERT # COSABK * SCRPTL)/ BTU/hr

(CONSTP #* ZETA)

Unused floating point variable

DVLSPL(see FILMFR)
DVLSPG (see FILMFR)

QUALOX (see FILMFR)
sin L [e=1/2]

1 - L 2|
)

ok (eL/2)

(“—;)

1+

T
sin T z

(MT-1 /M%)

1. sin %
MR- 2
ra

-6€1-

£t3/1b m
£t3/1o m

wt % steam



Intermediate Computed Variables (Cont.)

K
L
ONEOVM
ONEMSQ

POWOQ
PBREAK

SINABK

SIGNZ

ULOCAT

Output

Variables

AREAFL
AREAIS
CFXAVG
CFXBO

CFXLOX
CFXLOY
DMEFB

DMEFGB
DMEFX

DMEFGX

Position index
Position index
1/M

M2-1,1/2
(—;F;-)

-0
PBK
(L -f-54m)

RV
(-;g—) ( Sror 1)

sin

[Nl

1 - exp (-§)

BTU/hr

psia

2
2

ft
ft
BTU/hr ft
BTU/hr ft
BTU/hr ft
BTU/hr ft
BTU/1b m
BTU/1b m
BTU/1b m
BTU/1b m

[(C T VI \ VI V)

Output
Variables

DMEFY
DMEFGY
ENFPX
ENFGPX
ENLOB
ENLOX
ENLOY
ENSIN
ENSLOB
ENSLOX
ENSLOY
P
PANBOL
POWERA
POWERB
POWERT
POWERX
POWERY
PSATL
PSLBOL
QUALOL
QUALO4
QUALIN
QUALOB

QUALOX

SATL
U

b ¢

"
«

fg-y

oo
)

mw
o

&m N“G
:
2

BTU/1b
BTU/1b
BTU/1b
BTU/1b
BTU/1b
BTU/1b
BTU/1b
BTU/1b
BTU/1b
BTU/1b
BTU/1b
psia

BTU/hr
BTU/hr
BTU/hr
BTU/hr
BTU/hr
BTU/hr
BTU/hr
BTU/hr
inches
inches
wt % steam
wt % steam

8 88388 8 383888 38

wt % steam
inches

inches

inches
inches

inches

-oH1-



TABLE E-2
FILMFR, GRDMOM and called subroutines

VARIABLE NAME PHYSICAL PARAMETER

OR DEFINING EQUATION

Intermediate Computed Variables

a Distance from centerline
to film-core interface

b Tube radius

BMAOA b-a/b

COLM 1)

COLM 2) Intermediate variables

COLM 3) in the subroutine MNPGRD

COLM &4)

DENFO L S

DENFGO Heo our

DP P/1000

DPMOM AP ppe oM

DX log (100 X +1.0)

DUMMY A Linear momentum gradlent

DUMMY B I

DUMMY C K+ 1, L +1

ENO hOUT

ENSO AHOUT

FFACTP £/4.0

FILMTK 12.0(b-a)

GRAVAC g = 32.2

GRAVCS 8= 32.2

GRAVCH Boo= 4-17 X 1078

UNITS

inche

inche

)

S

BTU/1b m
BTU/1b m

psia
lbf/f
lbf/f

£2

£3

BTU/1b m
BTU/1b m

't
ft/se

= I
C4 o
o

m
P

2

£t

sec

£t8

shr

2

2

Intermediate Computed Variables (Cont.)

GRDMT
GSUBZ
GTOT
GTOTSC

OMEGA
OMEGAP
PGMULT
PHIMN
PSUBL
QUALO
QUALO 4
SUMCOL)
SUMO
SUM 1
SUM 2 %
SUM 3
SUM 4
SUM 5

T
TERM 1

TERM 2

TERM 3
TERM 4
FISCL

VOLSPL
VOLSPG

ap
(}‘ az)rpr-ror32-2° Ya
3

g
Jr
(go"n (-3z)reF-TOT )

dP/AZppp oM
log(.0036 G/3600.0 + 0.2)

G
G/3600.0

3 or 2; spacing between

3
lbf/ft

lbm/hr ft

1b
m

-3

sec-ft
inches

calculations along the tube

length.

Q-G 0.

9)

g

¢M-N

log (10.0p)
X

16.0 Ly o

Intermediate variables
in the subroutine MNPGRD.

T

0.
(vg/vg) 033"
3600.0/v 6

n

W

zz
g

1/2

inches

Op

sec/ft

f£t/sec

1bm/hr ft

£t3/1b m
£t3/1b m

2

-1t~



OQutput Variables

DBMAOA
DPGMLT
DT

DVLSPG
DVLSPL
DVISCL
FACTUN
FFACT
FYPLUS
GFILM
GGAS
GLIQ
GLQENT

GRDFS

GRDFT
GRDMT
GRDTOT
PCLIQ

PCLENT

REYNUM
TAUWAL

TKINCH
VALUEN
VELOC
YPLUS

b-a _
N
¢M—N -
T O
v ££3/1b m
& 3
\73 ft°/i1b m
, lbm/hr ft
F -
bl -
F(y") - .
GrrLm 1b m/hr ft2
Gg 1b_/hr ft
w 2
G lbm/hr ft
Gy, _ENT 1b_/nr £t2
dp 3
dz)SP-FRICTION 1bg/Tt
ap 3
dz) TP -FRICTION 1b./Tt
apP 3
Tz)TPF-MOM 1bg/f “'3
dp
dz)reR-TOT 1b./ft
£ L1Q 1b, 1liquid
ISm Total
%E 1b_ liquid entrained/
™ 1pb  1liquid
Re -
2
T 1b f/ﬁ;
b-a inches
n -
v ft/sec
y* -

TABLE E-3
BONUCF, LONUCF and called subroutines

VARIABLE NAME PHYSICAL PARAMETER
OR DEFINING EQUATION

INPUT VARIABLE

J J/8 = spacing at which
calculations are perform-
ed over spiked portion of

test section (CSPIKE)

INTERMEDIATE AND OUTPUT VARIABLES
.0234

BERGHT (15. 1;2,1 )2. %O-D.()Eﬁ
BMAOA (Q/A)x/(Q/A)i-cm
cc (a/A)x/(a/A)y _prwarER
CPLIQ ¢,
DD 1.0/X,,
DELTEN D e
DELTT Ty Taar
DELTVP AP corresponding to

Ty T3ar
DTCHEN (Ty-Tsar) crmn
DIDENG (Ty~Tsar)pruoLER
FILMTK (1-%/x)°-9
HCHEN —
HDB BpTrrUS- BORLTER
HDENG

hpenaLER
HMAC hygpc(from CHEN)

UNITS

Bru/Lem-°F
HIU/LEM

Op
1br/et2

. -af"[-



SAMPLE INPUT DATA
Intermediate and Output Variables (Cont.)

HMIC hygo(from CHEN) HIU/HR FT°F
" UNUSED FIXED POINT - PEAK INLET FLUX DISTRIBUTION - #2503
VARTABLE
5
N ggggzpom INDEX FROM - 2503, 5.75 .213 13.9 30.9 2042 123.75
281. 120, 99. 161, 21. 28,1
NFLUX QUALOL inches 30.00 60.17
QACHEN (a/8)1_ cumn BIU/HR FI° 31 0.080
QADENG (Q/A):L-Dmm BIU/HR F'I'2 18.0 1.33 15.0
- ]
QUALOY 8(/-7"+L") inches
PRNUMB Npg -
RADIUS Ryry ft.
RADMAX Maximum pit radius (3
available in test section ft. §
REYNLQ Re - UNIFORM FLUX DISTRIBUTION WITH COSINE SPIKE
L .
2 #7210
SATP Pgap le/'ln
7
SCHEN s -
CHEN 7210. 2.27 .213 16.7 36.4 203,14 250.0
SMALLT xl's‘i;;f‘ediate variable in - 280. 128, 35. 152. 93. 29.8
SURFTL o 1bp/ft2 30.00  60.17
1 31 0,080
TAUWAL (np/ug)’ - 6.0 0.0 1.0
THCOND k BTU/HR FT°F 1
VIScG Ho LEM/HR FT
XIT X -

YPLUS (vp/vg) > -



N

505
®11
512

1

18
20
an

-
C

NATA RFDUCTIAN FAR NONUMIFORM AXIAL HEAT FLUX INPUT

COMUNN NTURES gMSHAPF 9 TUBEsRATIOMsDIATNS s VOLTS s AMPSsENTHINSFLMASS,
1 PBESD,DPFESTINGPRESNT yRFSNP s TSNP BOLOCAIXLNGTH» SHUNTM, Dy
2 NMEFX s FNFDX s DMEFAX s ENEGPX 9 ENSINIQUALIN sPOWFRT s AREAFL9AREATS
2 AUALAL 9SATLsDSATL s ONWFRR DS RNL s CFXAVGCFXLAX 9 JLOCAT 3K o X s
GPANTAK 9PANEDX 9 FNLNX s FNSLOX s QUALOX s DMFFY s DMEFGY s POWON s ONFOVM
B CNSLENsONTMSNSTANZ s ADGZ s FACMIBIFACPLRyCFXBOSL Y s
A FACTMI 9DNAWEDY s CEXLOY 9ENLOY s FNSLOY sNUALOY s FACTPL
TCOANSTD s SERDTL o ZFTASPLMGTH JoUsULOCAT»COSABK s SINABK s Iy
8 FXTOAAIFXTRAByFXTRACIEXTRADSEXTRAFSEXTRAF
ODMEER DMEFCR SN NByENSLOBsOUALOBYEXTRAGIEXTRAHIEXTRAT $EXTRAY
CONYON QUALTASRLIQs TKINCHY '
1NB DX s CALMT 9 COLM29CALMB s COLMA s SUMCOL»PHIMNGTOTSCsGSURZ 9 SUMOsSUML
25UM25 5UMR s SUMb» SUMS 3 OMEGAP s OMEGA s PGMUL T sOSURBL » TeVISCL s VOLSPLENOs
AVNLSDG I NUALNG sPOWEL A PANBOL s DENFO s DFNFGO»ENSO»QUALDDVSPLOSDVSPGOs
4ATNAT yNOMNMy GODMT s DVL SPL s NV SPGs TFRM1 s TFRM2 s TERM3 s TERMG s GGAS DTy
BOVISCLyBFYMUMSFFACTD s FFACT s VELNCHGRNFS s NOGML T 9 GRDFToNGRNMT s GRDTOT»
AR yGRAVACIGRAVCS 9 GRAVCH VALUEN s FACTUN s BMAGA s DBMAOA » As FILMTK » YPLUS »
TTAUNAL sFYPLUSsAETLH s ALNENT sPCLINsPCLFNT s DUMMY A » DUMMYR ¢ DUMMYC
COMMAR Myt y THCAMN s FCHEN 9 SCHFN s VISCGsCPLIN I SURFTL »

IXTTsSATO s SMALLT o NELTVP s TWALL s HCHEN s HMACSHMIC»RFYNLQsNFLUX »

2 DOHUMRBREOGHT yHNB s HDFMG s NADFNGIDTNFNGsDFLTT»QACHEN s

A NTCHFEN S PADMAX s NELTENSRANTUS» CCoDD o FF

MSHABE VALUF INNDICATFS THE TUBF FLUX SHAPEsMSHAPE=1 1S5 UNIFRM
TMSHAPF=2 15*CNSINFs MSHAPE=3 IS LINFAR INCRFASINGs AND MSHAPE=4 IS
PNFCRFASING FLUX9MSHAPE S5=PEAKED INLETs AND MSHAPE 6= PFAKFD EXIT
PFAN &BM&ZMTYRFS

PR INT ROy NTURFS

FAoMAT (18)

FARMAT (T15)

FABVAT (1H1,s7R)

AR 2900 1=1,NTURFS

REAN B10yMSHAPF

PRINT 5124MSHAPE

1F (ARSF(MSHAPF=1) ) &, 100, 5

1F (ARSF({MSHADF=2} ) 10, 200, 10

TF(ARSF(MSHAPF=1)) 154600516

TF(ARSF(MSHAPF=4)) 20480020

TF(ARSF(MSHAPF=&)) 3051100420

IF(ARSF(MSHAPF=4)) 1600514001600

STATMENTSRFAINNING WITH 100 APE FOR UNIFNRM FLUXs 200 COSINE

1 60C LINFAP INCDFASING»800 LINFAR DECREASING»1100 PEAKED

2 INLFT, AND 1400 PEAKED EXIT

00010
00020
00030
00040
00050
00060
00070
00080
00090
00100
00110
00120
00130
00140
00150
00160
00170
00180
00190
00200
00210
00220
00230
00240
00250
00260
00270
00280
00290
noann
00310
00320
00330
00340
00350
00360
00370
00380
00300
00400
00410
00420
00430

100
2%0
[k}
800

1100

1400

1600

2000

515

520

525
53N
540

543
545
550
556
560
565

570
575

i

CALL UNIFRM™

G0 TO 2000
CALL CNSINF
60 TH 2000
CALL LININC
Gh Tn 2000
CALL LTNNFC
6n Tn 2000
CALL OKIN
Gan Tn 200N
cALL PKNUT
60 T0O 2000
CALL SPKCOS
GO TO 2000
CONTTNUE -
CALL FXIT
END

SURROUT INF UNIFRM
COMMON NTUBESsMSHAPE s TUBESRATIOMs DIAINSyVOLTSsAMPSsENTHINWFLMASS
1 PRESP,PRESINIPRESOTsRESDPsTSDP sBOLOCAsXLNGTHsSHUNTMsP s
2 DMFFXsENFPXsNDMFFGXs FNFGPX+ENSINSQUAL INsPOWERT s AREAFLsARFAIS
3 NUALOL sSATLsPSATL sPOWERBIPSLBOL 9 CFXAVGs CFXLOX s JLOCAT 3K sX s
4PRPEAK s POWFRX 9 ENLOX 9 ENSLOX s QUALOX 9 DMEFY » DMEFGY s POWOQ s ONEOVM s
5 CNSLFMsONFMSO9STIGNZ sARGsZsFACMIBYFACPLBsCFXBfoL Yy
6 FACTMTsPOWFRY s CFXLOY s FNLOY » ENSLOY s QUALOY 9 FACHPL s
TCONSTP s SCRPTL9ZFTASPLNGTHs JoUsULOCAT s COSABK ¢ SINABK s 1
8 FXTRAAYEXTRARSFXTRACSFXTRADIEXTRAFsFXTRAF S
IDMEFByDMEFGRsFNLNOBsFNSLOBsOUALOBYEXTRAGIEXTRAHSEXTRAT $EXTRAY
COMMON QUALTASGLINS TKINCH
1INP DX COLM1»COLM2 s COLM3 sCOLMG s SUMCOL s PHIMN s GTOTSC s GSURZ s SUMO s SUM1 »
25UM29 SUM3y SUM4 » SUMS s OMEGAP sOMEGA s PGMUL T3P SUBL s T9VISCL s VOL SPL s ENOs
3VOLSPG»QUALO4 sPOWERA s PANBOL » DENFO»DENFGO» FNSO 9sOUALO $DVSPLODVSPGO s
4GTOT sNDPMOM s GRDMT s DV SPL sDVLSPGs TERM1 s TERM2 s TERM3 o TERM4 s GGAS DTy
S5DVISCLsREYNUMsFFACTP s FFACT s VELOC» GRDFSsDPGML T sGRDF T ¢NGRDMT s GRDTOT »
6B9GRAVACSGRAVCS 9 GRAVCH» VALUEN s FACTUN9BMADA sDBMADA A9 FTELMTK s YPLUS s
TTAUWAL s FYPLUS »GFILMsGLOENT sPCLIQsPCLENT s DUMMY A » DUMMYB » DUMMYC
FORMAT (F10,05F10429F106494F10,1)
FNOMAT (5F10,091F10,2)
FORMAT (2F10,2)
FORMAT (T5,F1N,3)
FORMAT (24H INLFT LIQUID ENTHALPY = F8,2»
1 25K INLET EVAP ENTHALPY =FBe2s 22H
FORMAT (16H INLET QUALITY = F6e3) .
FORMAT(12H FLOW AREA =3PE1542s25H INSIDE SURFACE AREA =0PE1544)
FORMAT{35H LFNGTH WHFRE QUALITY FQUALS ZFRO =F15,2s
1 42H LENGTH OVER WHICH QUALITY ABOVE ZFRD =F15,2)
FORMAT (24H PNOWER OVER SAT LENGTH =1PF10.3s17H POWER TO BO =
1 1PE1043526H POWER FRPOM SAT TO BO = 1PE10.3}) -
FORMAT(20H AVG CRITICAL FLUX =1PF10,3s
1 26H CRITICAL FLUX AT B0 = 1PF1N,3)
FORMAT (F10,2)
FORMAT(F10,1)
FORMAT(2F20,42)
READ 515sTUBEsRATIOMsDIAINSsVOLTSsAMPSsENTHINFLMASS
READ 520+PRESPsPRESINIPRESOTIRESDP s TSDPsROLACA
READ 525+XLNGTHs SHUNTM
READ 5303 JLOCATNUALITA
PRINT 515sTUBEsRATIOMsDIAINSsVOLTS»AMPS s ERTHINSFLMASS
PRINT 5209PRESPyPRESINIPRESOTsRESDP » TSDP sBOLOGA

INLET SUBCOOLING =FB842)

00440
00450
00460
00470
0n4Rn
nn&sn
00500
nos1n
nes20
nns3n
00540
00550
00560
00570
nnsan
00590
00600

00010
00020
00030
00040
00050
00060
00070
00080
00neo
0onlnn
00110
nn12n
00139
nolao
00150
0160
00170
00180
nolan
00200
00210
00220
nn23n
00240
00250
00260
00270
nn280
00290
00300
00310
00320
nn3an
n034n
LLELT}
00360
00370
001380
00390
00400
00410
00420
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100

785
789

760

765

777

145
159

778

78N
785

157
140

162

165
166

167

PRINT 5283 XLNGTHSHUNTM
PRINTS20, JLACAT AUALTA

P=PRFSIN

CALL LINFN

DMFFX=ENFDX

CALL FVAPENM

NMEEGX =FNFADX

FNSIN=ENTHTIN-NMEFX

AUAL TN=ENS IN/DMEFGX

POWERT=VAL TS*AMPS#3 441 %SHUNTM
ARFAFL=(3,1416*NTATNS*¥NIAINS ) /57640
APFATS=(3,1416#XLNGTHRNTAINS)/144,0
QUALOL = (=XLNMGTHXFNSTN*ELMASS ) /POWFRT
SATL=XLNATH=-AUALAL
PSATL=COWFR T2 (SATL/XLNGTH)
DAWFDR=POYESTX{RALNCA/XLNATH)

1F (RALNCA=-NUALNL) 75057504755

IF (BOLOCA=-(1,6%Q0UALOL}) 76097605765
D=DRESIN

GO TO 770

P=PRFSIN= (0,750%#TSNP*(BOLNCA-QUALOL)/(XLNGTH=OUALOL)}
a0 TO 770

PRRFAK =PRFSIN={0,750%TSOP*(04,60*QUALOL) / (XLNGTH-QUALOL) )
P=PARFAK=( (PRPFAK-PPFSAT)I#(BNLNCA=(1460%NUALAL) )/ (XLNGTH-
T (T.6N*N0ALOLYY)

CALL LINFN

NMEFR=CNEDY

CAaLL FYADFEM

AMFFGR=FNFARDX
FNLOR=FNTHIN+POWFRR/FL¥ASS
FNSLOR=FNLOR-NDMFFR
AUALNR=FNSLOR/NMFFGR

PSLAOL =PSATL - (POWERT ~DOWERB )
CFXAVA =POWFRT/ARFALS
CFXBO=POWFRT/ARFAIS

PRPINT 540 ¢ NMFFX 9 NMFFGX s ENSTN

PRINT 5435 NUALIN

PRINTS45,ARFAFL yARFATS

PRINT SK04NUALOL »SATL

PRINT S855 4 PSATLs POWFRRy PSLROL

DO IMT B0y CEXAVGRCFXRO

DOINT 776,03NMFFARNMFFGR

PRINT 7RO, ENLAR,ENSLAR

POINT T8&,AJALNR

FAPMAT(17H PRESSURE AT BO =F641925H SAT LIO ENTH AT BO =F8.2s
1 224 FVAP FNTH AT BO =F8,2)
FOPMAT(13H FNTH AT RO =F842s 27H SUBCOOLED ENTH AT BO =F8.2)

EOARMAT (164 NUALTTY AT RO =F6,3)

CALL ARDMOM

CALL VNTANN

N0 460 K=1,JLOCATs3

X=K=1

TF(X=NUALOL 1160 160 157

IF(X=(1,60%0UALOL)Y ) 1621625165

P=PRFSIN

6N TO 167
P=PRFSTN-{0,750%TSNP*(X-QUALOL )/ (XLNGTH=QUALOL) )
&N TN 167

PRRFAK=PRFSIN=(04750%TSDP* (0,60%QUALOL) /(XLNGTH-QUALOL))
P=DRRFAK-{ (PROEAK-PRESAT ) # (X=(1460#OUALOL) Y/
1 (XLNGTH-(1,60%0UALOL) 1)

CALL LINFN

PMFFX=FMFPX

CALL FVAPEN

NMFFGX=FNFEPX

no43n
00640
00450
00460
00470
0n48o
no4asn
00500
00510
00520
005130
00540
00550
00560
00570
00580
00590
00600
00610
00620
00630
00640
00450
00660
00670
00680
00690
00700
00710
00720
00730
00740
00750
00760
00770
00780
00790
00800
noglo
00820
00830
00840
00850
[ le1:1-T0)
00870
00880
00890
00900
00910
00920
00930
00940
00950
00960
00970
n0980
00990
01000
01010
01020
01030
01040
01050
0106qQ
01070

PRINT 565 X
PRINT 570 P .
PRINT 575:DMFFX yDMFFG
17C CFXLOX=POWFRT/ARFAIS
175 POWERX=POWFRT#{X/XLNGTH)
180 ENLOX=FNTHIN + POWERX/FLMASS

185 ENSLOX=FNLOX=DMFFX
190 QUALOX=ENSLOX/DMEFGX

PRINT 700+POWERT s POWERX s CFXLOX

PRINT 710sENLOX

PRINT 720+ FNSLOX»QUALOX
700 FORMAT(14H POWER TOTAL = E944/»

1 28H POWFR INPUT TO POSITION X = E9.4/s

2 18H LOCAL HEAT FLUX = E11.5)
710 FORMAT(31H LOCAL ENTHALPY AT POSITION X = F8e )
720 FORMAT(41H LOCAL SUBCOOLED ENTHALPY AT POSITION X = F842/s

130H LOCAL QUALITY AT POSITION X = F6e3)

CALL FILMFR
460 CONTINUE

RFTURN

FND

SUBROUTINE COSINE
COMMON NTUBES yMSHAPE » TUBE+RATIOMsDIAINS s VOLTSsAMPSsENTHINSFLMASS,
1 PRESP4PRESINIPRESOTHRESDPs TSDPsBOLOCAs XLNGTHs SHUNTMsP
2DMEFX s ENFPX 9 DMEFGX s ENFGPXsENSTN2QUALINsPOWER T4 APEAFL »ARFATS,
3 QUALNL sSATLsPSATLIPOWFRBIPSLRNL s CFXAVG CFXLOX s JLNCAT sK 9 X
4PBREAK sPOWFRX s FNLOX 9 ENSLOXsQUALOX s DMEFY s DMEFGY s POWONR» ONEOVM
85 COSLENSNNEMSO»SIGNZ »ARGZsFACMIBFACPLRCFXROsL2Y
6 FACTMI sPOWFRY s CFXLOY s FNLOY s ENSLOY s NUALOY »FACTPL»
TCONSTP s SCRPTLsZFTAsPLNGTHe JsUsULOCATSCOSABK9SINABK s T
8 EXTRAAWEXTRABsFXTRACIEXTRADsFXTRAEFXTRAF»
9 DMEFBsDMEFGBsENLOBs FNSLOBsQUALOBRsEXTRAGSEXTRAHIEXTRATSEXTRAY
COMMON QUALIAsGLIQ»TKINCH»
1DP ¢DX s COLM19COLM29COLM3 9COLM4L » SUMCOLsPHIMN»GTOTSC»GSUBZ » SUMO» SUML »
25UM23SUM3 ¢ SUML s SUMS5 3 OMFGAD s IMFGA 9 PGMUL T s PSURL s TeVISCL2VNLSPL s ENOs
3VOLSPGsQUALNGsPOWERASPANBOL s DFNFO s DENFGOsFNSOsQUALOsDVSPLODVSPGO»
AGTOT.annM'GnDMT’DVLSDL’DVLSPGOTFQMI’TEDMZ'7g°M3!TFQu“'GGASIDT’
5DVISCLsREYNUMyFFACTP s FFACT s VFLOCSGPNFSsNPGMLT o GRDF T o NAROMT 3 GRNTOT
6B yGRAVAC sGRAVCS 9 GRAVCH)VALUENs FACTUN»BMAOA sDRMAOA» A3 FILMTK s YPLUS,
TTAUWAL s FYPLUS ¢ GF ILMs GLAENT s PCLIN s PCLENT » NUMMY A » DUMMY B DUMMY C
515 FORMAT (F10,CeF10429F10e494F1N,1)
520 FORMAT (5F1040y 1F10.2}
525 FORMAT (2F10.,2)
530 FORMAT(159F1063)
540 FORMAT(24H INLFT LTIOUID ENTHALPY = F8429¢

1 25H TINLFT EVAP ENTHALPY =F8e42s ?22H INLET SUBCOOLING =F8,2)
543 FORMAT(16H INLFT QUALITY = Fé643)
545 FORMAT(12H FLOW AREA =3PE1542,25H INSIDE SURFACE .AREA =0PE1Se4)

550 FORMAT(35H LENGTH WHERF QUALITY EQUALS ZFRO ={'15.2»
1 42H LENGTH OVER WHICH QUALITY ABOVE ZERQ =2F15.2)
555 FOPMAT(24H POWER OVER SAT LENGTH =1PE10e3917H POWER TO BO =
1 1PE1043426H POWER FROM SAT TO BO = 1PE10e>)
560 FORMAT(20H AVG CPITICAL FLUX =1PF10,3»
1 25H CRITICAL FLUX AT B0 = 1PE10,3)
565 FORMAT{F10,42)
570 FORMAT(F10.1)
575 FORMAT(2F20,2)
READ 515sTUBEsRATIOMsDIAINSsVOLTSsAMPSyENTHINSFLMASS
READ 5209PRESPPRESINIPRESOTsRESDP s TSDP»BNLOCA

01080
01090
01100
01110
01120
01130
01140
01150
01160
01170
01180

01210
01220
01230
01240
01250
01260
01270
01280

00010
00020
00030
00040
000560
00060
00070
00080
00090
00100
00110
00120
00130
00140
00150
00160
00170
00180
060190
on20n
00210
00220
n0230
00240
00250
00260
00270
00280
00290
00300
00310
00320
00330
00340
00350
00360
00370
00380
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READ §259XLNGTH SHUNTM
READ 530+ JLOCATSRUALTA
PRINT 515, TURFsDATTIAMINTAINS s VALTS »AMPS s FNTHINSFLMASS
DRINT 520 9PPFSD4OOPFESINSPOFSNT 3PESDD s TSDP $BOLNCA
PRINT 62654 XLNATHs SHUNTM
ORINT 537, JLACATNUALTA
P=DRFSIM
CALL LINFN
AMEFY=ENFDY
CALL FVADEM
PMEFGY=FNFAPX
FNSIN=EMTHINaMEEY
QUALTN=FNS TN/ NMEFRY
PAWERT=YNLTS#AMDS#3 4T ¥SHUNT
ARFAFL=(341416#NTAINS=#NIAINS)/ (876,40}
AFEATS= (3414 16X XLNATHRNTIATINS )/ 14440
27§ DAYNI= —ENSTVEFLMYASS
237 ONFOVM =1 ,7/PATI"Y
235 CNSLFN=(1,%778%XLNGTH)/ACOSF (ONECVM)
247 ONFMSN= SAPTER( (PATIOM#*%2 =140) / RATINM¥%2 )
1F (1,0=(240%POWNR/POWERT) ) 2555 255, 245
P45 SIGNZ =ONEMSO® (1 40=(2,08POWNN/POWFRT) )
an TN 278
255 SIGNZ= ONF“Sn#( (240#POWNN/PIWERPT) = 140 )
267 APG=ASINE(STANZ)
265 7 =CNSLFN#ARG /33,1416
270 AUALNL=(XLMATH/ 2,37 )42
~n TN 200
275 ADPA=ASTNF{RTANZ)
PRT Z=CNSLENRARAR/34141A
285  AUALAL=(XLNGTH/2 400y =7
23% TATL=XLNGTH=AIALAL
295 PSATL= POYF2T =27WIN
T (ROLNTA=(XLNGTH/2,07)) 225432F,53473
A28 FACMTIR=(1,0=(SINF({ (2,1416%((XLNGTH/2,0N}=BNLNCA) ) /COSLENY/
10NEUSAY Y
225 DNWFRR = (PAWERTEFAFMIR) /2,0
TF (RNALOCA=QUALNL) 757,757,755
TEE IF (ROLACA-(] 462 UALNL)Y) TAN» 7605745
787 D=DRFSIN
anTA TT)
TAT D=POFESIN- (L4782 TSNOH(BOLACA-NUALOL) / IXLNGTH=-QUALOL) Y
an TA 7770
T4 PROCAC=POFSIN=(04,750#TSDP*{C,60*QUALNL) / (XLNGTH=-QUALOL))
PzOROFAL-( (PRIFAK=PRESNT ) ¥ (BNLNCA=(1460%QUALCL) )/ (XLNGTH-
T {1e6M¥QUALNL) )Y
77° CALL LIASN
PMEFR=FNFDY
CALL FVAPEM
AMEFGR=FNFADYX
ENLOR=ENTHN+PAWERE /FLYASS
ENGLMR=F N NR-AMECR
AUALOR=FNSLNA/NMFFGR
138 CFXRN=144 ¢ ¥ (PAWERT /(74 I*DTAINS*COSLFN#ONEMSN) ) *
16NSF{3,1416%1 (XLNETH/240)-BOLNCA) /CNSLFN}
340 PSLROL =PHWERR =DNWAN
aN TA 253
243 FACPLB=(140+(SINF( (241416%(BOLOCA~(XLNGTH/?2,0) ) )/COSLEN)
1/0NFMSO 1))
345 DOAWFBR = (PAWFRT#FACDLR) /2,0
1F (RALNCA=NUALOL) 85048505855
858 TIF (RANLOCA-{1,6%0UALOLY) R6098A09B65
857 D=DOFSIN
&M TA ’R7N
RA0 P=DPRPESIN- (0,750%¥TSHDOX(BOLOCA-QUALOL)/ (XLNGTH=QUALOL))

00390
00400
00410
00420
n0430
00440
n0450
00460
00470
00480
00490
nosnn
00510
00520
00530
00540
00550
00560
00570
00580
00500
00600
00610
00620
00630
00640
00650
noeen
00670
00680
00690
00700
00710
00720
00730
00740
00750
n0760
00770
00780
00790
00800
00810
00820
00830
00840
00850
00860
00870
00880
00890
00900
00510
00920
00930
00940
00950
00960
nosS70
00980
00990
01000
01010
01020
01030

G0 TO R70

865 PRREAK=PRFSIN={0,75N%TSDP*(0,60%QUALOL)/ IXLNGTH-QUALOL))
P=DRRFAK=~( {PBRFAK-PRESOT)*(BNLNCA=~{1460%0UALN )1/ (XLNGTH=
1 (1460%QUALOLY)Y)

870 CALL LIQFN !
DMFFR=FNFPX
CALL FVAPFN f
DMFFGB=FNFGDX
FNLOB=ENTHIN+POWERB/FLMASS
ENSLOR=ENLOB-DMEFB
NUALOB=ENSLNB/NMEFGB

248 CFXBO=14440% (POWERT/(2,0#DTATINS*COSLENRONEMSN) ) *
1COSF{241416%(80LOCA=(XLNGTH/240) )/COSLEN }

350 PSLROL =POWERBR -POWNG

353 CFXAVG = POWERT / ARFAIS
PRINT H4"yDMEFY s DMFFAY s FNSTN
PRINT 5439 AUALIM
PRINT 5459 ARFAFL sARFAIS
PRINT 550 4QUALOLs SATL
PRINT 555 sPSATLs POWFOB, PSLBOL
PRINT 5605CFXAVGYCFXRO
PRINT 775sP9DMEFRsNDMEFGB
POINT 7805 SNLNRFNSLAB
PRINT 785,0UALNR

775 FORMAT(17H PRESSURE AT BO =F6e13925H
1 22H EVAP FNTH AT RO =FB8,2)

780 FORMAT(13H SNTH AT RO =F842s 27H

785 FORMAT(16H QUALITY AT 80 =F6,3)
CALL nPpHMOM
CALL CNSANN
NO 460 L=14JLOCAT3

360 y=L-1

1F (Y = NUALOL)Y 370y 370 365
365 IF (Y —(146%QUALOL) ) 375, 375s 380
370 P = PDFSIN
60 TO 390
375 DO=PRESIN-(0,750#TSNO*(Y=-NUALNL)/ IXLNGTH=NUALNL) )
GO TC 390
380 DBRFAK=PRFSIN-(0,757%TSDP*{0,60%NUALOL}/ IXLNG H=AUALNL) )
385 P=DPRPFAK~((PBRFAK=-PRFSAT)I#(Y=(1,60%nUALOL))/
1 (XLNGTH=(1460%0UALOL)))
390 CALL LIOFN
NDMFFY=FNFDX
CALL FVAPFN
DMEFGY=ENFGPX
PRINT 5659Y
PRINT 570, P
PRINT 5753NDMEFY s NMFERY
IF (Y={XLNGTH/?,40) 140054004428
400 FACTMI=(1,0=(SINF( (3,1416%( (XLNGTH/2.0)=Y) )
1/COSLEN)} /ONEMSQ)
410 POWFRY =(POWFRT#FACTMI) / 2,0
412 CFXLOY=144,0%(POWERT/ (2, 0#DTATNS*COSLENKONFMSNY ) *
1COSF(3,1416%( (XLNGTH/240)=Y)/COSLFN)
415 FNLOY = ENTHIN + (POWERT*FACTMI) / (2.0 *FLMASS)
420 ENSLOY=ENLOY=DMFFY
425 QUALOX=ENSLOY/DMFFGY
-0 TO 455
428 FACTPL={1,0+(SINFI (3,1416%(Y-(XLNGTH/2,0) ) )
1/COSLEN) ) /ONFMSQ)
430 POWFRY = (POWFRT*FACTPL) / 2.0
433 CFXLOY=14440%(POWEPT/ (2.0%DIAINS*#COSLEN#ONEMSA) ) *
1COSF(341416#(Y=(XLNGTH/2,0) )/COSLFN}
435 ENLOY = ENTHIN + ( POWERT* FACTPL) / U 2,0 * FLMASS)
440  FENSLNOY=ENLOY~DMFFY

SAT LI1G ENTH AT BO =F8e2»

SUBCOOLED ENTH AT BO =F8.2)

01040
01050
01060
01070
01080
01090
01100
01110
01120
01130
01140
01150
01160
01170
01180
01190
01200
01210
01220
01230
01240
11250
01269
01270
01280
01290
21300
01310
91320
r1330
01340
01350
n1360
01370
n1380
01390
01400
N1410
01420
N1430
01440
n1450
nNis6n
01470
01480
ni149n
n1snn
n151n
01520
n1530
01540
01550
01560
01570
n1s8n
01590
n1600
01610
01620
01630
01640
01650
01660
01670
01680

W



450 OUALNX=FNSLOY/DMFFGY
45% CONTINUF
PRINT 70N 4DNWFRT ,DOWFRY s CFXLOY
PRINT 71%+5NLOY
PRINT 720+ENSLOY sOUALNX
700 FORMAT(14H POWFR TOTAL = FOq4/y
1 28H POWER INPUT T0O POSITION X = E944/»
2 18H LOCAL HFAT FLUX = F11,5)
710 FORMAT(31H LOCAL ENTHALPY AT POSITIONTX = F8,47)
720 FORMAT(41H LOCAL SUBCONLED ENTHALPY AT POSITION X = FB842/»
1304 LOCAL QUALITY AT POSITION X = F6e43)
CALL FILMFR
46" CONTINUF
RFTURN
)

SURROUTINF LININC
COMMON NTUBFSsMSHAPEs TUBEsRATIOMsDIAINSsVOLTSsAMPS9ENTHINSFLMASSy
1 PRFSPsPRESIMePPESNT 4PESPP s TSDP sBOLOCA XLNGTH SHUNTMy Py
2 DMFFXsENFPXsNDMEFGXs ENFGPXsENSINsQUAL INsPOWER T AREAFL9AREAISY
2 QUALNL 9 SATL +PSATL»DNWERBPSLBOL s CFXAVGCFXLOX s JLOCAT 9K 9 Xy
4PRBEAK s POWFRX 9 FNLOX s ENSLOX s QUALOX s DMEFY +DMEFGY s POWON 9 ONEOVMy
5 CNSLENSONFMSNsSIGNZ9sARGeZ9FACMIBFACPLBsCFXBOsL Yy
6 FACTMIWPOWERYsCFXLOYSENLOYSENSLOY sQUALOYsFACTPL
TCONSTP s SCRPTLWZETASPLNGTHs JrUsULOCAT9COSABKsSINABK 1y
8 FXTRAAWFXTRABSFXTRACIEXTRANSFXTPAESEXTRAF»
ANMFFByDMEFGRYFNLOB9 FNSLOBsQUALOBIEXTRAGSEXTRAHIFXTRAT s FXTRAY
COMMON QUALTASGLIQs TKINCH»
1DPsDXsCOLM1»COLM2 9COLM3 sCOLMS s SUMCOL 9 PHIMNSGTOTSC9GSUBZ ¢ SUMO » SUMY »
2SUM29SUM3 9 SUML s SUMS s OMEGAP sOMFGA s PGMULT sPSUBL s ToVISCL s VNLSPL 9 FNO»
AVNLSPG s QUALNL sDOWEP A » PANBOL s DENFO 9 DENFGO s ENSO s OUALOsDVSPLO9DVSPGOs
4GTOTHNPMOM s GRDMT s DVLSPLsDVLSPGs TERM1 s TERM2 s TERM3 5 TERM4 » GGASs DT
RDVISCLIREYNUMyFFACTP s FFACT 9 VELOCYGRDF Sy DPGMLT sGRDFT 9DGROMT 9 GRDTOT o
6R 9 ARAVACIGRAVCS s GRAVCHs VALUFRNs FACTUNsBMAOA »DBMAOA S AsFILMTK»YPLUSs
TTAUWAL sFYDILUSsGFILMs GLOENT sPCLTQs PCLFNT 5 DUMMY A s DUMMY R4 NUMMY C
815 FOBMAT (F10,09F10429F104494F10.1)
527 FORMAT (5F104,0s1F10,2)
5725 FORBMAT (2F10,2)
820 FORMAT(154F1043)
540 FORMAT(24H INLFT LIQUID ENTHALPY = FBe2s
1 25H INLET FVAP ENTHALPY =FB8e2s 22H
G473 FNRMAT(16H INLFT QUALITY = F6e3)
545 FOOMAT(12H FLOW AREA =3PE1542925H INSIDE SURFACE ARFA =0PE15.4)
8587 FOPMAT(35H LFNGTH WHFRF QUALITY FQUALS ZFRO =F15.2»
1 42H LENGTH AVER WHICH QUALITY ABOVE ZFRN =2F15.2)
585 FARMAT(24H POWER NVFR SAT LENGTH =1PE1043917H POWER TO BO =
1 1PF1043+26H POWER FROM SAT TO RO = 1PE1045) :
RAN  FNOMAT(20H AVA FRITICAL FLUX =1PF1043»
1 254 CPITICAL FLUX AT BO = 1PE10,3)
565 FORMAT(F10,42)
570 FORMAT(F10,1)
§75 FOOMAT(2F2047)
PEAD 5159y TUREGRATIOMsDIAINS s VOLTS9AMPSyENTHINSFLMASS
READ 520sPFSPsPRESINIPRESOTsRESDP» TSDP»BOLOCA
OFAD 5258 XLNGTHs SHUNTM
RFAD 530, JLOCAT»QUALTA
PRINT 5159 TUBEsRATIOMIDIAINSsVOLTSsAMPSsENTHINSFLMASS
PPINT 520 sDRESPyPRESINSORESOTsRESDP#TSDP»BOLOCA
DBINT §25y XLMGTH SHUNTM
PRINT 537, JLOCATsQUALTA

INLET SUBCOOLING =F8.2)

016990
01700
n1710
01720
01730

01760
01770
01780
01790
01800
01810
01820
nis3n

01290
01300
01310
01320
01330
01340
01350
01360
01370
01380
01390
01400
01410
01420
01430
01440
01450
01460
01470
01480
01490
01500
01510
01520
01530
01540
01550
01560
01570
01580
01590
01600
01610
01620
01630
01640
01650
01660
01670
01680
01690
01700
01710
01720

100 P=PRFSIN
CALL LTQEN .
DMFFX=FNFPX
CALL FVAPEN
DMEFGX=ENFGPX
FNSIN=FNTHIN-DMEFX
QUALIN=ENS IN/DMEFGX
DOWFRTaVNL TSHAMPS %3, 41 ¥SHUNTM
AREAFL={3e1416%#DTAINS*NIAINS) /57640
AREAIS=(341416*XLNGTH®DIAINS) /14440
POWOQ==(ENSIN#FLMASS)
QUADA= (RATIOM=1,00)/(2,00%XLNGTH} .
QUADC=- (XLNGTH# (RATI0M+1,00) #POWNO0)/ (2, 00%POWFRT)
QUALOL=(=1,00+( ARSFISQRTF(1,00-4,00#QUADA®QUADC) ) )}/ (2,00%QUADA}
SATL=XLNGTH-QUALOL
PSATL=POWFRT-POWOQ
POWFRR=( (POWFPT#2,00)/ (RATIOM+1,00) )1 *( {ROLOCA/XLNGTH}
1 +{ROLOCA¥ROLNCA*(RATINM=1400))7 (XLNCTHEXLNGTHR2,00))
IF (AOLOCA-NUALOL) 750,750,755
755 IF (BOLOCA-(1e6%QUALOL)) 76097605765
750 P=PoESIN
GO TO 779
760 PzPRFSIN- (04750#TSNO* (BOLOCA=QUALOL )/ (XLNGTH=QUALDL))
Gn To 77¢C
765 PBREAK=PRESIN=~(04750%#TSDP*#(0+,60%QUALOL)/ {XLNGTH=QUALOL))
P2PRREAK~( (PBREAK~PRESAT)* (BOLOCA=(1460#NUALOLY )/ {XLNGT H~
1 (1.60%QUALNLY) )Y
770 CALL LIQEN
DMEFB=ENFPX
CALL FVAPFN
NDMFFGR=ENFGPX
ENLOB=FNTHIN+POWFRB/FLMASS
ENSLOB=ENLOB-DMEFB
QUALOR=FNSLNR/DMFFGR
CFXBO={ {2,0%DOWERT )/ (APEAIS#(1,00+4RATIOMY))
1 #(1,00+(ROLNCA*(RATIOM=-1,001))/XLNGTH)
PSLROL=POWFRA-POWOQ
CFXAVG=POWFRT/AREAIS
PRINT S5&40sDMEFXsDMEFGX9ENSIN
PRINT 543 QUALIN
PRINT545,AREAFL9AREAIS
PRINT 550+QUALOL »SATL
PRINT 558 4 PSATLs POWERBs PSLBOL
PRINT 5609CFXAVGsCFXBO i
PRINT 7759PsDMEFBDMEFGB
PRINT 7803ENLORSENSLOB
PRINT 785+NUALOR
775 FORMAT(17H PRESSURE AT BO =F6.1925H
1 22H EVAP FNTH AT BO =F8,2)
780 FORMAT{13H ENTH AT BO =F8.2s 27H
785 FORMAT(16H NUALITY AT 80 =fF6,3)
CALL GRDMOM
CALL LNTIANN
DO 460 K=1,JLOCATs3 -
156 X=K=1
TF{X=QUALOLY160 5160 »157
157 1F(X-(1,60%#QUALOL) ) 16291629165
160 P=PRFSIN
GO 1O 167
162 P=PRESIN=(0,750%TSDP*(X-QUALOL)/ {XLNGTH-QUALO! )}
GOTO 167
165 PRRFAK=PRESIN-(0,750#TSDP*(0,60#NUALOL) /(XLNGTH=NUALNL)Y
166 P=PRAIEAK=( (PBRFAK-POFSNAT)*(X~(1260%0UALOL )Y/
1 (XLNGTH-(1,60%QUALOL)))
167 CALL LIQGEN

SAT L1Q ENTH AT BO =F8,2s

SUBCOOLED ENTH AT BO =F8.2)

01730
01740
01750
01760
01770
01780
01790
01800
01810
01820
01830
01840
0185%0
01860
01870
01880
01890
01900
01910
01920
01930
01940
019%0
01960
01970
01980
01990
02000
02010
02020
2030
n2040
02050
02060
02070
02080
02090
02100
02110
02120
02130
02140
02150
2160
02170
02180
02190
02200
2210
02220

" 02230

02240
02250
02260
02270
02280
02290
02300
02310
02320
02330
02340
02350
02360
02370

T



187
18%
190

515
L el
R2%
52"
a40
543
545
565
555

540

DMFEX=FNFDX

CALL FVADFN

NMEFAX=FNFrDX

PRINT 565 ,X

PRINT 5§77 P

PRIMT 5754 NMEFX gNMFEARX
CEXLOX=((2,0#POWFPT )/ (APFATS*{PATINM+1,00)))
1 #01,00+((X*(PATTIOM=1,00))/XLNATH) Y

POWFBX=( (DAWERT#2,70) /7 (RATINOM+14N0) ) ¥ {X/XLNGTH+( (X%X#(RATIOM=1,00)
1 )/ IXLNGTH®XLNGTH®2,70)))

ENLOX=FNTHIN 4+ DOWFRX/FLMASS

FNSLNX=FENLOX=NMFEX

OUALAX=FENSLAX/DMFFGX

DRINT 7NNy DAWERT s PAWERX s CFXLNX

PRINT 710 4FVLOX

PRINT 7273 FNSLAX sOUALNX

FAPMAT(14H DOWEP TOTAL = F0,4/

1 28H DAWFR INPUT TN ONSITINN X = EG,4/

2 18K |NCAL HFAT FLUX = F11,5)

FAOMAT{31H LNCAL ENTHALPY AT PNSITIONTX = FRe2)
FORMAT (414 LOCAL SUBCNOLED FMTHALPY AT POSITINN X = FBe2/s
1304 LNACAL NUALTTY AT PASITION X = Fé4e3)

CALL FILMEP

CONTINUF

DETIION

ENR

SURRNUTINF LINNFr
CAVMAN NTURESsMSHAPF s TUBF s RATIOMs DTATNS s VOLTS s AMPS»FNTHINFLMASS,
1 POFSD,PRESINSDPFSAT 4RESNP s TSNP s RALNCASXLNGTH SHUNTM, D,y
2 NMEEX ZENMFDX 3 IMEERX g ENEADX 3 FNS TN QUAL IN9POWFR Ty APFAFL yARFATS
2 AUALAL s SATL9DSATL 9DNHEIR DS AL CFXAVAYCFXLN; s JLNCAT 59Xy
4LDRREAL 4 DNWERX s FMLNX s FNSLOX sNUALOX 9 DMEFY 9 DMEFGY » POWNN s ONTOVM
B CASLENSANTMSN G STGNT7 9APGZ s FACMIRZFACPL Ry CFXRO LYy
A FACTMT 9DNWEDY s CEXLNY s FNLOY s FNSLAY s NUALNY s FACIPL
TEANSTD,SEPPTL 9 ZETASPLNGTH JoUsULNCAT9CNSARKSSINARK Ty
8 EXTPAASFXTPARSFEXTPAC s FXTRANSFXTRAC4EXTRAF,
ANMEFR yNMFFRR,FNLN2 s TNSLORy NUALDBIFXTRAGSFXTRAHSEXTRAT»EXTRAY
cAMMAN NUALTASGLIQ» TKINCHs
1NPsNX 3 COLMY s CALMP s CALMB s COLML 9 SUMCNAL s PHIMN sGTATSC»GSURZ s SUMD » SUML »
ISUMZ 9 SUMB s SUML s SUME 3 TMEGAP 3 OMEGA s PGMULT sPSUBL s TeVISCL s VOL SPL9ENO
2YALSDRE,NJALNG 4 DAYEP A3 DANRNL s DFMFA G DFMEGN s ENSNsAUALN NV SOLOsDVSPGN
GGTAT yNOMAM  GRNMT s PV SPL s NV SDGs TEOM] 3 TERM2 3 TFNM3 3 TFRMA 3 GGASSDT
ENVISALsREYNMUMSFFACTO 3 FFAST 4 VELN 3 GONFSyNPGMLT 3 RRDFToNAPHMT,GRNTAT
ARG GPAVAC Y GRAVCSpGRAVCH VALUEN s FACTUNyRMANASDRMANA 3 A9 FILMTK s YOLUS,
TTAUWAL 9FYDLUSsGFIL" s GLNENT 421 19PCLFNT 9 DUMMY A9 DUMMY Ry DUMMYC
EAPMAT (F10,79F104295104494F10.1)
EABUMAT (RF1N,741F17,2)
FABMAT (2F10,2)
FAPMAT(159F1%43)
FARMAT (24H INLST LIQUID ENTHALPY = F8,2,
1 2KH INLET EVAP FNTHALPY =FB842s 22H
EARMAT(16H INLFT QUALITY = F643)
FARMAT(12H FLOW ARFA =3PE16,2925H INSIDE SURFACE ARFA =0PE15e4)
EARMAT (38H LENGTH WHFPE QUALTTY FQUALS ZFRO =F15.29
1 42+ LFNGTH JVFR WHICH QUALITY ARNVE ZERO =F15,2)
FABVAT (24H SOWED OVFP SAT LENGTH =1PF10423s17H POWER TO BO =
1 1PFIN,3926H DOWFR FROM SAT TO R0 = 1PF10.3)
FARMAT (271 AVG CRTITTCAL FLUX =1PF1043»
1 25H CRITICAL FLUX AT 8n = 1PE1043)

INLET SUBCOOLING =F8,2)

n238n
n239n
02400
n241n0
02420
02430
02440
02450
02460
02470
02480
02490
02510
n2510
02520
02530

02560
02570
02580
02590
02609
02610
02620
n2630

02640
02650
02560
02670
02680
02690
n2700
02710
02720
02730
02740
02750
02760
02770
02780
02790
n2800
02810
02820
02830
02840
02850
02860
02870
02880
02890
02900
02910
02920
02930
02940
02950
02960

565 FOARMAT(F10,2)
570 FORMAT(F1N.1)
575 FORMAT(2F20,42)
READ §153TURFsRATINMGDIAINS VAL TSs AMDS s ENTHIMFLMASS
PFAD 5204PRFSD 4PRESTNIPRESAT 9RESDP s TSNP s ROLACK
READ 5253 XLNGTH» SHUNTM
PEAD §30+sJLnCATSNUALTA
BRINT 5155 TURFsRATIOMDIAINSsVOLTS s AMPS ysFNTHINs FLMASS
DOINT 5203DOPESP 3 PRFSINGPRFSOT yOESDP s TSDP s BOLNC A
PRINT 5255 XLNGTHy SHUNTM
PRINT 530y JLNCATNJALTA
1N0  P=ORESIN
CALL LIOFN
DMEFX=FNFPX
CALL FVADEM
DMFFGX=ENFGDX
ENSIN=ENTHIN-DMEFX
QUALIN=FNSIN/DMEFGX
POWERT =VOLTS*AMPS¥2 441 *SHUNTM
AREAFL=(341416%DIAINS*DIAINS}/57640
ARFAIS=(341416%¥XUNGTHENIAINS )/ 14440
POWOA=—(ENSIN*FLMASS)
OUADA=(RATINM=1,00)/(2,00%XLNGTH*RATIOM)
QUADC=( XLNGTH* {RATIOM+100) *POWOQ) /(2 400 *POWERT*RATIOM)
QUALOL={1,00-(ARSF(SARTF(1,00~4,00%QUADA*NUADCY ) Y)
1 /(2,00%QUADA)
SATL=XLNGTH=0UALOL
PSATL=COWFRT-PAWNG
POWFRA=( (POWFRT#2,00%#PATIOM)/ (CATIOME1,00) )%
1((BOLNCA/XLNGTH) = (ROLOCA*BNLNCA¥ (RATINM=1 4,00} )/ { XLMGTH
2#XLNGTH*2 ,00%RATIOM) )
1F (ROLNCA-QUALNL)Y 75047504755
755 IF (BOLNCA-{146%NUALNL)) T609760+765
750 P=PRESIN
GO TO 77N
760 P=DOFSIN= (0,78N*TSAP*(BOLOCA-NUALOL)/ (XLNGTH=-QUALCL))
GO TO 770
765 PBRFAK=PRESIN=(0,750%TSDP#*(0460%#NUALOL )/ {XLNGTH=QUALNL))
P=PBREAK~( {DBREAK~PRESOT ) *#(BOLOCA-{1460%NUALOLY)/ (XLNGTH-
1 (1.60%QUALOL)))
770 CALL LINFNM
DMFFB=ENFPX
CALL FVAPFN
DMFFAR=FNFADX
FNLOB=FNTHIN4POWFRR/FLMASS
FNSLOR=FNLOR-DMEFB
QUALNB=ENSLNR/DMFFGR
CFXRO={ (2, CXPOWFRT*QATIOM) / t ARFAISH{]1,00+RATICM) ) ) #
1 (1.00-(BOLOCA#(PATIOM=14001)/(XLNGTH¥RATIOM)
PSLROL =POWFOR=0OWON
CEXAVG=POWERT/ARFAIS
PRINT 54CsDMEFXsOMEFGXsENSIN
PRINT 5435 QUALIN
PRINTS5454ARFAFL 9 ARFATS i
PRINT §50»0UALNL »SATL
PRINT 5%5 , DSATL» POWERBs PSLBOL
PRINT 56023 CFXAVGsCFXRO
PRIMT 7754P4DMEFB,DMEFGB
PRINT 780, FMLNB,FNSLNA
PRINT 78550UALOR
775 FORMAT(17H PRESSURE AT BO =F6.1925H
1 22K EVAP ENTH AT RO =F8,2)
780 FORMAT(13H FNTH AT BO =F842s 27H
785 FORMAT(16H QUALITY AT BO =F6+3)
CALL GRDMOM

SAT LIQ ENTH AT BO =FB842s

SUBCOODLED ENTH AT RO =F8.2)

03570
03580
03590
03600
03610



CALL LNDANN
DO 460 K=1,JLOCATs?3
156 XaK=1
TFIX=NUALOL)16" +16" 4157
157 IF(X={1,6C*NUALOL)Y ) 1629162145
160 P=PRFSIN
GN 10 167
167 P=zORESIN=(04750#TSNO*(X—QUALNL)/ (XLNGTH=QUALOL))
GOTO 167
165 DAROFAK=PRFSIN=(0,750#TSDP*#(0,60*QUALOL) /{XLNGTH-OUALNLY)
166 D=DRAFAK—( (PRPFAK-PBFSOT)#(X=(1460%0UAMOL) )}/
1 (XULNGTH={1,67%0OUALOL}))
167 CALL LIOFN
NMEFX=FNFDPYX
CALL FVAPFN
AMEEGXsFNFADX
PRINT 565 X
PRINT 570 40
PRINT 5759DMEFX 9NMFFRX
CFXLOX2( (2, C*POWFRT#RATIOM) / (ACEAIS#(1400+RATIOM) ) ) ¥
101400 (X%{PATIOM=1,00))/(XLNGTH®*RATIOM))
PAWFRX = ( (POWFRT#) q00%PATIOM) /7 (RATIOM+1400) )% ( {X/XLNGTH)
1= (X%X# (RATIOM=1,N0) )/ (XLNGTH¥XLNGTH*2,00%RATIOM) )
18) FNLOX=FNTHIN + PAWFBX/FLMASS
185 FNSLOX=FMLOX=DMFFX
197  QUALOX=FNSLOX/DPMFFGX
PRINT 7N04DNWFRT $POWFOX 9 CFXLOX
PRINT 7109 FNLOX
POINT 7205 FNSLOX sQUALOX
730 FNRMAT(14H DOWER TOTAL = E944/»
1 2RH POWFR INPUT TO POSITION X = FOu4/
2 18H LOCAL HEAT FLUX = E11,5)
717 FORMAT(31H LOCAL FENTHALPY AT POSITIONTX = FB8e2)
72C  FNRMAT(41H LNCAL SURCNOLED ENTHALPY AT POSITION X = FB8e2/»
130H LNCAL OUALITY AT PNASITION X = F6a3)
CALL FILMFR
46C  CONTINUE
PETUON
N

SURRNUTINE PKIN

COMMNAN NTUBES sMSHAPE s TUBE sRATIOMsDIAINS s VOLTS 9 AMPSsENTHIN s FLMASS o
1 PRESPyPIFSINGPRESNT yPFSDP 3 TSDP»BOLOCAs XLNGTH SHUNTM,P,

27 DMEFEX 9 FNFDX s NMEFGX 9 FNFGPX s FNSINsQUALIN 9POWFRT y AREAFL 9AREATSY

2 NUALNL 9SATLIPSATLsPOWFRRYPSLROL s CFXAVGCFXLOX s JLOCAT 9K 9 X s
4DROFAK $DAWERX 9 FMIOX s FMSLOX 3 AUALNX 9 DMFFY s DMEFGY 9 DOWNN s ONEOVMy

B CASLFMNNEMSNASTIGNZ 3 ADGZ s FACMIBsFACPLR 3 CFXRNsLsY

6 FACTMIsPOWFRY s CEXLOY»ENLOY s FNSLOY sNUALOY s FACTPL

TCONSTD 4 SCROTLsZFTASPLNGTHs JsUsULOCAT9COSABKsSINABK Ty

f EXTPAAYFXTRARFXTRPACSFXTRADIEXTRAFsFXTRAF
APMEFR S OMEFGRFNLABY ENSLORINUALOBIEXTRAGSFXTRAHIEXTRAT#FXTRAY
COMMON QUALTASGLIOSTKINCHY

1IN0 sNX s COLMI s CALM2 s CALVI 9 CNLML s SUMCNL 9PHIMNSGTNATSC»GSUBZ » SUMO» SUM1
PEUMI s SUMB 9 SUML s SUME s AMFGAP s OMEGA s PGMULT s PSURL 9 To VISCL s VOLSPL 9 ENO»
AVOLSPGsQUALNLsDOWER A9 DANBOL s DENFO DFNFGO»ENSO$AUALO I DVSPLODVSPGOs
4GTAT sNOMOM 3 GRDOMT s DVLSPL s DVLSPGs TERM]1 s TERM2 s TEF:M3 9 TERMA s GGASs DT
ENVISCLIREYMUMGFFEACTD sFFACT s VELNC sGONFSyNOGMLT sGRDFT o NGROAMT »GRDTOT »
BRIROAVACIGPAVCS s GRAVOH VALURNS FACTUNS RMAOASDBIMANA S ApFILMTK» YPLUS,
TTAUWAL »FYPLUSsGF ILMyGLAENT yPCLIN 9 PCLENT s DUMMY i 9 DUMMY By DUMMYC

R18 FNARMAT {(F10,09F1Ce29F10e494F1041)

03620
03630
03640
03630
03660
03670
03680
03690
03700
03710
03720
03730
03740
03750
n3760
03770
03780
03750
03800
03810
03820
038130
03840
03850
03860
03870
03880
03890
03900

03930
03940
03950
03960
03970
03980
03990
nanon

00010
00020
00030
00040
00050
00060
o0n70
00080
00090
00100
00110
00120
00130
00140
00150
00160
00170
00180
00190
00210

520 FORMAT (5F10,0, 1F10,62)
525 FORMAT {2F1042)
530 FORMAT(I59+F1043)
540 FORMAT(24H INLET LIQUID ENTHALPY = FBe2s
1 25H INLET EVAP ENTHALPY =F8e2» 22H

543 FORMAT(16H INLET QUALITY = F6.3)

545 FORMAT(12H FLOW AREA =3PE1542s25H INSIDE SURFACE ARFA =0PE15.4)

550 FNRMAT (35H LENGTH WHFRE QUALITY EQUALS ZFRO aF15,2s-

1 42H LENGTH OVER WHICH QUALITY ABOVE ZERO =F15,2)

555 FORMAT(24H POWFR OVFR SAT LFENGTH =1PF10e3917H POWER TO BO =

1 1PE1043926H POWFR FROM SAT TO BN = 1PE10.3)
560 FORMAT(20H AVG CRITICAL FLUX =1PF1043»
1 25H CRITICAL FLUX AT BO = 1PE10.3)
565 FORMAT(F10,2)
§70 FORMATI(F10,1)
575 FORMAT(2F20,2)
580 FORMAT (3F10,2)
READ 515»TUBFsRATIOMsDIAINSsVOLTS 9 AMPS o ENTHIN9FLMASS
READ 5209PRESP4PRESINSPRESOTsRESDP s TSDP s BOLNCA
READ 8259XLNGTHs SHUNTM
READ 530sJLOCAT»NUALTA
READ SB80sSCRPTLSZETAsPLNGTH
PRINT 515 TURF9RATIOMsDIAINSsVOLTSsAMPSsENTHIN9FLMASS
PRINT 5204PRESPsPRESINsPRESOTIRESDPsTSDP 9BOLOCA
PRINT 5259 XLNGTHs»SHUNTM
PRINT 5309 JLOCATSQUALIA E
PRINT 5809SCRPTLsZFTASPLNGTH
P=PRESIN
CALL LIGEN
DMFEFY=FNFPX
CALL FVAPFN
DMFFGY=ENFGPX
FENSIN=ENTHIN=DMEFY
QUALIN=ENSIN/DMEFGY
POWFRT=VOLTS#AMPS*3 (41 #SHUNTM
AREAFL=(341416#DIAINS#DIAINS)/(57640)
AREAIS=(3,1416#XLNGTH®DIAINS) /14440

225 POWOQ= =ENSIN®FLMASS

230 ONFOVM =1,0/RATIOM
COSLEN= (1,5708#PLNGTH) /ACOSF{ONEOVM)

240 ONFMSQ= SORTF( (RATIOM#%2 =1,0) / DATIOM®#2 )
SINABK=SINF(341416%(XLNGTH-SCRPTL=(,500%PLNGTH) }/COSLEN)
COSABK=COSF{241416#(XLNGTH=SCRPTL~(4500#PLNGTH))/COSLEN)
EXTRAA=SINABK+ONFMSO
FXTRAB=(SCRPTL#COSARK)/ZFTA
CONSTP=( (CNSLFN#FXTRAA)/3,1416)+{FXTRAB®(14N0=FXPF(=Z5TA) ) )
EXTRAC= (POWFRT#COSLFN)/(3,1416%CONSTP)

EXTRAD=1,04+({ (COSLEN#EXTRAA/3,1416)~(CONSTP#PNWOQ/POWERT) )/EXTPAD)
EXTRAE=(144,0#POWERT )/ (CONSTP#DTAINS#3,1416)
1F (POWOQ-(FXTRACH®ONEMSQ)) 24592459255
245 SINZ=ONEMSQ-(POWOQ/FXTRAC}
ARG=ASINF{SINZ)
Z=COSLFN#ARG/341416
QUALOL=(PLNGTH/?,00)=2 -
60 TO 270
255 IF (POWOQ-(FXTRAC*(ONFMSO+SINABK))) 26002609245
260 SINZ= ~(ONEMSQ={POWON/FXTRAC))
ARG=ASTNF(SINZ)
2=COSLEN#ARG/341416
QUALOL={PLNGTH/2,00)42
GO TO 270
26% U=z (-SCRPTL/ZETA)#LOGF (EXTRAD)
QUALOL =XLNGTH~SCRPTL+U

270 SATL=XLNGTH=QUALOL

PSATL=POWERT-POWOO

INLET SUBCOOLING =F842)

00220
00230
00240
00250
00260
00270
00280
00290
00300
00310
00320
00330
00340
00350
00360
00370
00380
00390
00400
00410
00420
00430
00440
00430
00460
00470
00480
00490
00500
00510
00520
00530
060540
00550
00560
00570
00580
00590
00600
00610
00620
00630
00840
006%0
00660
00670
004680
00690
00700
00710
00720
nO73n0
08740
00750
00760
08770
nH780
nov79n
00800
00810
00820
008130
n98an
60850
[LLLD)

—ERT—



1F (BOLOCA-(PLNGTH/2,400)) 275275+280
275 POWFPR=FXTRAC*{ONFMSN-STINF(341416*( (PLNGTH/2,00)~
1ROLOCA Y /COSLENY)
IF (ROLOCA-QUALOL) 75057505755
75% IF (BOLOCA-{146%NUALOL)) 76097609765
750 P=DPRFSIN
GO TO 770
760 D=PRFSIN= (0,750%#TSNP*(BOLOCA-NUALOL )/ (XLNGTH=QUALOL) )
GO TO 770
765 PRRFAK=DRESIN-(0,750%#TSNP*(0,60%QUALOL )/ (XLNGTH-NUALOL)}
P=PRRFAK—( (PRIFAK-PBESAT } ¥ (BOLNCA-(1¢60%QUALOL) )/ IXLNGTH-
1 (1.60%QUALNL)Y)
770 CALL LIOEN
DMFFR=FNFDYX
CALL FVAPFN
NMFFGB=FNFGPX
ENLOB=ENTHIN+POWERB/FLMASS
FNSLOB=FNLOB-DMEFB
QUALOB=ENSLOB/NMEFGB
CFXRO =EXTRAF#COSF{3,1416%((PLNGTH/2,00)=~
1R0LOCA) /COSLFN) “
GO TO 350
280 IF (RALOCA-(XLNGTH-SCRPTL)) 28592859290
2RE PAWFRR=FXTOACH (NNFMSO+SINF(341416%(
180LOCA-(PLNGTH/2400) )} /COSLFN) )
1F (ROLOCA~QRUALNL) R509850,855
855 [F (BALNCA-(146%NUALOLY) 86098605865
850 P=PRESIN
60 TO RTD
R6% D=PRESIN- (0,750%TSNP*(BOLOCA-QUALOL)/ (XLNGTH=QUALOL})
GA TO RTD
265 PROFAK=PRESIN=-(0,750%TSDP*(0460*QUALOL) 7 (XLNGTH=-QUALOL) )
D=PRRFAK—{ (PRREAK~PRFSOT ) * (BOLOCA-(1440*%QUALOL)) 7/ {XLNGTH=-
1 (1e60%NUALOLY))
R71 CALL LIQSN
NMFFA=FNFPX
CALL FVAPFM
DMEFGR=ENFGPX
ENLOR=ENTHTIN+POWERS/FLMASS
FNSLOR=FNLOR=-NMFFBR
NUALNR=FNSLOR/DMFFGR
CFXBN =EXTRAE®#COSF(341416%(
1ROLOCA= (OLNGTH/2400))/COSLFN)
a0 TO 350

200 POWFRR=(POWERT/CONSTP )% ( (COSLEN#EXTRAA/ 341416 +EXTRAR®(1+00-

1FXOF( {=ZFTA)*(BOLOCA~{XLNGTH=SCRPTL))/SCRPTL))

IF (BOLOCA=NUALOL) 9505950,955
955 IF (BNLOCA=-(146%QUALOL)) 96099609965
987 P=PPFSIN

Gn TO Q7"
AkD D=DDPESIN~ (Co780#TSDP*(BOLOCA-QUALOL)/ (XLNGTH=QUALOL})

an Th 97N
QAR DARFAK=DRFSIM=(N 75N #TSDO* (0 460%NUALNAL) / (XLNGTH-QUALOL ) )

D2DADEAK={ (DRRFAK~PRFSNT ) *#(RNLOCA={1460#OUALOL)Y )/ (XLNGTH-

1 (1.60%QUALOLY)Y)
970 CALL LIQEN

NMEFR=FNFPX

CALL FVAPFN

DMFFGR=ENFGPX

ENLOB=FNTHIN+POWFRB/FLMASS

ENSLOR=FNLOB=NMEFB

QUALOR=FNSLOB/DMFFGR

CFXRO =FXTRAF®COSASK® FXPF{ (-ZETA)#{

1 ROLOCA=(XLNGTH-SCROTLY)/S5CRPTL)
350 PSLBOL =POWFRB -POWO?

00870
00880
00890
00900
00910
00920
00930
00940
00950
00960
00970
00980
00990
01000
01010
01020
01030
01040
01050
01060
01070
01080
01090
01100
01110
01120
01130
01140
01150
01160
01170
01180
01190
01200
01210
01220
01230
01240
01250
01260
01270
01280
01290
01300
01310
01320
01330
01340
01350
01360
01370
01380
01390
01400
01410
01620
01430
01440
01450
01450
01470
01480
01490
01500
01510

353

775

780
785

360

365
370

375

380
385

390

400

410
415

425 POWERY=(POWERT/CONSTP)#((COSLEN#EXTRAA/341416)+EXTRAR® (1400~

435
440

450

455

700

710
720

460

CFXAVG = POWERT / ARFAIS

PRINT 540+DMEFYsDMEFGYsENSIN

PRINT 543, QUALIN

PRINT 545, AREAFL »AREAIS

PRINT 550 »QUALOL» SATL

DRINT 555 ,PSATLs POWFRBs OSLBOL

PRINT 560 ,CFXAVGeCFXBO

PRINT 775+PsDMEFBsDMEFGB .
PRINT 780+FNLORsFNSLOB .

PRINT 78550UALOR

FORMAT(17H PRESSURE AT BO =Fb6e1925H
1 22H EVAP ENTH AT BO =F8.2)
FORMAT(13H ENTH AT BO =F8.2» 27H
FORMAT{16H QUALITY AT BO =F6e3)
CALL GRDMOM

CALL PKIANN

DO 460 L=1+JLOCAT»2

y=t=-1

IF (Y - QUALOL) 370, 370, 365

IF (Y =(1,6%QUALOLY ) 375, 375, 380

P = PRESIN

GO To 390
P=PRESIN=(04750#TSDP*(Y-QUALOL )/ {XLNGTH=-QUALOL) )
GO TO 390

PBREAK=PRESIN=(04750%TSDP#(0,60%QUALOL ) / {XLNGTH-QUALOL) )
D=PAREAK-{ (PBRFAK—PRESOT ) #(Y={1460%QUALOL )/ ‘
1 (XLNGTH=(1+60%#QUALOL)))

CALL LIGEN

DMFFY=FNFPX

CALL EVAPEN

DMEFGY=ENFGPX

PRINT 565»Y

PRINT 5704 P

PRINT 575:DMEFY »DMEFGY

IF (Ya(PLNGTH/2,0)) 40054004410

POWERY=EXTRACH (ONEMSA-SINF(341416% ( [PLNGTH/2400)~

1Y Y/COSLEN) )
CFXLOY=EXTRAF#COSF(3,1416*( (PLNGTH/2400)=
1y } /COSLEN)

GO TO 435

IF (Y=~(XLNGTH=SCRPTL)) 4#15,4150425
POWERY=EXTRAC* (ONEMSQ+SINF(341416%
1Y ~(PLNGTH/2,003)/COSLEN} )
CFXLOY=EXTRAE#COSF(341416%(
1y ~(PLNGTH/2,001)/7COSLFN)

GO TO 435

1EXPFL (=ZETA)®(Y -(XLNGTH-SCRPTL))/S(RFTL))7
CFXLOY=EXTRAE#COSABK® FXPF( (=ZETA)#(

1y = (XLNGTH=SCRPTL)}/SCRPTL}Y
ENLOY=ENTHIN+(POWERY/FLMASS)

ENSLOY=ENLOY=DMEFY

QUALOX=ENSLOY/DMEFGY

CONTINUF -
PRINT 7009POWERT s POWERY » CFXLOY

PRINT T10sENLOY

PRINT T7209ENSLNY»QUALOX

FORMAT(14H POWFR TOTAL = €944/» .

1 28H POWER INPUT TO POSITION X = E9.4In
2 18H LOCAL HEAT FLUX = El1,.5%

FORMAT (31H LOCAL ENTHALPY AT POSITIONTX = FBez)
FORMAT (41H LOCAL SUBCOOLED ENTHALPY AT POSITION X = FBoZ/‘
130H LOCAL OUALTITY AT POSITION X = F6.3)

CALL FILMFR

CONTINUE

SAT LEG ENTH AT B0 =F8,2»

SUBCOOLED ENTH AT BO =F8,2)

01820
01530
01540
01550
01560
01570
01580
01590
N1660
01610
01620
01630
01640
01650
01660
01670
01680
01690
01700
01710
01720
01730
01740
01750
01780

~01770

01780
01790
01800
01810
01820
41830
01840
01850
01880
01870
01880
01890
01900
01910
01%20
01930
01940
019%0
1980
01970
01980
61990
02000
az2n10
02020
02030
02040
02050
02060
62070
02080

02110
02120
02130
02140
02150
02160



RFTURN
END

SUAROUTINF PKOUT
COMMON NTUBFSsMSHAPF s TUBEsRATIOMsDIAINS s VOLTS s AMPSsENTHIN9FLMASS,
1 PPFSDPRFSINIDRESNT yRESNP s TSDOsBALOCAIXLNGTHISHUNTMsD
2 DMEFX3FNFPXsDMEFGX s FNFGPX s SNSTNsQUALINSPOWFRT s AREAFLPAPEAISS
3 AUALOL s SATL 3DSATL 9DAWFRR DS RNL s CFXAVGs CFXLNX 9 JLOCAT 3K 9 Xs
4DRADTAK $DAWEPX s EN| NX 3 FMSL NX 3 NUALOX 9 DMFFY 3 DMEFGY o POWNN s INFOVM
K CNSLFMeNNEMSNGSTGMZ 9 ARG 9Z s FACMIRyFACPLBsCFXBNsL sY s
6 FACTMI $POWFRY s CFXLOY s ENLOY s FNSLOY s QUALOY s FACTPL s
TEANSTP s SCROTL 9 2FTAsDLNGTH JoUsULNOCATSCOSABKsSINARKs Ty
8 EXTRAASFXTRARyFXTRACSFXTRADSEXTRAFSFXTRAF,
ONMEFB, DMICGR S ENLOBs FNSLOBsQUALOBSEXTRAG EXTRAHIEXTRAT »FXTRAY
COMMON NQUALTASGLINsTKINCHS
102 sDXyCOLM1sCOLM2COLMB 9 COLMG s SUMCOL s PHIMNGTOTSC 9y GSUBZ s SUMO » SUMT s
2SUNM25SUM3 4 SUMGy SUME 3 OMFGAD sOMEGA s PGMULT 9PSUBL 9 ToVISCLIVALSPLIENO,
IVOLSPGIAUALNGSPAWNFR A PANBOL s DFNFOSNENFGO» FNSOsQUALOsDVSPLOIDVSPGO
GGTAT 4NDMAM s GEDMT s DVLSPLIDVLSPGs TERPM1 s TERM2 9 TERM3 9 TEPM4 » GGAS DTy
AOVISCLIREYMUMGEFACTRy FFACT s VELOCsGRNFSyNPGML T 9 GRDFT o NGROMT 9 GRDTOT
ARy GRAVAC, GRAVCS s GRAVCHs VALUEN s FACTUN s BMAQA $sDBMAOA s As FILMTK s YPLUS»
TTAUVAL s FYPLUS»GFILMs GLAENT 9 PCLIQs PCLENT s DUMMY /s DUMMY By DUMMYC
516 FNRMAT (F10423F1Ce24F10e494F1041)
5270 FABMAT  (5F17,0y 1F1042)
528  FNABMAT (2F10,2)
52" EADMAT(TR4F10,43)
S4°  FNAPMAT(24H INLFT LTQUID ENTHALPY = F8,2,
1 25H INLFET FVAP FNTHALPY =FB842y 22H
542 FOPMAT(16H INLFT QUALITY = F6e3)
545 FNOVAT(12H FLOW AREA =3PE1542,25H INSIDE SURFACE AREA =0PE1S.44)
BR" FNBMAT (35H LFNGTH WHERF QUALITY EQUALS ZFRO =F15.2»
1 4%H LFNGTH OVE® WHICH NUALITY ABOVE 2ERQ =F15.2)
555 FNRMAT(24H POWER QVEo SAT LFNGTH =1PE10,3»17H POWER TO BO =
1 1PE1Ce3926H POWER FROM SAT TO BO = 1PE10.43)
RRT FADMAT(?7H AVG CRITICAL FLUX =1PF10,3»
1 25K CPITICAL FLUX AT BN = 1PF10,3)
565 FrOMAT(F1"4?)
877 EOPMATIF1N,1)
575 FORMAT(2F20,2)
5A°  FABMAT (32F17,2)
OFAD S153TURFIRATIOMsDTAINSsVNLTSsAMPSeENTHINSFLMASS
RFAD &204PRESPYPOFSINIPRESNT9RFSDP s TSDP»ROLNCA
BEAN 6264 XLNATHe SHUMT
REAN 530, JLOCATHQUALTA
DFAN RROGSCOPTLZFTA,PLNGTH
DOINT 16y TURFIRATINMINIATINS yVALTS yAMPS3ENTHINFLMASS
POINT 627 ,DDFSDDOFSINGPRESNT 9RESDD R, TSDPSROLNOCA
PRINT 525, XLNGTHs SHUNTM
PRINT 537, JINCATINUALTA
DO TNT RR™$SCODTL 9 ZFTASPLNGTH
P=DBFGIN
CALL LIQFN
AMEFY=FNFDX
CALL FVAPFM
AMFERY=FNFRDX
FNSINzFNTHIN=DMFFY
AUAL TN=FNSTN/NMEERY
PNAWFRT=VYN_ TSHAMDS®3 41 %#SHUNTM
APEAFL = (2,14 1A#DTAINS*DIAINS )/ (576.0)
APFATS=(2,141A#XLNGTHXNIAINS /14440

INLI'T SUBCOOLING =F8,2)

02170
02180

00010
00020
00030
00040
00050
00060
00070
00080
0009n
00100
00110
00120
00130
00140
00150
00160
00170
00180
00190
00210
00220
00230
00240
00250
00260
00270
00280
00290
00300
00310
00320
00330
00340
00350
00360
00370
nn3sn
00390
00400
00810
00420
080430
00440

00450

00460
00470
00480
00490
00500
00510
00520
00530
00%40
00550
00580
00370
NOSRO

225 POWOQ= ~FNSIN®#FLMASS

230 ONFAYM =1,N/RATIOM
COSLEN= (145708%PLNGTH) /ACOSF{ONEOVM)

240 ONEMSQ= SQRTF( (RATIOM®¥%2 =140) / RATIOM&*2 |
STNARK=SINF(341415% (XLNGTH=SCRPTL=( ,500#OLNGTH})/COSLFN)
COSARK=COSF(341416%(XLNGTH-SCRPTL=(4500#PLNGT}'))/COSLEN)
EXTRAA=S INARK+ONFMSN
EXTRAB={SCOPTL#CNSARK}/ZETA
(nMSTD=(((ﬂSvFN&EXTDAA)/T.1k16\4(’!T°Aﬂﬁ(X.OO-FXDF(-ZFTAQ )y )
:xTnArs(laa.O*DoWFnTn/(CﬁNSTP»nIAIMS~3.1416)
YLNCAT=140N=EXPF(=7FTA)

FXTRAF= lPOwFRT&COSARK*SCRPTL)/(CONSTP*ZFYA)
IF (POWON-(FXTRAF*ULOCAT)) 2459245+255

245 U=SCRPTL4(SCROTL/ZFTA)*#LOGF{ {DAWOQ/EXTRAF)4EXPF(-2ETA))
QUALOL=U
Ao TA 270

255 IF (PAWON=((POWFRT/CANSTP )% ( {FXTRAR*ULOCAT I+ (CASLFNASINARK/

13,1416)))) 26092409265
260 SINZ= SINARK +((2,1416/COSLFNI#((FXTRAARULNCATY - (CANSTPRDOWNN/
1PAWFRTYY )
APG=ASINF(SINZ)
Z=COSLFN*ARG/3,1416
QUALOL=XLNGTH=(PLNGTH/2,00)=2

GO TH 270

265 SINZ==~SINABK =({3,14)6/COSLEN)®*( (EXTRAB#ULOCAT) ~ (CONSTP#POWOG/
1PNWFRTYY ) v
ARG=ASINF(SINZ)

Z=COSLFN#ARG/3,1416
AUALOL =XLNGTH=(DLNGTH/2400) 42
270 SATL=XLNGTH=QUALOL
PSATL=POWFRT-POWOQ
TF (RALNCA=SCROTL) 27542754280
275 DOWFRR=FXTRAF*(EXPF{ZETA#(
1BALOCA=SCRPTL)/SCRPTLI-EXPF(-ZETA))
1F (ROLOCA-QUALNL) 7505750,75%
755 1€ (RANLOCA=(1.6%#NUALOLY) 76097609765
750 P=DRESIM
GO TO 770
760 P=PRESIN~ (0,750#TSDP*{BOLOCA~QUALOL)/{XLNGTH=~QUALOL))
GO TO 770
765 PRRFAK=PRESIN=(04750#TSDP*(0,60%QUALOL) /7 {XLNGTH=QUALOL))
P=PBREAK~( (PBREAK-PRESOT)*#(BOLOCA-{1+60%#NUALOI ) )/ (XLNGTH=
1 (1.60%QUALOLY) )
770 CALL LIQFN
DMFFB=FNFPX
CALL FVAPFN
NMEFGR=FNFEDY
ENLOR=FNTHTN4POAWFRR/FLMASS
FNSLAR=FNLAR=NMFFR
NUALOR=FNSLNA/NMFFAR
CFXRO=FXTRAF#COSABK# (FXPF(ZFTA%(
1ROLOCA-SCRPTL)/SCRPTL))
GO TO 350
280 IF (ROLOCA=(XLNGTH=(DLNATH/2,001)) 28592854290 -
2R% DAWFOR= (POWERT/CONSTO)*((FXTRAB®ULNCAT) + ((COSLEN/3,1416)%¢
1SINABK~SINF((3,1416/COSLFN)# {XLNGTH=(PLNGTH/2,00)}-BOLOCAY )} } ) )
IF (B0LOCA-NUALOL) R504850,855
855 [F (RNLNCA-(1,6%NUALOL)) RED+860984%
85N D=zDRFSTN
GO Tn 870
867 P=PRESIN- (0,750%#TSDP*(BOLOCA-QUALOL)/ (XLNGTH=QUALOL))
GO TO RTN
R65 PRREAK=PRFSIN=(0,7504#TSDP*{0,60%QUALOLI/ { XLNGTH~QUALOL))
P=PRRFAK~{ (PRRFAK=-PRESOT ) *(ROLNCA=(1+60%NUALOL))
1 /(XLNGTH=(1,60%NUALOLY) )

00590
60600
00610
00620
00630
00640
00650
00660
00670
00680
nneon
00700
00710
00720
08720
nn7an
00750
anT6n
00770
09780
00790
0n80n
0819
nos>n
008130
00840
00850
00860
00870
00880
onren
Anonn
00910 8
00920 |
nnoIn
0094n
naasA
ApoKA
0naro
LLELTY
0naen
01000
nnin
ninon
A1n30
n1nen
A1nsn
01060
n1ATH
n1nan
n10an
n110n
01110
n112n
n1120
01140
01150
61160
01179
01180
01190
n1200
01210
01220
01230



|70

2aC

aesg
LYo

261

ans

7

KL
283

77%

787
786

266
ER L)

2]
288

CALL LINFN

NMFFR=FNFOX

CALL FVAPFN

NMEFGR=FNEADX

FNLOR=FNTHTN4+DAWFRR/F MASS

ENSL AR =FM AR-NMEFR

NAUALNR=FNS| NR/NUEFGR

CFXBO =FXTRAE*COSF{{341416/COSLEN)*(XLNGTH=(PLNGTH/2,00)~-BOLOCA})
an Th 350

PAWFRR= (DNAWFRT/COMSTP)I*{ (EXTRAB*ULNCAT) + ((COSLEN/3.1416)%(

TSINABK+SINF{(3,141A/COSLENY* (BOLNCA~(XLNGTH=(MLNGTH/?2,00) ) ) 1))
2

TF {(RALNCA=NUYALNL) ORC 40504055

1€ (RALNCA-(146%2ALNLYY 96059605965

P=DREG TN

e TA 970

D=DOESIN= (N, 750#TSND*(ROLACA-QUALOL )/ (XLNGTH=-QUALOL))

an TR 070

DROFAX=PRFSIN=-{(Q475N*¥TSDP*(0460%QUALNL) / (XLNGt4=AUALOL})

P=PRRFAK=( (PRPEAK-PRESNT ) % (RNLOCA-{1460%QUALOL) )/ (XLNGTH-
(146N#NUALOLYY)

CALL LINFN

NMEFA=FNFDX

FALL FVAPFN

AMEEARR=CNFADY

EMLNAR=FNTHIM+ONAWFRR/FLMASS

EMSLAR=FM| AR-NMFFR

AUALNR=FASI NR/NDMFFGR

CFXBn =FXTRAE#CASF((341616/COSLEN)*(BOLOCA=(X{NGTH=(PLNGTH/2400) }

) )
DSLRAL =PAWEPR -DOWNN
CEXAVR = DNWEFRT / ARFALS
ORINT B4V 9 NMFFY 9 DMFFRY$sENSTN
PRINT 843y OUALIN
DOINT 5459 ARFAFL sAREAIS
PPIMT 550 4NUALOLs SATL
2NINT R55 ,DSATLs POWFEPR, PSLROL
DRINT  RANYCFXAVAyCFXRO
ORINT 775,PsDMEFBsDMEFGB
PRINT 78N ENLOBsFNSLOB
PPINT 7R5sOUALOR

FABMAT{17H PRESSURE AT BO =F641925H SAT L1Q ENTH AT BO =FB8.2»
1 224 FVAP FNTH AT BO =FB8,2)
FADMAT(13H FNTH AT RN =FB842s 27H SUBCOOLED ENTH AT B0 =F8.2)

FADMAT(1AH NUALITY AT BO =F643)

FALL RPAMAM

rFALL PKNANN

N 46N L=19JLNCAT»2

v=p =1

T (VY <« AUYALOL)Y 3TNy 370, 366

TE (Y —(1,44N1A ALY ) 375, 275, 3an

D = DoCSTN

~n T 00

D=DRESTNA( 0, TENXTSNOX(Y-NUALNL) /I XLNGTH=NUALN } )

A TA 20N .

DROEAK=PIFSIMH=(04750%#TSDP*(0,60*%QUALOL) / (XLNGTH-QUALNL) )

D=PROFAK~{ (PBRFAV-DOFSAT ) ¥ (Y=(1460%QUALOL}}/
(XLNETH={1 A" #QUALNL) )

CALL LTOFN

NMEFY=FNFPX

FALL FVAPFN

NMEFAY=ENERDY

PDIMT RAR,Y

ORINT BTNy D

PRINT B7R4NMFFY 4 AMFFRY

N1240
012%0
01260
01270
01280
0129n
01300
01310
n1320
01330
01340
n13%n
n1360
01370
n1280
01390
01400
01410
01420
01430
01440
01450
01460
01470
01480
01490
n1soon
01510
015820
n1san
015460
01550
01560
01%70
01580
01590
01600
01610
01620
01630
N1640
01650
01660
01670
01680
01690
01700
01710
01720
01720
01740
017%0
01760
01770
01780
01790
01800
01810
01820
01830
01840
018%0
n186n
01870
01880

1F (Y=SCRPTL) 4009400410
400 POWFRY=FXTRAF*(FXPF(ZETA®(
1Y -SCRPTL)/SCRPTL)-EXPF{~2FTA))
CFXLOY=FXTRAF®CNSARK* (FXPFIZFTA*(
1Y -SCRPTL)/SCRPTL) )
6N TH 438
410 TF (Y=(XLNGTH={PINGTH/2,00))) 41554159428
415 POWERY= (POWERT/CONSTP)* ({EXTRAB®*ULOCAT) + ((COSLEN/2,1416)#(
1STMAAK=SINF({241416/COSLENY#{XLNGTH=(PLNGTH/2,00)~Y 1YYy
CEXLNY=FXTOAFRCASF{2,1816/COSLEN) R (XLNGTH={ PLNGTH/ 2480} ~Y 13
a0 TO 435
475 POWFRY= (POWERT/CONSTP)#I{EXTRABYULOCAT) 4 ((COSLEN/341416)%(
1SINARK+SINF{(3,41416/CNSLEN)#(Y ~(XLNGTH={OLNGTH/24,00) ) ) 1))
YR
CEXLOY=FXTOAF*COSF((3s1416/COSLENI#LY ~{XLNGTH={PLNGTH/2.00) )
1y
435 FNLOY=FNTHIN+(POWERY/FLMASS)
440 FNSLOY=FNLOY=NMFEFY :
450 QUALNDX=FNSLOY/DMFFAY
455 CONTINUE
PRINT 70N sDOWFRT sPOWFRY » CFXLNY
PRINT 710sFNLOY
PRINT 7205 FNSLOY »QUALNX
700 FNRMAT(14H POWFR TOTAL = FO.4/»
1 28H POWER INPUT TO POSITION X = E9e4/s
2 18H LOCAL HFAT FLUX = E11.5) -
710 FORMAT(31H LOCAL ENTHALPY AT POSITIONTX = F8, )
720 FORMAT(41H LOCAL SUBCOOLED FMTHALPY AT POSITION X = F8,2/s
130K LOCAL QUALITY AT POSITION X = F6e3)
CALL FILMFR

. 460 CONTINUE

RFTURN
FND

SURROUTINF  SPKCOS
COMMON NTUBFSsMSHAPE s TUBEsRATIOMsDIAINS s VOLTS 9 AMPS s ENTHINsFLMASSy
1 POFSPSPRESINIPRESOTsRESDP»TSDP sBOLNCA 9 XUNGTH SHUNTMyD
2 DMEFXsENFPX+DMEFGX» ENFGPX sENSTN2 QUALINsPOWERT s AREAFL 2AREALSY
32 NUALOL»SATLsPSATLPOWFRRsDSLRANL s CFXAVG s CFXLOX 9 JLOCAT 5K 9 X s
4PRRFAK s POWFP Xy FNLOX s FNSLOX s QUALOX o DMEFY s DMEFGY o POWNA S HNF OVM
§ COSLFNsONEMSNsSTGNZsARGsZsFACMIBaFACOLBCFXRNsL Y
6 FACTMT ;POWFRY s CEXLOY s FNLOY s FNSLOY s NUALOYSsFACTPL
TCONSTP s SCRPTL sZFTASPLNGTHs JoUsULOCAT s CHSABK»STMABK s 1
8 EXTRAASFXTRARyFXTRACIFXTRADSEXTRAFSFXTRAF Y
ODMFFRyDMFFGRyFNLNB FNSLOB QUALOB 2 EXTRAG s FXTRAHI EXTRAT4EXTRAY
COMMON QUALTASGLIQs TKINCHs
1DP sDX s COLM1 s COLM2 s COLM3 s COLMA » SUMCOL s PHIMNS GTOTSC s GSUBZ » SUMO s SUM1 »
2SUM25SUM3 s SUMA » SUMS s OMEGAP s OMFGA s PGMULT s PSUAL s ToVISCLIVNLSPL s FNOs
IVOLSOGsAUALOG s POWERA s PANBOL # DENFO s DFMFGOsENSO sOUALOSDVSPLNDVSPGOs
46TAT s NOMOAM, GRNIMT s DVLSPLsDVLSPG s TFRM1 » TERM2 s TERM3 5 TERM4E GGASHDT
SAVISCLIPFYNUMFFACTP s FEACT s VELNCsGONES s NPEML T 9 GODF T4 NEONMT 4 GONTAT,
6B 3 GRAVACIGRAVCS 9 GRAVCH VALUENS FACTUN» BMAOA s DSMAGA A FEHL MTK s YPLUS,
TTAUWAL s FYPLUS s GFTLMy GLOENT s PCLIQw PCLENMT o DUMMY A 9 DUMMY R g DUMMY C
COMMON NsMs THCOND » FCHEN» SCHF N9V ISCGsCPLINSSURFTLy
1XTTsSATPsSMALLT s DELTVP » TWALL sHCHEN s HWAC +HMICoREYNLOINFLUX »
2 ORNUMBsBERGHT s HDB o HDENG s QADENG s DTDENGsDEL TT 4 QACHEN,
3 DTCHFNsRADMAX s NFLTFNsRADIUS s CCoDDoFF
515 FORMAT (F10409F10429F10s494F1061)
520 FORMAT (5F10,09 1F1042)
625 FORMAT (2F1042)

01890
01900
01910
0192¢

" 01030

01940
n1950
01960
01970
01980
019an
02000
02010
02020
02030
02040
02050
02060
nz2n70
02080
n209n
02100
02110

0?2140
021560
02160
02170
A21RN
82190
n2200
n2211

nnn2n
anon3on
00040
nonso
00n&0n
onnTn
600R0
annon
00100
na1ln
00120
00110
nn14n
nN1SN
00160
no17n
00180
00190
00200
00210
00220
00230
noz4n
00250
00260

A



530 FORMAT(TR,F17,2)
535 ENRMAT(TS)
84N FNRMAT (24K TNLFT LTAUID FNTHALPY = FB,7,

1 25H INLET FVAP FNTHALPY =FB8e2s 22H INLeT SUBCOOLING =F8,2)

543 FORMAT(16H INLFT QAUALITY = F643)

545 FNRMAT(12H FLOW AREA =3PE15,2s25H INSIDE SURFACE ARFA =0PE15.4)

B8 FORMAT(35H LFNATH WHFRF OUALITY EQUALS ZFRO =F1%5e29
1 42H LENGTH OVER WHICH QUALITY AROVE ZERO =F15.2)

5656 FORMAT(24H POWFP OVEP SAT LENGTH =1PE1043917H POWER 70O BO =

1 1PE1043926H POWFR FROM SAT TO RO = 1PE1043)
867 FOPMAT(?2 H AVG CRITTICAL FLUX =1PF10,43»
1 25H CRITICAL FLUX AT BO = 1PF10.3})
ARE  FORMAT(F1N,?)
870 FNAMAT(F1T,1)
575 EARMAT(2F21,2)
&880 FADMAT (3F1N,2)
QFAD 515sTURFsQATIOMSDIAINSsVOLTS sAMPSs ENTHINSFLMASS
RFAD 8203PPFSPyPRFSINIPRFSOATIRFSDP TSNP »ROLOCA
RFEAD 6283 XLNGTHISHUNTM
RFAD 53N JLOCATQUALTA
OFAD GR09SCOPTLWZETASPLNGTH
REAN R36,4)
PRIMT 515 s TURFIPATIOMINTIAINSsVALTSsAMDS 4ENTHINFLMASS
DOINT G2 yDPFSPyPRFSTINGPRFSAT 4PESNP 4 TSDPBOLOCA
DOINT G283 XLNGTHy SHUNTM
BOTMT B20, ILACATAUALTA
ORTNT BRDySCOPTL »ZFTAWPLNATH
PRIMT 835,
P=PRFSIN
CALL LIOEN
NUEFY=FNEDY
capt EvapeEn
NUMEFGY=ENFRDY
EMSIN=FMTHTNRNMFFY
NALTM=FNS TN/NUMEEAY
DAWEDT =YL TSRAMPS#3 , 41 ¥SHUNTM
ARTAFL ={ 2,14 1A¥NTATNS#¥NIAINS)/ (576,0)
AOFATS=(2,1416¥XLNGTH#NTATNS )/ 144,40
278 DAWNA= ~FUSTN#F|MASS
20 ANEAYY =1 V/RATTIAM
CNSLFN= (1.57NR#PLNGTH) /ACOSF (ONFOVM)
240 AMEMSA= SNRTF( (RATIOM®%2 =140} / RATIOM##2 §
FANSTO=  ((XLMATH-OLMGTH)/PATIOM) 4+ (2,40#COSLFNwONFMSQ/
1 3,1414)
FXTRAA=PNWFRT/(RATIOW#CONSTP)
EXTRAR=DAWFOT#CNSLFN/ (CONSTP#3,1416)
ULOCAT=XLNATH=-SCRPTL+{PLNATH/2,0)
EXTPAF (144, #DNAWFRT )/ {CONSTPANTATINS#3,1416)
TE(OAWNN- (FXTRAA* (XLNGTH-SCRPTLY 1)  2459245+255
288 Z=ULNFAT~(POWRN/FXTOAA)
AUALNL=ULOCAT=Z
"N TA 270
PR8  TF(PONNN=( (FXTRAAX (XLNGTH=-SCROTL) }+(FXTRAB#ONEMSN
1 26042604265
767 SINZa=~( (ONAWAQ-(FXT2AA® (XLNGTH-SCRPTL)) ) /FXTRAB)+ONEMSO
ARG=ASINF(SINZY
Z=CNSLFN#ARG/3,1416
AUALOL=ULOCAT=2Z
a0 To 270
268 TF{PAYUNA=( (FXTRAA* (XUNGTH-SCPDTL) )4+ (FXTRABRANFMSN
1 #2,0))) 26697669268
Ph&  STNZ=4((PAWAN(EXTPAA* (XLNGTH=SCRPTL)))I/FXTRAR)~ONFMSO
APEIASTNE(STINT )
7=CNSLENBARPG/ 2, 1414
AUALALzULNCAT+?

00270
002A0D
00290
00300
00310
00320
00330
00340
00350
00360
00370
00380
\LELT)
00400
no41n
noa2n
0064130
00640
00450
00460
00470
00480
00490
00500
00510
nns20
00530
00540
00550
01560
00870
AnSan
00590
nO600
00610
00620
00630
00640
00650
00660
00870
00680
00690
00700
00710
00720
00730
00740
00750
00760
00770
00780
00790
foRNAN
00810
00820
00830
00840
00850
00860
00870
00880
00890
00900
LLLIT)

26R
270

275

788§
780

160

765

770

280
285

855
. 850
860

865

870

290
295

955
950

260

965

70

60 To 270

Z=ULOCAT+{ (POWON=( EXTRAB¥2, 0%ONEMSQ) ) /FXTRAA)
QUALOL=ULOCAT+Z

SATL=XLNGTH=QUALOL

PSATL=POWFRT=PAWNNA

TF (ROLOCA =(XLNGTH=SCPPTL)1 275+275+280
POWFRB=EXTRAA¥ROLOCA

1F [ROLNCA-QUALOL) 750+750,755

IF (ROLOCA-(1,6%QUALOL}) 760+7605765

0=PRFESIN

GO TO 770

D=PRESIN= (0,750%TSNP*(ROLOCA-QUALOL )/ { XLNGTH=QUALOL) )
G0 TO 770
PRRFAK=POESTN={047504T SDP# (04 6N#QUALOL 1 # {XLNGTH=-QUALOLY )
P=PRREAK~{ {PRRFAK-PRFSOT )% (BOLOCA~(1450%QUALOI 1 )/ (XLNGTH-
1 (1.,60%QUALOL)Y)

CALL LTOEN

DMFFR=ENFPX

CALL FVAPEN

NMFEGR=FENF RPX

ENLOB=ENTHIN+POWERB/FLMASS

FNSLAB=ENLNR=DMEFA

QUALOB=ENSLOB/DMEFGR

CEXBO=FXTRAF/RATTOM

60 TO 350

IF (BOLOCA-ULOCAT) 28552851290 ‘
POWFRA= (EXTRAA® (XLNGTH-SCRPTL))+
1 (EXTRAB*IONFMSO-STNF(341416#(ULOCAT-BOLNCA)/COSLFN) Y
IF (BOLOCA-QUALOL) 850+850,855

IF (BOLOCA-(1+6%0UALOL)) 86048604865

P=PRFSIN

6n TO 870

D=DRESIN- (0,750%TSDP*(BOLOCA-AUALOL )}/ ( XLNGTH=QUALNLY)
6N TO 870
PRPEAK=PRESIN-{0,750#TSDP*(0460*QUALOL )/ { XLNGTH=AUALNL) )
P=DRRFAK~( (PRREAK=-PRESNTI*{BOLNCA-{1460#NUALOLY)
1 /UXLNGTH-(1,6N*QUALOL}))

CALL LIGEN

DMEFR=FNFPX

CALL FVAPFN

NMEFAR=FREADX

FNLOB=ENTHIN+POWFRB/FLMASS

ENSLOB=FNLOB=DMFFB

QUALOR=ENSLNB/NMFFGR

CFXBO =FEXTRAE#COSF(341416%¢tULOCAT~BOLOCA)/COSLEN)

RO TN 38N

IF (BOLOCA=(ULOCAT+(PLNGTH/240))) 29552954300

POWERA= [EXTRAA® {XLNGTH-SCROTL ) )+
1(EXTRAR® (ONFMSO4STNF (341416% (ROLOCA=ULOCAT)I/CASLFN) 1)
IF (ROLOCA=QUALOL) 95049504955

IF (BOLOCA-(1,6%0UALNLY) 9605960994

P=PRESIN

GO TO 970 .
P=PRESTIN- (0,75N#TSNO#(BOLOCA-OUALOL )/ { XLNGTH=-NUALOL )Y )
&0 TO o7

PRREAK =PRESTN=0,750#TSDP*(0,60%QUALOL) / ( XLNGTH-QUALOL Y )
PaPBREAK~{ (PRREAK=PRESNT ) ¥ (BOLNCA~(1460%AUALALY I/ IXLNGTH-
1 (1,60#QUALOLYY)

CALL LTOFN

DMEFBxENFPX

CALL EVAPEN

DMFFGB=ENFGPX

FNLOB=ENTHIN+POWFRB/FLMASS

ENSLOB=ENLOB~DMEFE

OUALOB=ENSLOB/DMEFGR

00920
00930
00940
00950
00960
00970
00980
00990
01000
o1mao
1020
01030
01040
010%0
01080
01070
01080
01090
niton
01110
01120
n113n
01140
01150
01160
01170
01180
01150
01200
n1210
n122n
A1230
01240
n1250
01269
n1270
n1280
n1290
01300
01310
01320
01330
n1340
01350
01360
1170
01380
01390
01600
01410
01420
01430
n16an
n1asn
1440
01470
01480
e
n1snn
01510
01520
01530
01540
n1sse
01560



100

210
305

218

320

325

380
353

775

780
788

24"
263
250
241
364

Ll

YL
271

AR’
aARR

aaen

400

413

CFXRO =FXTRAF#CNASF(3,1416%(ROLOCA-ULOCAT) /COSLEN)
60 TO 350
POWFRR=FXTRAA* (RNALNCA-PLNATH) +( FXTRAR*2,0#ONFMSQ)
1F (RNALNCA=NUAL ALY 305530654310
1F (ROLOCA-(146%NUALNAL)Y)Y 31592159320
D=DRFSIN
6N TO 325
P=PPFSIN= (0,750%TSNOX*(BRCLACA-NUALNL )/ {XLNGTH=0UJALOL))
GO TH 325
PARFAK=PRFSTN=(0,75"*TSNP*(0,6N*QUALOL) / ( XLNGTH-QUALNL) )
P=PBREAK~( {PBRFAK-PRFSOT ) *#(BOLOCA~(1.60%QUALCL} )/ {XLNGTH=
1 (1.60%QUALOLYY)
~ALL LINFN
AMEFR=FNFDY
CALL FVAPFM
NMFFAR=FNFRPX
FNLAR=FMTHIN+POWFPR/FILMASS
FNSLAR=FNLNR=NMFFR
NUALNR=FNS| AR/NMFFGR
CFXRO=FXTRAF/RATIOM
PSLBNOL =POWFRR =-POWNN
CFXAVG = PNWERT / ARFAISY
PRINT R4NsNMFFEY ¢NMEFGY$ENSTN
PRINT 543, AUALIN
PRINT 5459 APFAFL »ARFAIS
PRINT 550 »,NUALOLs SATL
PRINT 555 ,PSATLs PNWERB, DSLBOL
PRINT &RV sCFXAVRCFXRO
PRINT 7754PyDMFFRIDMFFGB
PRINT TRI3FNLORYFNSLNB
EPTMT 7R5,NUALOR
FAPMAT(17H DPFSSURFE AT BO =F6,1925H
1 22H FVAP FNTH AT BO =F8,2)
FADMAT(13H FNTH AT RN =FB842s 27H
FARMAT(16H NUALITY AT RO =F6.3)
CALL RPDMOM
CALL SPYANN
NN 460 L=19JLNCAT»3
Y=L=-1
IF(Y=(XLNGTH=SCRPTL)) 36253599359
TFIN) 2R4y2A4L92A1
TF(Y=(XLNGTH=SCRPTL+PLNGTHY) 460546093562
CALL CSPIKF

SAT LIQ ENTH AT BO =F8,2»

SUBCOOLED ENTH AT BO =F8,2)

G0 TO 467

IF (Y=NUALOLY 370923705365 '
1€ (Y —(1,A%QUALPLY ) 3755 375» 380

D = POFSIN

GO TN 300

P=POFSIN=(C 780X TSNP#(Y-QUALOL) / (XLNGTH=NUALOL) )

~A TA 200
DARFAK=PRFSIN=(N,T5N%TSDOP* (0,67 #QUALOL )/ (XLNGTH~QUALOL) )
D =PBRFAK~( (PEREAK~POFSOT)*#(Y~(1460%0UALOL) )/
1T (XLNGTH-(1460%NUALOL)))

CALL LTOSN

NMFFY=FNFPX

FALL FVAPEN

PMFFRYsFNFRDX

DOINT ERB,Y

PRINT §70, P

ORINT 5759NMFFY 4 DMEFGY

1F (Y ~(XLNGTH=SCRPTL) 140054004410

PNAWFOY=FXTOAA#Y

CFXLNY=FXTRAE/RATIOM

GO TA 438
1€ 1Y

«ULNCATY) 415941894258

01570
01580
01590
01600
01610
01620
01630
01640
01650
01660
01670
01680
01690

01700

nN710
01720
01730
01740
01750
01760
01770
01780
01790
01800
01810
01820
018130
01840
01850
01860
01870
01880
01890
01900
01910
01920
01930
01940
01950
01960
0196%
01970
01980
0198%
01990
02000
02010
02020
02030
02040
02050
02060
02070
02080
02050
02100
02110
02120
02130
02140
02150
02160
02170
02180
02190

41% POWFRY= (FXTRAA#(XLNGTH~SCRPTL) )+
1 (FXTRAB#(ONFMSQ=SINF(3,14]16%(ULOCAT=Y
CFXLOY=FXTRAF%COSF(341416%(ULOCAT=Y)/COSLEN)
GO TO 435
425 IF(Y —(ULOCAT+(PLNGTH/2401 1143094305433
430 POWERY= (EXTRAA* (XLNGTH-SCRPTL)}+
1 (FXTPAB®(ANFMSQ+SINF{341416%(Y

) /COSLEN)))

<ULOCAT)/COSLENY ) )

CFXLOY=EXTRAE#COSF{3,1416%(Y =ULOCAT)/COSLEN)
GO TO 435

433 POWFRY=EXTRAA®(Y =PLNGTH) +(EXTRAR*2, O*ONEMSO)
CFXLOY=FXTPAF/RATIOM

435 ENLOY=FNTHIN4 (POWERY/FLMASS) -
440  ENSLOY=ENLOY=DMEFY
450 QUALOX=ENSLOY/DMEFGY
455 CONTINUE
PRINT 7009POWFRT sPOWFRY sCFXLOY
PRINT 710sFNLOY
PRINT 7205FNSLNY»QUALOX
70C FOPMAT(14H POWFR TOTAL = EQe4/»
1 28H POWER INPUT TO POSITION X = FQe.4/»
2 18H LOCAL HEAT FLUX = El1.5)
710 FORMAT(31H LOCAL ENTHALPY AT POSITIONTX = F842)
720 FORMAT(41H LOCAL SUBCOOLED ENTHALPY AT POSITION X = FBe2/»
130H LOCAL QUALITY AT POSITION X = F6e3)
CALL FILMFR
460 CNONTINUE 4
N=0
RETURN
FND

SUBRQUTINF CSPIKE
COMMON NTUBESsMSHAPE» TUBEsRATIOMsDIAINS s VOLTSoAMPSsENTHINSFLMASS e
1 PRFSPsPRESINIPRFSOTIRFSDP s TSDP»BOLOCA» XLNGTH e SHUNTMsP»
2 DMFFXsENFPXsDMEFGX s ENFGPXsENSIN9sQUALIN s POWFR ™9 AREAFLSAREAIS
3 QUALOL »SATLIPSATLIPOWFRBPSLBOL Y CFXAVGCFXLOASJLOCAT 2K s X
4PBRFAK sPOWFRX s FNLOX 9 ENSLOX »QUALOX s DMFFY s NMEFGY s POWNN s ONFOVM s
5 COSLENSONFMSNsSIGNZsARGZsFACMIBSFACPLBsCFXBOsL Y
6 FACTMIsPOWERY s CFXLOY s ENLOY s FNSLOY o OUALNY »FACTPL s
TCONSTP s SCRPTLsZFTASPLNGTHs JsUsULOCAT9COSABKsSINABK s 1
B8 EXTRAASEXTRARs FXTRACIFXTRADSEXTRAFSFXTRAF»
ONMFFBsDMEFGRFNLNByFNSLOBsQUALOBsEXTRAGFXTRAHIEXTRAT+FXTRAY
COMMON QUALTASGLIQs»TKINCHSs
1DPsDXsCOLM19sCOLM292COLM39COLMG s SUMCOLsPHIMN»GTOTSC9GSUBZ » SUMD» SUM1 s
25UM25sSUM3 5 SUM4 s SUM5 3 OMEGAP sOMEGA s PGMUL T o PSURL » ToVISCLIVOLSPLIEND
3VOLSPGyQUALO4 sPOWERA s PANBOL s DENFO s DFNFGO » ENSO sNUALOsDVSPLOSDVSPGN s
4GTOT 9sDPMOM s GRDMT s DVLSPL 9DVLSPGs TERMI s TERM2 2 TEQM3 s TERMG ¢ GGAS DT
SDVISCLsREYNUMsFFACTR s FFACT o VELOCsGRDFSeDPGML T +GPDFT4NGRDMT sGRDTOT »
6B+GRAVACYGRAVCS s GRAVCH VALUEN» FACTUN s BMAOA s DBMAOA s As FILMTK» YPLUS s
TTAUWAL s FYPLUS»GFILMsGLOENT »PCL IO PCLFNT s DUMMYA s DUMMYR ¢ DUMMYC
COMMON N oMy THCOND s FCHEN s SCHENsVISCGsCPLIQ»SURFTL
1IXTT»SATPySMALLT #DELTVP » TWALL s HCHEN 9 HMAC s HMIC o RFYNLO S NFLUX s
2 PRNUMBBERGHT yHDByHDENG s DADENG s DTDENG» DELTT »QACHEN»
3 DTCHENsRADMAXsDELTENSRADIUS+CCoDDEE
364 OQUALO4=B,0#(XLNGTH «~SCRPTL+PLNGTH)
NFLUX=QUALD4
K=ReO% [ XLNGTH=SCRPTL)
DO 459 N=KsNFLUX»J
ZETA=N
Y=2FTA/8,40
362 1F (Y-QUALOL) 370+370,365

02200
02210
02220

02240
02250
02260
02270
02280
02290
02300
02310
02320
02330
02340
02350
02360
02370
02380
02390
062400
02410
02420
02430
B2440
02450

N2460
02470

e

00010
00020
00030
00040
000%0
anos0
00070
00N08/nN
00090
an1no
00110
nn12n
p0130
00140
00150
006160
60170
00180
00190
00260
00210
00220
00230
00240
00250
00260
00270
00278
no280
00290



365
370

274

180
18

300

8a%

400

41"
418

4?28
na"

428

[
459
485

"0
72"

450

1F (Y =(1eA®¥NUALNL)
D =z DBFSIN

an Tn 300
P=PRESIN=(0,782#TSNP#{Y-QUALOL )/ { XLNGTH=QUALOL) )

G TN 390
PRRFAK=PRESIM=(0,750#TSDP* (0 4A0¥QUALOL )/ {XLMGTH=NUALNL) )
P=PRRFAX—( (PRRFAK~-PPFSOTI*({Y~(1460%QUALOL) )}/
1 (XLNGTHe(1,60%QUALOL)))

CALL LINFN

DMEFY=FNFPX

CALL FVAPEN

OMFEAY=FNFADYX

POINT S654Y 9P yNMFFY 4yNMFFRY
FOOMAT(4F2N,3)

1F (Y ~(XLNATH=SCPOTLY 1400540N4410
DAWFOY=FXTDAARY

CEXLOY=FXTOAF/RATINM

6N TN 435

1 (Y «ULNCAT) 41594169425

DAWFRY= (FXTRAA®{XLNGTH=SCRPTL) }+
1 (FXTOAR*(NNEMSN=SINF(341416*(ULOCAT=Y

) 37%, 378y 2RO

}/COSLEN) )

CFXLNAY=FXTRACHCOSF(3,41416*(ULOCAT=Y ) /COSLFN)
AR TA 435
1etyY =(ULNCATH(PLNGTH/24,0)13143N34309432

OAWEDY= (FXTPAAR (XLMATH-SCRPTL) )+

1 (FXTOAR*(NNEMSN+SINF(241416%(Y-ULOCAT
CEXLNY=FXTRAF*CNASF(2,1416%(Y
~0 TA 428
ONWFRY=FXTPAA*(Y
CFXLNY=FXTRAF/RATINOM
FENLNY=CNTHING (DNWFEOY/FLMASS)

ENSLOY=ENLNY=NMFFY

QUALNX=FNSLAY/NMFFGY

CONTINUE

DRIMT 707 PAWFRT s POWFRY s CFXLNY

PRINT 710,ENLNAY

DOINT 727, ENSLNY 3 NUALOX

FORMAT(14H POWFP TOTAL = F9,4/,

1 2R8H DNWFR INPUT TN OOSITIAN X = E9.4/»

? 18H LNCAL HFAT FLUX = F11,5)

FADMAT(3TH LOCAL FNTHALPY AT PNASITINNTX = F8,42)

FOPMAT (41H LNCAL SURCAOLED FNTHALPY AT POSITION X = FB8e2/»
1374 LOCAL QUALITY AT POSITION X = F6e3)

CALL FILMFP

FONT TMLE

oETyeN

eNn

Y} /COSLEN)Y )Y
~ULNCAT) /COSLEN)

~PLNGTH)+(EXTRAB®2 ,0#ONFMSN)

SHROAUT INE UMTANN

COMMON NTUBFS9MSHAPFE s TUBEsRATIOMYDIAINS s VOLTSsAMPSsENTHINSFLMASSy
1 DOESD4PRFSINGDAIFSAT 3 RFSDL TSNP IRALNACAIXLNGTH SHUNTMs Py

7 DMEFEX 9FNFDX s NDVMEFGX s FNFGPX s ENSINsNUALIN 9 POWERT s ARFAFL s AREAIS
2 NUALNL s SATL sPSATL sONWFEPRPSLRNAL s CFXAVGs CFXLOX s JLOCAT 3K 9 X s
4PRREAK 3ONWERX 9 FMLOX s FMSLOX 9 QUALOX s DMEFY s DMEFGY s POWNN s ONFOVM s
& CNSLFNMNMEMEN ) STGNZ 9ARGsZ s FACMIC s FACPLRyCFXROL sY
b FACTMI 9COWERY ¢ CFXLNAY 9 ENLNY s FNSLOY 9 NUALNY sFACTPL s
TCONSTO s SOPOTL 9 ZFTASOLNGTHeJsUsULOCATsCOSARKsSTNABKs Ty
R EXTRAASFXTPARYFXTRACIEXTRANYEXTRAC4FXTRAF
ODMFFRyNMEFGRyFNLNRyENSLORSQUALOBSEXTRAGFXTRAHWEXTRAT $EXTRAY
COMMNAN NUALTASGLINSTKINCH

no3on
90310
no32n
00330
nn3en
00350
00260
00370
nn380
nn3en
00400
nn&410
00420
00430
00440
nn4sn
00460
00470
00489
00490
00500
008510
n0520
00530
00540
00550
00560
0ns70
00580
00590
00600
00610
00620
00630
00640
nnesn
00660
00670
00680
0n699
00700
00710
00720
06736
n0740
no750
0n760

00010
00020
00030
00040
00050
00060
00070
00080
00090
00100
00110
00120

1NCsDX s COLMLsCOLM29COLM3 9 COLME » SUMCOLsPHIMN+GTOTSC»GSUBZ » SUMO s SUM1 »
25UM2 5 SUM3 0 SUM& » SUMS s OMEGAP sOMEGA s PGMUL T »PSURL » ToV ISCL s VOL SPL+ENO»
3VOLSPG s QUALOSG sPOWERA » PANBOL 9 DENF 09 DENFGO s ENSO 9QUALO»DVSPLOSDVSPGOs
4GTOT sDPMOM s GROMT o DVLSPL #DVLSPGsTERM1 s TERM2 s TERM3 9 TERMA s GGASeDT e
SDVISCLIREYNUMsFFACTP s FFACT s VELOC »GRDF SoDPGML T 9GRDF T +DGROMT 9 GRDTOT s
6B sGRAVAC»GRAVCS s GRAVCH» VALUF N+ FACTUN 9 BMAOA sDSMAOA s Ao FILMTK o YPLUS »
TTAUWAL s FYPLUS 3GF ILMsGLAENT sPCLIQ s PCLFNT s DUMMY A s DUMMYS ¢ DUMMY C
OUALOA=16,0#QUALOL .
1=NUALOG
NN 451 K=1+10000,1
DUMMYC=K+1
X=NUMMYC/1640
IF(X=QUALOL)160 »160 +157
157 IF(X=(1460%QUALOL) ) 16241624165
160 P=PRESIN
GN TO 167
162 P=PRESIN=(0,750%#TSOP*(X~QUALOL)/ { XLNGTH=NUALA) )
GO TO 167
165 PRREAK=PRFSIN=(0,750%#TSDO%({0,60%QUALOL) 7 (XLNGTH=QUALOL))
166 P=PRBFAK={{PRRFAK~POFSOT)*{X=(1+60%0UALOLY)/
1 (XLNGTH=(1,60%QUALOL)))
167 CALL LIQEN
DMFFX=FNFPX
CALL FVAPFN
NMEFGX=ENFGPX
170 CFXLOX=POWFRT/ARFAIS .
175 POWFRX=POWFRT*#(X/XLNGTH)
180 ENLOX=FNTHIN + DAWFRX/FLMASS
185 FNSLOX=FNLOX=NMFFX
190 QUALOX=FNSLNX/NMFFGX
455  [F(NUALOX~NUALTA) 45194534453
451 CONTINUF
453 POWFRA=DNWFOT-DAWFRX
PANROL xPOWFRR-DOWFRX
PRINT 7219XsP
PRINT 722 sNMEFXsDMEFGX
PRINT 7234POWERA»PANBOL
PRINT 700sPOWERT s POWERX s CFXLOX
POINT 710sENLOX
PRINT 720+ FNSLOX »QUALOX
700 FORMAT(14H POWFR TOTAL = EQe4/s
1 284 POWER INPUT TO POSITION X = €944/
2 18H LOCAL HEAT FLUX = E11.5)
710 FORMAT(31IH LOCAL ENTHALPY AT POSITIONTX = F8.2)
720 FORMAT(AIH LOGAL SUBCOOLED ENTHALPY AT POSITIAN X = FB8e2/s
130H LOCAL QUALITY AT PNSITION X = Fée3) -
721 FORMAT(S51H CONDITIONS AT SLUG ANNULAR TRANSITINN
1 14H PRFSSURF =FR,41)
722 FORMAT(18H LIQUID ENTHALPY 2FB842919H = EVAP ENTHALPY =F8.2)
723 FORMAT(28H POWER OVER ANNULAR REGION =1PF10.3s
1 454 POWFR FROM SLUG ANNULAR TRANSITION TO RO =1PE10,3)
RFTURN
FND

POSITION =FRe1s

SUBROUT INE COSANN

COMMON NTUBESsMSHAPEsTUBEsRATIOMsDIAINS o VOLTSsAMPSsENTHINoFLMASS
1 PRFSP sPRFESINIPRESOTyRESDP TSNP sROLNCAS XLNGTH SHUNTMy Py

2 DMFFXsENFPXsNMEFGX s ENFGPX 2 ENSTINsQUAL TN s POWFO T s AREAFL s AREATSs

3 QUALOL sSATL9PSATLsPOWERPBPSLBOL s CFXAVGeCFXLOA» JLOTAT 9K 9 X s
4ORRFAK s POWFRX s FNLOXs FNSLOX sQUALOX » DMFFY 3 DMEFGY 9 POWON s INEDVMo

00130
00140
00150
00160
00170
00180
00190
00200
nn210
00220 -

00240
00250
00260
00270
no280
00200
nn300
00310
00320
00330
NH36n
LLELL]
nn36n
non&nn
00410
nparn
00830 |
nnsuntd
nnsan
nnssn

LIk LU
nnsen
0onsnn
00610
nn&620
no630

00660
00470
00680
nnsan
00700
08710
00729
00729
onTen
nnTsn
norTen

00010
00020
onn3o
n0n&0
LLLL]
oo lel-10]



45
370

278

200
EEL

200

[k

41n
412

415
4on
48

42R

430
427

438
Tau”
480
458
451
4513

700

710
720

\

8 COSLENSONEMSNSTGNZ»ARGsZ s FACMIRSFACPLByCFXBOsL sY s
& FACTMIsPOWFRY s CEXLAY s FNLOY s ENSLNY sAUALNY 9 FACTOL

TCOMSTD 9 SCROFL 9 ZETASDLNGTHs JoUsULNCATSCOSABKSTNABK Ty

8 FXTRAAIFXTRARSFXTRACIEXTRANSEXTRAFFXTRAF

ONMEFR Y DMEFARENL AR, FNSLOBIOUALNBIFXTRAG FXTRAHIFXTRAT»FXTRAY
COMMON QUALTASGLINS TXINCHy

IDP DX COLML 2 COLM29COLMB 9 COLMG » SUMCOL 9 PHIMNSGTOTSCsGSURZ » SUMO » SUM1 s
2S5UM23SUM3 9 SUMG 9 SUM5 s OMEGAP s OMEGA s PGMUL T sPSUBL s ToVISCL s VOLSPL9ENOs
3VOLSPGsAALCLyPOWEP A CANBNL s DENFO I NENEGN s ENSO9QUALOSDVSPLOSDVSPGO»
4GTOTsDPMOM GENMT s DVLSPLDVL SBGs TEPM] s TERM2 s TERM3 s TFIM4 s GGASsDT
SPVISCLIREYNUMFFACTP s FFACT s VELOCIGRNFS s DPGMLT »GRDF T NGROMT s GRDTOT »
6B »GRAVACIGRAVCS s GRAVCH VALUEN s FACTUN» BMAOA »DBMADA s Ao FILMTK s YPLUSy
TTAUWAL s FYPLUSsGFILM s GLOFNT 9PCLINPCLFNT s DUMMY A5 DUMMYB s NUMMYC
NUALNS=16,0%NUALOL

A=nUaLnG

NN 451 L=T,10000,1

PUMMYC = +1

Y=NDUMMYC/ 16,0

I1F (Y - AUALOL) 370, 370, 365

1F Y =(1.6%QUALOLY ) 375, 375, 3RN

P = PRESIN ’

GO T 39N
P=PRESIN-{0,750%TSDPO*(Y-QUALOL )/ {XLNGTH-QUALOL) )
RO T0 399

PRRFAK=PRFSIN=(0,750%TSDP*(0,60%¥0NUALOL) / { XULNGTH-QUALOL)
P=PRRFAK~{ (PBPFAK~POFSOT ) *(Y=(1460%NUALOL))/
1 AXUNGTH=(1.AN%QUALOL) })
CALL LINFN
DMFFY=ENFOX
CALYL FVAPFNM
NMFFRY=ENERPX
TF (Y=(XLNGTH/2,0) 140094004628
FACTMI=(1,"=(SINF( (3,1416%( (XLNGTH/2.0)=Y) }
1/CNSLFNYY /NNFMSN)
DNWFRY =(POWFRTFACTMI) / 2,0
CEXLNY =146 405 (DAWFRT/ (2 ,0¥NTATNSHCOSLENXONEMSO) ) %
1FOSF(34,141A%( (XLNGTH/2,01=Y)/COSLFN)
FNLAY = FANTHIN 4+ (POWERT#FACTMI) / (2.0 *FLMASS)
ENSLAY=FN| AYSNMEFY
NAUALOX=FNSLAY/DMFFRY
A TA 488
FACTOL=(140+(SINF( (3.1616%(Y={XLNGTH/2,0) ) )
1/COSLENY ) /7ONEMSN)
DAWFRY = (PAWFRT*FACTPL) / 2,0
CFXLOY=144,0%(POWERT/(2,0%NTAINS*COSLEN®ONEMSQ) }
1CNSFL2,1414%#(Y=(XLNGTH/2,0) }/COSLFN)
ENLOY = ENTHIN + ( POWERT# FACTPL) / ( 2,0 # FLMASS)
ENSLAY=ENLOY=NMFEY
NUALOX=FNSL NY/DMFFGY
TF{AUALAX=NUALTA) 45194534453
CONTINUF
PNWFRA=DOWFRT~POWFRY
PANBNOL =POWERR-POWERY
PRINT 721sY4P
PRINT 7229NDMEFY $NDMEFGY
PRINT 723sPOWFRAPANROL
PRINT 700sPOWFRT s POWFRY s CFXLOY
PRINT 7197,FNLOY
PRINT 7203 FNSLNY s QUALOX
FORMAT (14H POWFR TOTAL = EQ44/»
1 28H DOWFR [NBUT TO POSITION X = FQ.47s
2 18H LOCAL HEAT FLUX = El1.5)
FORMAT(31H LOCAL FNTHALPY AT POSITIONTX = F842})
FORMAT(41H LOCAL SUBCOOLED ENTHALPY AT POSITION X = F8e2/»
130H LOCAL QUALITY AT POSITION X = Fée3)

00070

060080
00090
00100
00lio
00120
00130
00140
00150
00160
00170
00180
00190
00200
onz1n
00220

00240
00250
00260
00270
00280
00290
00300
00310
00320
00330
00340
0035%0
00360
00370
00380
00390
00400
00410

"00420

00430
00440
00450
00460
00470
00680
00490
00500
00510
00520
00530
00540
00550
00560
00570
00580
00590
00600
00610
00620
00630
00640

00670
00680
00690
00700

721

722
723

157
160

162

165
166

167

180
18%
190

455

451

453

FORMAT(51H CONDITIONS AT SLUG ANNULAR TRANSITION POSITION =FB8els
1 144 PRFSSURF =FA,1)

FORMAT(18H LIQUID ENTHALPY =F8e2519H EVAP FNTHALPY =F842)
FORMAT(28H POWER OVER ANNULAR REGION =1PE10e3,

1 45H POWFR FROM SLUG ANNULAR TRANSITION TO BO =1PF10e3}

RETURPN

END

SURROUT INE LNTANN .

COMMON NTUBESsMSHAPE » TUBEsRATIOMeDIATMS s VOLTS s AMPSsENTHIN o FLMASS
1 PRESPsPRESINIPRESOTyRESDP s TSDP 9BOLNOCA» XLNGTHs SHUNTMP o
2 DMEFXsENFPXsDMEFGX s ENFGPXosENSINosQUAL INsPOWERT s AREAFL9AREAISY
3 QUALOL+SATLsPSATL yPOWERBIPSLBOL 3 CFXAVGs CFXLOX s JLOGAT 5K s X s
4PBREAK sPOWERX s ENLOX 9 ENSLOX sQUALOX sDMEFY s DMEFGY » POWON sONEOVM
5 COSLENONEMSOsSIGNZsARGsZyFACMIBsFACPLBCFXBOsL s Ye
6 FACTMIsPOWERY s CFXLNYsENLOY s ENSLOY sQUALOYsFACTPL »
TCONSTPsSCROTL sZFTASPLNGTHe JoUsULOCAT»COSABKsSINABK» Ty
8 EXTRAASEXTRARSFXTRACIFXTRADSEXTRAS $EXTRAF Y
9DMEFByDMEFGB s ENLOB» FNSLOB s QUALOBEXTRAGsFXTRAHIEXTRAT4EXTRAY
COMMON QUALTA#GLIGsTKINCHs

10P sDX s COLML o COLM29COLMS 9 COLME » SUMCOL »PHIMN9GTOTSC o GEUBZ » SUMD » SUMY 5
25UM2 s SUM3 9 SUM4 3 SUMS » OMEGAP »OMEGA s PGMUL T sPSUBL » T o VI SCL o VOL SPL 9ENO»
3VOLSPG sQUALO4+POWERA s PANBOL + DENF O+ DENF GO s ENSO 2 QUALOANVSPLOSDVSPGO»
4GTOT ¢DPMOM s GRDMT s DVL SPL #DVLSPG s TERMI» TERM2 s TERM3 » TERML GGASHDT s
SDVISCLREYNUMsFFACTP o FFACT o VELOC s GRDF S+ DPGMLT »GRDFTSDGRDOMT 4 GRDTOT »
6B9GRAVACIGRAVCS s GRAVCHI VALUENSFACTUNS BMANASDRANMADASAsFILMTK 2 YPLUS,
TTAUWAL s FYPLUS s GFILMy GLAENT 9PCLIQsOCLENT s DUMMY A 5 DUMMYR o UMMYC
QUALO4=1640*QUALOL

1=0UALO4

DO 451 K=1,10000,1

DUMMYC=K+1

X=DUMMYC/1640

TF(X-NUALOL)160 9160 5157

TF(X={14860%QUALOL) ) 16291629165

P=PRESIN

GO TO 167
P=PRFSIN=~(0,750#TSNP* (X-QUALOL)/ (XLNGTH-QUALOL))
GOTO 167

PRARFAK=PRESIN=(0,750#TSDP*{0,60#QUALOL) /(XLNETH-QUALALY)
P=PBREAK—( (PRRFAK-POFSOT)#{X~{1+60%QUALOL) )/
1 (XLNGTH-(1,60%0UALOL) )

CALL LIOGFN

PMFEX=SNFPX

CALL EVAPEN

DMEFGX=ENFGPX
CFXLOX=((24,0#POWERT )/ (APEAIS*(RPATION+1,00)))
1 *¥(1,0041(X*#(RATIOM=1,0014)/XLNGTH))

POWFRX={ (PAWFRT#2,00)/(RATIOM+1.00) 1% (X/XINGTH+( (X*X*(RATIOM=1,00)
1 Y/ UXLNGTH®XLNGTH#2,00) 1))

ENLOX=ENTHIN + POWERX/FLMASS
ENSLOX=ENLOX=DMFFX
QUALOX=ENSLOX/DMFFGX

IFIQUALOX-NUALTAY 45146453,453
CONTINUE

POWFRA=POWFR T=PAWFRX
PANROL=POWFRR-POWFPX
PRINT 721sXsP

PRINT 722+DMEFXsDMEFGX

PRINT 723+sPOWERA»PANBOL

PRINT 700sPOWERTsPOWERX s CFXLOX

PRINT 7109ENLOX

PRINT 7209ENSLOX sQUALOX

01440
01450
01460
01470
01480
01490
01500
01510
01520
01530
01540
01550
01560
01570
01580
01500
01600
01610
01620 |
016308}
01660
01650

01670
01680
01690
01700
01710
01720
01730
01740
n17%50
n1760
01770
01780
01700
01800
01810
n1820
n1829
01840
018250
01860
N1870
01880
01890
01910
01910
01920
01930
01940
01950
01960



700

71¢C
720

721

722
723

157
140

142

155
164

187

18"
18%
106

4585

451

453

FORMAT {14H DOWFP TOTAL = FQe4/y

1 28H POWFR IMOUT TN POSITION X = 9,4/

2 1RH LOCAL HFAT FLUX = F11.5)

FNORMAT(31H LOCAL ENTHALPY AT POSITION X = FB8e2)

FORMAT (41H LOCAL SURCONLED ENTHALPY AT POSITION X = FRe2/»
130H LOCAL QUALITY AT POSITION X = F6e43)
FORMAT(S51H CONPITIONG AT SLUG ANMULAR TRANSITION
1 14H PRFSSURF =FB,.1}

FORMAT(18H LIAUID ENTHALPY =F8e2s19H EVAP ENTHALPY =F842)
FORMAT (28H POWER NVFR ANNUILAR REGION =1PE10s3,

1 43H POWFR FROM SLUG ANNULAR TRANSITINM TN BN =1PE10e3)
BFTUON

FMD

PNSITION =F8e10

SURROUTINF LNDANN

COMMON NTUBESsMSHAPF s TUBEsRATINMsDTAINS s VOLTS 3 AMPS»ENTHIN9FLMASS
1 PRESP,POFSIMyPPESNT 4RPESDP 3 TSNP sBOLOCAIXLNGTHs SHUNTM, D,y

2 DMFFXsENFPXsDMFFGX s ENFGPX s ENSTNs QUALIN s POWFR™ s AREAFLsAREAISY

3 QUALOL s SATLsPSATL sPNAWERBsPSE BAL s CFXAVG s CFXLOAs JLOCAT 9K s X s
4DBREAK sPOWERX s ENLNX 9 FNSLOX sQUALOX s DMFFY s DMEFGY 9 POIWNN s OINFOVM

5 CNSLFNYONFMSNDSTANZ 3 ARGZ 3 FACMIRSFACPLR,CFXROIL Y
6 FACTMI sPOWFRY s CFXLOY s TNLOY s ENSLOY »QUALOY s FACTPL »
TCONSTD 3 SCOPTL s ZETASPLMGTH JsUsULOCATsCOSARK s STNARK Iy
B EXTRAASEXTOABIFXTRACIFXTRANDSEXTRAEWEXTRAF,
GDMEFByDMEFG32ENLOBENSLOBsQUALNBEXTRAGsEFXTRAHIEXTRATSEXTRAY
COMMON NUALTASGLIQTKINCH,

1N $DX s COLML 9 COLM29COLMI 9 COLME s SUMCOL s PHIMNSGTOTSC 9GSURZ 9 SUMND » SUMY »
25UM295UM3 9 SUML 9 SUMS 3 OMFGAD sOMEGA s PGMUL T 9P SUBL s ToVISCL 9 VOLSPL 9»ENOs
3VOLSPG s QUALNADNWED A DANRNL s DFNFOsDENFGN» ENSOsAUALOSDVSPLOIDVSPGOs
4GTAT S NPMAMyGRDMT s DVLSPLNVL SP G TERML » TERM2 s TERM3 3 TERMS » GGASeD Ty
SNVISCLIPEYMUMFFACTD s FFACT 9 VELNACGRDFSsNOGMLT 3GRDFToNGROMT9GRNTOT»
AR IGPRAVACIGRAVCS»GRAVCH VALUEN 9 FACTUN 9 BMAOA sNBMANA s As S TLMTKs YPLUS,
TTAUWAL s FYPLUS s AFTLM e GLAENT sPCLINSPCLFNT s DUMMY A o DUMMYR » DUMMYC
OUALNL=16,4"*NUALOL )

1=0UALNG

PO 451 KX=1,10000,1

DUMMY(C=K+1

X=DUMMYC /1647

TF(X=NUALAL)I160 +16N 5157

TF(X=(1460*QUALOL) ) 16241625165

DxDD“S[N

AN TO 167

D=PPESIN=(N478N0#TSNP#(X=-NUALAL) / (XLNGTH=-QUALOL))

ANTA 167

PRIFAL=POFSIN=(N,750%TSDP*{0,60%OUALOL) / IXLNGTH-QUALOLY)
P=PROFAK-{ (PRRFAK-DRFSNT)*(X=(1+60%QUALOL))/

1 (XLNATH={146N%0UALNAL) })

CALL LIOFM

NAMEFEX=FNFPX

CALL FVAPFN

DMEFEX2FNF ROX

CFXLOX=( (2 0%00WFRT#RATION) / (APEATISH(1,004RATINM) ) )%
107400=(X%(RATIOM=1,00))/(XLNGTH*RATIOM))

POWFRX=( (POWERT#2400#RATIOM) / (RATIOM+1,00))# (' X/XLNGTH)

1= (X*XH(RATI™M=1,4001)/ (XLNGTHRXLNGTH#2,0N0%RATI(,M))

FNLOX=FNTHTM 4+ POWFRX/FLMASS

ENSLAX=FNLAX=NUFFX

QUALOX=FNSLOX/NDMFFGX

TF(NUALOX~NUALTA) 45194539457

CONTINUF

PAWENASDAWFR TaDAWED X

PANROL =POWFRA-DOAWEPX

01990
02000
02010
02020
02030
02040
02050
02060
02070
02080
020990

00780
00790
00800
00810
00820
00830
00840
00850
00860
00870
00880
00890
00900
00910
00920
00930
00940
00950
00960
00970
00980
00990

01610
01020
01030
01040
01050
01060
01070
01080
01090
01100
01110
01120
01130
01140
01150
01160
01170
01180
01190
01200
01210
01220
01230
01240

700

710

720
721

722
723

365
371

375

380
185

390

400

PRINT 7219XeP

PRINT 722»DMEFXsDMEFGX

PRINT 723+POWERA»PANBOL

PRINT T700+POWFRT sPOWFRX s CFXLOX

PRINT T109sFNLOX

PRINT 720sFNSLOXsQUALOX

FORMAT(14H POWER TOTAL = E9e4/»s

1 28H POWER INPUT TO POSITION X = E9.4/»
2 18H LOCAL HFAT FLUX = F11,5)

FORMAT(31H LOCAL ENTHALPY AT POSITION X = F8e2)

FORMAT(41H LOCAL SUBCOOLED ENTHALPY AT POSITION X = F8e2/s
130H LOCAL -QUALITY AT POSITION X = F6e3) .
FORMAT(51H CONDITICNS AT SLUG ANNULAR TRANSITION
1 14H PRESSURF =F841)

FORMAT(18H LIQUID ENTHALPY =FB84¢2s19H FVAP FNTHALPY =F842)
FORMAT(28H POWFR OVFR ANNULAR REGION =1PF1043,

1 45H PNWER FROM SLUG ANNULAR TRANSITION 7O BO =1PE1043)
RETURN

FND

POSITION =FB8s1>»

SURROUTINE PXTANN

COMMON NTUBES sMSHAPFE » TUBEsRAT IOMsDIAINS s VOLTS »AMPSs FNTHIN#FLMASS s
1 PRESP yPRESINIPRESOT¢RESDP s TSDP sBOLOCAsXLNGTHe SHUNTMyP o
2 DMEFXsENFPX sDMEFGX s ENFGPX s ENSTNsQUALIN ¢ POWFRTs AREAFLsAREAISY

3 OUALOL sSATLIPSATL +sPOWFRBIPSLANLsCFXAVGsCFXLOX» JLOCAT 9K 0 X s
4PRAREAK s POWFRX » ENLOX 9 FNSLOX »QUALOX s DMFFY » DMEF GY s POWOQ s ONFOVM
5 COSLENSONEMSQ9SIGNZ 9ARGZ 9 FACMIBsFACPLBsCFXBC oL oY
6 FACTMI sPOWERY 3 CFXLDY s FNLOY s FNSLOY s QUALOY s FACTPL
TCONSTP ¢ SCRPTL 9ZFTASPLNGTH J9UsULOCAT2COSABKsSTNARK 9Ty
8 EXTRAASEXTRARyFXTRACsFXTRADIEXTRAF FXTRAF»
ODMEFByDMEFGBENLOBsENSLOBQUALOBIEXTRAG»FXTRAHIEXTRAT »FXTRAY
COMMON OQUALTASGLIGsTKINCHs
1PP sDX s COLM1 9 COLM29COLM3 s COLM& s SUMCOL s PHIMNSGTOTSC s GSURZ » SUMN» SUMT s
25UMZ 9 SUM3 9 SUM4 ¢ SUMS s OMEGAP s OMEGA s PGMUL T »PSUBL # ToVESCLOVNLSPL I FNA
3VOLSPG sQUALO4 »POWERA s PANBOL s DENFO s DENFGOENSO s QUALO»DVSPLODVSOGN
4GTOT sDPMOMyGRDMT s DVLSPL sDVLSPGs TERM1 s TERM2 3 TERMA 4 TERMA s GGAS» DT
SDVISCL sREYNUMsFFACTPyFFACT o VFLOC s GRDFSsDPGMLT s GRDF T 9NGRNMT 9 GRATOT s
6B 9yGRAVACsGRAVCS s GRAVCH9 VALUEN s FACTUN+»BMAQA s DBMAOA»AsFILMTK s YPLUS»
TTAUWAL s FYPLUSWGF ILMoGLOENT s PCLTQ9PCLENT s DUMMY A s DUMMY Ry PUMMYC
QUALO&=1640%0UALOL

1=NUALNG

DO 451 L=1,10000,1

DUMMYrF=t 4]

Y=DUMMY(C /16,40

1F (Y - QUALOL) 370y 370, 385

IF (Y —{1.6#QUALOL) ) 375s 375 380

P = PRESIN

GO TO 29N

P=PRESIN—{04750%#TSDP* (Y=-QUALOL )/ (XLNGTH-QUALOL} )

GO TO 390

PARPFAX =PRESTIN=(04750%TSDP*(0460%QUALOL) / ( XLNGTH=QUALOL) )
P=PRRFAK~( (PRRFAK=PPFSOT )% (Y=(1,60%QUALOL) )/

1 (XLNGTH={1,6N#QUALOL)))

CALL LIGEN

NMFFY=FNEPX

CALL FVAPFN

DMFFGY=FNFGPX

1F (Y«(PLNGTH/2,0)) 40054005410

POWFRY=EXTRACH (ONEMSQO=SINF(341416#{ (PLNGTH/2,00)~

1Y ) /COSLEN) )

CFXLOY=FXTRAF#COSF{3,416416*({PLNGTH/?400)~

1y ) /COSLENY

012%0
01260
01270
01280
01290
01300

01330
01340
01350
01360
01370
01380
01390
01400
01410
01420
N1430

02880
02890

029600 -

02910
02920
029130
02940
02950
0296

0297

02980
02990
©3n9n
nIN1n
n3n2n
02030
LELTY,]
03050
n3InNgon
03070
ninen
ninen

n3lin
03120
03130
03140
03159
03160
03170
031R0
n31a9
03200
03210
n3220
03230
032480
032590
03260
03270
03280



6O TO 435
419 IF (Y=(XLNATH=SCPPTL)} 41554154425
415 DOWFRY=FXTRACH(ONFMSA+SINF(3,1416%(
1Y —{PLNGTH/2,003)/COSLFN) )
CFXLOY=FXTOAF#COSF(341416%(
1Y ~{DLNGTH/24,00))/COSLEN)
GO To 435
428 DOWFRY=(POWFRT/CANSTRI# L (CNSLEN#EXTRAA/ 341416 )+FXTRARN (1,00~
1EXPF( (=ZETA)*(Y ~(XLNGTH-SCRPTL})/SCRPTL)Y})
CFXLOY=FXTRAF#COSASK* FXPF( {(-ZETA)*(
1Y = {XLNGTH=SCRPTL})/SCRPTL)
43% ENLOY=FNTHIN+(PAWERY/FLMASS)
440  ENSLNAY=ENLNY=DMEFY
450 HUALNX=FENSLNAY/NHMEFGY
455  TF(NUALNX-NUALTAY 451+45349453
451 CONTINUF
453 POWFRA=POWFRT-DOWFRY
PANROL=POWFRR-POWERY
PRINT 7214YsP
PRINT T7229DMFFY oNDMEFGY
PRINT 723+POWFRAIPANROL
PRINT T004PNWERTsPOWFERY s CFXLOY
PRINT 710sFNLOY
PRINT 720, FNSLOY »QUALOX
77" FORMAT(14H POWFR TOTAL = FQea4/
1 2RH POWER INPUT TO POSITION X = E9e44/»
2 18H LOCAL HEAT FLUX = E11,5)
717 FOPMAT(31H LOCAL FNTHALPY AT POSITINNTX = FB8,2)
720  FORMAT(41H LOCAL SURCOOLED ENTHALPY AT POSITION X = FBe2/»
130H LDCAL OUALITY AT POSITION X = Fée3)
771 FORMAT(51H CONDITIONS AT SLUG ANNULAR TRANSITION
1 144 PRESSURF =FA,1)
722 FORMAT(1RH LIQUID ENTHALPY =FBe2s19H EVAD ENTHALPY =F842)
723 FARMAT(28H POWFR OVFP ANNULAR REGINN =1PE1043s
1 45H POWER FROM SLUG ANNULAR TRANSITION TO BO =1PF10e3)
oETURN
=N

POSITION =F8e1s

SURRNYTIMF PKNANN

COMMON NTUBES ¢MSHAPE y TUBEsRATIOMsDIAINS s VOLTSsAMPSsENTHINSFLMASS»
1 PRESD4PRESINSPRESNT 3PESDP 3 TSDP s BOLOCA» XLNGTH» SHUNTM Py

7 NMEEX EMEDX JNMEFGX 5 ENFGPX 3 ENSINSQUALIN s POWFR ™5 ARFAFLSAREATSS
2 NUALNL 9 SATLsPSATL 9DOWERBPSLROL CFXAVGICFXLNAsJLOCAT oK s X
LPARFEAK 3 DOWFRPX 9 ENLOX 9 ENSLOX yNUALOX 9 DMEFY y DMEFGY s POWON » ONEOVM

5 COSLFN#ONEMSNsSIGNZ»ARGZ»FACMIBsFACPLBYCFXBOSLY s
& FACTMI9POWFRY 9y CFXLNY s FNLOY s ENSLOY s OUALOY s FACTPL
TCONSTD 9 SCPPTL 9ZFTASDLNGTH JoUsULOCAT»COSABKsSTNABK 9Ty
A FXTRPAAICXTRARyFXTRACIFXTRANIFXTRAFSEXTRAF
ONMFFRy DMFFGRyFNLOBsFNSLOBYQUALNBEXTRAGs SXTRAH FXTRAT 9EXTRAJ
CHOMMON QUALTASGLIQsTKINCH
1DP sDX s COLML 9 COLM2 9COLM3 9 COLMG s SUMCOL 9PHIMNGTOTSCsGSUBZ » SUMO » SUM1 »
25UM29SUM3 s SUMG 9 SUMS 9 OMEGAP sOMEGA s PGMUL T 9P SUBL 9 ToVISCL 9 VOLSPLsENO
AVNLSPR s AUALOG sPOWER A» PANBOL » DENFO s DENFGO s ENSO»NUALO s DVSPLO»DVSPGO
4GTOT 4 DPMOM 3 GPDMT s DVLSPL sDVLSPGs TERM1 » TERM2 s TERM3 9 TERM4 s GGAS DT
EDVISCLIRFYNUMFEACTP yFFACT 9 VFLOCGRNESsDPGML T »GRDF T sNGRDMT 9 GRDTOT s
6RIAPAVACHYGP AV, S s GRAVCH VALUENSFACTUN s BMAOA SDBMANA s AsFILMTK s YPLUS s
TTAUWAL 9 FYPLUS s GFILM e GLNENT ¢PCLINsPCLFNT s DUMMY A3 DUMMYB ¢ DUMMY C
NUALDA=1640%0UALOL

1=NUALNG

PO 481 L=1,19010,1

DUMMYC=L+1

Y=NUMMYC/14,°

03290
03300
03310
03320
03330
03340
03350
03360
03370
03380
03390
03400
03410
03420
03430
03440
03450
03460
03470
03480
03490
03500
03510
03520

03550
03560
03570
03580
03590
03600
03610
0362¢C
083630
03640

02100
02110
02120
02130
02140
02150
02160
02170
02180
02190
02200
02210
02220
02230
02240
02250
02260
02270
02280
02290
02300
02310

1F (Y « QUALOL) 370 370y 265
365 IF (Y —(146%QUALOL) ) 375s 375s 380
370 P = PRESIN
GO T0 399
375 PzPRFSIN«(0,750%TSDO*(Y-QUALOL )/ {XLNGTH=QUALOL) )
GO TO 390
380 PRPFAK=PRFSIN-(0,750%TSDP*(0, GO'OUAL"L’/(XL"GTH-QUALOL) }

-385 P=PBRFAK~( (PBPFAK-PRESOTI*#{Y-(1.60%0UALOL))/

1 (XLNGTH-(1.60%QUALDL)))
390 CALL LIQFN
DMFFY=ENFPX
CALL FVAPEN
DMEFGY=ENFGPX
IF (Y=SCRPTL) 400+400+410
400 POWERY=EXTRAF#{FXPF(ZETA*(
1y =SCRPTL)/SCRPTL)I=EXPF{=-ZETA))
CFXLOY=EXTRAE#COSABK#(FXPF{ZETA*(
1y -SCRPTL)Y/SCRPTLY)
GO TO 435
410 TF (Y={XLNGTH=(PLNGTH/2.,00))) 415+4159425
415 POWERY= (POWERT/CONSTP)#((EXTRAB#ULOCAT) + (({COSLEN/3,1416)%(

1SINABK-SINF({341416/COSLEN)*(XLNGTH=(PLNGTH/24,00}-Y 1Y)
CFXLOY=EXTRAF®#COSF((3,1416/COSLEN)# (XLNGTH=(PLNGTH/2,00)=Y 1)
GN TO 435

425 POWERY= (POWERT/CONSTPI*((EXTRABXULOCAT) 4 ((COSLEN/3,1416)%(
1SINABK+SINF((3,1416/COSLEN)#(Y ~(XLNGTH={PLNGTH/2,00) ) ) 1}
2
CFXLOY=EXTOAF#COSF((3,1416/COSLEN)#(Y ~(XLNGTH=(PLNGTH/2,00) )
1)

435 ENLOY=FNTHIN+(POWERY/FLMASS)

640  ENSLOY=ENLOY-NMFFY

450 QUALOX=ENSLCY/DMEFGY

455 IF{QUALOX-QUALTA) 45194539453

451 CONTINUE

453  POWERA=POWERT=-POWERY
PANBOL =POWFRB=POWEPY
PRINT 721sYsP
PRINT 722+DMEFY sDMEFGY
PRINT 723+POWERA ¢PANBOL
PRINT 700sPOWERT»POWERY »CFXLOY
PRINT 710,ENLOY
PRINT 720 FENSLOY »QUALOX

700 FORMAT(14H POWER TOTAL = E9e4/»
1 28H POWER INPUT TO PNSITION X = E9e4/s
2 18H LOCAL HEAT FLUX = E€11,5)

710 FORMAT(31H LOCAL ENTHALPY AT POSITIONTX = F842)

720 FORMAT(41H LOCAL SURCOOLED ENTHALPY AT POSITION X = F8e2/s
130H LOCAL QUALITY AT POSITION X = F6e3)

721 FORMAT(51H CONDITIONS AT SLUG ANNULAR TRANSITION
1 16H PRESSURE =F8,1)

722 FORMAT(18H LIQUID ENTHALPY =F842s19H EVAP FNTHALPY =F842)

723 FORMAT (28H POWERP OVER ANNULAR REGION =1PE1043s
1 454 POWER FROM SLUG ANNULAR TRANSITION TO BO =1PE10e3)
RETURN
END

POSITION =FB8a1»

SUBROUTINF  SPKANN

COMMON NTUBES sMSHAPE» TUBEsRATIOMsDIAINS s VOLTS s AMPSsENTHINFLMASS
1 PRESPsPRESINIPRESOTsRESDP» TSDP sBOLOCAs XLNGTHs SHUNTMsP»
2 DMEFXsENFPXsDMEFGXs ENFGPX 9 ENSINsQUAL IN9POWERT s AREAFL 9 AREAIS
3 QUALOL »SATLsPSATLIPOWERBsPSLBOL 9 CFXAVGCFXLOX» JLOCAT 9K 9X»
4PBREAK sPOWERX s ENLOX» ENSLOX sQUALOX s DMEFY s DMFFGY s POWOQ s ONEOVM»

02330
02340
02350
02360
02370
n2380
02390
02400
02410
02420
02430
02440
02450
062460
02470
02480
02490
02500
02510
02520
02%30
02540
02550
02560
02%70
02580
02590
n2600
02610
02620
ozsso]
026400
0265
02660
02670
02680
02690
02700
02710
02720
02730
02740

02770
02780
02790
02800
02810
02820
02830
02840
02850
02860
02870

00010
00020
00030
00040
00050
00060



R85
27N

agn
2RG

432

AL
44"

45%
451
452

5 COSLENsNNEMSNsSIGNZ9APGZ s FACMIRFACPLRCFXBOsL Y
6 FACTMISsPOWFRY s CEXLOYsFNLOY s FNSLNY »NUALNY s FACTOL s
TCONSTO S/ RPTL 9 ZFTASPLNGTHsJsUsULNCAT9COSABKSINABK ST,
8 FXTRAASFXTRARy FXTRACIEXTRANIFXTRAFSEXTRAF»
9DMEFBe DMEFGR s FNLNB s ENSLOBsQUALNBIEXTRAGsEXTRAHSEXTRATsEXTRAY
COMMON QUALTASGLIQeTXINCH
1DP¢DX 9 COLML s COLM2 9COLMI 9 COLML Y SUMCOL s PHIMN9GTNATSCGSUBZ s SUMO s SUM1 »
2SUM23SUM3 s SUMA » SUMS s DMEGAD s OMFGA s PGMUL T 9 PSURL s ToVISCL s VOLSPLFNO
3VYNLSPRsNUALCL s POWFRA3PANRNL s NFNF D3 NFENFGOs FNSO»QUALO9NDVYSPLOSNVSPGO
4GTOTsNOMAM 3 GROMT 9 DVL SPL sDVLSPGs TFRM] 3 TFRM2» TERM3 s TERMA 9 GGAS DTy
SPVISCLIRFYNUMSFFACTP 3y FFACT o VFLNCsGRNFSsNOGML T s GRDFT oNARNDMT 9 GRDTOT
6RGRAVACIGPAVCS9sGRAVCHI VALUFNsFACTUNsBMANASNBMANA 3 ASFTLMTK 9 YPLUSy
TTAUWAL o FYDLUS»GFILMy GLNFNT 9DCLINsPCLFNT 5 DUMMY Ay DUMMY Ry DUMMYC
COAMMON N M THEAND FCHEM g SCHEN S VISCE 3 CDLTNySURFTL
1XTT9SATPy SHMALLT s NFLTVP s TWALL s HCHF Ny HMAC s HMIC 9 OFYNLO s NFLUX »
? DPNUWB-R=°CHT’“”quDENG’OADFNFyPTHFNGvnFLTTpOACH‘N-
3 DTCHFNSRANDMAX ¢ NELTFNIRANDIUS»CCoDDsFF
NUALNG=16&, " %¥NUALNL -
T=NYALNG
NN 451 L=1+100771
NUMMY =i+
Y=NUMMY (/1440
1F (Y = NUALOL) 370, 370, 365
1F LY =(1,4%#0UALNL) ) 3759 275y 3RN
P = ODESTNM
AN TO 300
O=0RFSIN=(Ng75NRTSNPX(Y~QUALNL )}/ (XLNGTH=NUALM,) )
=N TA 30n
DROFAK =POFESTN={ 0 TSITSOP*(0460%¥QUALOL) / (XLNGTH=NUALOL) )
P=PRREAV<( (PRPFAK-PRFSOTI*(Y=(1,60%0UALOL))/
1 (XLNGTH=(1487%0UALOL)Y)
CALL LIOEN
AMEFY=ENFPX
CALL FVAPFN
AMEFGY=FNFGPX
1F (Y ~(XLNGTH=SCRPTL) 147094004410
PAVEDY=F¥TNDAA®Y
CEXLNY=FXTRAF/?ATIOM
fATA 435
1F (Y ~ULOCAT) 41534184425
PAWERY= (CXTOAA® (XLMATH-SCRPTL) )+
1 (EXTOARRE(NNEMSEN-SINE(3,1416*%{ULNCAT=Y
CEXLOY=EXTRPAF#rASF(341416%(ULDCAT~Y
6N TO 435
IFLY ~(ULNCAT+{PLNGTH/240))14309430+433
PAWERY= (FXTOAA# (XLNGTH-SCRPTL) )+
1 (EXTPAR*("NFMSN4SINE(341416*(Y-ULOCAT
CEXLAY=FXTPAF#CNSF(2,14146%(Y
GO TO 435
DAWERY=EXToAAR(Y
CFXLOY=FXTRAF/QATIOM
FNLNY=FNTH M4 (PAWERY /FLMASS)
EMSLAV=FN AY.NMEFY
NUALNX2FNSLNY/NMEFRY
TFINUALNX=NUALTA) 45144539453
CANTIMUF
DAWEPAZPAWFD T-DAWE DY
DANBOL =PAWERB-PAWERY
PRINT 7214Ys0
DRINT T22+NUFFYyNMFFARY
PRINT 77234DNWFRASPANROL
POINT 707, DNWFRT 4POWFRY 4 CFXLNY
PRINT 710,5NLOY
PRINT 727, FMSLAY s QUALNX
EARMAT(14H DNWFR TATAL = FOL4/y

V/CNSLFN) )
}/COSLFN)

Y/CASLENY Y)
=ULOCAT) /COSLFNY

=DLNGTH) + (FXTRAR®2,, 0#ONEMSO )

00070
00080
00090
00100
00110
00120
00130
00140
00150
00160
00170
00180
00190
00200
00210
00220
00230
no240
0n2s50
00260
00270
00280
00290
00300
n0310
nn320
00330
00340
00350
00360
no37o
00380
00390
00400
00410
00420
00430
00440
00450
00460
00470
00480
00490
00500
00510
00%20
008130
00840
00550
00%60
00570
00580
00590
00600
00610
00620
00630
00640
00650
00660
00670
00680
00690
00700
00710

71°
720

721

722
723

755
7%0

1 28H POWER INPUT TO POSITION X = £944/s
2 18H LOCAL HFAT FLUX = E11,5)

FOAMAT(31H LOCAL ENTHALPY AT POSITIONTX = F847)

FOOMAT({41H LOCAL SUBCOOLED FNTHALPY AT POSITIUN X = FBe2/9
130H LOCAL AUALITY AT POSITION X = F6e3)
FORMAT(S1H CONDITIONS AT SLUG ANNULAR TPANSITION
1 14K PRESSURE =F8,1}

FORMAT(18H LIQUID ENTHALPY =FB842+19H EVAP ENTHALPY =F842)
FORMAT (28H POWER OVER ANNULAR REGION =1PF1043»

1 454 POWFR FPOM SLUG ANNULAR TRANSITICN TO BN =1PF1043}
RFTURN

END

POSITION =FBele

SUBROUTINE BONUCF

COMMON NTUBES yMSHAPE » TUBEsPATIOMSDIAINS s VOLTS s AMPSsENTHIN9FLMASSy
1 PRFSD,ORESINGPRESOT yRFSDP s TSDPsBOLNCAs XLNGTHs SHUNTMsP

2 DMEFXsENFPXsDMFFGX 9 FNFGPXsENSINSQUAL INsPOWFR T3 AREAFL sAREATS

9 QUALNL sSATL sPSATLIPNWFRRIPSLROL s CFXAVGCFXLOX e JLNCAT oK 9 X s

4ORRFAK 9POWFOX 9 FNLOX 3 ENSLOX 9NQUALOX s DMFFY s DMEFRY s POWNQ s ONFOVM

5 COSLENSNNEMSOsSIGNZsARGZsFACMIBFACOLRCFXROSL Yy

6 FACTMI 9DOWFRY s CFXLOY+ENLOY s FNSLNY »QUALNY sFACTOL

TCONSTP 9 SCRPTL9ZFTASPLNGTHe JoUsULOCATsCOSABKsSINARK s 1y

8 EXTRAASEXTRAR FXTRACIFXTRADFXTRAF$FXTRAF »

9DMEFB ) DMEFGB s ENLOBFNSLOBsNUALNBEXTPAGYFXTRAHIEXTRAT$FXTRAY
COMMON QUALTASGLIOTKINCH,

1DP +DX s COLM1 s COLM29COLM3 9COLMG s SUMCOL s PHIMN s GTNATSC 9 GSURZ s SUMO» SUM1
25UM2 3 5UM3 s SUML » SUMS s AMEGAR s OMFGA 9PGMULT 9 PSUBL 9 ToVISCL s VAL SPLENOy
AVOLSPG»QUALNG s PAWER A5 PANBOL s DENFN e NENFGN ENSO 9 QUALN s DVSPLOsDVSPGN
4GTOT s DPMNIM s GODMT 9 DV SPL s DVLSPGs TERM] » TEQM2 y TFOM3» TERMA 9 GGASs DTy
SDVISCLsRFYNUMSFFACTP s FFACT s VFLNC yGRDFSeDPGMLT »CODF Ty NERAMT » CRDTOT
6B 9sGRAVAC sGRAVCS 9 GRAVCHI VALUEN s FACTUN» RMAOA sDBMADA S As FILMTK s YPLUS
TTAUWAL »FYPLUS»GFILMy GLAENT sPCLIO»PCLENT s DUMMY s s DUMMY B9 DUMMYC
COMMON NsMyTHCONDsFCHEM SCHEN»VISCGsCPLIN»SURITL
IXTToSATPsSMALLToDELTVP s TWALL sHCHEN s HMAC o HMTCosRFYNLOSNFLUX »

2 PRNUMB3BFRGHT s HDByHDFNG s DADFNG DTDFNGe DEL TT »QACHEN

3 DTCHENSRADMAXsDELTFNSRADIUSsCCoDDsFF

IF(BOLOCA=OUALOL) 7505750,755
TF{BOLOCA-{146¥QUALOL}} 76057604765
P=PRESIN N
G0 TO 770

P=DRESIN-(0,750%#TSDP* (ROLOCA-OUALOL )/ {XLNGTH=-QUALOLY)

GO 16 T70
PBREAK=PRFSIN=-(0,750#TSDP#(0,60%QUALOL )/ (XLNGTH=QUALOL } )
P=PBRFAK—( (PRREAX~PRESOT ) #{ROLNCA=11460%NUALOLY }/ {XLNGTH=
1 (1,60%QUALOL)) Y

QUALOX=QUALOS
1F (QUALOX)
CALL XXTT
CALL SATTmP
CALL VISCOS
CALL XTHCON
CALL XCPLIN
CALL XSURFT
CALL EVAPEN
CALL SPECVG
CALL SPECVL
PRNUMA= CPLIQ#VISCL/THCOND

A =(Px#,0234)

SUM1=A/ (2430-A)

BERGHT e ((140/(15,6*(P*##]1,156)))#%#5UM])
REYNUM=(GTOT#DIAINS)/(12,0#VISCL)
HOB=0,023%#THCOND*(1240/DIAINS ) #(REYNUM®#048) % (PRNUMBR#0 44 )

780,780,775

00720
00730
00740
00750
00760
00770
00780
00790
00800
00810
n0R20
00830

00010
00020
00030
00040
00050
00060
00070
00080
00090
00100
00110
00120
00130
00149
00150
00160 |
001705

00180
70190

‘no200

00210
00220
00230
no240
00250
00260
00270
nn280
0n29n
0n300
00310
on3z2n
no33n

00350
00360
00379
90380
nn3en
nNn&nn
0N&10
noe20
onasn
00440
0450
00460
00470
00480



100

270

20

sl

30
5

PPN
2007

Tan

HDFNG=3 ¢ S*HDR/(XTT2%C,5)

A={2,30/(243N=4))

NADENG=(BREOGHT# (HDFNGR* B))

NTIDFNG=0ANFNG/HAENG

PRINT 10CsHDFNGNADFNGsDTNFNG

FOBMATI9H H PEMG =£1545925H NUCL FLUX DENG=REQGLES =F1545s
1 244 TWALL MIMUS TSAT DFNG =£15.5)

PELTT=NTNFNG

CALL XHCHFN

GO TO 1N

CALL XHCHEN

NACHEN= (RFDAHTS (HCHEN®® R))

DTCHEM=NACHFN/HCHEN

DOINT 207y NTCHFM DELTToHCHEN 9 QACHFN

EARPMAT(17H NT CHFN =F10,5314H DT PRFVINUS =F1(45s
1 9H H CHEN =F1045s 22H NUC FLUX CHEN-BERGLES=t10.5)
IE(ABRSF(NTAHFN=NFLTT)=0,05) 409404520

PELTT=NTCHEN

60 TN 5

RARMAX= NNNOETE
CALL XRAD

1F (RADIUS-QADMAX)
caLL NFLUX2
CANTINUF
RMANA=CFXRNA/NACHEN
CC=CFXRN/NADFNG
NELTFN=(POVFRA-(POWERT-DOWFP A) ) /FLMASS

DOINT AAND G NELTENGRAMANA 4

FOAPMAT (404 NELTA EMTHALPY ANNULAR TRANS TO LOCAL =F942s
1 37H LOCAL FLUX OVE® FLUX FOR NUCLFATION=F8e2s
2 13H RATIN DENG =F8,2)

CONTINUF

DETURN

NP

50950960

SURPNUTINF LNAMUCF
COMON NTURFS 9MSHADE 3 TUBE s SATINMyDIAINS 9 VOLTS 9 AMDS s ENTHIN9FLMASS s
1 DPFSDSPNFESINGPRESAT RFSNP s TSDPsROLOCAs XLNGTH SHUNTM9P
2 DMFEXsFNFDXsNMEFCX s FNFAPX s ENSTNQUAL INs POWFRT s AREAFL sAREATSS
2 QUALNL 9 SATLsPSATL 9OAWERR DS ROL s CFXAVG CFXLOX s JLOCAT 9K s X s
LPAPFAK 9 POWERX 9 FNLOX 9 FNSLOX sQUALOX s DMEFY s DMEFGY s POWON s ONEOVM
& CASLENSNNFMSOsSTGNZ9APGZyFACMIBIFACPLRsCFXBOsL sY s
6 FACTMI 9POWEDY s CFXLOY s EMLNY s FNSLOY » QUALOY s FACTOL s
TCOMSTO s SCROTL9ZFTASPLNGTH JoUsULOCATsCOSABKSiNABK s 1
B FXTOAAsEXTRARy FXTOACIFXTRANDS FXTRAFyFXTPAF
GDMEFByDMEFGRy FNLNByFNSLOBAUALCBs EXTRAGYEXTRAHsEXTRAT»EXTRAY
CAMUNN NUALTASGLTIA s TKINCHy
1ND DX 7AL T 9 CALM2 s COLMI 9 CALML s SUMCOL s PHIMN S GTC TSCoGSUBZ 9 SUMD 9 SUMT
25U SUM, SUMLy SUME y AMEGAD 4 IMEGA s PGHYUL T 3PSURL 4 THVISCL s VAL SPL s ENOs
AVALSOG 9 NUALNG $DNLIED A4 OANBOYL s DFNFN 9 NFNFGOLENSO s QUALD s NDVSPLOs DVSPGO s
4GTOTyDOMOM GROMT » DVLSPL 9 DVLSPGy TERM1 s TERM2 9 TE['M3 s TERML 9 GGAS DTy
SOVISCLIRFYMUMSFFACTD 3 FFACT s VFLOCSGRNFSsNPGMLT sGRDF Ty NGROMT sGRDTOT »
6R 9 GRAVACGRAYCS 9 GRAVCHIVALUEN s FACTUN s BMAOA sDBHAOQA» A3 FTLMTK » YPLUS »
TTAUWAL s FYPLUSGFILMsGLAENT sPCLIR9PCLFNT 9 DUMMYA 5 DUMMYB s DUMMYC
CAMMAN N g%y THCOND FCHENS SCHENVISCGsCPLTIA9SURETL
IXTTaSATO s SMALLT o NFLTVO» TWALL s HCHFMsHMAC s HMT € s OFYNLQ s NFLUX »
2  PONUMB,BFPGHT s HDBsHDENG s QADENG s DTNENG s DELTT y QACHEN s
2 DTCHFN 9 RANMAX s NFLTFNSRANTUS s CCoNDyFF
CALL XXTT
CALL SATTMP®
CALL VISCHS
CALL XTHCON

00490
00500
00510
00520
00530
00540
00550
00%60
00570
00580
00590
00600
00610
00620
00630
00640
00650
00660
00670
00680
00690
00700
00710
00720
00730
00740
00750
on760
00770
00780
00790

00810
00820

.00010

00020
00030
00040
00050
00060
00070
00080
00090
00100
00110
00120
00130
00140
00150
00160
60170
©0180
00190
00200
00210
00220
00230
N0240
00250
00260
00270

100

200

20

40

60
50

900
910
920
925
930
940

905

916

1000
3000

CALL XCPLIN

CALL XSURFT

CALL FVAPFNM

CALL SPECVG

CALL SPECVL

PRNUMR= CPLTIQ*VISCL/THCOND

A =(P%%,0234)

SUM1=A/{2,30=A)
BERGHT=((140/(15,6%(PX%1,166) )} #%SUMT})

REYNUM= (GTOT#DTAINS)/(12,0#VISCL)
HDB=0,023%THCOND®(12,0/DIAINS ) #(REYNUM* #0483 % { PRNUMB#%D o5
HDFNG=3 o S¥HDR/ (XTT##0,5)

B=(2,30/12430=A))

QADENG= (BERGHT# (HDENG#* B))

DTDENG=QADENG/HNFNG

PRINT 100sHDENGyNADFNGsDTDFNG

FORMAT(OH H DFNG =F15.5925H NUCL FLUX DENG-BERGLES =F15,5s
1 24H TWALL MINUS TSAT DENG =E15.5)

DELTT=DTDENG

CALL XHCHFN

GO TO 10

CALL XHCHFN

QACHEN= (RERGHT®# (HCHFN%*# R))

DTCHEN=QACHFN/HCHEN

PRINT 2009DTCHENDELTT9oHCHEN » OACHEN

FORMAT (10H DT CHFN =F10e5s14H DT PRFVIOUS =F10e5¢
1 94 H CHEN =E1045» 23H NUC FLUX CHEN=BERGLES=1'1045)

IF(ABSFIDTCHFN=DFLTT)=0405) 4040520
DELTT=DTCHEN

GO 10 5

RADMAX = 40000575

CALL XRAD

IF (RADIUS-RAIMAX) 50950+60

CALL NFLUX2

CONTINUE

IF (ABSF (MSHAPF=11)) 9005905,900
IF (ABSF (MSHAPE=21) 91059155910
1F (ABSF(MSHAPE=3)} 92059055920
T1F (ABSF{MSHAPE=~4)) 92549059925
IF(ABSF(MSHAPF=5)) 93059155930
IF(ABSF(MSHAPF=6)) 9405915940
IF(ARSF(MSHADE=7)) 91519155915
BMANA=CFXLOX/NACHEN
CC=CFXLOX/QADENG
DELTEN=(POWERX~(POWERPT-POWERA) ) /FLMASS
GO TO 1000

BMANA=CFXLOY/QACHEN
CC=CFXLOY/NADENG

DELTEN=(POWERY=(POWFRT=-POWFPA) ) /FLMASS

PRINT 3000,DFLTFNsBMADASCC

FORMAT (40H DELTA ENTHALPY ANNULAR TRANS TO LOCAL =F9,2,
1 37H LOCAL FLUX OVER FLUX FOR NUCLFEATION=F8,2»

2 13H RATIO DFNG =FR,.2)

RETURN

FND

SURROUTINF XRAD

COMMON NTUBES ysMSHAPE s TUBEsRATIOMsDIAINS s VOLTS»AMPSsENTHINSFLMASS s
1 PRESPsPRESINSPRESOT yRESDP+TSDPsBOLOCA s XLNGTH SHUNTMs D,

2 DMEFX9ENFPXsDMEFGX s FNFGOX 9 ENSINsQUAL INsPOWFR ™9 AREAFL s ARFATIS,

3 QUALOL »SATLsPSATLsPOWERBsPSLBOL s CFXAVGSCFXLO:. 3 JLOCAT oK 9 Xs
4PBREAK s POWFRX s FNLOX s ENSLOX»QUALOX s DMEFY 9 DMEFGY s POWOR » ONEOVM

00280
00290
00300
00310
00320
003%0
00340
70350
00360
00370
00380
00390
00400
00410
00420
00430
00440
00450
00460
006470
00480
nNo490
nosoo
00510
00520
00530
00540
00550
00560
0nsTo
00580
00590
anson
00610
nos20
00630
00640
00650
00660
00670
00680
00690
00700
00710
00720
00730
074N
noTRNn
00760
n0770
00780
00790
0oANND
00810
0nNR2n

00010
00020
00030
060040
00080
00060



5 COSLFNyNMEMSN 9 STGMZ 9 ADGsZ s FACMIRGFACPLR 4 CFXRUsLsY s
6 FACTM] 9POWFRY s CFXLAY 9ENLOY s ENSLOY 9NJALNY9FACTPL S
TCANSTD s SCODTL 9 ZETASDLNGTHS JoUsULOCATICNSABK9SINARK s Ty
8 FXTPAASEXTRARYEXTRACYEXTPANEXTRAF FXTRAF,
IDMEFBeDMEFCR9ENLNByENSLOBIOUALOBIEXTRAGIEXTRAHIEXTRATIEXTRAY
COMYON NUALTASGLIQsTKINCHS

1DP ¢ DX s COLML s CALM29CNALV35COLMS s SUMCNL s PHIMNSGTOTSC s GSURZ s SUMO » SUM1 »
25UM29SUM35 S51UMG4 9 SUMS 3 OMEGAP s OMEGA 9 PGMUL T +PSURL s To VISCL s VOL SPL s ENO
3VOLSPGsQUALCL9DOWER A9 PANANL 9 DFNFO s DENFGN ENSNsQUALO sNVSPLO»NVSPGO s
4GTAT  NDMNM, GONMT 3 DV SPL sDVLSOGs TEPM] s TFRM2 s TERM3 9 TERMG y GGAS»DT
SNVISCLIREYNUMyFFACTD 3 FFACT s VELNCIGRNFS s NOGMLT 4 CRDFT 9 NGROMT 3 GROTNATy
68 950AVACIGRAVCS 9GRAVCH I VALUEN S FACTUN S RMANA 3DBMANA S A FTLMTK s YPLUS,
TTAUWAL 9 FYDLUS 9GF LMy ALNENT 4PCLTN s PCLFMT s DUMMY A o DUMMY Ry HUMMY C
CAMMON MMy THCAND 9 FOHEN 9 SCHEN 3 VISCGCOL TN SUPFTL
IXTToSATOsSMALLT sNELTVO s TWALL s HCHFN s HMAC s HMIC 9 BFYNLASNEL UX »

2 ORNUMB,RERGHTsHDRyHDFNGsNADENG s DTDENG s DELTT s QACHEN

2 DTCHENRADMAXsNELTFNIRADIUS 9 CCoDD9EF

A=FNFGOX®TTRL0/8545

A= (P%144,40)/SURFTL

NX=NANFNG/ THCOND

TWALL=NTNENGHT466047

COALMI=2 4 O*AXRRTWALL#TWALL/DX

COLM224 4 I#TWALL®A

COALM3=a%A

SUMI=a+ (2, "%TWALL)

SyYVM2=rnL ] “{‘OLMQ.;C’\LMB

SUM3a(247#NX)~( ARR)

PANTUS=(SUMI-SARTF(SUM2))/SUM

PRINT  20,9ADIUS

FOOMAT (4BH LARGEST RADIUS(FT) NEEDED FOR NUCLEATIONSSDENG=E10e4)
AX=NACHEN/THCOND

TWALL=NFLTT+T+46040

CALMI=2 4 #axARTWALL#TWALL /DX

COLMD =4 O%TWALL *A

COLM3I=A*A

SUMI=A+{2,9%TWALL]

SUM2=0NLMI+COLM24COLM3

TUMI= (2 o I#NX )~ AXR})

PANTUS=(SUMI-SNRTF{SUY2Y)/SUM3

PRINT 10,°ADTUS

ZQ:MAT(6°H LARGEST RADIUS(FT) NEEDED FOR NUCLEATIONSSCHEN=E10.4)

YoM
cnnJ

SURRNYT IME XHOHEN

CHOVMAN NTURES yMSHAPFE s TUBE s ATIOMsDIAINS s VOLTS 9 AMPS s ENTHIN9FLMASS
1 DDESDOOESINGDAESOT yPESDL 3 TSDDSBOLACAS XLNGTHe SHUNTM 4D,

2 DMEFX 9 ENFDX s DMEFGX 9 ENFGPX9ENSINSQUALIN s POWERT 9 AREAFLsAREAIS

3 NUALAL +SATLsPSATL s ONWFPR PSLROL s CFXAVGsCFXLOX s JLOCAT sk 9 X s

4PARFAC Y POWERX 9 FNLOX s FNSLOX s QUALOX s DMFFY s DMEFGY s POW0Q 9 ONEOVM»

S CASLFMsONEMSNSIGNZ9ARGZ s FACMIRIFACPLRICFXBOILSY s

6 FACTMIsDNWERY s CFXLAYsENLOY s ENSLOY 9QUALOY sFACTOL

TCAMSTD s SCROTL 92ETA9PLMGTH JoUsULOCAT9COSABK s STNABK» T »

8 EXTOAAIEXTIAR FXTRACYFXTRADS EXTRAE JEXTRAF,

ODMEFByDMEFGB s FNLNABy ENSLOBIQUALOBIEXTRAGeEXTRAHIEXTRAT s EXTRAJ
COMUON QUALTASGL IO TKINCH

1NP DX s COLMTICOLM29CNLMI»COLML s SUMCAL s PHIMN s GTATSC s GSUB2 » SUMO» SUML »
25UM2 9 SUM3y SUML » SUMS o OMEGAP 3 OMEGA s PGMUL T 9OSURL s T VISCL s VOL SPL s ENOy
AVNALSPGsQUALNGL 9 DOWED Ay DANSOL 9 DENFO 9 DEMFGO 9 ENSO 3 QUALO» DVSPLO»DVSPGO»
4GTOT 4 NOMOMyGRDMT 9 DVLSPLDVLSPGs TERM] » TERM2s TERM3 3 TERMA ¢ GGAS 9Ty
SDVISCLIRFYNUMSFFACTP s FFACT 3 VELNCIGRDFSsDOGMLT 3GROFT 3 DGRDOMT s GRDTOT »
6B sGRAVACIGRAVCS s GPAVCHI VALUEN s FACTUN s BMADA sDBMAOA s Ao FILMTK s YPLUS »

00070
00080
0nn9o
©0100
00110
00120
00130
0n140
00150
00160
00179
ooi80
00190
00200
00215
00220
002130
00330
00340

003%0
00360
00370
00380
00390
004600
00410
00420
00430
00440

00460
00470

00010
00020
00030
00040
00050
00060
00070
00080
00090
00100
00110
00120
00130
00140
00150
00160
00170
00189

100
150
200
300

TTAUWAL s FYDLUS»GFILMsGLAENT sPCLTQsPCLENT s DUMMY A s DUMMYR o DUMMYC
COMMON NoMy THCOND FCHEN s SCHENsVISCGoCPLINsSURFTL

IXTTsSATO,SMALLT s DELTVP s TWALL s HCHEN s HMAC s HMTC sREYNLQ o NFLUX »

2 PRNUMB,BERGHT ¢ HDByHDENG» QADENG » DTDENG 9 DELTT »QACHEN,

3 DTCHENsRADMAXsNFLTFNyRANIUS»CCoaNNyEE
CALL XDELTV .

CALL XFCHFN

PEYNLO=({GTOT#DIAINS#(1,0-QUALOX)}/(12.0% VISCL)

CALL XSCHFN

HMAC=0,023% (RFYNLQ##0,8) % (PRNUMB##0 ¢4 )% THCOND: FCHEN

1 #(12,0/DIAINS)

TFRM] ={THCOND##0,7Q)%( COLIQ##0,45)#(VOLSPGH$0424)%

1 (4o1T7F+8##0,25)

TERM2 =(SURFTL##0,5)#( VISCL##0,29) #{ENFGPX##(e24)%

1 (VOLSPL##0449) )
TE®M3=SCHEN®0,00122#{TFRM1/TERM2 )
HMIC=TERM3#(DELTT##0424)# (ABSF(DELTVP ) ##0,75)
HCHEN=HMAC+HMTC
PRINT 100+ ToVISCLITHCOND»CPLIQISURFTL 9VISCG
PRINT 150,P3FNFGPXsVOLSPGyVOLSPL
PRINT 2009SATPsDELTVO sPRNUMB o XTT o FCHEN » SCHEN s REYNLO
PRINT 300sHMACSHMICyHCHEN
FORMAT(BH SATTMP=E10.49 7H VISCL=E10ehs 8H THCOND=E1O.4

1 TH CPLIG=F1044s 8H SURFTL=E10.4s TH VISCG*E10.4}

FORMAT (4H P =E104499H ENFGPX =E10¢499H VOLSPG =E10s4»

1 9H VOLSPL =F10.4) .
FORMAT (6H SATP=E10.498H DELTVP=E10,498H PRNUMBRE10.4s

1 5H XTT=E10e497H FCHEN=2E10,bs 7H SCHEN®E10s438M REYNLO*E10e4)
FORMAT (6H HMAC=E10e4s6H HMIC=E100b6s7H HCHENSELCS )
RETURN
END

SUBROUTINE XTHCON
COMMON NTUBESsMSHAPE s TUBEsRATIOMsDIAINS s VOLTS o AMPSsENTHINSFLMASS»
1 PRESPsPRESINIPRESOTsRESDP s TSDP ¢+BOLOCAS XLNGTHs SHUNTM Py
2 DMEFXsENFPXsDMEFGXs FNFGPX oENSINsQUAL IN s POWFR T o AREAFLIAPEALS s
3 QUALOL 9 SATLPSATL+POWERB»PSLBOL » CFXAVGs CFXLOX s JLOCAT 9K 9X»
4PBREAK + PONERX s ENLOX » ENSLOX 9QUALOX s DMEFY sDMEFGY « POWOQ » ONEOVM
5 COSLENSONEMSOsSIGNZ sARGsZ yFACMIBIFACPLByCFXBOIL Y
6 FACTMI +POWERY 9 CFXLOY s ENLOY s ENSLOY sQUALODY o FACTPL s
TCONSTP s SCRPTLsZETAsPLNGTHs JsUsULOCAT9COSABK S iNABK 1T,
8 EXTRAASFXTRABIEXTRACIFXTRADIEXTRAFEsFXTRAF
9DMEFBs DMEFGB s ENLOBsENSLOBIQUALOB2EXTRAG EXTRAMIEXTRATVEXTRAY
COMMON QUALTASGLIQsTKINCHy
1DP sDXsCOLM1»COLM25COLM3 s COLME s SUMCOL s PHIMN9GTC TSCoGSUBZ 9 SUMO » SUM1 »
25UM25 SUM3 s SUM4 9 SUMS 9 OMEGAP sOMEGA » PGMULT s PSUBL e To VISCLVOLSPL oENO»
3IVOLSPG sQUALOA »PONERA » PANBOL » DENFO s DENFGO » ENSO +QUALO s DVSPLO DVSPGO s
4GTOT 9DPMOM» TROMT s DVLSPL sOVL SPGr TERM1 s TERM2 » TEPM3 s TERMA 9 GGAS DT s
SDVISCLoREYNUMFFACTP ¢ FFACT 9 VELOC s GROF S o DPGML T » GRDF Ty HGRDMT s GRDTOT »
6B9GRAVACIGRAVCS 9y GRAVCH s VALUEN» FACTUN» BMAOA s DEMAOA s A9 FILMTK o YPLUSy
TTAUWAL o FYPLUS s GF ILMs GLOENT »PCLIQsPCLEMT s DUMMY A s DUMMY B o DUMMY C
COMMON NoMy THCOND s FCHEN s SCHENSVISCGoCPLIOsSURFTL
IXTTsSATPoSMALLT 9 DELTVP s TWALL s HCHEN sHMAC s HMIC o REYNLO WNFLUX »
2 PRNUMB,BERGHT sHDByHDENG » QADENG » DTDENG» DEL TT s DACHEN,
3 DTCHENSRADMAXsDELTENSRADIUS CCoDD9EE
CALL SATImP

1F({TaR0,0) 10920520
IF(T=130,0) 30+40,40
1F(T=180,0) 50960560
IF{T«2%040) 70+80+80
TF{T=220,0) 90+100,100
IF(T=3R0,09 11051204120

00190
00200
00210
00220
00230
00240
00250
00270
00275
00280
00290
00300
00310
90320
00330
00340

00360
00370
00389
00390
00600
00610
00420
00430
00431
00440
00450
00460
00470 .!‘
00480%5,

00010
00020
00030
00040
00050
00060
00070
00080
00090
00100
00110
00120
00130
00140
060150
00160
00170
00180
00190
00200
00210
00220
00230
00240
00259
00260
00270
0on2s8o
00290
00300



N

120
140
160
180
200
10

an
50
70

@9

217

229

20
4n
&N
L 3e]

TF{T=83040) 12041404140
IF{T=568N,0) 18N,160,160

TF{T=6NNGNY) 17N31RN, 1RO
IFIT=461,0) 100,200,200
1F{T=690,0) 21092104220
THCOND=( ¢ 7TNNE=-3%#T ) 44302
RETYDN

THCOND=( (4RAF=2%T)1+,218
RETURN
THCOND=(2266F~3%T)+,3426
RFTURN
THCOND=( ¢ DAR24F=2%T 14,376
PFTURN N
THCONN= 4 3940

RFTURN
THCOND= (=, 1508F=2#T )4 44T
RFTURN
THCOND=(=4218F=3%#T)+,504
RETURN
THCOND=( = 406F=3%T)+,5974
PFTURN
THCOND= (= ¢ 4B85F=34T )+ ,6849
RFTURN
THCOND=(-,031F<3%T)+,8504
PETURN

THONND = (=] ¢ GF=3%#T ) +1,22
eETURN

THCOND=,1854

RETURN

FND

SURROUTINF XCPLIO

LIMITS ON THTS SUBROUTINF ARF 32 DFG F (CPLIO =1,000)

AND 650 NFGE F (CPLIN =2,09) DNATA FROM WFLLMAN THFSI1S

CNYMAN NTURFS 9MSHAPF 9 TUBE yRATIOMsDTAINS s VOLTS s AMPS s ENTHIN 9 FLMASS s
1 POESDyPRFSTNSPRESNAT 4RESDP s TSDP sBALNCA» XLNGTH» SHUNTMs P

2 NMEFX s ENFOX s NMFEGX s FNFGPX s FNSTNsQUAL IN9sPOWFR T 9 ARFAFL 9ARFAISY

3 NUALNL 9SATL sPSATL sDOWFRBSPSLBOL 3 CFXAVG s CFXLOX s JLOCAT 9K 9X s
4DRARFAK yPAWEDX 9 FAY_OX s FNSLOX sQUALOX s DMEFY s DMEFGY s POWOQ s ONFOVM»

5 COSLFNIAMEMSNsSTGNZyARGsZ s FACMIRIFACPLRSCFXBOSL»Y s
6 FACTMT sPOWFRY s CEXLOY sENLOY 9 ENSLOY s QUALOY sFACTPL

TCNNSTD 3 SCRPTLZFTASPLNGTHs JsUsULOCATsCOSABK»SINABK s T

8 EXTPAAYFXTRARyEXTRAC»FXTRADSEXTRAFJEXTRAF,

ANMEFR G HMEFAR G FNLNB s FNSLOBYQUALOBSEXTRAGsFXTRAHS EXTRAT»EXTRAY
COMUNM AUALTASGLINs TV INCH)

1DPsDXsCOLMI 4 COLM29COLM3» COLMEL s SUMCOL s PHIMN»GTOTSCoGSUBZ » SUMO» SUM1 »
2SUM25SUMR 9 SUMGL s SUMS 3 NMEGAP s OMEGA s PGMULT »PSUBL s ToVISCL 9 VOLSPLsENO»
AVALSOG » OUALNL s PAWER A » PANBAL » DFNFN, DENFGN s ENSN s QUALD »DVSPLOsDVSPGOs
4GETAT 9 NOMN, ONMT 3 DVLSPLsDVL SPGs TERM] 3 TEOM2 3 TFOM3 s TFRM4 3 GGASs DTy
BNVISCLyRFYMUMSFFACTD 3 FFACT 3 VELOCIGRNFSs DPGMLT s GRDFT s NGROMT s GRDTOT s
6RIGRAVACIGRAVCS s ARAVCH s VALURN9FACTUN» BMAOA s DIMACA s A»FILMTK s YPLUS,
TTAUWAL s FYPLUSsGFILMyGLQENT sPCLIQsPCLENT s DUMMY A9 DUMMY Ry DUMMY C
COMMON NoMy THCOND FCHFNy SCHFNSVISCGsCPLIQs SURKTLY |

IXTToSATP o SMALLT 4 DFLTVP s TWALL s HCHENyHMAC HMICoFFYNLQsNFLUX s

2  DONMUMBRLBFRGHT yHDByHDENG NADENG s DTNFNGs DELTT sQACHEN,

2 DTCHFNsRANDMAX s DFLTEMGRANTUS»CCoNDyEF

CALL SATTMO

TF(T=162,N) 17420420
TF(Ta260,") 20,80 440
TF(Tm3204N) 5N4R0 &0
TE(T=450,") T04RN,aQN

TE(T=RAN,NY) OGN 10A1AN

00310
00320
00330
00340
00350
00360
LLER
00380
00390
00400
00410
00420
00430
00440
00450
00460
00470
00480
00490
00500
00510
00520
00530
00540
00550
00560
00570
00580
00590
00600

00010
00020
00030
00040
00050
00060
00070
00080
00090
00100
00110
00120
00130
00140
00150
00160
00170
00180
00190
00200
00210
00220
00230
00240
002%0
00260
00270
00280
00290
06300
LLER L

100
120

149
160
10
20
50
70
90
116
139
150
170

180

10

15

11051205120

1F(T=8550,09

TF(T=600,0) 13051405140
IF(T=630,0) 1%0+16N9160
TF(T=r50,0) 17091794180
CPLIQ =1,000

PETURN -

CPLIN =(145F-4%T)+4,076
OFTURN

CPLIN =(? BAF=4nT}+,043
RETUAN

COLIN =(6461F-t#T)+,823
RFTURN

CPLIN =(12,0E=48T)+,536
RFTURN

CPLIQ =(244BF=-4%#T)-,056
RETURN

CPLIN =(40,40F=4%T)=,8%0
PFTURN

COLTN =(66,67F-64#T)=2,60
oETURN

CPLIN =(100,0F=4%T)=10,24
RETURM

€PLIn =2,N0

RETURN

FND

SURROUT INF XSURFT

COMMON NTUBES sMSHAPF s TUBEsRATIOMsDIAINS o VOLTS o AMPSs ENTHINSFLMASS
1 PRESPsPRESINSPRESOT+RESDPs TSDPsBOLOCAs XLNGTH SHUNTM, Py

2 DMEFX sENFPX9sDMEFGX s ENFGPX s ENSINs QUALIN»POWER ™ »AREAFL s AREAIS
3 QUALOL»SATLsPSATLsPOWFRBePSLROL s CFXAVGsCFXLON s JLOCAT 9K 9X s
4PRRFAK s POWFRX s ENLOX s ENSLOX s QUAL OX s DMEFY s DMEFGY o POWNO s ONEOVM s

5 COSLENsNNEMSO9SIGNZsARGsZsFACMIBsFACPLBsCFXBOaL Y s
6 FACTMI +sPOWERY s CFXLOYsENLOY s ENSLOY o QUALOY »FACIPLY
TCONSTP»SCRPTLSZFTASPLNGTHs JsUsULOCAT»COSABKySINABK I
8 EXTRAASFXTRABsFXTRACIFXTRADIFXTRAF SFXTRAF
IDMEFB9DMEFGRFNLOB» FNSLNBsQUALOBsEXTRAGsFXTRAHEXTRATSEXTRAY
COMMON QUALTASGLIQsTKINCH,

1INPsDX s COLMI 9 COLM2 s COLMS s COLME s SUMCOL s PHIMN sGTATSC e GSUBZ #SUMD 9 SUML »
25UM25SUM3 s SUM4 s SUMS s OMEGAP »OMFGA 9 PGMUL T s PSUBL 9 To VEISCL VAL SPL S ENOy
3VOLSPG sQUALOL s POWERA » PANBOL » DFNFQ 2 DENFGO e ENSO »QUALD s DVSPLO s DVSPGO
4GTOTsDPMOM s GRDMT s DVLSPLIDVLSPGs TERMT » TERM2 s TERM3 9 TERMK 9 GGAS» DTy
SPVISCLsREYNUMsFFACTP 9 FFACT s VELOC s GRDFS 9 DOGMLT yGRDF T » DGRDMT + GRDTOT »
6B sGRAVAC»GRAVCS s GRAVCHs VALUEN s FACTUNYBMAOA #NBMAOCA 9 AsFILMTX s YPLUS »
TTAUWAL s FYPLUSsGFILMsGLQENT sPCLIQaPCLENT s DUMMY A » DUMMY R o BUMMYC
COMMON N oMy THCOND s FCHENS SCHENSVISCGsCPLIQSSURFTLy
1XTTsSATPsSMALLTsNELTVP s TWALL sHCHF Ny HMACSHMIC o RFYNLOSNFLUX »

2 PRNUMBBERGHT sHDB s HDENG s GADENG o DTDENG» DEL TT sQACHEN s

3 DTCHFNsRADMAXsDELTENIRADIUSsCCoDDSEE

1F(P=1000,0) 635910

CONTINUE

SUM1=46,3225462F+1=3,2677020E~1#P42,81265185-34(Dap)

1 =14T7494R56F~5%#(P#P%D) +6,8BR0390E«8%(PXPX¥PAP)
2 ~=1,7378005F-10%(P*%5) +2,84561426F-13%{P#%6)
3 =3,0063514F-16%#(P%%7) +1.9734415E=-104(P%#8)
4 =7e3149N07E=23%(P*#09) +1,1689972E~26%(P*#10)
SURFTL=SUMI#2,24F~6#2,54%12,0

RETURN

CALL SATTMP

IF(T-61040) 15915520

SUM1=33,48=(6+45%LOGF(T) )

SURFTL=FXPF{SUM])

00320
603130
00340
003%03-
00360
Q0370

nn390
oas0n
0oa10
00420
00430
00440
00450
00460
00470
00480
npasn
00500
00510
apson
00530
00540
00550
nnsen

nno1o
00020
00030%%
0004
06050
060060
onoro
nonaa
onnen
nolan
a0110
00120
80139
00140
00150
n0160
00170
onide
nn1on
00200
00210
00220
00230
00240
00250
00260
00270
06280
00290
0a300
0110
00320
08370
003450
00355
00360



20

RETUON

SUMIZA246 =(11,1#LNAF(TY )
SBFTL=FXDF{SUMT )

QETIION

EnD

SURROUTINF XSATP

COMMAN NTURES yMSHAPF s TUBEsRATIOMsDIAINS o VOLTS s AMPS s ENTHINSFLMASS s
1 PRESP yDOESINGPRFSOT 9FSOP TSNP s BNLNCA XLNGTH SHUNTH, D,

2 DMEEX s ENFOXyNMFEGX s FNFEPX 9 ENSTM s QUAL TN s POWEO T AREAFLsAREATS

2 AUALAL »SATL sDSATL #DAHERA3DSLBALy CFXAVS s CFXLAX 9 JLOCAT 5K 9 X s
LPAREAK 9 POWFPX s ENLAXy FMSLTX 9 NUALOX s DMEFY s NUFFGY 9 POWON s ONEOVMy

& CNSLENIONEYSNSSIGMZ ARG ZsFACMIB FACPLBYCFXBOsL Y
5 FACTM] 9DOUFOY s CEXLOY s ENLOY s FNSLAY sNUALNY s FACTPL »

TCANSTD SCOOTL9ZFTASD I NGTH JsUsULNCATsCOSABKsSTNABK Ty
8 FXTOAAIEXTRARIEXTPAC,EXTRANDIEXTRAFT JFXTOAF,

INVMEER Y NMEFGB s FNLNBFNSLORsNUALNBIEXTPAGIEXTRAHIEXTRAT+EXTRAY
CAMMON QUALTASGLTIN» TCINCHy

1PP DX s COLY 19 COLM2 5CALM3 5 COLM 49 SUMCOL s PHIMN 9 GTOTSC 9 GSUBZ # SUMO » SUM1 »
25UM2 95U s SUML 9 SUMS 3 OMEGAP 9 NMEGA s PGMUL T 9PSURL s TV ISCL s VOLSPL 9ENO»
VAL SPGsNUALCLsBONERA s PANSOL s DENFODENFGO s ENSO sQUALO»DVSPLOSDVSPGO»
4ETAT GNDMNY L mONMT 3 DV SOL s DV SPGTEPM s TFRM2 s TEOM3 s TERML s GGASs DTy
BNVISCLsOEYNMUMIFFACTD s FEACT s VELNCsGRNF S NPGML ToGODFToNGROMTyGRDTOT s
6397RAVACPLVCS s GRAVCH VALUFN s FACTUNSBMAOA s DBMANA s AsFTLMTK s YPLUS
TTAJHAL Y FYPLUSeRE LMy GLNENT 9 PCLTIQ9PCLENT o DUMMY A 9 DUMMYB o AUMMY C
CAPIIN NeMs THCAND s FCHEN » SCHEN s VISCGoCPLIQ s SURFTL»

IXTTeSATP s SVALLT s DELTVP » TWALL s HCHEN s MMAC s HMICoREYNLQsNFLUX »

2  DRNUMBBERGHT sHOBsHDENGRNADENG s DTDFNG e DEL TT »QACHEN

3 NTIHENSOANMAX 9 NELTENSRADIUSsCCoDNES

COLMI=h46T427

COLM2=((T=32,7)/1e2) +273,.16

SVALLT=CALY1-CALM2

SIM& =212Nk 182

TE (T=29N,0) 545910

CHMY =147+ (SMALLT#2,1878462E-1 ]

SUMD =3,2427R744 (SMALLT#5,86226F-3) +(SMALLT#SMALLT#»

T SVALLT#1,170%270F <)

(ol S I K3

SUVT =147+ (SVMALLT#1,3794481E-2)

SUM? 27,26463137 +(SMALLT#4,14113F~2)

T H(SMALLTRR21%7,515484E-9) +((SMALLT*#4)86,56444E-11)
SUA=(SMALLTESUMD )/ ( COLMO#SUMY )

SATP=SUMG/ (17 ,C0#85Uu2y

DEYHIDM

[ 1.1

SUReAYTINE XVISER

COMMAN NTUBES sMSHAPE » TUBESRATIOMsDIAINS s VOLTS s AMPS+ENTHINSFLMASS
1 POESDsDRESTNIDOESNT 3OFSNPy TSNDsANLNCAIXLNGTHe SHUNTMy Py

2 NUMEFX gFMEDX gNMEFRX 3 FNEGPX 9 FNS TN QUAL INsPOWFRT 3 APFAFL9AREATSy

1 NUALDLSATLIPSATLsBNNFRRIPSLRALICFXAVGeCFXLOX s JLOCAT 9K 9 Xy
LPRAIEAK yPNUTOX ZENLLOX y FNSLOX 3QUALOX s NMEFY 9 DMEFGY s POWON s ONEOVM

6 CASLENSNMEMSNGSIGMZ9ARGIZsFACMIRIFACPLRICFXBOL9Y s
6 FACTMI9PIWFDY 9 CEXLNAY 9FNLOY 9 FNSLAY sNUALOY 9FACTDL »

TCAMSTD s SCROTL s ZFTASDLNGTH Jo U9 ULOCAT 9 COSABKsSINABK s Ty

2 FXTRAAWEXTOAR,FXTOACSEXTRAD EXTRPAFSEXTRAF

OPMEEZ G NMECAR G ENLNB s FMSLO23NUALOBIEXTRAGsEXTRAHIEXTRAT$EXTRAY
COVMON NJALTASGLIZs TKINCH,
TNP DX s CALMY s CALM 2 9 COLM3 9 COL ML s SUMCOL 9 PHIMN 9 GTNTSCoGSUBZ » SUMO » SUM1 »

n9370
n0380
00290
00400
0os10

00010
00020
00030
00040
00n50
00060
00070
00080
00090
00100
00110
00120
00130
00140
00150
00160
00170
00180
00190
00200
0on210
00220
00230
00240
00250
00260
no270
00280
no29n
00300
no310
00320
00330
00340
00350
00360
00370
nn3so
nn3on

00010
00020
00030
00040
00050
00060
00070
00080
00090
00100
00110
00120
00130

10

25UM2 9 SUM3 3 SUMA 9 SUMS 3 OMEGAP sOMEGA » PGMULT o PSURL o T o VISCL s VOLSPL o+ ENOy
3VOLSPG s QUALO4 s POWER A » PANBOL 3 DENFO» DENFGO s ENSO +QUALO #DVSPLOWDV SPGO
aGToT.nPMOMqGQDMTpDVLSPL:DVLSOGnYEﬂnl'TERNZ0?!'”3.TEQN6¢GGA5'DT0
EOVISCLIREYNUMSFFACTD s FFACT o VELOC sGRDFS+DPGMLT o GRDOFT sBGROMT s GROTOT »
63-GDAVAC-GDAVCS,GRAVCH;VALUENoFA(TUN'QHAOtoDDNSOAvlp?!Lﬂ?KvYPLUSo
TTAUNAL s FYPLUS 9 GF TLM s GLAENT 9 DCL 1G9 PCLFNT s DUMMY A » DUMMY B DUMMYC
CAVMAN N yMy THCOND s FCHEN s SCHEN s VISCG s CPL IO SUSFTL
IXTTsSATOsSMALLT s DELTVP 9 TWALL sHCHEN s HMAC s HMTCoRFYNLOoNFLUX »

2 DONUMBBERGHT yHDByHDENG» OADENG s DTDENGe DELTT sQACHENS

3 DTCHFNRADVAXsNELTFNsRADIUS 9 CCoDDFE

CALL SATTwD

GSURZ=(T=32,0)/1,.8

CALL SPECVA

1F (T=50N040) $95s10

COLM1 =2,1380F~4%{GSUBZ*GSURZ)

COLM?2 =(188R,0-(5,90%#GSUBZ))/VOLSPG

COLM3 =B8R, 0204( ,22827#GSUBZ)Y
VISCG=24419F-44(COLM3 +COLM]
RETURN

SUML= &420%SNRTF(T)
TFRM1==30,0/T

SUM2  210,0#%#TFRM]

SUM2 =140+ (2600,0/T)#5UM3
TERM2=,40906/VOLSPG

SUMS=( (10,00%TFOM2) «1,0}
SUMG  =1.5#SUMS .
VISCG22,410F=3%({ SUMI/SUM2)+SUMA)

RETURN

END

~11,6018E-22COLI"2))

SURROUTINE XNFLTV

COMMON NTUBFS yMSHAPE s TUBEsRATEOMeDIAINS o YOLTS s AMPSoENTHINoFLMASS,
1 PRESDORFSINGDRESOT JRESHP s TSDP vBOLOCA» XLNGTH e SHUNTM» Py

2 DMEFX sENFPX 9 DMEFGX s ENFGPX o ENS INsQUAL IN o POWERT s AREAFLIAREAISy

7 QUALOL s SATL sPSATL sPOWERB »PSLBOL sCFXAVG o CERLOX o JLOCAT 4X 9 X s
4DBRFAL s POWFRX s ENLOX » ENSLOX s QUALOX + DMEFY s DMEFGY s POWOR I ONEOVM »

§ COSLENNNFMSNSTGNZ s ARGsZ 9 FACMIBoFACPLBICFXBOL oYy
& EACTMI 3DAWEDY s CEXLAY s ENLOY s ENSLOY 9 AUALCY o FACTPL

TCONSTO s SCRPTL 9 ZETASOLNGTHs JoUsULOCAT9COSABK s SINABK s Ty -
8 EXTRAASFXTRARSFXTRACIEXTRADSEXTRAFIEXTRAF
ONMFER yDMEFRASFNLOB FNSLOBs AUALNB s EXTRPAGs FXTRAHSEXTRAT $EXTRAY
CNVMAN QUALTASGLTIQ» TKINCH»

1NP DX s COLMY 4 COLM2 s COLM3 » COLM& » SUMCOL s PHIMNSGTOTSC9GSUBZ » SUMO 9 SUM1
25UM2 9 SUM3 s SUMG » SUMS 3 OMEGAP s OMEGA s PGMULT s PSUBL s To VISCL#VOLSPL SN0y
?VOLS”GoQUlLﬂA.DﬁHE?A’DANBOL)DENFG’DENFGO.fNSOoQU‘LOODV5°L010V5°GG‘
4GTOT yDPMOM s GODMT » DVL SPL 9 DVLSPG s TERMY 5 TEPM2 9 TERM2 » TEAMG 9 GGAS»DT s
5DV'SCL’QEYMU“’FFACT"FF‘CY!VFLOC’G’DFS!D’G”[Y!GRDFT'"GQ”"TOGROYOT'
65OGQ‘VAC,G“‘Vcs’GR‘VCH’V'LUEN’FACTUN'B“!OA.DB”‘OA"'F!LMTKiynLUSO
TTAUWAL s FYPLUS »GFIL" 9 GLOENT 9 PCLIQ9 PCLFNT s DUMMY A s DUMMY B9 DUMMY C
COMMAN NoM s THCOND s FCHFEM 9 SCHENsVISCGCPLIN o SURKFTL s

1XTTeSATO s SMALLT s DELTVD s TWALL s HCHENsHMAC oHMIC»FEYNLOsNFLUX s

2 DPRNUMBBERGHT 9H4DS ¢ HDENG s QADENG s DTDENG 9 DEL TT9QACHEN»

3 DTCHFN s RADMAX ¢ NELTFNsPADIUS 9 CCoDDFF

CALL SATTMD

TWALL=NFLTT+T

T=TWALL

CALL XSATP

CALL SATTMP

DELTVP={SATP=P ) #144,0

RETURN

END

00140
00150
00160
00170
00180
00190

00210
00220
00230
00240
00250
00260
00276
00280
00290
50300
00310
n0320
00330
nH3zs
nN3eN
00350
nnIss
00360
nn3Tn
nnieg
LLELLS
00400

nny
onn2o
00030
00040
09050
0onen
0nnTo
annsn
onnen
00100
0n11n
an12a
nn13n
no14N
no1sn
00160
nniTn
00189
00190
00200
on21n
0n220
nn213n
LLETY]
L ELL]
nnz2éen
nH27H
LLF4T]
nn29n
00300
n0210



SURRAUT NS XXTT

COMMNN NTURFSyMSHADFs TUBEs PATIOMs DIAINS s VOLTS»AMPSs FNTHINSFLMASS,
1 DPFSDyPRFSINGPRFSOT s RESDP s TSDP sBOLNCAIXLNGTHs SHUNTM Py
2 DMEFX »FNFOXsNDMFFGX s FNFGOX s ENSINsQUAL INsPOWFRToAREAFL 9 AREAIS Y
2 NUALOL»SATLPSATLIPOWFRRPSLAROL s CFXAVGCFXLOX» JLOCAT 9K 9 X»
4PROFAK s PNWEDX s ENLOX 9 ENSLOX 9QUALOX s DMEFY s DMEFGY 2 POWOQ» ONEOVM
& COSLFN$ONEMSNsSTIGNZsARGZsSACMIRFACPLBYCFXBOsL Yy
& FACTMTsPOWERY 3 CFXLOY s ENLOY s FNSLOY »QUALOY 9FACTPL»
TCONSTP 9 SCRPTLsZFTASPLNGTHe JsUsULOCATSCOSABKsSINABK s T
8 FXTRAASFXTRAPSEXTOACSFXTRADIFXTRAFFXTRAF
ONMFF R, NMEEARP y ENL Oy FNSLOR s OUALNRIEXTRAGFXTRAHYFXTRAT$FXTRAY
COMYAN NUALTASGLINSTKINCH

INB DXy COLML 9 COLM29CNELMI s COLMA s SUMCOL s PHIMNSGTNATSC s GSURZ » SUMO» SUMT 5
25UM29SUM3y SUML 9 SUMS 3 OMFGAP s OMFGA s DGMUL T sPSURL s TsVISCLVOLSPLsENO»
3VNLSPGsAUALOGPOWEP A DANBNL s NENFI s DENFGO s FNSO sAUALO # DVSPLOSDVSPGO
LGTNT 4 DOMAMy GOPMT s DVLSPL 9DV SPGy TERM1 s TERM2 3 TERM3 s TERM4 s GGAS 9 DTy
SDVISCLRFYNUMy FFACTP s FFACT»VELOCIGPDFSsDPGMLT sGRDF T yNGRDOMT s GRDTOT »
AR 3GRAVACIGPAVCS s GRAVCH VALUEN s FACTUN BMANASHBMAOA s AsFILMTK » YPLUS,
TTAUNAL s FYPLUS s GFILMs GLOENT 3PCLTN9OCLENT s DUMMY A » DUMMYR s DUMMY C
COMMAM. Mgy THCOND s FCHEN s SCHFNSVISCGoCPLTIN» SURETL
IXTTsSATOSMALLT9NELTVP s TWALL sHCHFNsHMACsHMIC »RFYNLNSNFLUX »

2 DPRNUMRGBFRGHT sHDRyHDENGs OANENG s DTNENGy PELTT 3 QACHEN,

2 DTCHFM O ANMAX s NELTENSPANIUS s CCoDDFE
FILMT={((1,700~0UALOX)/QUALOX) %%,0)

CALL sPFCVA

FALL SPFCVL

YOLUS=( {VOLSPL/VNLSDG) %%,5)

CALL VTISCNS

CALL XViIern

TAUWAL=((VTSCL/VISCGI**,1)

OOTNT 10,AUALNXsFILMTK s YPLUS s TAUWAL

FAPMAT (OH NUALNX =F1Ne4519H NUAL RATIO #%¥,9 =F10.49

110H SDVYNL DATIN ##,5 =F10,4,20H VISCOS RATIO #%#,1 =F1044)
XTT=FTLMTK*YDLUS*TAUWAL

RETYPN

eNR

SUBRNUTINE XFCHEN

LIMITS ON THIS SURROUTINF ARF 1/XTT GRFATER THAN ,1(FGREATER THAN
T4%) AND (1,7/XTT) LESS THAN 100(F LESS THAN 70}

COMMNN. NTURFSyMSHAPF y TUBE s RATINMsDTIAINS s VOLTS s AMPS9ENTHIN 9 FLMASSy
1 PRESD4POESINGDBRESAT yRESHO TSN $BOLNCASXLNGTH s SHUNTM, P
? DMEEX s ENFDX9NMEFGX s FNEGPX 9 FNSTN s AUAL IN s POWER Ty AREAFL 9 ARFAISS

3 NUALOL s SATLsPSATLsPOWERRI DS RNLYCFXAVGICFXLOX s JLOCATIK 9 X »

4PRRFAK sPOWF2X 9 FNLOX s ENSLOX sQUALOX s DMEFY s DMEFGY s POWOQ s ONEOVM

5 COSLFNsINTMSO9SIGMZsARGZsFACMIRSFACPLByCFXBOSL2Ys

6 FACTMI»DNWERY 9 CFXLOY s FNLOY s FNSLOY s AALOY»FACTPL s

TCONSTN 9 SCOOTL 9 2ZETASDINGTH JsUsULOCAT»COSABK»SINABK» T,

8 FXTRAASEXTRAREXTRACSFXTRANSFXTRAFSFXTRAF s .
ANMEERyDMFFGR FNLNAS 3 FNSLNABsAUALABIEXTRAGsFXTRAHI EXTRAT »FXTRAY
COMMON QUALTASGLIN TXIMCHS

INPsDXs COLM19COLMZ 9 CALM3 9 COLML s SUMCOL»PHIMNSGTOTSC»GSUBZ s SUMO»SUM1 s
P251M2 9 SUMBy SUML 9 SUMSB  OMEGAP 3 OMEGA9PGMULT 9 PSUBL » ToVISCLVOLSPLSENG,
AVOLSOGIQUALNG s POWEPASPANROL o DENFOs PENFGO s ENSO s QUALO »DVSPLOSDVSPGO s
LGTAT 9 NOUAY ,GONMT 3 DVLSPL s DVLSPGs TERPV ] 3 TERM2 3 TEPM3 , TERMA 3 GGAS#DT
EPVISCLsRFYMUMFFACTP 9 FFACT s VFLOCIGRDFS»DPGMLT yGRDFT 3 DGRDMT s GRDTOT »
6B 9GRAVACHRAVCS 9 GRAVCH s VALUSN s FACTUN s BMAOA s DBMACA s As FILMTK » YPLUS»
TTAUWAL sFYPLUS »GFTLM9GLASNT 3OCLIN»PCLFNT 5 DUMMY A 5 DUMMY R s DUMMY C
COMMON NyMy THCOMD Y ECHEM s SCHEN SV ISCALCPLINYSURFTLy

00nto
00020
00030
00040
00050
00060
00070
00080
00090
00100
00110
00120
00130
00140
00150
00160
00170
00180
00190
00200
00210
00220
00230
00240
00250
00260
00270
00280
00290
00300
00310
00320
00330
00340
00350

00360

00010
00020
00030
00040
060050
00060
00070
00080
00090
00100
00110
00120
00130
00140
00150
00160
00170
00180
00190
00200

00210
00220

faNal

2n
40

10
30
50
70
80
90

20
40
10
30
50

60

1XTT9ySATPsSMALLT9DELTVP s TWALL s HCHENsHMAC s HMICof SYNLNSNFLUX »
2 DRNUMByBERGHT ¢ HDByHDENGsQADENG s DTDENGsDELTT 4sQACHEN,
3 DTCHENSRANDMAX s DFLTFNSRADIUS s CCoND9FF

CALL XXTT

NN=14,0/XTT

TF(DD=41C) 10520420
1F{DD=¢33) 30440440
IF(DD=145) 50960460
IF(DN=1020,0) 70+70580
FCHEN=140

RETUN
FCHEN=2417%#(DN**,336)
RETURN
FCHEN=24785%(DD**4561)
RFTURN
FCHFN=24511%(ND*%*,716)
RETURN

FHCHFN=344,0

PRINT 90sFCHFN

FORMAT (48H QUALOX(1/XTT)TOO LARGE EXCEEDS ALLOWED LIMITS =E10.4}
RETURN '

FEND

SUBROUTINE XSCHFN

LIMITS ON THIS SUBROUTINE ARE FE GREATER THAN 2E+h {S=».80)

AND FF LFSS THAN 1F+6 (S=,1)

COMMON NTUBES sMSHAPE » TUBEsRATIOMsDIAINS s VOLTS s AMPSyENTHIN +FLMASS
1 PRESP+PRESINIPRESOTsRESDP s TSDP sBOLOCA s XLNGTHy SHUNTHM, Py

2 DMEFX sENFPXsDMEFGX s EMFGPX s ENSINsQUAL IN s POWFRT s AREAFL s AREATS s

3 QUALOL »SATLsPSATL sPOWERBsBSLBOL s CFXAVG CEXLOX ¢ SLOCAT oK 9 X »
4PRREAK y POWFRX o FNLOX» FNSLOX yQUALOX s DMEEY s DMEFGY s BOWONT 9 ONFOVM

5 COSLENsONEMSO9SIGNZ9yARGeZsFACMIBsFACPLByCFXBOsL sYy

6 FACTMTI9POWERY s CFXLOY s FNLOY » ENSLOY »RUALNY s FACTPL»

TCONSTP s SCROTL s ZETASPELNGTHs JsUsULOCAT 9 COSABK»SINABK 91 s

8 EXTRAASFXTRARs FXTRACSEXTRADEXTRAEsFXTRAF s

IDMEFBsDMEFGBy ENLNBENSLOBsNUALOBIEXTRAGsEXTRAHIEXTRAT 9 FXTRAY
COMMON QUALTA»GLIQs TKINCH»
10P»DX9COLML9COLM29COLMIsCOLMEL s SUMCOL s PHIMNSGTE TSCoGSUBZ » SUMD s SUM1 »
25UM23 SUM3 s SUM4L s SUMS 3y OMEGAD s OMEGA s PGMUL T 9 PSUBL » ToVISCL s VOLSPL s ENO
3VOLSPG»QUALO4 sPOWERA PANBOL s DENFO» DFNFGO» ENSO sQUALO s DVSRLO»DVSPGO s
4GTOT s DPMOM» GRDMT s DVL SPL sDVLSPG s TERM1 s TERM2 » TEFM3 s TERMG yGGAS oD Ty
SDVISCLIREYNUMsFFACTP s FFACT s VELOCGRDFSs DPGMLT 4 GRDF T sNGRDMT s GRDTOT »
6B sGRAVACYGRAVCS s GRAVCHAVALUFNSFACTUN» BMAOA sNBMANA s AsFILMTK 2 YPLUS
TTAUWAL sFYPLUS s GFTLMs GLAENT s PCLTQsPCLENT s DUMMY /. s DUMMYR o DUMMYC
COMMON NyMs THCONDs FCHEN» SCHFNs VISCGsCPLIQs SURFTL s

1XTTsSATP s SMALLT 9 DELTVP 9 TWALL s HCHEN s HMAC s HMIC s REYNLQsNFLUX »
2  PRNUMByBFRGHT sHDBs HDENGs DADENG s DTDENG s DEL TT s OACHEN,

3 DTCHENsRADMAXsNELTENSRADIUSS CCoDDSFE

EE=(FCHEN##1,25)*REYNLQ

IF(FF=20000,0) 10520,20

IF(FE=70000,0) 30540540

TF(FF=&50000,0) 50460460

SCHEN=480

RETURN

SCHEN=26415/(EE##,204)

RFTURN

SCHEN=4800,0/(FFex,825)

RFTURN

SCHEN=,10

RETURN

END

00230
00240
00250
0p260
00270
00280
00290
00300

00320
00330
00340
00350
00360
00370
00380
00390

00410
00420

00010
000?20
00030
00040
00050
00060
00070
00080 |
06090 ),

001
00110
00120

00130
00140
an150
00160
00170
00180
on190
00200
onzin
00220
00230
00240
00250
40260
680270
nn28n
odren
GLEDD]

- Ne3IN

no3zn
8330
nn34n
nn3sn
00360
00370
a03Rn



o .-
Q1"
ap”
Q28
o™
aun

Q15

o R

SURRNUT INF NFLUX?

COMMON NTURFSsMSHAPF s TUBE sRATTOMyDIAINS s VOLTS» AMPS s ENTHINSFLMASS
1 POFSD,DRFSINGPPESNT yPFSDP s TSDPsANLNCAS XLNGTHs SHUNTM, D,

7 DMEFEXyFNFDX 9NMEFGXy FNEGDX 3 FMSTINsOUALINsPOWERT9ARTAFLsAREATSS
3 QUALOLSATLsPSATL sPORFPRDOSLRALsCFXAVG CFXLOX 9 JLOCAT 9K 9 X s
4ORDFAK $ONKERX 9 ENLOX s FNSLOX 5NUALNX 9 DMEFY s DMEFGY s PAWNN 3 HNEOVM)y

5 COSLENSONEMSNSIGNZsARGsZsFACMIBIFACPLBICFXBOIL Y

6 FACTMT 9DNYEDY 3 AEXLAY 9 FNLCY o FMSLOY 2 OUALOY s FACTPL

TCONSTP s SCRTTLZFTASPLNGTHs JoUsULNCAT » COSABKsSTINABK Ty
B EXTRAASFXTDAPsFXTPACSEXTRANDIFXTRAFyFXTRAF S

ODVEFBeDMEFCE s TNLOB s FNSLOB9AUALNBI EXTRAGIFXTRAI's FXTRAT$FXTRAJ

COMMOM QUALTASGLINs TKINCH ' ,
INPeDX s mOLMI 9 COLM2 3 OLM3 s COLML s SUMCNALsPHIMN Y GTOTSCsGSURZ s SUMO s SUML »
2SUM2 361 JM3 s SUML s SUME g OMFGAD s OWFGA s PGMULT s PSURL 9 ToVISCLSVNLSPLsFNOs

AVNHLSOGyNUALGLIPOWER A PARRIL s DFNFNINFNFGNs ENSOsNUALOSNVSPLNOSDVSPGO
4GETAT 4 NPMOM, CODMT 4 DYLSPL s DV SPGa TEOMT 3 TERM2 , TEQM3 3 TEPM4 9 GGAS DT
BNV ISCLsRFYNUMFFACTP s FFACT yVELOC s GRDFSy DPGMLT o SBDF Ty NGRDIMT 4 GRDTOT
6E 9 GRAVACIGRAVCS sGRAVCH s VALUENsFACTUNBMAOA»DBMAOCA s AsFILMTK s YPLUS
TTAUKAL »FYPLUSsGFILMy GLQENT yPCLIQ 9 PCLENT s DUMMY A s DUMMY By DUMMYC

COMANN MMy THCOND Y FCHEN S SCHEN»VISCGoCPLIO9SURFTL y
IXTT9SATR s SMALLTsDFLTVD s TWALL s HCHEM s HMAC s HMIC 9 OEYNLQoNFLUX s

?  PRNUMBsBERGHT sHD2 yHDENG s QADENG s DTDFNG s DELTT9QACHENS
2 DTCHENsRANMAX s NFLTENSRADTIUS s CCoNNyFF

2TTUPN
can

SURPAUTINF FILMFR

COMMAN NTURFS 9MSHAPF s TUBE s RATIOMsDIAINS 9 VOLTS 9 AMPS s ENTHIN 9 FLMASS,
1 PRESD,ORFSINORFSOT sRFSDP s TSNP s ROLOCAs XLNGTHs SHUNTM 4Py
2 DMEEX 9 FNEOXsNDUFFGX s ENFGPX s ENSINs QUAL INsPOWERT 9 ARFAFLSARFEAISY
2 AUALNAL 9SATL sPSATL »POWERBSPSLBOL » CFXAVG CFXLOX s JLOCAT 9K s Xs

LPRPIAK $PIMFPX 9 ENLOX s EMSLOX 3NUALOX » DMEFY s DMEFGY s POWON s OCNEOVM

5 CRSLF'aNNEMENGSTANZ 9 ARG Z 9 FACMIRSFACPLBCFXBOsLsY s

A FACTMT sPAYFPRY 9 CFXLOY s FNLOY 9 FNSLOY sOUALOY s FACTPL »
TOAANSTP 3 SCPPTL9ZFETASPINGTH J9 s ULOCATsCOSABKsSINABK» Ty

A EXTRAASTXTOARSFXTPACI XTPAN I EXTOAF,FXTRAF

ANMEFRGDUFFAE 3 FNLOB FNSLOBs NUALNB s EXTRAGEXTRAH EXTRAT 9 FXTRAY

COVMON CUALTASGLIQs TKINCH

1DR DX s COALMY s CNLM2sCOLMB s CNLML s SUMCOL 9 PHIMN 9 GTOTSC e GSUBZ » SUMO » SUML »
ICUMD SN Ay SUML s SUME 3 OMFGAR s OMEGA s DGMUL T s PSUBL s Ts VISCL s VOLSPL » ENOs
2VNLSDGsNUALNL $DAUEN A 3 PANSNL s DENFO 9 DENEGN s ENSO sQUALN sDVSOLOsDVSPGO
4GATAT$NOMAY 4 2ODMT 3 DV SPLsDVLSPGs TERMY s TERM2 s TERM3 3 TERM4 s GGAS 9 DTy
ANVISCLREYMU s FFACTP s FFACT 3 VELOCGRDFS» DPGMLT 9GRDF Ty NGRDOMT s GRDTOT s
A7 G APDAVAT 3" RAVLS s "RAVOH VALUEN s FACTUN» BMACA sNBMAOA S A FILMTK s YPLUS
TTAURNAL s FYPLUSGFILM 9 GLOFNT 3 OCLIN s DCLFNMT s DUVMMY A5 DUMMY By HUMMY C
CAVMNM Mg g THOOMN FAHFAy SCHEN SV ISCR s CPLINYSURKFTL

TXTTSA B SMALLT 9 NFLTVD y THALL s HCHFN 9 HMAC s HMIC o T FYNLQsNFLUX s

7  DONUMRIBFOGHT s4DByHIFNSINADENG s DTDENGeNELTT 9OACHEN

2 NTCHRAN sRPANMAX s DFLTENSRADIUS»CCoDDsEF

TELAPSE (MSLARPELT) ) 907490545900
IF{ARSF (MSUADPTa))) 91050155910 .
TF(A3SE(MSHADE ) ) 92090055920
TFLARGF {(MSHAPC~4) ) 92599059925
TF{ARSF {MSHAPF«R )} 93049159930
TF(ARSF(MSHADFwg)) Q40991584940
{F(ARSF{MSHAPF«7)) Q1559154915
TF(DAYEDY=17 N} 19192
TF(PANERX=12,7) 19142

CALL B0MUCF

N Tn RN

TE(AUALAX=AJA] TA)  TR043,3

00030
00040
00050
00060
00070
00080
00090
00100
00110
00120
00130
00140
00150
00160
00170
00180
00190
0019%

0nn10
00020
00030
00040
00050
00060
00070
00080
00090
00100
00110
00120
00130
00140
00150
00160
00170
00180
00190
00200
00210
00220
00230
00240
00250
00260
00270
00280
00290
003090
00310
00320
00339
00338
00340

10
18

21
23

28
26

24

20

28
20

35
40

45

50
55

CALL LNNUCF
CALL SPFCVL
PVLSPL =VOLSPL
CALL SPFCVG
PVLSPG=VOLSPG
TERM1=( (DVLSPG/DVLSPL)*#%*,333)
GGAS=NUALOX#RTAT
GLIN=(1.0N=0UALNX)I#RTOT .
TFRM2=3600,0/{NVLSPA#GGAS)
CALL SATTMP
CALL VISCOS
NVISCL=VISrL
nT=T
REYNUM= (GTAT#NTAINS)I/(DVISCL#12,0)
IF(RFYNUM=2500,0)515510
FFACTP=1640/RFYNUM
60 TO 15
FFACTD=0,046/(RFYNUM®%0,2)
FFACT=4 ¢ OX¥FFACTD
VFLOC= (GTOT#DVLSPLY /3600,0
GRNFS={ ~FFACT®WELOCHVELOC)/ (2N*3242%(DTATNS/1240)*NVLSPL)
CALL MNPGRD
DPGMLT=ABSF (PGMULT)
GRDFT=GRNFSANPGMLT
IF(EXTRAJ=040) 23521923
DAROMT == ARSF ( NUMMY A ) -
G0 70 28
CALL HOMMGD
NGRNIMT=~ARSFE {GRDOMT )
1F (NGONMT4+99000,0)
NAERNMT =040 .
CONTINUF
GRDTOT=GRNFT+NGRNAMT
R=[DTATNS/12401/240
GRAVAC=32,7
GRAVCS=32,2 -
PRINT 1004DPGMLTsDGRDMT sGRDFT»GRDTOT
PRINT 1179GGASSGLIN
PRINT 1204DVLSPLsDVLSPG»DT»DVISCL
PRINT 1309REYNUMsFFACTIVELOCIGRDFSsFFACTP
TERM3=SORTF(ABSF((SPNTOT#B232,2*NDVLSPL)/ 2,01}
IF(=GPDTOT=(GRAVAC/{GRAVCS#DVLSPL) ) 25920920
VALUFN=040Q"
0 TO 30
VALUFN==0,333
TERM4=( {GRAVAC/ ( GRAVCS#DVLSPL* (~GRDTOT) ) ) #*VALUEN)
FACTUN=TFRM1%TFRM2%TFRM3#TFRM,
PRINT 1355 TERM19sTERM2sTERM3, TERMY
CALL UNTVFR
DRMAOA=RMAOA
A=R#{1,00~ARSF{NBMAOA) )
FILMTK=BMANAXR
TKINCH=12,0#FTLMTK
TAUWAL=(R/2,0)#(=GRNTAT~(1,00~{ (A®A)/(B¥R)))#(ROAVAC/(GRAVCSHNVL
1SPLYY)
YPLUS=( (R=A)/(DVLSPL#DVISCL) ) *¥ (SQRTFITAUWAL®NVLSPL¥4,417F+8))
TE{YPLUS=54")40,540,35
TF(YPLUS=30,0)45445450
FYPLUS=0,450%YPLUS*YPLUS
GO TO 5%
FYDLUS=17¢5-(BeN5#YPLUS)+(5,0%YPLUS*LNGF{YPLUS))
GO TO 55
FYPLUS=(240#YPLUS)+( 2 S*YPLUS*LOGF(YPLUS ) )=64 40
GFILM=(2,0%DVISCL¥FYPLUS)/R
GLNFNT=GLIN=GFILM

26926927

00350
00360
00370
00380
00390
00400
00410
00420
00430
00440
nnasn
noaen
nO4TN
00480
00490
00500
nos10
0ns20
An&3N
onsan
nOS&n
00560
20579
ansan
0ns%9n
00600
rO616
n0620
00630
nne4n
WLLL1,]
n0660gn
0067
angrn
angen
onTna
nnTIn
ART2IA
00730
00740
00750
00760
AnTTA
nnTaN
na79n
00800
noa1o
00820
nNAR3N
nnsa4n
LELT]
nNRE0
nns7n
NOR/RAN
neRoN
noenn
nna1n
nng2n
nnoan
nnGS4n
01950
anosn
00970
00980
0neson



BCLIN=GLTN/ATOT
PELENT=GLASNT/GLIN
60 FXTRAJ=NUALNX
70 FXTOAT=NVLSDG
FXTOAH=NVL SO
PRINT 140, VALUFMFACTUMSDRMANA
OO INT 157, TAUWAL s YPLUSSFYDLUS
ORINT 1629 TCINCHGFILM oGLQFNT
ORIMT 1774OCLICsOCLFNT
177 FOPMAT(17H NDPGMLT =FB4.1910H NDGRDOMT =FB,e1s10H
111H GROTOT =FA,1)
117 FAPMAT(TH GGAS =1PF10,398H GLIQ =1PE10.3}
127 FNoMAT(OH DVLSOL =FR,4s11H DVLSPG =FB44sTH
1 Y OVISCL =FR,3)
127 FAPMAT(OH PFYNUM =1PFEB,2s1NH FFACT =0PFR,5s10H VELOC =F8,2y
117K GROFS =FRe¢?2911H FFACTP =FRe%)
135 FNRMAT(BH TFRM1 =F10,499H TERM2 =F10,639H TFRM3 =F10,3s
1 AU TFRM4 =F1N,4)
147 FOPMAT(OH VALUFN =FB8,3911H FACTUN =F8.4s11H DBMAOA =F844)
TR FNPMAT(9H TAUWAL =F104299H YPLUS =1PE1043911H FYPLUS =1PE1043)
16> FNOMAT(OH TKINCH =F10e6s9H GFILM =1PE1042+10H GLASNT =1PE1042})
17" FNPMAT(26H PEPCENT LIQUID OF TOTAL =F1042s
1 4&H  DERCFNT NF LIAUID FLOW WHICH 1S ENTRAINED =F1042)
180 ~AMT INUE
PETHION
can

GRNFT =FBa.1ly

DT =F842,

ueenT IME HOVMMAD
COMUNAL NTURESsMSHAPE s TUBE9RATIOMs DTAINS s VOLTS s AMPS o FNTHINSFLMASS
1 POESPYPRFSINIORESOT 4y RESDP» TSNOsROLOCAI XLNGTHs SHUNTM, Py
7 DMEFX 9 FMFDX 9NMFFGX 9 FNFGPX s ENSINsQUAL INsPOWFRT 9 ARFAFL9AREAIS Y
T NUALNL 9 SATLsPSATL 9 PAXFRRHDSLROL s CFXAVGy CFXLOX 3 JLOCAT 9K 9 X o
LDAPEAK s PAWERX g FMLNX g FNSLNAX s ODUALOX s DMFFY s DMFFGY s POWOR s INFOVM,
R CNSLEMYNNEMSNGSTRNZ 3 ARG Z s FACMIRFACDL Sy CFXBOsL Yy
A FACTMY 3DANERY y CFXLNY s ENLOY s FNSLOY s AUALOY s FACTPL
TrAMSTo s SrPDTL 9 2FTASPLNGTHY JoUsULNCATICNSARK9STNABK s T
% FXTRAASFXTOARYFXTRACHFXTRANSEXTRAFSEXTRAF,
ONVMEER G AMFFAR 4 FNL AR “MSLOB s WUALNIBsEXTRAGFXTRAHIEXTRATSEXTRAY
COMMAN NUALTASGLIN T INCH
1029DX s COLML s COLMZ2CALMB 9 COLM4 9 SUMCOLsPHIMNGTUTSCGSURZ s SUMO» SUM1
FNAD 9 SUMB SUML 9 STIME S AMFGAD s MFGASPGMUL T 9O SURL s To VISCL 9 VAL SPL s ENO
2VOLSTRIUAL A 9DNWETASDANANL s NENENGNENEGOSENSO s QUALO s DVSPLOSDVSPGO
LGTAT 4 NOMN 3 AINNT g DVLSPL o DVLSOG s TFRM1 9 TERM2 s TEOM3 s TERMA 3 GGASsDT s
SNVISCLeRFYNUM o FFACTP 3 FFACTy VELOCYGRDF S NOGMLT yGRDF Ty DGRDMT»GRDTOT»
AR$SIAVACHGRAVIS 3 FPAVCH VALUENSACTUN S BMANASDRMANA9ASFILMTK» YPLUS,
TTAUMAL sFYPLUSsGFTLMy SLAENT 9OCE INsPCLENT s DUMMYA s DUMMYR 4 DUMMYC
CONT AN MgV g THCANN Y FCHFN s SCHEN S VISCG2COLIN G SURFTL
TXTT s SATO S SMALLT s NFLTVO s TWALL s HCHF N g HMAC s HMIC s 2FYNLN G NFLUX 5
7 TOMJMRRENGHT sHDR 9 ANFNA 3 NANFNGyNTNENGyDFLTT yQACHEN,
2 NTOHEN 3 ANMAX 9 NELTENSRANTUS s CCoNN s FE
ATATsFLMASS/AREAFL
NOMrMze ((GTATHATAT)IZ64,1T7F4+8 )
TNV SDLR®(1490=nUALAX4OUALOX® IDVLSPA/DVLSPL) ) )
7 ~IEXTRAH® (1,00 =FXTRPAJHFXTRAU{FEXTRATI/EXTRAH) )} ) )
TF(MCYAPF=~4) 595910
e 1=2
ayMuya=z 1
IR GIRT ]
17 TF (MSHADF-=T7) 11417,12
12 TE(Y={XLNRTH=SCRDTLY) 545,13
12 TFIY=(XLNATH=CrPOTL4PINATHY) 14914916
1% 2FTa=}

01000
n101n
01020
n1A3N
N1n&n
01080
01060
01070
01080
01090
01100
01110
01120
01130
01140
01150
01160
01170
01180
01190
01200
01210
01220
01230
01240
01250

00010
00020

00040
00050
00060
00070
00080
00090
00100
00110
00120
00130
00140
00150
00160
00170
00180

00190

00200
00210
00220
00230
00240
00250
00260
00270
00280
00290
60300
00310
00320
00330
00340
00350

NUMMYR=ZFTA/8,0

50 TO 15

16  DUMMYRz Y= (XLNGTH=SCROTL+PLNGTH)
GO Tn 15

11 1=2
nUMMYR= T

15 GROMT=NPMOM/ (DUMMYB/12,0)
ORINT 20, DUMMYREXTOAJSEXTRAT» FXTRAH
20 FARMAT(OH DUMMYR =F§,252TH NUALOX CONTRAL VAL INLET =F6,2s
1 27H NVLSPA CONTROL VOL INLET =FRe4y
227H DVLSPL CONTROL VOL INLFT =FB844)
RETURN
FNR

SURPAUTINE GROMOM

COMMON NTUBES sMSHAPE s TUBEsRATIOMsDIATNS s VOLTS sAMPS s ENTHIN s FLMASS
1 PRESPsPRESINIPRESOT sRESDP 9 TSOP»BOLOCAs XLNGTH» SHUNTM, Py

? DMEFX yENFPX9DMEFGX s ENFGPX»ENSTINIQUAL INsPOWERT s AREAFL »AREALS)

3 QUALOL s SATLsPSATLsPOWFRBIOSLROL s CFXAVGICFXLNX 9 JLOCAT 9K 9 X
4PBRFAK s POWFRX s FNLOX s FNSLOX sQUALOX s DMEFY s DMEFGY s POWOD ¢ OINFOVM

5 COSLFNsONEMSNsSTIGNZ »APGeZ 9FACMIRs FACPLRCFXROsLoY s

6 FACTMIsPOWERY 9 CFXLOYsENLOY#ENSLOY sQUALOY »FACTPL
TCONSTP s SCRPTL s ZFTASPLNGTH J9UsULOCAT9COSABK»SINABK s o
8 EXTRAAIPFXTRARYEXTPACIEXTRADIEXTRAF $EXTRAF

ODMEFB s DMEFGRENLOBYFNSLOBQUALOBEXTRAGEXTRAHS EXTRATSEXTRAY
COMMON QUALTASGLIQeTKINCH

1DPsDX s COLMI s COLM29COLM3 9 COLMG s SUMCOL sPHIMNIGTOTSCoGSURZ s SUMO s SUML »
25UM23SUM3 5 SUM4L » SUMS5 9 OMEGAP yOMEGA s PGMUL T s PSURL 9 To VI SCL s VOL SPL #FNO»
3VOLSPG sQUALOGsDOWERA s PANSOL » DFNFO s DFNFGO s FNSO s AUALO »DVSPLOSDHVSPGO s
4GTOT sDPMNOMGRDOMT s DVL SPL DV SPGs TFRML1 s TERM2 s TFRM3 s TERMLs GGAS DT »
SNVISCLsREYNUMFFACTPyFFACT s VFLOCsGPNFSyDPGML T »GRDF T s NGROMT »GRDTOT »
68 9GRAVAC »GRAVCS 9 GRAVCHVALUENyFACTUN»BMAOA$NBMAOA s Ao F ILMTK» YPLUS»
TTAUWAL 9 FYPLUS»GFILMs GLOENT s PCLTIQ9PCLFNT s DUMMY A DUMMY 3y DUMMYC
ENO=ENTHIN® (POWFPT /FLMASS)

P=PRPESOT

CALL LIGEN

NFNFO=ENFPX

CALL FVAPFN

DFNFGO=FNFGPX

ENSO=ENO-DENFO

QUALO=ENSO/DENRFGO

CALL SPECVL

NVSPLO=VOLSPL

CALL SPECVG

DVSPGN=VOL So6R

GTOT=FLMASS/ARFAFL

DDMOM-((GTOY&(TOT*DVSPLO)/k.17=+8)ﬂ((1.00 QUALN) + {QUALO* (DVSPGO/DV
1SPLNY )1 =14N0)

DUMMY A= ( ~DPMOM) / {XLNGTH/12,40)

PRINT 175sDUMMYA
175 FORMAT(38H DGRMT BASED ON LINEAR MOM GRADIFIT =F1241)
RFTURN
ENR

SURROUT INF 'MNPGRD

LIMITS ON TNE APPLICATION NF THIS SUBROUTINE ARE TOPERCENT QUALITY
1 AND 2500 PSTA PRESSURF

COMMON NTUBES:MSHAPF,TUBE'RATIOM!DIA‘NS|VOLT5’AMP$'ENTH[N,FL"ASS,
1 PRESPyPRESINSPRESOTRESDPsTSDPsBOLNCA» XLNGTH» SHUNTMs P,

0035%
00360
00370
00380
00390
00800
00410
00429
n043e
60440
00450
0na60
noaTn

nan1o
00020
00030
00040
00030
00060
00070
00080
00090
00100
00110
00120
00130
00140
no1s
00160
001707
00180
00100
on2nn
060216
00220
00230
nn240
noasn
00260
no270
nO280
Aan2aen
no300
no310
0nizn
nn310
00340

no3sn
nn3ro

00010
00020
000360
00040
00050



11

2 DMEFXsFNEPXyNUMFFGX s ENFAPX s FMSTNsQUAL TN s POWFRT 9 ADFAFL »ARFATS,

3 NUALNL 9SATL9BSATL sDAWFPRSDSIROL s CFXAVGs CFXLNX 9 JLOCAT 9K s X
4DROFAY »DAWEDX s ENLOX s ENSLOX sNUALOX s DMFEY s DMEFGY s DOWNN S ONFOVM

5 COSLENSNNFEVMSNSTGN7 sARGZsFACVMIBIFACPLRCFXBOsL 2 Yy

6 FACTHMI»DNYENY 3 CEXLAY 9 FNLOY s ENSLOY 9NUALNY 9FACTPL

TCONSTD s SCROTLsZETASOLNGTH JoUsULOCAT+COSABK9STNABK s 1y

B FXTRAASSXTRARIEXTRPAC,TXTPANSFXTRAC,EXTRAFS

ODMIFSy DMEFGE S ENLABy ENSLOS»AUALOB I EXTRAGIEXTRAHIEXTRAT 9 EXTRAY
COMMON ALALTASGLINSTXINCHS

1DP s DX s COLMY s COLM2 s COLM3 9 CNLMG s SUMCOL s PHIMN 9GTNTSC»GSUBZ » SUMO 9 SUM1 s
2SUMZ 9 SUMA 3 SUML 9 SUMS s OMEGAR s OMEGA s PGMULT sPSUBL s Ty VISCL s VAL SPL 9 ENOs
AVOLSPGsNUAL 4 sDNWEP A, DANBOL s DENFC 9 DFMFGO s FMSOsQUALO»NDVSPLOSDVSPGOs
GGTOT 4 NOMAM , GRDMT 9 DVLSPL9DVLSPGr TERM] s TERPM2  TEPM3 s TERML 9 GGAS DTy
ERVISCLPFYMUMyFFACTD s FFACT 4 VFLOC s GRNFS» PPGMLT s GROFT 3 NGRDMT 3 GRDTOT »
6R9GRAVACYGRAVCS s GRAVCHs VALUSNSFACTUN BMADA s DBMAOA 3 Ao FILMTK» YPLUS»
TTAUWAL s FYPLUSsGFTLY g GLAENT 4 PCLIQ»PCLENT 9 DUMMY A3 DUMMY B9 DUMMYC
AD=D/1INNNGN .

AX=LNGF (177, 0#NUALOX +1.0) .

COLMI=(DX)*(2,544R316 =~T,8896201%DP +145575R70E+1#(NP*DP)

1 =1.7340C04F+1#(DPENPENP ) +1,0409R42E+1#(DPRDILXDP*DP)

7 =2, INULRTTIX(NPADP¥NPEDPUDP) +4424R84B0SE=1# (DI #*DP#DPANP#DPHDP )

2 =1,98048T71F=2%(DPXNP*DPADP*NP*DP*DP) )

COLM? =(NX*DX)#{=5,1756752F=1 +1.9550200%DP =9,6886164F-1%#(DP*DP}
1 =64612CCTO%(NDRNDANO) +8,401034%(NPANPANPENP)

2 =5.,05R83000%(DPXDPANOXDPANP) +1.,8980183#(DP#D|'#DP#DPXDP*DP)

2 =24 2RTRRNC~1# (NP ANPANP*DP*NDOXDPXDP ) ) .

FALMT S (DXENXENX)*(1,01939%6F=1 -3,72337R5E=14DP

1 =1,90256R5F=1#(NDPADP} +2,2654839%(DP*DP2DP)

7 =2,4025414%(NPHNPANPENP ) +2,3299088+ (DPHDPHDPRDOPXDP )

2 =7476534072F=1%(DPXDP#NPADPENPADP ) +8.616984TE-2# (NPANPRDPDP NP
4 #nNORND) )

FAL M4z (DXEDXENX#NX ) #(-Bo060679IBE~3 +{2.6160876E-2 #nP)

1 +64N28B725F=2#(DPANP) ~3,2426871F~1#(DPHDP*NP)

2 +44.655384TF=1#(NPENPANPANP) =3,0333482E~1#(DERDP*DPANP*DP)
140422784 F=2# (DR XDPHDP¥DPHDPHDP) —1,1021915E2%(DP#DPRNPXDPXDP
& #NPENO) )

SUMEAL =COLMT+CALM2+COLMILCOLMS

PYIMN=EXPE [ SUMCOL)
ATATSA=RTOT/36N07,0C
IFIGTATSC-1000,0) 595510
GSURZ=LNEE(N,0N26%GTNTSC+042)
AN TA 18

GSURZ=2LOGF(N4"36#100004N,42)
SUMN=14471279T=3,8229399E-5#p

QUML=z (=R 4RNRPI1RE=) =4,52N0014E-4#D)#(GSUB2)
SUM2=(=RB423R7802F =2 +142278415E-4#P)#{GSUBZ*GSUBZ)

QIR (2 G BRLORRAF=? +1,51652146F=4#P ) #(GSURZ#GSURZ#GSURZ)
SUMLZ (7 1RERTAIF=2 =3,4206260E~54P ) #(GSUBZ#*GSUBZ*GSURZ#GSUBZ)
SUMB=(=6436T6T65~2=2,2820747F-5#P)
1#(RSURZ#ASURZ#ASUSZenSURZ*RSURZ)

AVERAD = SUMN4SUMT+SUM2+SUMT+SUML +SUMS

AMERAZAMEGAD =" o4

DEMULT=NUEGARPH VN

RETUDN

FNR

SUARAUTINF  UMIVER

COMMAM NTURFS yMSHAPE s TUBE s PATIOMsDIAINS s VOLTS »AMPSoENTHIN #sFLMASS s
1 POFGDBPFSINGOPESNT 4PESHP, TSP sAOLACAIXLNGTH SHUNTM, Py

9 NMEEX GENENX yNMEERX ) TNERDX o EMSTN9QUAL IN9POWFR T 9 ARFAFL9AREALSY

2 AUALNL 9 SATL#PSATL s POUERD yDSLANLy CFXAVA s CFXLO s JLOCAT 9K 9 X s
4DROFAK $PAWEPX g ENLAX g ENSLAX sNUALDX 9 DMFFY o DMEFGY 9 PNWNN, ONFOVMy

00060
00070
nongo
00090
00100
00110
00120
00130
00140
00150
00160
00170
00180
0n190
00200
00210
00220
00230
00240
00250
00260
00270
00280
00290
00300
00310
00320
00330
00340
00350
00360
00370
00380
00390
00400
00410
00620
00630
00440
00450
00460
00470
00480
00490
00500
00510
00520
00530
00540
00550
00560
nos7o
00580
00590
00600

00020
00030
00040
00050
00060

[alal

Mo ~NN

2

5 COSLENSONFMSQeSIGMZ9ARGZ 9 FACMIBIFACDLB4CFXBUILsYy
6 FACTMIsPOWERY y CFXLNY sENLOY s FNSLOY sQUALOY s FACTPL »
TCONSTP 9SCRPTL 92ZFTAPLNGTH»Jsli sULOCAT»COSABK»SINABK» T
8 FXTRAASEXTRABSEXTRACIEXTRADSEXTRAEWFXTRAFS
QhMEFBvDMEFGB0ENLOBoENSLOB:OUALOB'EXTRAGoEXTRAHoEXTRAI’EXTRAJ
COMMON QUALTASGLIG TKINCHs
1DP sDXsCOLMI 9 COLM2 9 CNALMI 9 COLME » SUMCOL s PHIMNGTOTSC 9 GSURZ » SUMO s SUML »
25UM2 3 SUMT 5 SUMY s SUMS g AVEGAD s DUFEGAsPGMULT 9 PSUBL s ToVISCLsVALSPL#END e
AVOLSPGIAUALNGsBNWER A PANRNL » DEMFN S NENEGN R FNSO 3 NUALN s NVSBLN e HVSPGNs
4GTAT sDPMOMGODOMT s DVL SPL s DV SPG s TERM1 4 TERM2 9 TERM3 s TERMA 9 GGASeDT s
SDV(SCLykEYNUMoFFA(TDoFFACTqVFLOC’GQDFS'DPGMLY'G”DFTODGQDMToGRDTOT9
6R s GRAVAC »GRAVCS $GRAVCHIVALUEN s FACTUN 3 BMADA sDBMACA s AsFILMTK o YPLUS s
7TAUHAL.FYDLUS'GFIL”.GLOENT.°(LIQ'PCLFNTQDUH“YAAOUM“YBODUM%VC

FOR Nx0 QFFFR TO FIGURF ¢ GFAP461S

FOR N==-0N,333 REFFR TO FIGURF 7 GFAP 4615

IF{FACTUN=4250) 2430430
IF (VALUFN = 040) 79997
1F (FACTUN-¢046) 25910910
TFIFACTUN=,030) 2045+5
BMAOA=+5982361072F ~1=( TI440465F+ 1 #FACTUNS o 18204540FE+ 30 IFACTUN®%2)
~e136413306F+4%(FACTUN®#3) ~,559767025438 (FACTUNSR®4)
+049524361FE+5# (FACTUN#RG) =, 1856923 7E+6#(FACTUNNXS)
~o56B78640F 188 (FACTUN®ET) 4,23065481 T+ 7R(FACTUNS2D)
~e10226661F+88(FACTUN®*9) 4,36205300F+88{FACTUN*%10)
~e13312636E+94(FACTUNRELT) «obh616646E40RLFACTUNRR]2)
+468206456F+108IFACTUNRS#13) —,19259604E+ 110 (FACTUN®#14)
+412745609E+11%#(FACTUN®#15)
GO TO 3%
10 AMAOA=.97900332F~1 =,113B8222E2#FACTUN +438794992E3#(FACTUN®#2)

1 =o487T695KF4#(FACTUN®®3) +¢19313986E5# (FACTUN®®G)

2 +46670508KF SR (FACTUN#SR) =412067248F 6% [FACTUN##5)

2 =gR31974A2ETR(FACTUNRRT) +420432942FR%(FACTUNRER)

GO TO 3%
0 BMAOA=,0022
GO TO 35

NP DN

25 RMADA=,0159

Gn To 35
30 RAMAQA= 250
35 RFTUPN

FND

SURROUTINE SPFCVL
COMYMON NTUBES ¢MSHAPT 3 TUBEsRATIOMsDIAINS s VOLTS9AMPS»ENTHIN s FLMASS»
1 DRESPIPRESINGPRESNT 9RESDP s TSOPsROLNCASXLNGTHISHUNTM P
2 DMEFXsENFPXsNMEFGX s ENFGPX s ENSTN s QUAL INsPOWFERP Ty ARFAFL9ADEATS
3 QUALNL sSATLsPSATLsDAWERBIPSLBNL s CFXAVGsCFXLNX s JLNCAT 9K 9X o
4PBREAK s POWERX s ENLOX s ENSLOX s QUALOX s DMEFY s DMEFGY sPOWOQ s ONEOVMy
5 COSLFNINNEMSOsSIGNZsAPGe2Z 9FACMIRsFACPLRICFXROsL Y
6 FACTMI sPOWERY s CFXLOYsFNLOY s FNSLOY s DUALNY sFACTPL »
TCOMSTD s SCRPTLsZFTASPLNGTH JoUsULOCATSCOSABKsSINABK » T s
8 EXTRAASFXTRARSFXTRPACIFEXTRANIFXTOAFSEXTRAF Y
QDMEFB,D"EFGBvENLﬂBt’NSLOB:OUALﬁBQFXTQEG.EXTDAHQEXTPA[QFXTRAJ
COMMON QUALTASGLINSsTKINCH,
1DP oDX o COLMY 9 COLM23CALMI 9 COLMS » SUMCOL s PHIWN 9 GTOTSC o GSUBZ 9 SUMD» SUML »
25UM2 3 SUM3 9 SUMA » SUMS s OMEGAP sOVEGA $PGMULT oPSURL ¢ TaVISCLeVOLSPLENO s
3VOLSPG »NUALNG s POWER A s PANBOL »DENFOsDENFGOsFNSN 9QUALN 9NV SOLODVSPGNy
4GTOT yNPMOM GRDMT s DVL SPLIDVLSPG s TERM] s TEDM2 s TFOM3 » TEONA9GEASeNT s
50VISCLQQEYNUNQFFACTD'FFACT9VFLOCGGV0FS.DDS’LT.GGD‘Y.”GQ"‘?(GDHTOT.
6R sGRAVAC s GRAVCS 9 GRAVCH s VALUSNs FACTUN» BMAOA sDSMAOA s AsFELMTK 9 YPLUS
TTAUWAL »FYPLUS sGFILM 9 GLOENT sPCLTQ9PCLENT s DUMMY A DUMMYR ¢ DUMMYC
IF (P=400s0) 5s 10410

5  VOLSPL=1,6401T45F=2 42,3289060FE-5#P =145366591E-T»(P#pP)

00070
00080
00090

0190

a0n2n
nne3o
nnnan
0nsn
00160
nonTn
NHNA/N
0onnoen



+T441BROTIELICR(PADEP) =2, TARLANTEL1O% (DXDEDED)
+7,800718]1C- 1R (DHP#DADRD) —443VR77)2AF-1R¥{D¥D*OXOHO%D )

47 48/R1VQGOF-D 1% (D*DAPXI#PRDO%D) ‘1.0A5D177F-74}(D*D*D&DiD&D*D*D)
41.60P7h4=r_7ﬂ*(9*9*9*0§W¥5&n§0’9)
PFTURN
15 VOLSPL=1473%82184F =D +5,52200%4F<h%*P =1,924874¢F-9%(0%p)

1 45 ,8ARCOBAF_1 2% {0O#D%ED) —24,153724BF =] T7#(D#PxDx%D})

ReETION

END
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SUBRAYTINE SDECYF
COMMAN NTURE G yMGHADE s TURF 3 AT IAMeDTATMNS sVOLTS s AMPS s FNTHINSFILMASSy
1 DOCSN,DRF SN DTS AT 4R FSND s TSNDSRALACA S XLNATH SHUNTM, Dy
2 NMEEX $FMENX g DMEFX g FNFGPX s FNS IN s QUAL [N o PNWER T3 ARFAFL sARPFEATS
2 NUALNL s SATL9PSATL 9 PNWFRRyDSL BOALs CEFXAVGY CFXLNXs JLOCAT 9K 9 X
4DABFAK §PNW TR X s FMLOX 3 FNSLCX s QUALDX s DMTFY 9 DMEFGY 9 POWNR s ONFOVMy
S CASLFN9ONFMSN ) STIRNZ29 ARG Z9FACMIRYFACDL By CFXRN9L 9Yy
6 FACTMI 9POWFRY s CFXLOY s ENLNY » ENSLAY 9 NUALNY 9SACTPL
TCONSTD s SCPPTL 9 ZETAWPLNATH JsUsULNCATICNSABK STNARK s Ty
a FXTRAASFXTRARIEXTRACHFXTRANSFXTRAFyFXTRAF Yy
QADMFFRy DMEF Ry TNLOBy FNSLOBs NUALOB EXTRAGY FXTRAH EXTRAT9 FXTRAY
FOMYOM QUALTASGLIOe TKINCH)
10D DX COL™19COLM2s COLMB s COLML SUMCOL PHIMNS GTAITSCyGSUBZ s SUMO 9 SUM1
UM QUM SUML s SUME 3 OMFGAP s OMEGA 9 PGMULT 9P SURL 9 TeVISCL 9 VOLSPLENO
AYNLSDA 9 NUAL NG9 PAHER As CANMRN 3 DFNFO9 D FNFGO;ENS“’QUALH’7VSDL0'ﬂV5DC0)
LATAT 4 DOMAV 3 APOMT $ DV SPL sDVLSPG s TFOMI 3 TEPM2 s TFRM3 9y TFRMA 9 GGASeDT s
BAVISrAL 9B Y UMy FEACTP 9 FEACT 3 VELNACEINESHNDGM Ty GPDET 3 NERPMT 3 GRNTOT s
A3 9APAVACyCRAVES 9 ZRAVIHIVALUFNFATTUN 9 3MAQASDBMACA 3 AsFILMTK» YPLUS
TTAUWAL s FYDLUSGFIL s GLASNTSPCLINSPCLENT s DUMMY A5 DUMMY By DUMMY C
TF (P=?7747) 6,410,117
2 YNLSPA=T " 026614F+] —542277893%P +2,2026R68F-1%(P*P)
1 —R,TATITARRF—2% (D¥P#D) +Q,8212AKA24F—G# (P*¥D*PxD)
2 =1413RI2VAF=f# (P¥OXPHP¥P) +848808151F-9* (P*P*PxD«D*p)
2 =4 617321711 (PHPHP*P*¥P#P*D) 4] ,5221R8TFE-13% (PHPHPAP*PRP¥P*D)
4 24,0224 7L TE- 1A% (D*DRPAPHPHDARRD#P) 424 4643AR1F-10% (PAPXPXDXPEPY
& PxDxOx0)
QETUQ!\\
TYOTE ((Da4lhgN) 18, 2Ny 27
TR OVALSTIA=0,17812RQ ~74ARRSBLE-7%P +344342061F~4%(PxP)
1 =B ARTLTANE-TH(DUDPED) +]1 41405 28AF=0X(P*PXP#P}

D —he315TRANF= 2% (D #DPXDRP*D)
mETURN
7T UNLENA=44277074T7 =1 45A4K1472F=0%P £3,5522097E5% (P*D)
1 =4 RAANSTOCLOR(DADKD) +2,4,613835RC-11% (P*PXP*P)
“1471PDVTAE=1 L4 (DHDAPXD*D) 444 40R0R0NF=1AX ([ #DADRDRDXD )

2 ~Lg0h0NAOLE=D D (DRDADHDADEDEN Y

LES VLI

8 Ual

SURRAUTINT  SATTHR
LI“ITS N THE APDLICATINN O THIS SUBPNHUTINF ARE ABOVE
1 AMY BELAW 327647 OSTA
CArmay MTURES g MSHADF s TUBE 32 ATIAMe DTAINS 9 VOL TS s AMPS s ENTHINSFLMASS s
1 PRESDyPOESM DR ESAT 3 PFSPO, TSNP RALNACAIXLNGTHy SHUNTM, P,y
? NMEEXEMF X g PNEEGK g FNFGPX 9 FMSTNS QUAL IN»OOWFR Ty APEAFL 9AREATS)
2 AUALNALeSATLsPSATLIDAWEPE 3 DSLRAL s CEFXAVG s CEXLOX 9 JLOCAT sk 9 Xy
LDESFAL sD N NEPK s ENL X9 FNSLOX 9 RUALOX 9 NUEFY 9 DMEFGY s POWNN s INFOVMy
B CASLEMeNNEUGY S TANZ 9 ATG 29 FACV IR FACPLB I CFXBOsLsY s
6 FACTMI 3DIERY 4 FEXLOY s FHLNY s FNSLOY 3 AJALNY s FACTPL

«2PSIA

0n020
00n3n
non4o
00050
00060
00070
00080
00099

00020
00030
LLLIS
00050
00060
00070
0onan

TCONSTD s SCROTL 9 ZFTASPDLNGTH JoJ s ULNCAT s COSARK s STMARK 1y

8 FXTRAASEXTRARSFXTRACIEXTRANSFXTPAFEXTRAF .
QDMFFB'DMEFG“y‘NLGB’FhSLOR’OUALOF9FXTRAGoFXTRAH;#XTRAIgFXTRAJ
COMMON QUALTASGLINy TXINCH,
1DP1DXoC0LM1-CﬂLVZ,COLMB.COL"haSU“COL9PHiMNoGVOTSC.GSUEZaSUMOQSUMI»
25UM2y SUM3y SUMA» SUMG 3 OMEGAP s OMEGA s PAMUL T o PSUBKE s T3V 1 SCL «VOL SPL » ENO»
AVOLSPG s QUALOL sPAWED Ay PANBNIL s DFNF N3 DENFGO s NSO sOUALO s DY SPLOSBVSEDGN
4GTOT o NPUOV, GRDMT s DVLSPLaDVLSPGs TFRMY 3 TERM2 3 TERM3, TERMA 4 GGASe DTy
SNVISCLyRFYNUMFFACTR 3 FFACT 9 VELNCoGPDFSeDPGML T »GRDF T oDERNMT 4 GRNTCT s
689 GRAVACGRAVCS 9 GRAVCH VALUEN s FACTUN BYAOA s DBMADA Ay FTLMTK s YPLUS,
TTAUWAL s FYPLUS s GFIL* s GLOFNT yPCLIO s PCLFNT ¢ DUMMY A 9 DUMMYR o DUMMYC

n TF (P=45N,0) 15420427

2

19
20
30
15

25

35

15 PSURL=LOGF(10,"%0})
T=23e5157890E+1 +2,4592%8RE+1#PSUBL +2+11R82069%(OSUBLR#2)
1 =204144740F-1%(PSURLXE3)  +1457641642E-1%(PSUBL*#4)
2 =341320585F=2#(PSURL*¥5) +3,86582R7F~3% {PSUBL*#*6)
3 a2,40N1TRAF- 4% (DSURLART) +6484015K0F 4% (PSUBL##8)
2FTURN
Z  PSUBL2=LNGF(D)
T=+141545164F+4 —A43R601R2F+3#PSURL 2 +2.47176615*9»cpsu5L7*u2)
1 =746364>71F+7% (DSURL2¥%2) 47 46690078F 4+ 1% (PSUFL2%%4) "
2 =T74RO73813E-1%(PSURL2#%5)
RFTURN
NN

SUBROUTINF VISCOS

COMMAN NTUBFSyMSHADE, TUBEoRATloM,D!A!NS,voLTs.AMQG'ENTH!NyFLMASSn
1 PRFSDyPOFSIMYONESNT yRESDD TSNP IROLACAIXLNGTH SHUNTM D,

2 DMEFXsENFPXsDMFFGXs EMFGPXsFNSINsQUAL INsPOWERT9AREAFLSAREAIS
3 AUALNL 9SATL sDSATL sPAWFRRIDSL RNOL s CFXAVG e CFXLNX 9 JLNCAT sk 9 X s
UPRRFAK s POWFDX s FNLOXy FNSLOX sQUALOX s DMFFY s DMEFGY s POWNN 4 ONEOVYM

5 CNSLFNINNFMSQeSTGN7 9 ARGZsFACMIRIFACPLRICFXRN LY
A FACTMI s PNWFRY s CFXLNY s FNLNY s FNSLAY o AUALOY s FACTPL
TCONSTP s SCRPTLSZETAIPLNGTHsJoUsULOCAT9COSABK s SINABK Ty
8 FXTRAASFXTRARSFXTRACIFXTRANSEXTRAFyFXTOAFS
DMrFB.DMFFrR,FNLWB'FNSLOBtOUALOBtEXTPAGOFXTWAHOCXTQA!.EXTRAJ
COMMAON QUALTASGLIQs TKINCHSs
1DPsDX9sCOLMLsCOLM29COLM3sCOLME s SUMCOL sPHIMN S GFOTSCoGSURZ » SUMC s SUMT
25UM2 9 SUM3 s SUML 9 SUMS s OMFGAP sOMFGAR s PGMULT s PSURL o ToVISCL s VOL SPLeFNO,
AVOLSPGsQUALNG 9 POWER Ay PANROL s DENFN s NENFGN s FMSO o OUALD SNV SOLN s NYSDGEN
4ETAT ¢NOMOM 3 GENMT s DVL SOL s DVLSPG s TEPM] 3 TFOM2 3 TEDMI 3 TFRMASGCASIDT
SNVISCL sRFYNMUMSFFACTD s FFACT s VFLOCIGPNFSINDGML T4GREDFT o NGODMT o GRNTAT
6B sGRAVACIGRAVCS 9 CRAVCHVALUFNsFACTUN s BVANASNBMANA S A»TILMTE s YPLUS,
TTAUWAL s FYPLUSsGFTLVy GLAENT 3BCLTINs PCLFMT y RUMMY A 9 DUMIMY Ry B Y ¢

CALL SATTMO
IF(T=600,40)
CONTINUF
VISCL=R¢N144599 =146T2R31TF=1#T +2,N423535F =32 T*#T)

1 =146324568F =GR (THTHT) +R,RGKRETLHLF-AN(THT2T#T}Y
? =343N150ARFaINK (T#TTHT#T) $R,42APLAAF -1 3% (THTATXTTT)
2 w1 44403RANFISRH(TRTRTHTRTRTHT) +1 4594 2R0NF=1RA{THTHTATHTRTRT=T)
4 =10172273C-2 1% (THTRTHTHTHTRTRT*T)
B 24R4061TAFE=DRR (THTHTHTRTHT*TRTHT2T)

515,10

RETURN

IFIT=64245) 15920420
IF(T=67540) 25920430
TF(T=69040) 35435,40
VISCL=4510N=,00050%T
PETURN
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RETURN
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RETURN
VISrL=4148"
RETUPM
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4DOOFAK 9 DAWFOX 3 FNLOXg FNSLOX s AUALNX 9 DMEEY 4 ANFELY 3 ONWON ONF GV
B CNASLENNMENCA s STGMZsAPGZ 9 FACMIRYFACDOLR4CFXRN oL oYy
6 FACTMTsDNVFRY s CFXLOY s ENLOY s FNSLOY yQUALOY s CACTOL s
TAANSTD s SEONTL 9 ZETASOLNETH JoUs' JLOCATICNSABKsSTNARK 9 T
R EXTRARSEXTOAR,EXTNAr yFXTRAN, FXTOAF,FXTRAF,
ONMEER DUIFARGENL DB ENSLOS sQUALNBIEXTRAGYEXTRAHY FXTRAT»EXTRAY
COMUAN YWALTASGLIN» T¥ INCHy
IND Y NX s COLMTI COLM2 9 TOLM3 9 COLMGs SUMCOLs PHIVNs GTNTSCs GSURZ s SUMD» SUMT
ISR SUM R TUML I SUME g OMFGAC s MMERASPGMUL T 4 PSUBLa T VISCL s VOLSPLEND,
2VNLSOGs VAL NL 3 ONHER Ay DANS DL s DENFOSNENFGN ENSO 4 QUALO s DVSPLO S DVSPGOs
LATAT gNNUAY , TONMT s DV SOL 9NV SPA,TEOM] 3 TEFOM2 3 TERM I3 TFOYG 3 AGAS DT,
BAVISAL ¢RIV UMy EEACTD g FEACT g VFLNT 9 GPNES s NPENM T 4 GEDFT 4 NARAMT 4 GONTOT,
AR g LOAVAC 3 GRAVEIS g "RAVIH, VALUF NG FACTUN, RVANA 3 NBMANA LA, FILYTK s YOLUS,
TTACHAL S FYDLUSHGFIL s GLACNT 4DCL IV 9 PCLFNT o DUUMY A 5 DUMMY Ry DUMMY C
CAMNAN Nyt y THCAMD o FCHEN SCHEMN VISCG 9 CPLIN o SURFTL
IXTT9SATO G SHALLT 9 OFLTVP y TWALL s HOHENGHMAC o HMI M g« EYNL O3 NFLUX s
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1 ~14261001RF-4#(D5x2) +5,020RR04F~T#{PA#4) -142499843C-0% (Dua5)
2 41,937274ACL 1% (PrEE) ~14ROPAD5IF=]RR(PEXT)
7 40,74RNNAIT_ 108 (PERR) 240148442208 (DRRQ)
PETURN .
ENFAPX=R49A472T762-3,354C732F1#P 4] ,2678091F~4* (P#P)
1 =b W VALUBTE-RR(PHDED Y44 JRTARILTIF=1 28 (PRRG)
RETYSN
END
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COVMAN NTUBES sMSHAPE 3 TUBE9RATIOMsDIAINS s VOLTS s AMPS+ENTHIN9FLMASS
1 DRFSDPRESIMIDRESATHRESNP TSNP sANLNCAIXLMGTHs SHUN TMeP s
2 DMEFXsENEDX9NMEFGX s FNFGOX 9 ENSINsQUALINsDOWERT 4 ARF AFL 3 AQTATS
2 OUALAL +SATL sPSATLsPOWFRR$DSLRAL s CFXAYGCFXLOX 9 JLOCAT 3K 9 X»
4DRPEAC s PAVERX s ENLNX s FNSLAX s YUALNX s PMEFY g NMEFRY 9 DNWNN s AINFOVMy
5 CASLFMs"MEMSNGSTGNZ 9 ARG eZ 9 FATMIRIFACDL 9 CEXRNSL Y
6 FACTUIsDNWEDY s CEXLAY s ENLOY 2 FNSLAY o AUALNY sFACTOL »
TCANSTD 4 SCROTL 2 ZETASDLNGCTH Jo' s LACATsCNSABKsSINABK s Ty
B FXT2AAICXTOAR,EXTRACHEXTOANSEXTRAF JEXTRAF
IDMFFBy DMEF 28 s EMLAByENSLOBsOUALOBIEXTRAGIEXTRAHSEXTRAT 9 FXTRAY
COMYOAM NUALTASGLINS TR INCHy
1D sDXs COLM 19 COLV29CNALMI»CAL ML SUMCAL s PHIMNIGTOTSCoGSUBZ 9 SUMOs SUMT »
ZSUM2 9 SUM3 9 SUMG s SUMS 4 OMEGAP sOMEGA s PGMUL T sPSUBL 9 T9VISCL s VOL-SPL ¢ ENO s
IVOLEPG Y QUALNG sDOHER A s PANBOL s DENF D9 NENEGN , FNSOSOUALN s NVSPLO»DVSPGOs
4GTOT$DOMOM 9 GROMT s DVL SPL sDVLSPG TERM] » TERM2 9 TERM3 9 TEQMA 9 GGASsDT »
SDVISCLsRTYNUMIFFACTR yFFACT s VELOCICRDFSsDOCMLT yGRDF ToDGRDOMT 3 GRDTOT s
6RIGRAVACIGPAVCS s CRAVCHVALUEN »FACTUNSRMANAIDRAMANA S ASFILMTX s YPLUS,
TTAUYAL s FYPLUS»GTILMyALAENT 3OTL Q9 PCLENT 9 DUVMY Ay DUMMY By DUMMYC
COMMAN My THCAND S CCHF My SCHENSVISCARCOLINGSURFTL,
IXTTsSATO s SMALLT 9 NFLTVP 9 TWALL s MCHEN o HMAC s HMT C 9 PEYNLOSNFLUX s
2  PRNUMBBERGHT s HDB ¢ HDENG s NADENG s DTDENGs NEL TT4OACHEN,
3 DTCHEM»sPADMAX 9 NELTENSRADIUS»CCoDDyFE
IF (P=2010,7) K, K, 1N

3 ENFOX = 141222724F2 4 K,22047Q0%#P ~1,4742782F=1#(Pax>)

1 472,564035Q2F-2 %#(P#%3) =2 ,87AR220F-G4(P#%4) +2,1230014F=-T%(P##5)
? =14NNAT7RQRF-O% (PH#L) +2,04B80058F-17%(0%27)

2 —L R430IGEF~162(P#%R) +3,4075Q72E-18%(P##9)

RFTURN

10 FNFPX  =22,45108REE2 4+7,1875967F—1%4P =9,Q0085701FE—4#(P#%))

1 41,0818 707Ff R (PRR2) —5,ARAO0QROF-10X(DH#4L) +2,6573456F=]11%(PH26})
2 «545h54K66F=1TRH(DERE) +44,B8504220F=21%(DxxT)
oFTURN
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207.0

M Va1u7/ér1t1cal Location
(In. from Inlet)

Dn,( Inchel/
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29.5

1.00
29.5

1.00
29.6

1.00
29.5

1.00
29.9

1.00
29.5

1.00
29.7

2.27
19.6

2.27
23.5

2.27
26.9

2.27
29.5

(Inches) e

Veriation in .Critical Lo

*

«214
<3

214
6

«214
-1

l( Inches %0 (plia)

30.0
105.6

30.0
110.5

30.0
100.4

30.C
117.4

30.0
88.1

30.C
107.4

30.0
112.3

30.C
112.1

30.0
110.¢

30.0
87.5

30.0
98.4

APPENDIX F

TABULATION OF THE DATA

Ppy(paia %q/A)o(mAm £t2)

130.0
«&16€E 06

127.0
+645E 06

120.0
«576E 06

135.0
«&6(0E 06

110.0
+«S4TE 06

127.0
«522€E 06

132.0
+«518E C6

115.0
«6C8E 06

119.0
+S14E 06

103.0
+410€ 06

118.0
«327€ C6

Pexyp(Psia /Qorit (Bru/nr)

105.0
- 8628E 05

11C.0
«8905E 05

100.0
«1973E 05

117.0
«8328E 05

88.0
«TSTOE 05

107.0
«T7207€ 05

112.0
«T124E 0S5

105.0
«7283E 05

106.0
- T188€ 05

85.0
«7300E 05

98.0
+«TT64E 05

/Anm_c(m'wml)

:é Byyrgr (BTU/LEM

~N

417.4

59.8
393.9

149:.1
412.0

177.3
48104

205.0
44T.8
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408.1

252 4
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89.2
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247.2
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Cs C.
C. 0.
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Cs C.
Ce Ce
Cs C.
Cs Ca.
€. OC.
0. 0‘
Cs OC.



337.0 4.03 211 30.C 121.5 111.0 92.0 19.0 65.8 ~240.¢

29.4 2 92.7 <602 .276E C6 «9355€ 05 <609 453.1 1.7 3.9 Cs Co
313.0 4.03 .211 30.C 121.5 116.0 94.0 22.0 104.2 ~2€5.¢
29.5 -2 94.6 <614 L259E Q6 +9019€ 05 «520 462.5 1.6 3.7 28.5 Q.
339.0 4.03 .213 30.C 124.4 111.0 89.0 22.0 153.8 -152.6
27.2 .2 92.2 «£53 .IETE 06 «B8254E 05 «590 409.5 2.8 5.9 C. 0.
314.0 4.03 .210 30.0 12C.0 112.0 92.0 20.0 176.9 -120.2
29.3 -2 92.7 <631 254E C6 +«8233€ 05 «639 478.5 1.4 3.5 27.9 o4
340.0 4.03 .213 30.C 123.8 113.0 95.0 18.0 203.5 -1C4.3
28.9 0. 95.9 .624 .271E Co «8138E 05 L8636 473.8 1.6 4.0 Cs C.
324.0 4.03 .211 30.¢C 122.0 115.0 95.0 20.0 223.5 ~85.6
28.9 .2 96.0 «618 J2%9E €6 «71709€ 05 629 466.3 1.8 3.8 274 .1
325.0 4.03 211 30.¢C 121.5 114.0 93.0 21.0 25440 -54.4
29.1 3 93.8 +629 .236E 06 «7384E 05 w637 476.6 1.3 3.3 Civ Oe
510.0 5.75 «214 30.0 125.¢ 104.0 86.0 18.0 T4.3 ~227.1
19.9 .2 97.2 <304 .775€ 06 «B8549E 05 «522 194.3 15.1 23.4 ZOLJ"%.
511.0 5.75 «214 30.0 125.6 115.0 100.0 15.0 149.9 ~159.2
24.3 .2 104.8 +41T +487E C6 «T404E 05 <496 292.6 6.8 11.7 Ce O.
512.0 5.75 215 30.0 12¢.3 108.0 95.0 13.0 149.9 ~154.4
22.6 2 100.5 «337 .526E C6 +6837€ 05 «445 223.8 9.3 14.9 Cr Cu
513.0 5.75 214 30.¢C 125.0 115.0 95.0 20.0 200u 4 -1ce.?
20.1 1.1 104.2 «425 L5STE 06 <8152 05 «526 298.2 9.9 11.2 Cs GC.
514.0 5.75 214 30.0 125.6 105.0 85.0 20.0 202.3 -§9.8
23.2 o4 91.4 «460 .542E Cé6 «7398E 05 563 330.5 55 9.7 s C.
515.0 5.75 «214 30.C 125.6 115.0 95.0 20.0 254.6 ~54.5
26.1 .2 98.2 <601 L4C1lE 06 «7748€ 05 <547 453.1 2.7 6.2 Ce C»
1202.0 2.27 <214 30.0 125.0 117.0 111.0 6.0 64.1 ~246.3
29.7 .1 111.2 336 .E13E 06 «6829E 05 «345 221.7 13.7 22.2 Cs Co
1208.0 2.27 «214 30.C 12%5.¢C 1¢7.0 97.0 10.0 149.5 -154.1
29.7 ol 97.2 <419 .650E 06 +6593€ 05 +428 295.4 8.1 13.9 0. O.
1209.0 2.27 215 30.0 126.2 115.0 160.0 15.0 203.5 -1€5.6
29.9 0. 100.1 «523 L6SSE C6 «T095€ 05 «526 383.7 643 12.¢ oy C.
1210.0 2.27 <214 30.0C 125.0 113.0 95.0 18.0 254.7 -53.1
29.7 .2 95.2 +583 .6S9E 06 «T7091€ 05 592 437.5 4.8 10.¢ Cs C.
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29.7 0. 103.3 <71 LIESE C6 «8714E 0S5 576 510.1 2.1 6.0 Cy O.
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5CC.0 15%.0 93.0
-.C68 L2C1E 07 +1855E 06

5C0.0 187.0 110.0
221 J154E 07 +1716E 06

£CC.0 1C5.0 T¢-0
-.C54 .210E 07 +1562E 06

21‘2.8 133.0 62.0
.B50 .hOSE 06  ,1090B 06

250.0 140.0 90.0
.281 .B30E O7 .1255E 06

252. 137.0 70.0
hog .2358 07T  .1205E 06

244.0 135.0 60.0
.800 .156E 07 .1198E 06
250.0 128.0 35.0
?goo .871E 06 .12#755 06
250.0 122.0 36.0
.332 .hoBE 07 .1138E 06
250.0 120.0 36.0
.330 .48B1E OT .1125E 06
250.0 132.0 37.0
.518 .821E 06 .1300E 06
250.0 115.0 36.0
.352 .239E 07T .1109E 06
250.0 115.0 .0
.345 .228E o7 .mg{z 06
250.0 135.0 38.0
.506 .T33E 06 .1283E 06
250.0 140.0 38.0
484 .U4915E 06 .1091E 06
240, 0

138.0 38.0
494 ,5382E 06 .1184E 06

125,0 117.0 2,0
.237 -3853E 06 .76212 05

250.0 95.0 95.0
.42TE 06 .595E 05

250.0 170.0 155.0
.834E 06  .1168E 06

2440 209.0 181.0
.374 ,1014E OT .1404E 06

243.0 193.0 170.0
.8620E 06 .1190E 06

250,0 175.9 147.0
.T25E 06  .1010E 06

225.0 195.0
.9900E 06 .1380E 06

2ha.o 218.0 123.0
.h1h  .8362E 06 ,1168E 06

500.0 187.0 169.0
.1110E 07 .1550E 06

483.0 211.0 187.0
.1125E OT .1560E 06

209.0 191.0
.9T60E 06 .1355E 06

486.0 210,0 181.0
.1262E 0T ,1TASE 06

249.0

500,0

125,0 115.0 95.0
.225 .T339E 06 .B152E 05

- Peak Inlet
- Peak Exit
- Uniform with Cosine Spike

5 2501.0 S.75 214 30.0
10.9 ol 155.0
6 2555.0 5.75 214 30.0
27.0 2 143.9
6 2554.0 5.75 214 30.C
22.3 .1 105.0
8 0326.0 4.03 .21 .0
28.4 .1 7.3
8 o345.0 4.03 214 30.0
20.% .0 12,2
8 o0343.0 4,03 .215 30.0
27.2 1 76.8
8 o340 4.03 2117 .0
28.1 .1 1.0
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48" LONG TUBES
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B7.6 .1 39.0
1 139135 1.00 .210 48.0
47.8 .1 38.7
1 128110 1.00 .212 48,0
47.8 .2 92.1
DATA TAKEN WITH OSCILLATORY INSTABILITY PRESENT
1 107.0 1.00 .213 30.0
27.0 0.0 95.0
1 108.0 1.00 .214 30.0
28.3 T
1 120.0 1.00 .2115 30.0
29.9 .1 181,2
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29,8 .0
1 110 1,00 .213 30.0
29,6 .1
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29.8 .0
1 130 1,00 .212 30.0
25.8 3.7
1 128.0 1.00 .211 30,0
PAST TRANSIENT TEST
2 513.0 5.75 21k 30.0
20.1 1.1 104.2
*Axial Flux Distribution
1 - Uniform 5
2 - Cosine 6
i-unn.r Increasing T
- Linear Decreas. 8

*#Second Thermal Fallure
#4805 14 to 4,58

~ Cosine with Stepped Spike
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RATIO OF LOCAL HEAT FLUX TO HEAT FLUX
REQUIRED FOR NUCLEATION, (q/A)x{(q/A)i
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G=1.0X106 LBM/HR-FT?
P=132 TO 57 psia
D=.214 INCHES

L=30 INCHES

O CRITICAL LOCATION TEST
SECTION 131

vV CRITICAL LOCATION TEST
SECTION 1502

LINEAR INCREASING
FLUX

UNIFORM FLUX

| | I
0 100 200 300 400

ENTHALPY INCREASE, ANNULAR TRANSITION
TO LOCAL POSITION, AHpnn-x»BTU/LBM

FIGURE 39. EFFECT OF AXIAL FLUX DISTRIBUTION

ON THE CRITICAL LOCATION



RATIO OF LOCAL HEAT
FLUX TO HEAT FLUX REQUIRED FOR NUCLEATION, (q/A)x /(q/A)j
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TEST CONDITIONS
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© TEST SECTION 333
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CRITICAL
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FIGURE 33
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P=131 TO 64 psia

| ! |

— A CRITICAL LOCATION, —
TEST SECTION 1252
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FIGURE 40. THE EFFECT OF M VALUE (RATIO OF MAXIMUM TO MINIMUM FLUX) ON

THE CRITICAL LOCATION
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RATIO OF LOCAL FLUX TO FLUX REQUIRED FOR NUCLEATION,
(q/A)x /(gq/A);
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I ! I I I -
—\\ AN TEST CONDITIONS -

N N\ G=05X108 LBM/HR-FT2]
- \ \ P=124 TO 106 psia
L\ D=.214 INCHES ~

L =30 INCHES

CRITICAL REGION
LIMITS FROM FIG. 32

IIIIIII
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IIIIII

|
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I I l | |
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ENTHALPY INCREASE, ANNULAR TRANSITION TO
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FIGURE 42. THE EFFECT OF INLET SUBCOOLING ON THE
CRITICAL LOCATION (LINEAR DECREASING
FLUX DISTRIBUTION)
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FIGURE 43. COMPARISON OF CRITICAL FLUX RESULTS FOR THE
RANGE OF MASS VELOCITIES INVESTIGATED
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(REF 41

DATA OF HEWITT ET AL

)

TEST CONDITIONS

P ~ ATMOSPHERIC
G =.088 x 06LBM/HR-FT?2
D= .366 INCHES

AH, = ~110 BTU/LBM

6.0

40

RATIO OF LOCAL FLUX TO FLUX REQUIRED FOR NUCLEATION, (q/A)x/(q/A);

CRITICAL LOCATION I

LOWER LIMIT OF
CRITICAL CONDITION
FROM FIGURE 36

2.0 —INDICATED BY SYMBOL N
BELOW FOR TEST N N\
SECTION OF LENGTH \ N
O 9 INCHES \ \\
® 12 INCHES NERRY
|.O}— ® 18 INCHES \ \\\l
N 24 INCHES N\
0.80— @ 48 INCHES \,
N 72 INCHES \ \
0.60— :
O 96 INCHES \\
040 b
0.20
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POSITION ,

AHppN -x » BTUZLBM

FIGURE 44. EFFECT OF LENGTH ON THE CRITICAL
CONDITION
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40.0 D =.366 INCHES —
L= 12 INCHES
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|
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2.0 ‘ \ | \/)\
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0.80 \ v
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FIGURE 45. EFFECT OF INLET SUBCOOLING ON THE CRITICAL
CONDITION



RATIO OF LOCAL
HEAT FLUX TO HEAT FLUX REQUIRED FOR NUCLEATION, {q/A)x/{q/A)
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FIGURE 46 THE EFFECT OF FLUX SPIKE LENGTH ON THE CRITICAL CONDITION FOR G=10X10® LBM/HR-FT2
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RATIO OF
LOCAL HEAT FLUX TO HEAT FLUX REQUIRED FOR NUCLEATION,(q/A)x(g/A)
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FIGURE 47. THE EFFECT OF FLUX SPIKE LENGTH AND M VALUE (RATIO OF MAXIMUM TO MINIMUM FLUX) ON THE CRITICAL CONDITION FOR G=1LOX 106 LBM/HR-FT2 AND

AHp ®-110 BTU/LBM
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RATIO OF CRITICAL HEAT FLUX TO HEAT FLUX REQUIRED FOR NUCLEATION, (q/A). (q/A);
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5000 —
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l | l l j _
TEST CONDITIONS
G=25X10%® LBM/HR-FT2
P =1000 psia
D=446 INCHES
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N
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20 }— _
l i | | | |
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FIGURE 48 CRITICAL FLUX RESULTS AT OO0 PSIA FROM

BABCOCK AND WILCOX DATA (REFERENCE 15)
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FIGURE 49. ESTIMATION OF THE CRITICAL REGION WIDTH (IN % TOTAL
INPUT POWER) OF FIGURE 48 FOR 1000 psia DATA
(REFERENCE 15)
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RATIO OF CRITICAL HEAT FLUX TO HEAT FLUX REQUIRED FOR NUCLEATION, (g/A)¢ (q/A);
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l l l I | l
5000 — G=10X 108 LBM/HR-FT2 —
P=2000 psia
D=44| AND 4l INCHES
L=72 INCHES
AHIN=-20 TO- 100
2000 t— BTU/LBM —
1000 —
500 (—
VARIATION DUE TO
IUNCERTAINTY IN
CRITICAL LOCATION
200 —
100
AXIAL FLUX DISTRIBUTION '77/%
UNIFORM M=10 o Y,
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20 | | | I | l
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ENTHALPY INCREASE , ANNULAR TRANSITION TO LOCAL POSITION

AHpyn-c » BTU-LBM

FIGURE 50. CRITICAL FLUX RESULTS AT 2000 PSIA FROM

BABCOCK AND WILCOX DATA (REFERENCE 5)




RATIO OF LOCAL HEAT FLUX TO HEAT FLUX REQUIRED FOR NUCLEATION (q/A)X(q/A);
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[ |
TEST RUN 47
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FIGURE 5I. ESTIMATION OF THE CRITICAL REGION WIDTH (IN %
TOTAL INPUT POWER) OF FIGURE 50 FOR 2000PSIA
DATA REFERENCE 5)
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FIGURE 52. THE EFFECT OF INLET SUBCOOLING ON CRITICAL FLUX

RESULTS FOR COSINE FLUX DISTRIBUTION WITH FLUX
SPIKE (REFERENCE 5)



